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ABSTRACT

In response to interest shown by the Nuclear Energy Agency (NEA), Principal
Working Group 1 (PWG-1) of the Committee on the Safety of Nuclear Installations
(CSNI) conducted a generic study on the effects of aging of active components in
nuclear power plants. (This focus on active components is consistent with
PWG-1's mandate; passive components are primarily within the mandate of
PWG-3.) Representatives from France, Sweden, Finland, Japan, the United States,
and the United Kingdom participated in the study by submitting reports document-
ing aging studies performed in their countries. This report consists of summaries of
those reports, along with a comparison of the various statistical analysis methods
used in the studies. The studies indicate that with some exceptions, active compo-
nents generally do not present a significant aging problem in nuclear power plants.
Design criteria and effective preventative maintenance programs, including timely
replacement of components, are effective in mitigating potential aging problems.
However, aging studies (such as qualitative and statistical analyses of failure
modes and maintenance data) are an important part of efforts to identify and solve
potential aging problems. Solving these problems typically includes such strategies
as replacing suspect components with improved components, and implementing
improved maintenance programs.

Job Code: E8238-—Specialized Technical Assistance
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EXECUTIVE SUMMARY

Principal Working Group Number | (PWG-1)
of the Nuclear Energy Agency's Committee on
the Safety of Nuclear Installations (CSNI)
decided in 1993 to do a generic study on aging ef-
fects in nuclear power plants. As is the usual prac-
tice, representatives from several countries
participated, on a voluntary basis. These were
France, Sweden, Finland, Japan, the United
States, and the United Kingdom. Tne U.S. repre-
sentative volunteered to coordinate the work.

The participants from each country provided
information on aging effects for different portions
of nuclear power plants. The scope of the work
does not include the materials under the domain
of PWG-3, which addresses the reactor vessel and
the primary system. In general, the studies are
limited to active components in nuclear power
plants. Some of the studies address a single com-
ponent group (for example, motor-operated
valves). Some of the individual studies address
several components, and other studies address ag-
ing in general as it affects plant reliability. Taken
altogether, the studies provided by the participat-
ing countries do not constitute a comprehensive
examination of aging of active components;
instead, they constitute a collection of representa-
tive examples of studies conducted in the respec-
tive countries.

The general theory of aging of active compo-
nents is discussed in this report. It includes three
regimes: (a) early failures, (b) relatively constant
failure rate, (¢) increasing failure rate over time.
One of the objectives of the PWG-1 effort is to
determine if there is evidence that components
are in the third regime, with increasing failures
with the passing of time. Information relative to
each regime follows.

Early failures. A UK study found that static
contactors in control rod and control and interlock
systems showed a tendency for early failures.

Constant failure rate. A Swedish study of con-
tainment spray pumps showed a decreasing trend
or, in some instances, no particular trend, in the

X

failure rate. A Finnish study of motor-operated
valves showed decreasing or constant trends for
most subcomponents and failure modes, includ-
ing those failure modes that were at least partly
aging related. (An exception was the annual num-
ber of internal leakages, which showed an in-
creasing trend.) U.S. studies of the high-pressure
coolant injection system and of turbine-driven
pumps showed no increase in failure rate, indicat-
ing no aging effect. A UK study examining one
plant’s corrective maintenance records of safety
circuits showed a constant trend.

In addition, the Japanese study, a comprehen-
sive study of many components at all the Japanese
plants, indicated no aging effects. Similarly, a
U.S. study using overall plant performance as a
measure of aging effects found that where trends
were evident, they showed improvement with
age.

Increasing failure rate with time. The individ-
ual contributions were analyzed for age-related
increases in the failure parameters. Using stan-
dard statistical techniques, it was seen that for
some active components, age effects can be in-
ferred. The French study found that 6.6-xV cir-
cuit breakers at one of the subject sites (the Bugey
site) showed an increasing failure rate until re-
pairs were made to the subcomponents that had
degraded after several years of service. After the
repairs, the failure rate returned to the earlier low
value. These circuit breakers were all of a particn-
lar manufacturer. Circuit breakers at other sites
and of other manufacture showed a constant fail-
ure rate. Also, relays at the Bugey site showed a
fivefold increase in the failure rate in ten years.
Relays at other sites showed no increase with
time.

In addition, a UK study of valve failure data for
two plants showed a possible coriclation between
age and failure rate, but it was not possible, from
the available data, to establish a quantitative rela-
tionship for predicting the failure rate with age,

Conclusion. This report demonstrates a tenta-
tive consensus that with some individual excep-
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tions, active components generally do not present
an aging problem in nuclear power plants where
the maintenance and modification strategies are
effective. A summary of UK studies concluded
that no major phenomena of degradation due to
aging have been observed at the UK nuclear pow-
er plants studied, and that degradation phenome-
na, when present, are of a minor nature and do not
appear to affect the reiiability performance of
plant systems. The Japanese study concluded that
their preventative maintenance programs are ef-
fective in mitigating potential aging problems, re-
sulting in a lower failure rate at older plants than
at newer plants. A U.S. study of overall plant per-

NUREG/CR-6442

formance found no deleterious age effect; the
study concluded that maintenance strategies are
effective in managing the effects of aging and that
design and licensing criteria produce an
inherently rugged plant.

In addition to the summaries of the studies sub-
mitted by the participating countries, this report
includes an examination and comparison of anal-
ysis methods. Statistical analysis of failure and
maintenance data is an important part of efforts to
identify potential aging problems and to focus
maintenance activities to mitigate those prob-
lems.



FOREWORD

This report, as presently published by the U.S.
Nuclear Regulatory Commission (NRC), was
originally published in September 1995 by the
Committee on the Safety of Nuclear Installations
(CSNI). The report was the product of an interna-
tional effort consisting of a generic study per-
formed by CSNI's Principal Working Group |
(PWG-1). Representatives from several countries
participated in the study by submitting reports on
some of the aging studies being conducted in their
respective countries. In accordance with the man-
date of PWG-1, the study focused mostly on the
effects of aging on active components in nuclear
power plants. (Passive components are primarily
within the mandate of PWG-3.) The CSNI's par-
ent organization is the Nuclear Energy Agency
(NEA) of the Organisation for Economic
Co-operation and Development (OECD). A
description of the missions of the CSNI, the NEA,
and the OECD is presented later in this foreword.

The original CSNI report was published under
the same title, Evidence of Aging Effects on Cer-
tain Safety-Related Components, with the report
number NEA/CSNI/R(95) 9. The original report
consists of two volumes. Volume | presents a
summary of the 17 reports submitted by the six
participating countries and includes a comparison
of the various analysis methods used. Volume 2,
consisting of three books (Volumes 2A, 2B, and
2C), contains the full text of the 17 reports.

Some of the reports submitted for publication
in Volume 2 were proprietary reports. For this
reason, Volume 2 was published as a restricted
foreign proprietary report. However the partici-
pants in the working group (PWG-1) agreed to
publish Volume | as a public report. This NRC
repont is a republication of Volume 1. Except for
differences in format, a few changes in the han-
dling of references, and a few minor editorial
changes, this NRC report is identical to Volume |
of the original CSNI report,

The opinions expressed and the arguments
employed in this document are the responsibility
of the authors and do not necessarily represent

X1

those of the NRC or the OECD. Information
regarding copies of the original CSNI report may
be requested from:

Nuclear Safety Division
OECD Nuclear Energy Agency
Le Seine St-Germain

12 bd. des lles

92130 Issy-les-Moulineaux
France

The copyright to the original CSNI report is
held by the OECD (©OECD 1995). This NRC
republication of the CSNI report is authorized by
written permission from OECD. Applications for
permission to reproduce or translate all or part of
this publication should be made to:

Head of Publications Service, OECD
2, rue André-Pascal,
75775 PARIS CEDEX 16, France

The following discussion presents descriptions
of the CSNI, the NEA, and the OECD. These
descriptions are derived mostly from CENI
publications.

The Committee on the Safety of Nuciear Instal-
lations (CSNI) of the OECD Nuclear Energy
Agency (NEA) is an international committee
made up of senior scientists and engineers. It was
set up in 1973 to develop, and co-ordinate the
activities of the Nuclear Energy Agency concern-
ing the technical aspects of the design, construc-
tion and operation of nuclear installations insofar
as they affect the safety of such installations. The
Commitiee's purpose is to foster international
co-operation in nuclear safety among the OECD
Member countries.

The CSNI constitutes a forum for the exchange
of technical information and for collaboration
between organizations which can contribute,
from their respective backgrounds in research,
development, engineering or regulation, to these
activities and to the definition of the program of

NUREG/CR-6442



work. It also reviews the state of knowledge on
selected topics on nuclear safety technology and
safety assessment, including operating experi-
ence. It initiates and conducts program identified
by these reviews and assessments in order to
overcome discrepancies, develop improvements
and reach internationa! consensus on technical
issues of common interest. It promotes the
co-ordination of work in different Member coun-
tries including the establishment of co-operative
research projects and assists in the feedback of the
results to participating organizations. Full use is
also made of traditional methods of co-operation,
such as information exchanges, establishment of
working groups, and organization of conferences
and specialist meetings.

The greater part of the CSNI's current program
is concerned with the technology of water reac-
tors. The principal areas covered are operating
experience and the human factor, reactor coolant
system behavior, various aspects of reactor com-
ponent integrity, the phenomenology of radioac-
tive releases in reactor accidents and their
confinement, containment performance, risk
assessment, and severe accidents. The Committee
also swdies the safety of the nuclear fuel cycle,
conducts periodic surveys of the reactor safety
research programs and operates an international
mechanism for exchanging reports on safety
related nuclear power plant accidents.

In implementing its program, the CSNI estab-
lished co-operative mechanisms with NEA’s
Committee on Nuclear Regulatory Activities
(CNRA), responsible for the activities of the
Agency concerning the regulation, licensing and
inspection of nuclear installations with regard to
safety. It also cooperates with NEA's Committee
on Radiation Protection and Public Health and
NEA’'s Radioactive Waste Management Commut-
tee on matters of common interest.

The OECD Nuclear Energy Agency (NEA)
was established on 1st February 1958 under the
name of the OEEC European Nuclear Energy
Agency. It received its present designation on
20th April 1972, when Japan became its first non-
European full Member. NEA membership today

NUREG/CR-6442
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consists of all European Member countries of
OECD as well as Australia, Canada, Japan, Re-
public of Korea, Mexico and the United States.
The Commission of the European Communities
takes part in the work of the Agency.

The primary objective of NEA is io promote
co-operation among the governments of its par-
ticipating countries in furthering the development
of nuclear power as a safe, environmentally
acceptable and economic energy source.

This is achieved by:

e  Encouraging harmonization of national reg-
ulatory policies and practices, with particu-
lar reference to the safety of nuclear
installations, protection of man against
ionising radiation and preservation of the
environment, radioactive waste manage-
ment, and nuclear third party Lability and
insurance

e Assessing the contribution of nuclear power
to the overall energy supply by keeping
under review the technical and economic
aspects of nuclear power growth and fore-
casting demand and supply for the different
phases of the nuclear fuel cycle

e  Developing exchanges of scientific and
technical information particularly through
participation in common services

¢  Setting up international research and devel-
opment programs and joint undertakings.

In these and related tasks, NEA works in close
collaboration with the International Atomic
Energy Agency in Vienna, with which it has con-
cluded a Co-operation Agreement, as well as with

other international organizations in the nuclear
field.

The Organisation for Economic Co-operation
and Development (OECD) was originally set up
as the Organisation for European Economic
Cooperation (OEEC) in 1948. The OECD took its
present form in 1961,



Pursuant to Article | of the Convention signed
in Paris on 14th December 1960, and which came
into force on 30th September 1961, the OECD
promotes policies designed:

e Toachieve the highest sustainable economic
growth and employment and a rising stan-
dard of living in Member countries, while
maintaining financial stability, and thus to
contribute to the development of the world
economy

¢  To contribute to sound economic expansion
in Member as well as non-member countries
in the process of economic development

¢  To contribute to the expansion of world
trade on a multilateral, non-discriminatory

Xiti

basis in accordance with international
obligations.

The original Member countries of the OECD
are Austria, Belgium, Canada, Denmark, France,
Germany, Greece, Iceland, Ireland, Iltaly,
Luxembourg, the Netherlands, Norway, Portugal,
Spain, Sweden, Switzerland, Turkey, the United
Kingdom and the United States. The following
countries became Members subsequently through
accession at the dates indicated hereafter: Japan
(28th April 1964), Finland (28th January 1969),
Australia (7th June 1971), New Zealand (29th
May 1973) and Mexico (18th May 1994). The
Commission of the European Communities takes
part in the work of the OECD (Article 13 of the
OECD Convention).
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Evidence of Aging Effects on
Certain Safety-Related Components

1. INTRODUCTION

In response to the interest shown by member
countries, Principal Working Group No. |
(PWG-1) of the Committee on the Safety of
Nuclear Installations (CSNI) decided in
September 1993 to conduct a generic study on the
effects of component aging in nuclear power
plants. In particular, there would be an analysis of
the potential for failure rates to become larger as
plants age. Several countries decided to participate
in this study: France, Sweden, Finland, Japan,
United States (U.S.), and United Kingdom (UK).

1.1 Progress of the Study

After some preliminary work, there was further
consideration at the September 1994 meeting of
PWG-1. Work products had been received from
France, Finland, and Japan. Progress reports were
availabie from the U.S., UK, and Sweden.

The group considered the schedule and deter-
mined that it would be possible to complete this

project by September 1995,

Following the September 1994 meeting, a draft
report was prepared. The draft report summarized
the work products provided for the September
1994 meeting by the participating countries, along
with additional products provided later by
Sweden, the U.S., and the UK. The draft report
was reviewed by PWG-1 during their April 1995
meeting, and comments were provided. Additional
work products were provided by Sweden, Finland,
- Japan, US., and UK after the April 1995 meeting.
The draft report was revised to incorporate the
comments of the working group from their April
1995 meeting and to incorporate the additional
work products that were provided. The revised re-
port was submitted to the working group for addi-
tional review. These comments are incorporated in
this report.

Work products provided by the participating
countries are, in some cases, relatively brief
reports written specifically for this study. In other
cases, the work products are rather extensive
reports of aging related studies that had been pro-
duced as part of the contributing countries’
ongoing aging and maintenance research. The
reports cover the full spectrum of considerations of
aging effects. Some (Sweden, Finland, U.S., and
UK) provided general descriptions of some of the
aging related activities in their countries; some
(Japan, U.S.) provided an evaluation of overall
plant performance as a function of age as an
indication of the effect of aging; some (U.S., UK)
included evaluations of the effect of aging on the
reliability of satety systems; and some (France,
Sweden, Finland, Japan, U.S., UK) evaluated the
effects of aging on the failure rates for specific
failure modes and specific components and

subcomponents.

The general descriptions of ongoing aging
research should not be considered comprehensive,
but should be considered as representative exam-
ples of the country’s activities. However, refer-
ences are provided that will lead the interested
reader to more extensive descriptions of the
activities,

This report, an NRC republication of Volume 1
of the original PWG-1 report (CSNI 1995a), pres-
ents summaries of the reports provided by the par-
ticipating countries. The full texts of the reports
provided by the participating countries were com-
piled in Volume 2 of the PWG-1 study (CSNI
1995b);® Volume 2 was published as a proprietary
document.

a. See Section 11 of this report for bibliographic
information.
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1.2 Definition of Aging

For the purposes of this study, it is helpful to
discuss the possible meanings of the word aging
and approach a working definition. The Japanese
paper (Safety Information Center 1994)* provides
their understanding of the definition intended for
this study as “functional degradation after the
passing [of a] period of time.” The Finnish report
(Simola 1992) provides the definition recom-
mended by the International Atomic Energy
Agency (IAEA 1990), “the continuous time-
dependent degradation of materials due to normal
service conditions, which include normal opera-
tion and transient conditions. Postulated acci-
dents and post-accident conditions are excluded.”
The definition recommended by the U.S. Electric
Power Research Institute (EPRI 1992) is the
“general process in which characteristics of a sys-
tem, structure, or component gradually changes
with time or use.” This more general definition
encompasses all the uses of the term aging in the
documents summarized in this report, and thus
may be the most appropriate for use for this study.

Associated with the definition of aging is the
time of service or the amount of use to be consid-
ered in the evaluations. The appropriate time or
use will be established by the evaluation being
performed, the availability of the data, and the
sorting capabilities. For example, if the evalua-
tion is for the effect of aging on overall nuclear
plant performance, the appropriate time might be
the hours of power operation. If the evaluation is
for the failure rate of a component in a standby
safety system, the appropriate use may be the
number of demands to start. Often records of
replacements or maintenance of components are
not available, or capabilities 10 sort the data are
not available to obtain the most appropriate time
or use. In these cases, valuable insights of perfor-
mance can stili be obtained by using substitute
times or uses. For example, the age of a compo-
nent might be taken as the time since first power
operation without regard for replacement or
repair. In the summaries provided in this report,
the times or uses used in the evaluations were
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reported if they could be determined from the
documents provided.

The term failure s used frequently in the re-
ports provided by the participating countries.
However, it is usually used without an explana-
tion of what is considered a failure. Often the
term failure is used to describe a condition that
leads to a maintenance activity (for example, a
leaking seal), or a case where a component did
not meet a surveillance requirement, rather than
the failure of the component to perform its in:
tended safety function. Some studies use the term
event rather than failure, and we have attempted
to make that distinction in our summaries.

In principle, if no preventive maintenance or
repair occurred, the failure rate over time would
follow the classic bathtub curve, shown in Fig-
ure 1-1. The bathtub curve describes three stages
in the failure rate. The high failure rate early in
life is due mostly to manufacturing defects and
installation errors. The term infant mortality is
sometimes used to describe these early failures.
This is followed by the second stage, a period of
time during which the failure rate is low and the
failures random. This, in turn, is followed by an
increasing failure rate in the third stage, as the
equipment ages and begins to wear out. An
increasing failure rate indicates that the popula-
tion of components may be getting near its end of
life. A goal of maintenance is to prevent th . third
stage from occurring. Aging studies based on fail-
ure occurrences examine the failure modes and
failure times for evidence that the failure rate for
a given failure mode is increasing or high, indi-
cating that the population of components is in the
third stage.

An increasing failure rate may have aging as a
major contributing cause. Failure data give evi-
dence of an increasing failure rate if the failures
occur more frequently at the end of the study peri-
od than at the beginning. Figure 1-2, adapted from
Ascher and Feingold (1984), demonstrates this
concept by showing the times of failures for three
hypothetical data sets. In the first case (with the
happy face), the failures occur less frequently late
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Figure 1-1. Classic bathtub curve, showing a high initial failure rate, a low, constant failure rate in mid-
life, and an increasing failure rate late in life as the components age.
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Figure 1-2. Three sets of failure occurrence times, giving evidence for decreasing, increasing, and
constant failure rates,
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than early, indicating an improving system and a
decreasingfailure rate. In the second case (with
the sad face), the situation is reversed, indicating
an increasing failure rate, possibly as a result of
aging. The third case (with the neutral face) shows
evidence of an apparently constant falure rate. A
constant failure rate may or may not be associated
with component aging, depending on whether the
rate is high or low. A simple test for the presence
of a trend in the failure rate, based on whether the
failures tend to occur early or late, is the Laplace
test, explained in Section 8 of this report.
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The following sections of this report consist of
summaries of the reports submitted by the partici-
pating countries, in the following order: France,
Sweden, Finland, Japan, the United States, and the
United Kingdom. Section 8 presents an evaluation
and comparison of the various statistical analysis
methods used in the studies. Section 9 presents
conclusions. Section 10 lists references, and
Section 11 lists other relevant documents.

Addendum | presents a critique of this PWG-1
study. The critique was prepared by a consultant
for the Nuclear Energy Agency (NEA).



2. FRANCE

The French contribution to this aging study
focused on observation of failure rates of certain
electrical equipment to determine if the failure
rates increased with time, indicating aging. The
components investigated were circuit breakers
and relays. France provided a preliminary report
describing their study. The report included exten
sive appendixes of the failure data. The following
discussion summarizes their report and presents
an example of the data.

2.1 Aging of Circuit Breakers
and Relays

The French study concerning 6.6 kV circuit
breakers and electrical relays is reported in a
preliminary report, IPSN/DES/SEREP, Study of
the Ageing of EDF Equipment: The Cases of The
6.6 kV Circuit Breakers and The Electrical
Relays, (Maupou 1994).* The study included
performance of the equipment over the time
period 1977-1993.

The focus of the study was to determine,
through analysis of failure data, whether there is
evidence that aging is occurring in 6.6-kV circuit
breakers and electrical relays. The study assumes
that fatlure rates of circuit breakers and relays
should follow the traditional “bath-tub™ curve
(see Figure 1-1). This term is used to describe the
behavior where a high failure rate early in life is
followed by a relative long period of nearly
constant low failure rate, then an increase in the
failure rate later in life, as the equipment wears
out. The relatively high failure rate early in life is
assumed to have occurred before the beginning of
commercial operation and, therefore, the study
focuses on observations to determine if the failure
rate is increasing later in life, indicating aging
The approach of this study is to focus on the
evaluation of failures rather than making an initial
assessment or analysis of aging, including the

a. See Section 11 of this report for bibliographic

information

identification of aging causes, mechanisms, and

effects

Circuit breakers have been the subject of
numercs incidents reported in several docu-
ments identified in the French report. For the
study performed, the data used was that available
to the Safety Assessment Department (DES) and
included: the DES file of incidents significant for
safety, the events of safety implications from the
Electriciié de France (EDF) file, an EDF memo-
randum, and two DES reports with specific
information on the circuit breakers. From the
reports, a total of 144 failures were identified for
the 6.6-kV circuit breakers, of which only 99
occurred after commercial operation began. In the
case of the electrical relays, there was a total of
178 failures, 147 of which occurred after com-
mercial operation began. The number of failures
1s relatively small, since the total number of
circuit breakers is approximately 1674 and the
number of relays was assumed to be 448,000,

From the data, the estimate for the average
failure parameter lambda was given by:

A = (failure count in interval delta t) / (popula-
tion x delta t)

The analysis procedure for the relays was much
the same as for the circuit breakers

For circuit breakers, data showed the
following

No failures occurred at four sites

Forty-nine failures (approximately 50%)
occurred at one site (Bugey). The manufac-
turer of the circuit breakers at this site was
different from the other sites

The small numbers of failures at other sites
precludes exact statistical analysis

For the Bugey site, lambda varied from
about 5§ x 107 h'l 109 x 107 h'! for the
first eight years of operation, rising to a peak
of 6 x 10° h'! and an average of
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4.5 x 10% h'! for the period between the
ninth and thirteen year, and returned to the
initial eight year level after the thirteenth
year. This failure history is shown in the
table and histogram in Figure 2-1.

These three zones of failure rates for the
breakers at the Bugey site are shown in Fig-
ure 2-2. Zone A is the initial period of normally
low failure rate. The beginning of Zone B is the
transition period from low to high failure rate.
This increase of failure rate was recognized, and
during the tenth and eleventh years of operation a
modification of the return springs was performed.
This action did not remedy the problem. The
failure rate remained high, as shown by the
middle portion of Zone B. During the twelfth and
thirteenth years of operaticsi, a maintenance of
replacing rollers, roller shafts, and ratchets was
performed. This maintenance activity did not
fully remedy the problem. During the end of the
thirteenth year an additional modification to the
onginal return spring was done, and an improved
maintenance program was initiated. The failure
rate was lowered, as shown in Zone C, indicating
the maintenance activity was successful.

For relays, data showed the following:

e  The variation in lambda was not so signifi-
cant, with a weighted mean of
2.6 x 107 h'! for units with 1 to 5 years of
service and 5.1 x 107 h'! for units with
6 to 10 years of service

e The Bugey site showed lambda going up by
a factor of approximately S in the first
10 years

e More work to verify this undesirable trend is
forecast by the French.

The report also states that the number of relay
failures does not appear to be very large. The
average failure rate for all the plants combined is
5.2 x 107 h’!, whereas the values adopted by the
Institut de Protection et de Siireté Nucléaire
(IPSN) for their probabilistic safety studies was
3 x 107 h'!. However, the report cautions that
because of the large number of relays installed,
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many of which do not have a critical safety
function, it is possible that not all the failures
were reported.

The report recommended that for future fail-
ures, more care should be taken to record
information that would make more precise analy-
sis of the failure data possible. These analyses
would allow more effective improvements in the
maintenance programs. The information recom-
mended to be recorded is

¢ The date the equipment entered service

e  Modifications, preventative maintenance,
and corrective maintenance

e  Identification of the component that failed

e The function of the equipment degraded by
the failure of the component.

Some main conclusions reached in the French
study are:

e  For one site (Bugey) there was evidence of
aging of 6,6-kV circuit breakers; the prob-
lem was recognized and corrective mainte-
nance performed. After the corrective
maintenance, the failure rate returned to the
average failure rate of the circuit breakers
for the sites included in the study.

e  For the other sites the failure rate remained
low with only a random variation indicating
there was no evidence of aging of 6.6-kV
circuit breakers for these sites.

¢  For the electrical relays at Bugey the data
showed an increase in av_rage failure rate of
a factor of 5 in ten years. This variation, if
confirmed, could be evidence that the relays
are experiencing some aging.

e  For the other sites the failure rate of the elec-
trical relays is essentially the same order of
magnitude over the entire period of the
investigation; therefore, there was no evi-
dence of aging.

e  For a more precise analysis of aging in the
future, the study recommended better and
more detailed failure reporting, particularly
for complex equipment.
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Figure 2-1. Failure rates of 6.6-kV breakers for Bugey site.
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Figure 2-2. Failure history of 6.6-kV breakers at the Bugey plant.
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3. SWEDEN

The Swedish contribution to this study
included a description of work underway in
Sweden to determine if aging of equipment is
being indicated by an increase in the failure rate.
They reported results of a survey of their database
and results of a survey of plant maintenance
personnel. They also provided a detailed descrip-
tion of statistical methods for analyzing failure
data for aging trends, and they provided an
example application for centrifugal pumps in
containment spray systems. The description of
this work was provided in two reports and a set of
presentation slides. The following discussion is a
summary of those documents.

3.1 Description and Status of
an Ongoing Aging Study

Sweden is currently conducting a study (Shen
and Nyman 1994)* whose purpose is to screen the
Swedish Reliability Database to determine if
increases in failure rates are occurring, which
would indicate that aging and abnormal wear are
present. The study, which is in an early stage, is
considering only components in safety-related
systems and is considering only two units that are
15 to 20 years of age, Oskarshamn |1 and
Ringhals 1. The initial steps have been com-
pleted: (a) to survey the Swedish database to
identify available information relevant to aging,
and (b) to use a guestionnaire to obtain the
opinions of maintenance personnel regarding
whether aging is occurring, what components and
parts are aging, and what are the causes.

The survey of the Swedish database indicated
that most maintenance work was related to leaks
that developed from failures of packings and seals
for components such as valves, pumps, heat
erchangers, etc. The responses of the mechanical
maintenance personnel to the questionnaire

a. See Section 11 of this report for bibliographic
information,

confirmed these results. Te mechanical mainte-
nance personnel identified the causes of aging as
material fatigue, load variations, warm and cold
surfaces, wrong materials, manufacturing fiJits,
and erosion.

The response of electrical maintenance person-
nel to the questionnaire indicated that contactors,
relays, breakers, cables, transmitters, motors,
generators, and condensers are affected by aging.
They identified material fatigue, high tempera-
ture environment, manufacturing faults, lack of
spare parts and technical support, assembling
faults, and vibration as the causes of aging.

The maintenance personnel suggested better
materials, design changes, improved mainte-
nance, improved operating environment, new
equipment, improved quality and trend measure-
ments as measures to be taken to solve aging
problems.

The next step of the Swedish study is to collect
data for the affected components and statistically
treat them by means of Bayesian trend analysis. A
small test study was done on critical failures of
centrifugal pumps. One of the findings of the test
study was that the trend analysis tools used in the
study need to be modified to consider the time
between failures instead of the numbers of
failures of the different age groups of the
components. The Swedish researchers found it
may also be necessary to include non-critical
faults in the trend analyses to more clearly
identify the aging phenomena. Another important
step they plan is to establish routines for effec-
tively merging and grouping age related data
sources for later meaningful statistical treatment.

Numerical results were not reported and anpar-
ently are not available at this time. Also, the
information provided did not tie the components
to specific systems, except for a statement that
only safety-related systems were considered.
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3.2 Development of a
Trendmodel for Aging
Analysis

Sweden also provided a summary of the study
documented in the SKI Report 94:31. The sum-
mary, “Pilot Study - Further development of a
trendmodel for aging analysis™ (Pérn 1995),2
briefly describes the extension of the Bayesian
trend analysis model, that has been used for the
computation of initiating event intensities in the
Swedish 1-Book, to allow trend analysis of times
between events, and also of several sequences of
times between events. The summary also
describes the test of the modified model using
data from the Swedish Reliability Data Book
(T-Book) for centrifugal pumps in the contain-
ment spray system for two units. For the model,
the events, such as failures, are assumed to arise
from a Poisson process with nonconstant intensi-
ty (failure rate) of the form

Nl)-C'M'l('l +M,

where C, Ay, and Ay are unknown parameters.
This failure rate i1s a generalized Weibull function,
or generalized power-law function, with the gen-
eralization consisting of the addition of Ay, If 0 <
C < 1, the failure rate decreases, corresponding to
fewer failures as time passes. If C = | itis
constant. If C > I, it increases, corresponding to
more failures as time passes.

The Jeffreys noninformative prior distributions
are found for the three parameters, and updated
with the data in the usual Bayesian way, to yield
the posterior joint distribution for the three pa-
rameters. The distribution for A7) is then found at
each time 1.

Three applications were performed to test the
model. The data from the T-Book for the three ap-
plications were:

a.  See Section 11 of this report for bibliographic
information,
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A. Al failures for centrifugal pumps in
the containment spray system of
Unit B1

B. Al failures for centrifugal pumps in
the containment spray system of
Unit B2

C. Spurious stops for centrifugal pumps
in the contaiament spray system of
Units Bl and B2.

For each application, the distribution of the pa-
rameter C was determined as an indication of
whether the failure intensity is decreasing,
remaining constant, or increasing, and the
validity of the assumed functional form for A(7)
was checked by comparing the observed cumula-
tive frequency and fitted cumulative intensity.

For example A, the entire distribution of the C
parameter is less than 1, indicating a decreasing
trend of the failure intensity. The comparison of
the observed cumulative frequency and the fitted
cumulative intensity is shown in Figure 3-1. Al-
though no formal hypothesis is mentioned, the
curves appear visually to agree.

For example B, the Power Law Poisson Pro-
cess seems to be a questionable model. The con-
formity between the observed cumulative
frequency and the cumulative intensity is poor.
The observed cumulative frequency seems to be a
mixture of various intensities in different epochs.
Such behavior cannot be described by the homo-
geneous Power Law Process.

For example C, the comparison of the observed
cumulative frequency and the fitted cumulative
intensity 1s shown in Figure 3-2. The discrepancy
between the two curves is evident. The authors of
the summary suspect that the data are influenced
by the behavior of an outher pump. This single
pump (one of 17 pumps in the group) experienced
ten of the total of 19 reported failures.
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Figure 3-2. Results of trend analysis for spurious stops of centrifugal pumps in containment spray sys-
tems of plants Bl and B2.
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The summary comments on several aspects of

the study, as follows:

The assumption of a Poisson process
requires that repairs be minimal, restoring
the component to its state just before the
failure (“as bad as old"”). The authors
believe that many repairs make the compo-
nent better than old but not as good as new.
Such repairs are much more difficult to
model than either good-as-old or good-
as-new. A “Trend Renewal Process” model
is proposed, but the summary gives no
details.

The Swedish TUD-data base treats a com-
ponent as a location or socket, not as an
individual piece of hardware. Therefore, the
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age of the particular piece of hardware in the
location is not available from the data base.

It is inherently difficult to estimate the faii-
ure rate when preventive maintenance pre-
vents true failures from occurring.

There is a conflict between obtaining a
homogeneous data set (which gives mean-
ingful conclusions that are straightforward
to interpret) and a large data set (in which
evidence for trends is not dominated by ran-
dom variability). For example, the study
finds a relatively clear decreasing failure
rate for containment spray pumps at one
plant when all categories of failures are con-
sidered, but not when only critical failures
are considered.



4. FINLAND

The Finnish research and development work
related to the PWG-1 aging study is summarized
in this section. The objective of the Finnish work
has been to apply reliability engineering methods
to the different aspects of nuclear power plant ag-
ing management. Much of the effort focused on
development of reliability based models for iden-
tfying and quantifying dominate failure and ag-
ing mechanisms and for evaluating various aging
mitigation techn‘ques on active components. Sta-
tistical method: :or evaluating failure data trends
are also discussed, and an example of application
to motor-operated valves is provided. These
methods are used to complement other safety and
reliability evaluations of both plant components
and structures. In addition, methods for probabil-
istic analysis of crack growth in structural compo-
nents are discussed. including an example of
crack growth in BWR shutdown cooling system
piping. Finland provided four reports, summa-
rized in the following discussions.

4.1 Experience Based

Reliability Centered
Maintenance

Finland provided two reports that address the
reliability centered maintenance (RCM) concept.
One was a letter report (Laakso et al. 1994)? from
the Technical Research Centre of Finland (VTT)
that pr.vides a summary of aging research activi-
ties in Finland and includes a discussion of RCM.
The other was a comprehensive report, entitled
Experience Based Reliability Centered Mainte-
nance, an Application on Motor Operated Valve
Drives (Hinninen and Laakso 1993), that pres-
ents a case study of a “living maintenance” pro-
gram based around the RCM concept. The report
focuses primarily on the application of RCM to
motor operated valves (MOVs) with actuators
manufactured by AUMA in Germany.

a. See Section 11 of this report for bibliographic
information.

The data collection evaluated MOV failures at
the Teollisuuden Voima Oy (TVO) BWR Units |
and II and the Loviisa PWR Units I and I1. (he
TVO data collection evaluated 81 technical speci-
fication related MOV (at each unit) and 127 non-
safety-related MOV (at each unit) from 1981 to
1992. The Loviisa site data collection evaluated
44 technical specifications related MOVs at Unit
I and 95 technical specifications related MOV at
Unit IT over the years of 1989 to 1992. A total of
957 faults were recorded for both of the plant sites
during the evaluated years.

For the failures that were recorded, detailed
failure modes and effects analysis and corrective
maintenance and effect worksheets were filled
out. This initial data collection and evaluation
was very time consuming. It was noted that a sig-
nificant time savings could be realized by per-
forming a detailed analysis of only the most
recent 4 to 8 years of maintenance data, and only
a rough analysis of data from the earlier years.
Also, aging studies using maintenance data would
be expedited if data analysis efforts were more in-
teractive with data recording efforts.

Failure trend analysis was performed in order to
augment the RCM approach. It was stated that the
Finnish application of RCM does not yet include
any methods for determining optimal task inter-
vals. The Weibull model used for the trending
analysis in the report attempts to indicate whether
the probability of failures decreases with time, in-
creases with time, or remains constant. The results
of the trending analysis for the MOVs indicated
that the components’ failure rates were almost
constant or slightly decreasing with time. This
does not demonstrate the absence of aging effects,
since an evaluation of the data for an individual
failure mechanism or failure mode might still
show a high occurrence ra‘e or an increase with
time. (This analysis did not consider the internal
leaks discussed in Section 4.3 of this report; those
internal leaks did show a slight increase in the oc-
currence rate.)

In the evaluation of the MOVs at the four
plants, it was found that the dominant failure
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modes were: (a) packing and deposit problems
causing high forces for stem movement, and
(b) torque switch trip problems. Even though
MOV aging was not indicated by an increase in
the failure rate, age-related failures were noted,
including dirty contacts, oxidation of contacts,
loosening of spring pack, and grease hardening.
Human factor issues and design issues entered
into potential failure modes via incorrect or
improper setting of limit and torque switches.

The RCM approach documented in the Finnish
report deviated slightly from traditioral U.S.
RCM programs in one respect. Typical U.S. RCM
programs have an application philosophy of
... focus first on functions, functional failures,
and the importance associated with these func-
tional failures™ (Los Alamos Technical
Associates 1985). Typically, the application of
preventive maintenance in the U.S. will be
selected by using a logic based (i.e., yes/no
questions) flow diagram. Although this logic
diagram will vary slightly depending on the
particular organization implementing the RCM
program, the logic diagram will estimate the
criticality of the functional failures. The Finnish
logic diagram focuses more on the failure detec-
tion method and the failure characteristic, even if
the failure is a critical failure. Conversely, the
Finnish RCM method does question whether the
result of a failure has a higher cost than perform-
ing preventive maintenance tasks. This cost-
benefit question is not addressed directly by some
U.S. RCM approaches.

In conclusion, the Finnish report suggests some
effective preventive maintenance tasks to reduce
the failure rate for some failure modes for MOVs,
as determined by their application of RCM. These
preventive maintenance tasks include: measure-
ment and fingerprint monitoring of motor power,
valve movement time, and torque switch tripping,
and the recording of stem forces during function
testing in applicable cases. The report points out
that the RCM study was time consuming, but
computerization and experience helped to speed
up the RCM process.
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4.2 Probabilistic Methods in
Nuclear Power Plant
Component Ageing
Analysis

Finland provided a report (Simola 1992) that
summarizes methods for analyzing aging. The
references list Finnish and Swedish reports
through 1991, and reports from other parts of the
world through 1989. Chapter 2 very briefly
describes programs on aging and/or life extension
in the U.S., France, Canada, and Japan. Chap-
ters 3 and 4 give a cursory review of some simple
graphical methods for detecting trends in failure
occurrences, some standard terms used in aging
analysis [increasing failure rate (IFR), etc.], some
standard replacement and repair models, and use
of accelerated testing. Short-term aging models
include renewal processes, non-homogeneous
Poisson processes, and more complicated pro-
cesses; the data consist of failure and mainte-
nance descriptions. Long-term aging models
include random crack growth models, strength-
strength-time models, and Markov modeliing for
cumulative damage; the data consist of monitor-
ing of conditions.

Chapter 5 presents two Finnish case studies.
The first study examined 9 years of data from 104
motor-operated closing valves at 2 sister plants.
(Another analysis of the same data is summarized
in Section 4.3 of this report.) The data were taken
from maintenance work orders, and include
incipient as well as critical failures. The data were
studied qualitatively by failure mode effects
analysis (FMEA) and similar methods. For exam-
ple, about half the failures had an aging-related
cause (including normal wear). Two statistical
analyses were performed. For the first analysis,
the failures were assumed to follow a Weibull
process (one kind of nonhomogeneous Poisson
process), and the Weibull parameters were esti-
mated; the failure rate was estimated to be nearly
constant, or perhaps slightly decreasing. As a
methodological exercise, the study included a
modification of the analysis that measured time
from the beginning of plant operation rather than



the beginning of the observation period. This
modification showed a clearly increasing failure
rate; note, however. tnat it treated the period
between start of plant i 2tion and start of data
collection as having ne failures, so the results of
this exercise may have ceen somewhat distorted.
The second analysis considered failures on
demand (valve leaks during annual tests) rather
than events in time. A Bayesian ar !, sis was
performed. The distribution of the failure proba-
bility g at year i + | was assumed to be related to
q ¢t year { by a Markov transition matrix. The
prior distribution and the form of the matrix wyre
all assumed, with one parameter of the matrix, a,
allowed to vary. The posterior likelihood was
maximized when a = 0.7, indicating a decreasing
failure probability. This model gave a better fit to
the data than when the distribution of the failure
probability ¢ was assumed to be constant over
time (corresponding to @ = 1). The analysis does
not appear to be a standard Bayesian analysis,
because the prior and posterior distributions of a
are not mentioned.

The second case study in the Finnish report was
an application of the PRAISE computer program
to intergranular stress corrosion. (Although this
case study is outside the scope of this aging study,
a onef discu:sion is provided here for informa-
tion.) Both the crack initiation probability and the
crwk growth characteristics depended on various
factors. The study estimated the probability of
leak. (The simulated cracks typicaliy resulted in
leak, not rupture.) The estimated time-dependent
leak probabilities were mu-h b.gher than has been
actually experienced in Finnish reactors, and the
computer-simulated final crack shapes differed
significantly from those detected in removed
piping, beine shorter and deeper than those
actually found. The reasons were investigated and
are discussed. The study reported that such
i~ formation is valuable for improving the reliabil-
ity of the probabilistic models for better predic-
tion of crack growth.

Finland

4.3 Analysis of Failure and
Maintenance Experiences
of Motor Operated Valves
in a Finnish Nuclear Power
Plant

Finland provided another report specifically
addressing motor-operated valves (Simola and
Laakso 1992). This study demonstrated the use of
reliability engineering methods for qualitative
analyses of component failures and maintenance
actions. Specifically, the study gathered data from
the failure reports of motor-operated valves at
two BWR plants in Finland, TVO 1 and TVO 11,
ana evaluated the data using failure mode and
effects analysis (FMEA) and maintenance effects
and criticality analysis (MECA). Altogether, the
study addressed 104 valves operating over a
period of nine years (1981 to 1989) at the two
plants. The FMEA method used qualitative
analyses to examine the failures, and the repair
actions were systematically studied by MECA.

For the purpose of statistical analysis, valve
failures were attributed to one or more of eleven
valve subcomponents:

e  Stem

e  Stem and bonnet packing
e  Slide and sealing surfaces
e Leakage pipe

¢ Gear box

e Torque switch

e  Limit switches

e Switchgear equipment

e Circuit board

e  Electric motor

¢ Indicators and push buttons.

The first four of these subcomponents were
designated mechanical items; the other seven
were designated electromechanical items.
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The first four of these subcomponenis were
designated mechanical items; the other seven
were designated electromechanical items.

Of the reported failures, 65% were detected
during the various periodic tests (leakage tests,
monthly tests, and tests during refueling outages).
Five failures occurred during demand situations,

Failures were categorized according to critical-
ity. Failures directly preventing valve function
were called critical. Failures that prevent valve
function only during repair were called repair
critical. Non-critical failures were those that were
detected and repaired without any effect on valve
operability.

Of the 104 valves addressed by the study,
67 experienced 181 reported failures during the
nine operating years. Of the 181 reported events,
~o were critical failures; 23 involved failure to
open, and 23 involved failure to close. It was e:ti-
mated that the 104 valves had been operated near-
ly 20,000 times during the observation period.
Thus, the probability of a critical failure is
1.2 x 10 for closing and 1.2 x 103 for opening.

Most of the critical failures were of one of three
groups. Nine of the critical failures were due to
excessive friction in the stem (for example, lack
of cleanup and lubrication), these include
instances of premature torque switch trip where
no adjustment of the torque switch was needed.
Eighteen were due to incorrect operation of limit
and torque switches. Eleven involved electrical
switchgear faults, including several contactor
failures due to oxidation.

Among the 104 valves included in this study,
32 are valves whose test conditions are signifi-
cantly lower than their design-basis accident
conditions. For some modes and subcomponents,
the probability of a critical failure is more sensi-
tive for these valves in accident situations, where
the operating temperature or the differential pres-
sure across the slide is much higher than in the
periodic tests. Among the 32 valves specified
above, 11 critical failures were reported. In three
cases, the fault was in the gearbox; two limit
switch and three torque switch adjustments were

NUREG/CR-6442
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necessary; three failures were due to excessive
friction (stem or slide).

Trend analyses were conducted for some sub-
components and failure modes. According to the
Weibull process model used in these trend analy-
ses, the failure intensity is a function of time:

My = a1,

The expected cumulative number of failures
occurring in time (0,t) is

N(t) = at? .

The parameter « is the scale parameter, and 8 is
the shape parameter. The shape parameter f
describes the possible trend in the failure rate: if
B > 1, the trend is increasing, and if B < 1, the
trend is decreasing. With f§ = 1, the model reduces
to the homogeneous Poisson process with a
constant failure rate.

In the results of these trend analyses, the failure
rate of electromechanical components was nearly
constant, with a slight decrease during the
observaticn period. This result is shown in Fig-
ure 4-1. The failure r.e for mechanical compo-
nents was nearly constant. Torque switch
maloperations and ¢ ontactor voltage cut-off (fail-
ure medes of particalar interest because they con-
tribute significartly to the critical failures)
showed a nearly constant failure rate.

The annual number of internal leakages
showed an increasing trend. The study includes a
description of a model for predicting the number
of internal leakages on the basis of results from
previous years. The number of failures for a given
year is modeled with a binomial distribution
Bin(n,q). The expected increase of failure proba-
bility in the subsequent year is taken into account
by modifying the parameter g to have an increas-
ing trend. A prior distribution is used to describe
the uncertainty of the failure probability, and as
observations are made, this distribution is
updated with Bayes equat'on to produce the pos-
terior distribution. Figure 4-2 shows the results.
The figure shows the observed number of internal
leakages (indicated with dots) and the predicted
distribution of the number of failures for MOV
in TVO I and TVO II for a nine year time period.
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Figure 4-2. Observed number of internal leakages and predicted distribution of number of failures in
TVO I and TVO 2 MOVs.
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Repair times were significantly shorter than the
repair times allowed by technical specifications
(generally 720 hours for failure of a single
component where there are four redundant sys-
tems). Average repair time was 45 hours for
critical failures (valve was unavailable for opera-
tion before and during repair), and 13 hours for
repair-critical failures (valve was unavailable for
operation only during the repair). The study
produced Weibull distributions of repair time
data. (S ¢ Figure 4-3.)

Many of the valves’ failures to change position
indicated a complex interaction among mechan-
ical and electrical failures, involving functions
maintained by mechanical and electrical

maintenance groups. Several causes of these
failure combinations, leading to premature torque
switch trip of the valve actuator, were very
complicated to identify afterwards.

One major problem is the effectiveness of
testing and the coverage of test results. In
accident and transient situations, a number of
valves are required to function in operational
conditions that are much more severe than the
periodic test conditions. Thus a valve that passes
the periodic opening/closing test may fail to
change position in an accident situation, for
example, with a higher temperature or differential
pressure over the slide.

1.0

=

0.9
0.8
0.7 C Critical
0.6— A=011 B =065

E(t) = 45 hours
0.5
0.4 + Repair-critical

A=0095 B =094
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Figure 4-3. Cumulative probability distributions of MOV unavailability times caused by repairs during

plant operating period.
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4.4 Probabilistic Safety and
Aging Assessment of
Structural Components

The VTT letter report provided by Finland
(Laakso et al. 1994)* which was a summary of
aging research activities in their country, included
a discussion of aging assessment of structural
components. (Based on a strict interpretation,
these components are outside the scope of the
PWG-1 study; however, this Finnish work pres-
ents some important concepts for evaluating
aging, so it is discussed briefly here for informa-
tion.) These components require special consider-
ation, because the gradual development of
defects, such as crack growth, cannot usually be
observed directly, but must be inferred from
limited periodic non-destructive testing (NDT)
data or other indirect measurements. The NDT
data are often noisy and difficult to interpret, the
sample size may be limited, and the inspection
methods may change with time. The inspections
may be infrequent. However, accurate assess-
ments of material condition are needed to deter-
mine operational strategies such as determination
of residual operation time and scheduling of
inspections, repairs, or replacements. Therefore,
a probabilistic approach, one that accounts for the
uncertainties in the NDT data and in the develop-
ment of the fault, is needed to optimize the
operational and maintenance activities. Probabil-
istic models and their solution techniques have
been developed and published (Pulkkinen and
Uryas'ev 1992; Puikkinen 1994). A model to be

a.  Se: Section 11 of this report for bibliographic
information.
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developed for optimization of the residual opera-
tion time and inspection strategies of a gradually
failing structure is illustrated in Figure 4-4
(Pulkkinen 1994).

A part of the model is being tested using steam
generator collector weld NDT data on crack
detections and thermal transient data from the
Loviisa plants. The structural reliability assess-
ment is based on randomization of the Pairs-
Erdogan model for determining the probability
distribution of the crack size and its growth. The
available NDT results at the given inspection
tim =s and the number of significant stress
chai.ges caused by the thermal transients can in
relevant cases be used to update the crack size
distribution. The approach is a straightforward
application of stochastic filtering. The calculation
algorithms are based on Monte Carlo simulation.
The updated estimates are used to predict the
future growth of the crack length and evaluate its
safety. The computer program is ready for testing
with a practical example to be published in 1995.

Finland also provided a survey of the literature
on the use of probabilistic approaches in different
component aging evaluations (Simola 1992). A
case study in the litcrature on the applicability of
the PRAISE computer codz for the evaluation of
environmentally assisted crack growth revealed
large differences between observed and simulated
crack growth (Marguis and Simola 1990). Results
indicate that the code needs modification of either
the residual stress model or the calculations of
specific damage parameters. In addition, the
codes OCA-P and VISA-II for probabilistic
assessments of PTS loading cases of reactor
pressure vessels were installed on a microcom-
puter and their operation was verified.
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DEFECTS

N(1) = number of defects at time t
C (1) = characteristics of defect 1 at time t

MODEL: probability distribution of (N(1),C(t),i.e.P{N(1),C(1))
|

DEVELOPMENT OF DEFECTS
MODEL: stochastic process dynamics for (N(1),C(t)),i.e.,

PIN(t+A1),C(t+ADIN(1),C(1)) = g(N(1),C(1)), or
the conditional probability distribution of the defects

FAILURE CRITERION

Component fails when (N(1),C(1)) € F,
F = critical defect size and characteristics

INSPECTIONS

MODEL: stochastic model for detection

P(n(t),c()IN(1),C(1)) = the conditional probability distribution of the
measured defect characteristics (n(t),c(t)) given the true characteristic
(N(1),C(1))

COSTS

MODEL: costs of inspections and failures

OPTIMAL INSPECTION AND OPERATION LIFE STRATEGY

Figure 4-4. A proposed model for optimization of residual operation time and inspection strategies of a
gradually failing structure (Pulkkinen 1994),
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5. JAPAN

Japan’s contribution to this aging study is a re-
port summarizing an evaluation of the failures re-
ported for their 45 commercial light water reactor
power plants. The report categorizes the number
of failures for the studied components by the type
of aging mechanism. It also provided an evalua-
tion of the number of failures by plant age. The
following discussion presents a summary of the

report.

5.1 Evaluation of Aging

Events

The report provided by Japan was prepared by
the Safety Information Research Center of the
Nuclear Power Engineering Corporation
(NUPEC). The report is entitled The Aging Phe-
nomena in Commercial Nuclear Power Plants in
Japan (Safety Information Center 1994).2 This
study discusses and displays aging failure data
from the 45 commercial light water reactor power
plants in Japan (24 BWRs and 21 PWRs), includ-
ing all the plant systems except the reactor pres-
sure vessels, steam generators, control rods, and
control rod drive mechanisms. The data were
retrieved from a NUPEC database entitled “The
Incident and Failure File.” By law, or Japanese
Ministry of International Trade and Industry
(MITT) notification, the Japanese utilities must re-
port plant incident and failure information to the
MITI according to its reporting criteria, which
then asks NUPEC, its affiliate organization, to
file or further process if necessary.

The aging related cause codes used for this
study were: mechanical fatigue, stress corrosion
cracking, corrosion, thinning, natural deteriora-
tion, insulation deterioration, loosening, abra-
sion/fracture, thermal fatigue, and drifting. The
mechanical fatigue included both low and high
cycle fatigue caused by repeated stress loadings
and vibration. Most of the corrosion was

a. See Section 11 of this report for bibliographic
information.

2l

electrochemically induced due to loss of protec-
tive coatings. The thinning events were all caused
by erosion-corrosion. Natural deterioration
included failure of electrical components such as
integrated circuit cards, fuses, resistors, switches,
coils, and other consumable parts, as well as fail-
ures of packings, O-rings, gaskets, etc. due to a
lack of appropriate preventative maintenance.

A total of 726 reported incidents and failures
occurred in Japanese nuciear power plants from
1969 to 1993. Of these, about half were identified
as aging events. About half of these age-related
events were included in this study. (Events related
to steam generators, reactor pressure vessels, con-
trol rods, and control rod drive mechanisims were
excluded from the study.) Figure 5-1 shows the
data of failure events caused by aging retrieved
from the NUPEC data base and arranged by cause
code and general component type. The aging
events in Japanese nuclear power plants are not a
large number when compared to the experience,
for example, in the U.S, esp.. .'ly considering
the size of the Japanese nuclear program.

Figure 5-2 shows the fraction of the total aging
events for each component. The aging events are
relatively uniformly distributed among the com-
ponents. Figure 5-3 shows the fraction of the total
for each cause code. The largest fraction of aging
events was caused by mechanical fatigue (31% of
the total), followed by stress corrosion cracking
(23%), thinning (14%), and natural deterioration
(12%).

Figure 5-4 shows the trend of the total number
and the number per plant of the aging failure
events with fiscal year. Improved and standard-
ized plants have been introduced in Japan since
fiscal year 1983 with the aim of increasing safety
and reliability. Data for both conventional and
improved plants are plotted. Note that the number
of light water reactor plants in operation in Japan
steadily increased from 3 in 1971 10 45 (23 con-
ventional and 22 improved and standardized) in
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Figure 5-1. Summary of failure modes for failures caused by aging.

LRARERARRE AR LARRSRARRIELAR

Number of events

(Components identified are those included in the scope of this review)

Electrical and instrumentation

Piping

Heat Exchanger

Turbme\

Pump

VG/BDYS 0219
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Figure 5-3. Percent of events for each failure mode.
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Figure 5-4. Number of events due to aging by fiscal year.
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Japan

1993, Also note that there was a change in the
reporting criteria in 1981, which caused an
increase in the number of ieported events in that
year and subsequent years. The aging events per
plant show an initial drop in the early 1970s, an
increase in 1981, ard then a drop in the late 1980s
(1989 and 1990) to a relatively constant value of
around 0.1 events per plant.

The number of failure events caused by aging
is plotted versus operating years in Figure 5-5.
The bar graph portion of the plot presents raw
data in terms of total events per operating year for
all plants, and the indicated decrease in events
with plant age is caused partly by the lower
number of plants operating at an advanced age.
(As of 1993, 20 of the 45 Japanese plants had
been o~ “ating for 10 years or less.) Even so, the
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top polygonal line (aging-related events per plant
per year of operation) indicates that older plants
generally experience fewer failures than newer
plants. It is suggested that the older plants
experience fewer aging failures because the
preventative maintenance programs are continu-
ally improving and enhancing component perfor-
mance in Japan (and presumably elsewhere).
When failure occurs, similar components at the
same plant and at similar plants are inspected and
the preventative maintenance program is adjusted
to prevent future failures. Also, periodic measure-
ments of parameters such as wall thickness,
insulation resistance, sensor drift, etc., are used to
focus the preventative maintenance programs.
Therefore, fewer aging failures are expected at
the older plants where the preventative mainte-
nance programs are mature and effective.
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Figure 5-5. Number of evants caused by aging versus years of operation.

NUREG/CR-6442

24



6. UNITED STATES

For their contribution to the current PWG-1
study, the U.S. contributed three reports. These
reports are (1) a discussion of performance
measures for aging of nuclear power plants, (2) an
evaluation of BWR high pressure coolant injec-
tion (HPCI) system performance, and (3) a
reliability study of safety-related steam turbine-
driven pumps. The following discussion first
presents a brief description of the U.S approach to
aging as it relates to license renewal, followed by
summaries of the three reports. Additional details
on the three topics are given in the full reports,
listed in the reference section of this report.

The U.S nuclear power industry has ongoing
programs for considering the effect of aging on
nuclear power plant safety. These programs
include activities by the nuclear utilities, the
Electric Power Research Institute (EPRI), the
Department of Energy (DOE), and the Nuclear
Fegulatory Commission (NRC). The programs
have been underway since the early 1980s. Much
of the work is being done to support extending the
life of the nuclear power plants beyond their
licensing term. The work is also important for
identifying aging issues that need consideration
during the current license term.

On December 13, 1991, the NRC issued a
license renewal rule establishing the procedures,
criteria, and standards governing the renewal of
nuclear power plant operating licenses. Later, the
NRC proposed a revision to the license renewal
rule (Federal Register, September 9, 1994),
reflecting the conclusion that greater reliance
could be placed on the maintenance rule (Code of
Federal Regulations 10:50.65, Requirements for
Monitoring the Effectiveness of Maintenance at
Nuclear Power Plants) for managing the effects of
aging during the license renewal term. This
revision went into effect June 7, 1995 (Federal
Register, May 8, 1995).

The maintenance rule requires that U.S. com-
mercial nuclear power licensees monitor
the performance or condition of pleee
systems, structures, and components ag
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licensee-established goals in a manner sufficient
to provide reasonable assurance that these sys-
tems, structures, and components are capable of
fulfiiling their intended function. Anticipating the
implementation of the maintenance rule in 1996,
the NRC has determined that for the license
renewal process, the current licensee programs
and activities, along with the regulatory process,
will be adequate to manage the effects of aging
for the active components, as well as components
subject to replacement based on qualified life or
specified time period. For license renewal, com-
ponents subject to an aging management review
are limited to those passive components that must
remain functional during and following the
design-basis events.

By definition, passive components are those
that perform their intended function without
moving parts or without a change in configuraticn
or properties. These include pressure retaining
boundaries, component supports, reactor coolant
pressure boundaries, the reactor vessel, core
support structure, containment, seismic Category
I structures, electrical cables and connections,
and electrical penetrations. Excluded are pumps
(except for casings), valves (except for bodies),
motors, batteries, relays, breakers, and transis-
tors. However, all components subject to a
time-limited aging analyses would be subject to a
license renewal evaluation. (Time-limited aging
analyses are those analyses, such as embrittle-
ment, fatigue or qualified life, that are based on an
assumed service life defined by the license term,
for example 40 years.)

In contrast to the emphasis of the U.S. NRC's
revised license renewal rule, the focus of this
aging study of the CSNI Working Group PWG-|
15 on active components. This focus is appropri-
ate, since the activities of the CSNI working
group, like the U.S. NRC maintenance rule, are
directed toward assuring wnat aging of the active
components is not leading to unacceptable degra-
dation of plant safety.

NUREG/CR-6442



United States

The NRC's License Renewal and Environmen-
tal Review Project Directorate is currently
performing a project that might be of interest to
the PWG-1 working group. The project includes a
systematic critical review of the reports generated
over the years by the several organizations
involved in nuclear plant aging research, and a
review of the recent operating experience related
to aging issues. The major contributor of reports
has been the NRC's Nuclear Plant Aging
Research (NPAR) program. One hundred fifty-
nine NPAR reports have been reviewed under the
project, along with 9 NUMARC Industry reports
and S Department of Energy reports. The recent
operating history review included 31 NRC
Generic Letters, 265 NRC Information Notices,
82 NRC Licensee Event Reports, and 5 NRC
Bulletins. The first phase of the project is to
summarize in a tabular format the age-related
degradation mechanisms, their effects, and any
recommendations reported in the documents.
This work has resulted in the development of
Generic Aging Lessons Learned (GALL) tables.
The information in the GALL tables is being
entered into a data base so that it can be
conveniently searched. This phase of the work is
nearly completed. The next phase of the project
will be an assessment of the aging issues identi-
fied during the initial phase.

6.1 Performance Measures for

Aging of Nuclear Power
Plants

A logical concern for extending the life of
nuclear power plants is whether plants age in such
a way as to be significantly less safe as they get
older. There is also the question of how to
measure a diminution in plant safety if it is
occurring. The following discussion is a summary
of a conference paper (Ross 1993), provided by
the U.S., that describes a study investigating the
use of overall reactor plant performance as a way
of measuring the effect of plant aging. In using
this measure, the study recognizes that the
peiformance is not only a result of possible aging
of plant active and passive components but also
reflects physical improvements in plants and the
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ability of the operating crew to cope with
operational challenges. Nonetheless, overall plant
performance is an indication of safety as they age,
with the exception of a hitherto unrecognized
failure mode which would appear without
wamning.

Because some of the results of the study are
presented as events per year it is necessary to
define the size of the population to evaluate if the
rate per plant is increasing. Currently there are
109 operating reactors in the United States, with
the age distribution as shown in Figure 6-1.

The study used the results from four NRC data
management programs as measures of plant
performance. The study briefly describes the four
programs and examines the results as a function
of age. The four programs are:

e NRC Performance Indicators
e  NRC Event Analysis
e NRC Accident Scquence Precursors

e  NRC Systematic Assessment of Licensee
Performance (SALP).

The study did not examine every indicator for
each of the programs, but select examples of
important indicators. Summaries of the descrip-
tions of the programs and findings follow.

Performance Indicators. The performance
indicators are:

e Number of scrams while critical

e Number of selected safety system actuations
e Number of significant operating events

e Number of safety system failures

e  Forced outage rates

e Number of equipment-forced outages

o  Collective radiation exposure per plant.
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Three of the seven indicators were examined.
The cumulative number of scrams for the period
of 1987 to mid-1992 were plotted with calendar
time for each of the age groups of the operating
plants defined in Figure 6-1. The plot is shown in
Figure 6-2.

The slopes of the curves represent the annual
rate of scrams. Note the slopes are about the
same, indicating no age effect. The higher initial
rate for the 0-5 year age group is explained by the
“bathtub™ effect; that is, an early higher failure
rate from initial defects, decreasing to a nearly
constant random rate, followed by an increasing
rate from wearout (see Figure 1-1). Similar plots
are shown in the study for the significant operat-
ing events and the safety system failures. For the
significant operating events plot, the curves for
the younger and older plants show higher num-
bers of events while the mid-life plants are lower.

10-16 years
Age range
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The study poses the question: Is this the bathtub
effect at each end of the age groups? However, for
all age groups the slopes level off and approach
the same value near the end of the observation
period, and the study concludes these somewhat
conflicting results are difficult to interprer. The
safety system failure plot is similar to the plot for
the number of scrams in that the curves are
grouped together, except the curve for the young
plants is slightly higher. Again, the slopes are
nearly the same, indicating no age effec.

Event Analyses. The NRC requires nuclear
power plants to submit written descriptions of
events regarding plant operation. The NRC
receives in excess of 2,000 such reports annuaily.
The more important events are selected using
about 20 criteria such as unerpected perfor-
mance, or personnel overexposure, or on-demand
failure of a safety system. For the period from
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Figure 6-2. Automatic scrams while critical.

1988 to mid-1992, there have been 1,331 events
selected as important. The study shows a figure of
the number of events versus age of the plants at
the time of the events. The figure resembles
Figure 6-1 in that the number of events track the
density of plants in the age groups indicating
there is no age effect.

Accident Sequence Precursors. This program
evaluates operational occurrences such as plant
problems, equipment failures, or other operational
incidents that involve portions of postulated core
damage sequences. It uses event tree models and
probabilistic risk assessment techniques in eva-
Juating actual failures that have occurred along
with the probabilities for postulated additional
failures that could occur. There were exactly
400 events quantified under the program since its
inception over a decade ago. The study shows
figures of PWR and BWR precursor occurrences
versus the age of the plant at the time of the
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occurrence. The figures show more precursors
early in life, which is explained as the bathtub
effect. The precursors are essentially decreasing
with age even though the plant population is not,
indicating plant performance is improving rather
than degrading with age.

Systematic Assessment of Licensee Perfor-
mance (SALP). This program is an integrated
effort 1o assess the plants’ performances. The data
used in the study were the SALP ratings for three
functional areas: operations, engineering support,
and maintenance. Each of the areas was given a
numerical valve from 1 to 3 during a SALP
evaluation. The meaning of the numbers is:

Category 1, superior

e  Category 2, good

Category 3, acceptable.
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A statistical analysis was done to examine
correlation with plant age. Of the three functional
areas evaluated, the only one that correlated with
plant age was operations. This correlation showed
a clear improvement in the rating for older plants.
The mean plant age for the functional area ratings
for operations is shown in Figure 6-3.

Observations. As expected, with four widely
varied quantifications, there are differences in the
results. What can be said from the study is:

e  The Performance Indicators show a trend as
plants age, with an improvement from an
early adverse performance and leveling off,
indicating no further age effect; however,
the trend is not uniform across all indicators.

e  The important event analysis shows that the
number of events track the density of plants
in the age groups, indicating there is no age
effect.

®  The Accident Sequence Program shows a
decrease in the number of precursors with
age, even though the age density of the
plants is not decreasing, which is an indica-
tion the plants are improving with age.

e Of the three SALP ratings selected for anal-
ysis, only the ratings for the operations

o .

Plant age (years)

SALP rating L

Figure 6-3. Mean plant age versus SALP
rating.

United States

functional area showed a correlation with
age, and it showed an improvement with
age.

The overall plant performance ratings show no
deleterious age effect. The Performance Indica-
tors, the Accident Sequence Precursors, and one
observation from the Systematic Assessment of
Licensee Performance (SALP) indicate the plants
get better with age. The important event analysis
and two observations from the SALP seem to
show no age effect. Several reasons could be
suggested to explain the this conclusion. They
are:

e  An aging plateau exists, but has not yet
materialized

e Maintenance is effective in combatting the
effects of aging and in maintaining the reli-
ability of the systems

e Design criteria and licensing standards pro-
duce an inherently rugged plant.

This study concluded that trending of indica-
tors as enumerated in this study should help the
plant owners and regulators measure performance
as the plants inevitably age.

6.2 Evaluation of High
Pressure Coolant Injection
(HPCI) System
Performance

This U.S. report (Grant et al. 1995) presents a
performance evaluation of the HPCI system at
23 U.S. commercial BWRs. The study was based
on the operating experience from 1987 through
1993, as reported in Licensee Event Reports
(LERs) and monthly nuclear power plant operat-
ing reports.

Of the 303 events reported which involved the
HPCI system during the evaluation period,
145 were classified as HPCI failures and 63 as
HPCT actual unplanned demands occurring from
a reactor pressure vessel (RPV) low-water level
condition. A subset of the 145 failures were used
to calculate the observed unreliabilities, namely,
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the failures for which a demand frequency could
be counted or estimated.

The objectives of the study were as follows.

1. To estimate HPCI system unreliability
based on operational data, and to compare
the results with the assumptions, models,
and data used in Probabilistic Risk Assess-
ments/Individual Plant Evaluations (PRA/
IPEs)

2. To provide an engineering analysis of the
trends and patterns seen in the HPCI system
operational data.

Operational data compared with PRA/IPE
estimates. The HPCI system was modeled using
standard PRA techniques, and the operational
data were used to develop the basic event failure
probabilities to allow quantification of the mod-
els. Between-plant comparisons were made on
the basis of these models. The results, using the
actual plant operational data, were then compared
to the results from current PRA/IPEs. Selected
results of that comparison are as follows.

e The observed industry-average unreliability
of the HPCI system, taking credit for recov-
ery actions, is 0.056. The observed plant-
specific unreliability on a single injection,
taking credit for recovery actions, ranged
from 0.050 to 0.067. This variation is within
the uncertainty range of the PRA/IPE pre-
dictions for the respective plants.

e Ifrecovery is excluded from the calculation,
as is appropriate for comparisons with PRA/
IPEs, the industry-average urnreliability for
a single injection is 0.14. The observed
plant-specific unreliabilities without recov-
ery ranged from 0.11 to 0.30. The plant-
specific observed unreliabilities are
consistent with the vaiues used in 12 of 23
PRA/IPEs. Ten of the other eleven plants
had observed unreliabilities greater than a
factor of three higher than, and outside the
uncertainty bounds of, the plant-specific
PRA/IPE unreliabilities. The one remaining
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plant had insufficient information in the
PRA/IPE to allow for a comparison. These
results raise a question about the quantita-
tive PRA/IPE results for these plants for the
accident sequerces that involve the HPCI
system.

Engineering analysis of operational data. The
engineering analysis included both an industry-
wide and a plant-specific examination. Investiga-
tion of trends and patterns in system failures and
demands were based on operational time, low-
power license date, subsystem, cause, and method
of discovery. Selected results of the engineering
analysis are as follows.

e  The overall nature of the failures experi-
enced dui.ng actual demands and full flow
tests differed somewhat from those discov-
ered during monthly surveillance testing,
engineering and design reviews, and routine
inspections. This result indicates that the
current testing and inspection activities may
not be focusing on the dominant contribu-
tors to unreliability during actual demands,
and that these activities may need to be
modified to better factor in the conditions
and experiences gained from actual system
demands.

e No correlation was seen between the plant’s
low-power license date and either the
unreliability per year, or the total number of
failures per year, as shown in Figure 6-4.
This result indicates that plant age does not
affect the reliability of the HPCI system in
these plants.

e The number of HPCI system unplanned
demands and total failures per plant opera-
tional year decreased during thie 7-year
period. These trends are shown in Fig-
ure 6-5. (The unplanned demand rate, as
shown in Figure 6-5, is defined as the total
unplanned demands divided by the equiva-
lent operating time for the plants in opera-
tion during the year. Likewise, the system
failure rate is defined as the number of
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system failures divided by the equivalent
operating time for the plants in operation
during the year.) The associated unreliabil-
ity showed no significant trend. This result,
t0o, indicates a lack of an aging influence,
and it also indicates that system reliability
cannot be trended based on demand or fail-
ure rate trends.

6.3 A Reliability Study of
Safety-Related
Steam-Turbine-Driven
Pumps

This U.S. study (Boardman 1994) reviewed the
operational history of auxiliary feedwater
(AFW), HPCI, and reactor core isolation cooling
(RCIC) system pump turbine assembiies. During
the past 16 years, although there have been
71 NRC and industry generic communications
and studies which addressed problems with these
standby turbines, there have been recurring
problems with the reliability of these turbines.

The purpose of this particular study was to
analyze available data on standby turbine-driven
pump failures to identify failure mechanisms and
corrective actions, and to update the reliability
data on these pumps for use in reliability and
risk-based studies. The findings and conclusions
documented in this report are based on the
following.

e Areview of over 2,000 LERs for the period
of 1974 through 1992, 660 NPRDS failure
reports for 1985 through 1992, and generic
communications and studies issued by the
NRC and U.S. industry.

¢ Discussions held with appropriate personnel
at selected plants to gain a better insight into
specific failures that had been reported.

e Discussions held with the turbine and gov-
ernor manufactures to gain a better under-
standing of the components involved.
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This study, which was peer reviewed by the
NRC staff and industry (including the Institute for
Nuclear Power Operations (INPO), Dresser-Rand
Terry-Turbodyne, the Woodward Governor Com-
pany, and the General Electric Company), con-
firmed the continuing validity of earlier NRC and
U.S. industry studies. Significant turbine failures
appear to result from: (a) governor control system
failures, many of which were age related, such as
the muitiple failures of power supply voltage
dropping resistors; (b) lack of maintenance neces-
sary to compensate for site-specific, age-related
degradation; (¢) lack of design control; and
(d) condensate in turbine steam supply lines.
Recurring failures identified during this study
were analyzed for root causes that had not been
previously addressed in generic communications.
Significant factors affecting standby turbine reli-
ability identified during this study were mainte-
nance which did not incorporate existing
manufacturers’ guidance (including specified
periodicities), and the failure of subcomponents
and piece-parts as a result of site-specific aging
phenomena not considered in preventive mainte-
nance programs.

In February 1993, investigation at a nuclear
power plant in response to turbine-driven AFW
pump overspeed events identified the following
problems.

e  The site was using a 1975 Terry Turbine
manual which was not adequate for certain
maintenance being performed by the utility,
a concern addressed in NRC Generic
Letter 83-28, Required Action Based on
Generic Implications of Salem ATWS
Events, August 8, 1983,

e  The Unit I governor-valve to governor-
servomechanism mechanical linkage had
been out of adjustment, which could result
in turbine-driven AFW pump overspeed
during quick-start,

e  The condition of the turbine drain system
permitted the accumulation of condensate,
which was a primary cause of the overspeed
events, a problem addressed in NRC
Information Notice 86-14, Supplement 1,
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Overspeed Trips of AFW, HPCI and RCIC
Turbines, December 17, 1986,

Failure detection for these standby pumps is
sensitive to surveillance testing methodology, and
certain surveillance test requirements may not
replicate actual demands. Continuing reports of
recurring failures, such as governor dropping
resistors and overspeed trip ball tappets, are
strong indications that additional effort is
warranted.

The failure rates of these standby pump
turbine-drivers remained essentially constant,
though certain of these failures were repetitive,
The lack of standardization of turbine assembly
design, and site-specific differences in mainte-
nance practices, tend to mask industry-wide
trends. Considering the types of failures identi-
fied during this study, enhancement of standby

NUREG/CR-06442
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pump turbine-driver reliability could be achieved
by:

e Using existing Terry and Woodward main-
tenance instructions and obtaining addi-
tional manufacturer guidance for
maintenance not adequately detailed

e More effective implementation of design
control and dedication of commercial grade
items used in standby turbine applications

¢  Enhanced use of guidance contained in pre-
viously issued NRC and industry generic
communications applicable to turbine
failures.

The results of this study indicate that failures of
these pump turbines are not related to aging, but
are mostly a result of maintenance deficiencies.



I'he UK Plsl\lgil‘d a report entitled Review of
UK Studies on Aging Effects on Nuclear Power
'lants (Todd 1994)* which provides a summary
of much of the work being done in the United
Kingdom to investigate the aging of nuclear
power plant equipment. They also provided a
report, Review of UK Studies on Aging Effects on
Nuclear Power Plants - Case Studies Draft A
(Dunbar 1995).% which is an extension of the first
report and provides more detail for two case
studies. The following discussion presents sum

maries of the two reports

7.1 Review of Aging Studies

The report, Review of UK Studies on Aging
Effects on Nuclear Power Plants, was prepared
by the Nuclear Safety Division of the UK Health
and Safety Executive. This paper identified
research programs and other studies of nuclear
component aging and summarized their general
findings. The main sources for the project were
material made available by AEA Technology, the
Health and Safety Executive, and Nuciear
Electric (NE) (one of the nuclear utilities in the
UK). The UK studies generally fell into two main
categornies: material degradation studies and anal
ysis of maintenance data. A number of the key
studies are described in the following paragraphs

Derivation of Reliability Data for Aging
Equipment (Dunbar 1994).2 The objectives of this
project were to develop an aging classification
system and establish relationships between com
ponent failure rates and various design and
environmental factors. An aging classification
database was developed for a range of compo
nents including valves, pumps, heat exchangers,
blowers, electric motors, and non-rotating electri
cal power supplies. A limited examination of how
relevant processes and design parameters influ
ence the various aging failure modes was per
formed. An analysis of mechanical valve failure
rate versus age (in two intervals, 5 to 8 and 16 to

a. See Section 11 of this report for bibliographic
information

7. UNITED KINGDOM

I8 years) using data from one Magnox and one
advanced gas reactor was completed. It was
concluded that there was some correlation
between the increase in the failure rates of
mechanical valves and their age. However, the
study was based on the assumption that the age of
the components and site age coincide. The study
identified lack of detailed data as a major obstacle
to more specific aging studies in the UK

Continued Operation of a UK Magnox Reactor
(Fendizk et al. 1994). This study includes a
qualitative aging review (identification of aging
processes and an assessment of monitoring,
repair, and replacement strategies) and the devel
opment of data collection systems for reliability
monitoring of a variety of systems, including
those used to trip the reactors and cool the
reactors after a trip. The study was carried out by
observing how a specific function is performed at
an identified location over a period of time. Key
observations included the fact that their graphite
cores do not appear to have deteriorated with age;
their vessel transition temperature changes may
be greater than anticipated; and their pressure

vessel welds are in excellent condition

Reliability Data Collection and Engineering
Irend Analysis to Support Continued Operation
ofa UK Magnox Reactor (Andre’ 1994). The
main achievements of this study were the devel-
opment of computerized tools for (a) sorting and
analysis of maintenance data to highlight trends
on system reliability; (b} extracting information
on mean failure rates, ratio of pro-active to
reactive maintenance interventions, and the pro
portion of events which cause a loss of function;
and (¢) analyzing time between failures. When
these computer tools were applied to the available
data, no adverse trends were found; however, the
data did suggest that an adjustment to the control
rod maintenance schedule was appropriate

Reliability and Data Collection Study of
Heysham | Power Station (NE 1993).2 The
purpose of this study was to use the computer
tools discussed above to determine the reliability
characteristics of a number of Heysham Unit |
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systems over a 3 year period and thereby evaluate
their maintenance and testing practices. Data
from the following kinds of systems and compo
nents were anaiyzed: gas circulators; vessel
cooling water; essential electrical supplies; CO;
supply route; vessel and boiler cooling valves,
diesel engines and pumps; control rods, etc. For
most components, no significant trends were
found, i1.e., component life expectancy was the
same later as earlier in the period. However, the
effectiveness of the approach was demonstrated
by the detection and elimination of governor
faults on the gas turbine systems. These compo-
nents had shown an increase in defect events
immediately prior to new governor installation

First Periodic Functional Review of Ageing
Monitoring Inspections at Calder Hall and
Chapeicross Covering the Two Years up to June
1993, (Crosby 1993).% The main objective of the
periodic functional ageing monitoring review
adopted by British Nuclear Fuels Ltd. (BNFL) is
to analyze any evidence of adverse trends, with
particular emphasis on the monitoring of structur
al items subject to ageing through wear, creep and

corrosion. The review includes the production of

individual reports containing inspection results,
analysis of specific findings, and the production
of a summary report. The review concentrates on
inspection of items which are difficult or imprac-
tical to replace or repair and whose failure would
have significant impact on safety. The main
findings of the project can be summarized as

® Ageing monitoring inspections during the
past two years have shown no changes due
to ageing which constitute, at this time, a
threat to safety in the operation of the Calder
Hall and Chapeicross reactors.

Some components have shown a definite
change in their characteristics due to ageing.
However, these components can be
repaired, or their degradation does not
prejudice the safety of site operation in the
period up to the nexi ageing review,

a. See Section 11 of this report for bibliographic
information

NUREG/CR-6442

The main conclusions drawn by the overall
review are that no major phenomena of degrada-
tion due to aging have been observed at the UK
nuclear power plants studied, and that degrada-
tion phenomena, when present, are of a minor
nature and do not appear to affect the reliability
performance of plant systems. The main limita-
tion in the analysis of the active components is the
lack of consistent component-specific data from
installation to removal. A summary of the find-
ings is presented in Table 7-1.

7.2 Case Studies

The report Review of UK Studies on Ageing
Effects on Nuclear Power Plants - Case studies
(Dunbar 1995)? reviews two UK case studies.
One is part of the General Nuclear Safety
Research Project PSA 21 (GNSR PSA 21) pro-
gram and includes development of a system for
classifying and evaluating failure data and apply-
ing the system using data from three plants of
different designs and varying ages with compo
nent age ranges up to 13 years. The other is a
study of data from the Heysham | plant covering
three years.

The conclusion reached in the report is that the
GNSR study appears to show evidence of aging
but the Heysham 1 study tinds no evidence of
such a trend. Summaries of the information
provided in the report for the case studies are
provided below.

GNSR PSA 21 Study. This project comprises
various phases addressing two main subjects:
(a) the classification of failure data, and (b) the
analysis of data to detect aging. The system
classification classifies the failures based on
environmental parameters, conditional influence,
operating status at the time of fatlure, degradation
type and location, failure mechanism, failure
maode, and effects of the failure. For each of these
classifications, alpha-numeric descriptors were
assigned to describe the failures and provide for
electronic sorting for evaluation. Components of
valves,




Table 7-1.

United Kingdom

Summary of findings in studies surveyed

Reference

Subject

Findings

Dunbar
19944

Derivation of reliability data
for aging equipment

No strong correlations were observed between
selected operating parameters and failures
reported due to aging phenomena.

Correlation between age and failure rate are not
dramatic for older components

Components in stations of similar age exhibit
similar behavior

Fendick
et al,
1994

Continued operation safety
case for UK Magnox stations

Monitoring by fuel channel sampling indicated no
evidence of Graphite Core deterioration with age.

Irradiation aging causes some changes in the
malterial characteristics of Pressure Vessels but
these can be counteracted by adjusting the
operating temperature.

Pressure vessel Welds have not deteriorated with
age

Andre’
1994

Data collection and analysis of
failure event data in Magnox
reactors

No changes in the fundamental characteristics of
systems installed early in the life of the station and
studied in the report were detected.

Component deterioration was obscrved in some
Rods but this problem was easily solved by
adjusting maintenance practices.

Data analysis of safety related
systems at Heysham |

Most systems studies showed no trends indicating
reliability deterioration with age,

The trend identified for Conirol Rods was not
statistically significant. Any such trend could, in
any case, be rectified by changes in maintenance
regime

A trends observed for Gas Turbine Governor was
rectified successfully by replacement. This related
to life characteristics of the component and not to
effects linked to the life of the station

Crosby
19934

Functional review of aging
monitoring at BNFL reactors

No changes capable of threatening safety were
detected.

Changes due to aging relate to life characteristics
of replaceable or repairable components and are
not linked to the age of the station.

See Section 11 of this report for bibligraphic information
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pumps, motors, power supplies, heat exchangers,
and blowers and fans were selected for evaluation
based on the populations of data available in the
AEA Technology databank. For these compo
nents the project also produced an inventory of
the selected components for use in computing
failure rates

The data analyses were performed only for
mechanical valves, because these were the only
components with sufficient volume of data avail
able to allow a meaningful statistical analysis,

The data analysis was performed on two types of

data: failure rates for groups of components
defined in terms of design and operating charac
teristics, and failure rates on groups of compo-
nents sorted by age

For the first type of analysis, results are
presented showing the contribution of each des-
criptor for each of the classifications, For exam-
ple, 76% of the failure modes, the classification,
were found to be leakage, the descriptor. Results
were also presented identifying possible links
between the separate aging factors, that is, the
descriptors. For example, internal failures were
found to be responsible for 70% of the instances
of blockage

Failure rates were related to pressure, tempera
ture, and valve diameter. Trends were evaluated
using scatter plots that plotted failures per calen
dar year against these parameters. The analyses
were made more quantiative f[\ fitting a regres-

sion model of the form

where y is the failure rate, a is a constant and the
f's are the regression coefficients associated with
pressure, temperature, and Jdiameter. The a’s and
f's were reported for six valve groupings starting
with the group of all valves progressing to the
more specific group of gate valves with the leak
age failure mode and the service media recorded
fticient

14

I'he final phase of the analysis studied groups

of components sorted by their presumed age. The
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analyses were made using fatlure data for valves
collected from three plants started at different
times. The plants were

A Magnox plant, which sfarted operation in
1968

An advanced gas reactor (AGR) plant,
which started operation in 1978

The prototype fast reactor plant, which
started operation in 1976.

The analyses assumed that the age of the
component was the same as the age of the plant,
and that there were strong similarities between
the AGR and Magnox valves. As in the initial
phases of the study, analyses were made of the
percentage of failures associated with specific
failure modes and failure causes to check that the
results were compatible between the two

approaches.

T'he failure causes and failure modes percent-
ages were found to vary considerably with age
across the plants, but the ranges obtained for each
mode and cause encompass the values obtained in
the previous phases. This result was taken as an
indication that the data derived in the previous
phases were representative of average behavior of
components of mixed ages. The comparison of
component groups of the same age (8 years) for
different plants showed that failure mode and
cause percentages are roughly the same. This
result was taken to indicate that age may be a
stronger influence in determining the distribution
of failure mode and causes than operating
conditions

For two plants, the estimated failure rates were
plotted against the presumed age of the valves, as

1

shown in Figure 7 An increase in failure rates

with vals apparent both within and across
the plants. The rates span about one order of
magnitude between the lowest and highest age
categories ['here i1s some « veriag between the
range of the failure rates for the AGR and
Magnox plants, suggesting that the magnitude of

the effect of age on the failure rate may be smaller
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Figure 7-1. Failure rates for AGR and Magnox valves.

than is suggested by the variations observed with
in the same plant. The GNSR study aitempts to
comment on the statistical significance of the
variations shown in Figure 7-1 However, the
approximation made in the study to calculate the
statistical uncertainty intervals (not shown in
Figure 7-1) is not robust. This must be taken into
account when assessing the apparent trends in
Figure 7-1

A series of assumption was made on the age of
the valves and on similarities of design and
operation across the stations, which is likely to
affect further the interpretation of the results in
Figure 7-1. These assumptions were necessary
because of deficiencies in the data, but they
preclude a proper quantitative study of the
statistical significance of the results. Poor data
quality was identified as one of the main limita-
tions of the study. The uncertainty introduced by
the assumptions means that the conclusions from

-

the study are essentially qualitative rather than
quantitative. The study does not attempt to
quantify either the rate of increase in the failure
rate with age, nor the statistical uncertainty
associated with the average failure rates calcu-
lated for each plant irrespective of valve age.

The general conclusion from the analysis of the
valve data is that some positive correlation
between age and failure rate is likely, but it is not
possible, from the available data, to establish a
quantitative relationship for predicting the failure
rate with age.

Heysham 1 Study. This study examined the
corrective maintenance records of the Heysham |
plant. It included review of the records for
|4 sub-systems and covered the last three years
that the records were held in the plant Mainte
nance Record system, the beginning of 1990 up to
the end of 1992. A computerized data base was
developed by importing the data of interest and
organizing them into appropriate computer files
Summary statistics were developed for the com-
ponents of the subsystem that showed the ratio of
planned and unplunned maintenance events,
mean corrective maintenance event rate, and
percentage of corrective maintenance events that
caused loss of function of the components and
loss of function of the system. Graphical analysis
was carried out showing the relative contribution
to the total corrective maintenance events of the
component, cause of fault and nature of correc-

tive action. This technique was used to assess the
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dominant characteristics of the failure mech
anisms

Maintenance event trend analyses were made
using calendar time plots. The plots used were

4
Standard control charts plotting monthly

event rates

Moving averages using a period long
enough to smooth out seasonal averages

Rate to date using increasingly longer peri-
ods ending with the overall surveillance
period

CUSUM plots using the cumulative differ-
ence with respect to the mean.

As an example, a standard control chart for
safety circuits is shown in Figure 7-2. As a further
evaluation of trends, the times to failure were fit
to a Weibull distribution function, with a shape

factor of one indicating a constant event rate and
values greater and less than one indicating
increasing and decrecasing failure rates,
respectively

In most of the cases, tiie corrective mainte-
nance event rate, which was assumed to be
directly proportional to the component failure
rate, appears to decrease. In some cases, the rate
peaks and then decreases. Figure 7-2 shows an
example of this behavior. These cases often
coincide with periods of particular problems with
the rate decreasing after the problem is resolved
For the particular case of the safety circuits
shown in Figure 7-2, the peak is explained as
most likely due to opportunistic maintenance to
repair non critical defects during a reactor refuel-
ling rather than a re ult of increased defect rate.
The example illustrates that care is required when
interpreting charts of this type. The shape factor
for Weibull distribution of the corrective mainte
nance events for the safety circuit is essentially
one indicating a constant failure rate

0.0500
Standard control chart
Defect rate

- o= == Mean

Event rate

0.0100

T T L L L e R R R R R R

L R R R R R R

-91

Figure 7-2. Trend charts for safety circuit data (monthly event rate)
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Trend plots for the control rod and control and
interlock data suggest an increase in failure rate
over the three year period. The study attributes
the trend to an increasing number of defects for
static contactors, a component of the sub-system
However the Weibull analysis for this component
shows a tendency for early failures, and that there
1s no evidence of a wearou: mechanism that
would have shown an increase in the failure rate
later in component life. The apparent contradic
tion is explained by recognizing that the static
contactors are replaced when they fail, and
because they are subject to infant mortality their
failure rate will be initially higher, resulting in

United Kingdom

increased maintenance events for the system,
This example illustrates the difference between
deterioration in reliability applicable to repairable
systems and that applicable to components nor-
mally replaced after failure. The system is shown
as having an increase in maintenance events with
time, implying reliability deterioration at the
system level, yet the cause cannot be attributed to
component aging, because the Weibull analysis
shows that the static contactors are subject to
early failures rather than late failures as would be
the case if the failures were due to mechanisms
normally associated with aging, such as fatigue or

wearout

NUREG/CR-6442




8. STATIST.CAL ANALYSIS

This section compares the methods of statisti
cal analysis used, both in the reports officially
submitted and in other work of which we are
aware. The conclusions of the analyses are also
;umparcd to some extent. Subsections 8.1
through 8.3 deal with reported failures of active
components. Subsection 8.4 addresses passive
components. The final subsection lists some over
all conclusions.

8.1 Examination of Failure
Causes

Of the reports provided by the participants,
several investigated whether the causes of fail
ures were related to aging. For example, the Brit
ish GNSR study reviewed by Dunbar (1995)%
looks for instances of wear, and for environmen
tal stresses such as pressure and temperature. The
Japanese report (Safety Information Center
1994)% gives a similar tabulation of causes such as
mechanical fatigue, corrosion, and natural doter
oration. (See Figures 5-1 and 5-3 of this report.)
The Swedish report by Shen and Nyman (1994)
describes a similar investigation. The Finish
report by Simola (1992) discusses studying data
by FMEA and similar methods; for example,
about half the failures had an aging-related cause
(including normal wear). Such a tabulation of the
data is a natural first step in studying aging; there-
fore, it has been performed in many countries

I'he individual studies are not easy to compare
Only results for mechanical valves are reported
for the British GNSR study, and many entnes are
“unknown.” Results for six kinds of components
are reported by the Japanese, of which 25 valve
failures involved age-related causes. The
Swedish report presents summary conclusions in
terms of electrical components and mechanical
components, and does not give the immediate
failure causes. The Finnish re; urt by Simola
reports results only for motor-operated valves,

a. See Section |1 of this report for bibliographic
information
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and says that about half had causes related to
aging. In summary, aging is found as a contribu-
tor to many reported failures, but the details are
difficult to compare between countries

8.2 Direct Estimates from
Binned Failure Data

'he approach considered here collects the data
inte bins, such as all the components of age 1,
where i identifies a time interval, such as a year. A
natural nonparametric estimate of the failure rate
or failure probability for the ith bin is simply the
number of observed failures divided by the total
exposure time for the bin or the number of
demands for the bin. A plot of the estimated fail-
ure rate or probability versus i may show the pres
ence or absence of a trend. This method is used by
the British GNSR study (Dunbar 1995)* and by
the French study (Maupou 1994)?; in both of
these cases failure rates by age are found and
pinllc‘d

Versions of this approach are also used in the
U.S. HPCI study by Grant et al. (1995), with other
ways of binning. In some cases, the data were
binned by calendar year (ignoring differences
between plants). The unplanned demand rate,
failure rate, and system unreliability were each
found, b:sed on the data for the calendar year, and
examined for evidence of a trend (Figure 6-5 of
this report). In other cases, the data were binned
by plant. Each plant had about seven calendar
years of data, from which a plant-specific HPCI
system unreliability or failure rate was calculated
The plant low power license dates covered a span
of about 20 years. The unreliabilities and failure
rates were plotted against the low power license
dates, and showed no trends corresponding to age
of the plant (Figure 6-4 of this report).

The results of the three studies differ. The qual-
itative analysis presented in the GNSR study
shows an increasing failure rate for mechanical
valves at each of two plants over time spans of
three and four years, respectively; however, the
older plant is only slightly worse on average than




the much younger plan. = rrench study of cir-
cuit breakers found tec o failures at most plants
1. show a trend. At one plant the failure rate rose
during a five-year period, until a problem was
correctly identified and fixed. afier which the fail-
ure rate returaed to its origrial low value. The
U.S. 'udy found no trends that indicated aging.

8.5 Moadeling Trends in Failure

Rates or Probabi'ities

One of the purposes of modeling trends in fail-
ure rates or failure probabilities is to determine
the presence and magnitude of any overall trend.
Failures in tir,e and failures on demand are mod-
eled somewhat differently, and so are discussed
separately below,

8.3.1  Fuilures in Time

All the reviewed reports model trends by
assumi= g that failures in tume arise from a nonho-
mogeneous Poisson process. This is a simple gen-
eralization of the 1 zual model in probabilistic risk
assessinent (PRA), in which failures occur at rap-
dom with a constant failure rate, A. The general-
1zation consists of allowing the failure rate, A(r),
to vary in a deterministic way over time. The fail-
ure rate is called the Poisson intensity function in
some of the literature.

Although all the reviewed reports - : a nonho-
mogeneous Poisson process, the Swedish sum-
mary by Pérn (1995)* guestions this mode). It
suggests « more complex model, a “Trend
Renewal Pro. ~s* ™ that would allow for repairs
that 1estore the component (o a condition betweca
its new state and s state just before the failure.

Test for Presence of a Trend. A recent repont by
Sanzo ¢ al. (1994) gives an extensive review of
much of the aging work in the U.S. This repon
and, to a lesser extent, the Finnish report by
Simola (1992) review standard test« for several
" potheses, such as increasing failur rate (IFR)
4t ;o better than used.” A U.S. report by

e Sec.om 11 of this repon
nformation.

w bibhographic
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Wolford et al. (1992) uses the Laplace test to test
whether a trend is present. When ali the data
sources (plants, components, etc.) report data for
the same time interval, this test is based simply on
comparing the mean of the observed failure times
with the midpoint of the study period. More pre-
cisely, suppose that the process is observed from
time O to time 7, and that » failures are observed;
denote the failure times by T, T3, ..., 7,. The
average of the failure times is $7;/n, denoted 7, If
the failure rate is constant, 7 should be near /2,
the middle of the observation period, not at either
end of the observation period. The theoretical
standard deviation of T is t/(12m)"2, which is
denoted by § here. The ' “place test rejects the
hypathesis of a coustant iT -1 /2VS 1s larger
than some cutoff value.

This can be illustrated with the data sets in Fig-
ure 1-2. The test requires slight modification,
because the sampling in Figure 1-2 was not for a
fixed time period, r, but until a prespecified num-
ber of failures was observed; each time line ends
with a failure. Nevertheless, the first (happy) data
set has the mean time of the observed failures far
to the left of the midpoint of the time interval, and
the Laplace test would therefore conclude that the
failure rate 1s decre 3sing. With the second (sad)
data set, the Laplace test would conclude that the
failure re*e is increasing, becauss the mean of the
observed failure times is far to the right of the
midpoint. The Laplace test would conclude that
the third data set is consistent with the assumption
of a constait failure rate, because the mean of the
failure times is near the midpoint of the time
interval,

Estimation of th. " ailure Rate. Wolford et al.
(1992) and the Ciosely related paper by Atwood
(1992) consider three forms of the failure rate
ML)

M) = hexplBr - 19)]  exponential failure
rate

Mty = dgll + B - to)

linear failure rate

M) = M,,,‘,,ﬁ power law or Weibull

fatlure rate.
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The nonstandard form of the Weibull exponent
allows the same interpretation of # in all three
cases, with 8 = 0 corresponding to a constant fail
ure rate.

In each case, the number #; is chosen for conve-
nience by the analyst. Each such function has two
unknown parameters, § and Ay. Maximum likeli-
hood estimates (MLEs) are found for the parame-
ters, typically using numerical iteration. (The
usual algebraic formulas for the MLEs of the
Weibull parameters are deemphasized, because
they are valid only when the data reporting begins
ai time zero.) Using the asymptotic normality o1
the MLEs for f§ and loghy, tise failure rate A(r) at
any fixed tirae 7 has an approximate confidence
interval based on the lognormal distribution. For
use in PRA, this lognormal distribution is recom-
mended as the Bayes distribution for A(r).
Wolford et al. (1992) applied the method to com-
ponents in the auxiliary feedwaier system at a pair
of plants a' one station. Little evidence of aging
was found, and it had a negligible effect on risk to
the plant.

The Swedish report summarized by Porn
(1995)® is very similar. It assumes that the failure
rate has a Weibull form plus an unknown
constant:

M) =Ch 1S 4 by,

T - generalized Weibull model has three
unkno - n parameters. The report takes a Bayesian
approach from the start. It finds noninformative
prior distributions for the three unknown parame-
ters, updates them with the data, and obtains pos-
terior distributions, which are combined to yield a
posterior distribution for A(r).

The Finnish study reported by Simola and
Laakso (1992) examined nine years of data from
104 motor-operated closing valves at two sister
units. One statistica! analysis assumed a Weibull
failure rate, and estimated the parameters; the
failure rate was estimated 1o be nearly constant, or

a. See Sectivn 11 of this report for mbliographic
information.
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perhaps slightly decreasing, for both sets of valve
components (mechanical and electromechanical).
However, an analysis specifically looking at leak-
age failures found an increasing failuwc rate.

Bier et al. (1990) follow a Bayesian approach
which relies much less on a parametric form.
They model the prior belief about the failure rate
as a finite collection of possible failure rate func-
tions, each with a corresponding probability.
They express the data in terms of counts per time
period, such as per year. The prior mixture of fail-
ure rates corresponds to a mixture of failure prob-
abilities for each time pe:iod. This mixture is
updated by the data, yielding a postenor distribu-
tion for the failure probability in each year. Note
that sep«:. ~ updates are not performed for the
differe. . . .ro; instead, the entire data set is used
to update the prior distribution once, yielding a
posterior distribution for the probability of a fail-
ure for each year.

Diagnostic Checks of the Assumptions. The
reports by Yolford et al. (1992) and Atwood
(1992) investigate the validity of the assumed fail-
ure rate function by comparing the observed
cumulative failure count with the fitted cumula-
tive failure rate based on the assumed model. The
graph is called a Q-Q plot in statistical literature.
The corresponding Kolmogo, sv-Smirnov tests
are performed. The reports also investigate the
validity of the asymptotic normality, by visually
comparing the confidence ellipse based on asymp-
totic normality with a confidence region calcu-
lated from more fundamental considerations.

The Swedish report summarized by Pom also
investigates the validity of the assumed failurc
rate function by comparing the observed cumula-
tive failure count with the fitted cumulative fail-
ure rate (a Q-Q plot). Only the graphical
comparison is mentioned in the summary. For
three analyses of centrifugal pumps in the con-
tainment spiay system, the study finds good
agreement with the Weibull assumptions in one
case and guestionable agreement in the other two
cases.

The other reports that mode! trends do not con-
sider diagnostic checks, although Bier et al.



briefly mention the usual Bayesian problem of
choosing an appropriate prior distribution.

Comparisons. The reports described here all
use a Poisson process with failure rate A(7), but
they differ to some extent in the form of A(1).
They also differ in the details of the analysis, but
would probably reach similar conclusions if they
were all analyzing the same data set.

In fact different data sets were used, and the
studies agreed in finding little evidence for aging.
The Wolford and Bier studies found evidence for
aging only for a few con_ponents in the systems
they analyzed, typically because very few failures
were reported for most types of components. The
Swedish study of three data sets for centrifugal
pumps found one decreasing failure rate and two
constant failure rates, although the assumptions
of the Weibull process were questioned in the lat-
ter two cases. The Finnish study of motor-
operated valves found a slightly decreasing
failure rate, when the model measured time from
the start of the data reporting period.

8.3.2 Failures on Demand

The Finnish report by Simola (1992) describes
an analysis of failures on demand (valve leaks
during annual tests). A Bayesian analysis was
performed. For simplicity, the distribution of the
failure probability ¢ at any time was made dis-
crete on 1000 points, and ¢ at year i+ was
assumed to be related to ¢ at year i by a Markov
transition matrix (with dimension 1,000 x 1,000).
The prior distribution and the form of the matrix
were all assumed, with one parameter of the
matnx, a, allowed to vary. The posterior likeli-
hood was maximized when a = 0.7, and this
model gave a better fit to the data than when ¢
was assumed to be constant over time (corre-
sponding to @ = 1). The analysis does not appear
to be a standard Bayesian analysis, because the
prior ana posterior distributions of a are not
mentioned.

A standard statistical method for analyzing the
same data set is logistic regression; this method is
heing investigated for use in the U.S. (see
Atwood 1995). This method uscs the logit
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function, defined as logit(p) = ‘og[p/(1 - p)]. In
applications, p is the probability of failure. To
analyze the Finnish valve data, we modeled the
logit of the failure probability with three parame-
ters: an overall constant, a plant effect, and a
slope parameter for the time trend. When the
Finnish data set was analyzed with this method,
the failure probabilities were estimated as shown
in Figure 8-1; trend lines and 90% confidence
bands for the lines are shown.

Both analysis methods conclude that the failure
probability increases with tume. The logistic
regression method is standard, and therefore is
available in commercial sofrware packages,
accompanied by tests for gocdness of fit and for
statistical significance of the parameters. The
logistic regression analysis of this data set shows
that both the parameter for plant effect and the
parameter for time trend differ from zero by a sta-
tistically significant amount, and that no signifi-
cant lack of fit was evident. The method in the
Finnish report appears to have been invented for
this analysis, and so does not have such refine-
ments. For example, the analysis does not show
whether the difference between a = 0.7 and
a = 1.0 is statistically significant or whether the
data show lack of fit to the model.

8.4 Passive Components

Passive components are of concern because
they may be weakening, and yet the deterioration
may not be recognized until a catastrophic failure
occurs. Most passive components do not provide
adequate numbers of failures to analyze statisti-
cally. The relevant data for statistical analysis
would, instead, consist of condition monitoring (a
term used by Simola 1992). That is, the condition
of the component, such as thickness, presence of
cracks, or surface smoothness, would be observed
or measured, continuously or penodically. Sanzo
et al. (1994) argue strongly and at length that the
phy «ir< of aging should be central to any inves-
tigat:». of aging. This would lead to more
detailed data for active components (for example,
not only that a component failed but its physical
state at the time of failure) and 1o relevant in-situ
measurements for passive components. It should
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Figure 8-1. Fitted trend lines for the failure probability and simultanous confidence bands on the fitted

lines at the two Finnish plants.

be noted, however, that the collection of such data
(ultrasonic measurements for example) can be
very costly.

Becausc of a lack of data, passive components
are someti: 2s studied by simulaiions. The
Finaish report by Simola (1992) describes a simu-
lation of intergranular stress corrosion. The simu-
lated cracks typically resulted in leak, not rupture.
However, ihe simulated cracks differed signifi-
cantly in size and shape from actual cracks in
removed pipe sections. U.S. authors Phillips et al.
(1994) performed a similar simulation of crack
growth from fatigue resulting from thermal
cycles. They also found a strong tendency for leak
before rupture, especially later in life, but did not
compare the simulations 1o actual measurements.

3.5 Conclusions

For active components:

e  Aging is found as a qualitative contributor
to many failures, vut ine details are difficult
to compare from country to country.

NUREG/CR 6442

Significant tren”'s of incr=asing failure rates
or failure probabilities have not been found.
Possible exceptions are (a) the UK. GNSR
report on mechanical valves, where the
results are tentative because of limited data;
(b) the French study of 6.6-kV circuit break-
ers at the Bugey plant, where the increase
was mitigated and the failure rate dropped
after a problem was identified and fixed;
(¢) the French study of electrical relays at
the Bugey plant, where the failure rate
increased about fivefold in ten years; and
(d) the Finnish data on valve l~aks, where
the failure rate increased about threefold in
nine years. More commonly, the trends in
failure rates have been flat or slightly
decreasing. We suggest a possible reason for
this luck of evident aging: maintenance
work on active components corrects prob-
lems before they become very serious, pre-
venting failure rates from increasing enough
1o be clearly visible in failure data.



Analysts in various countries use similar
methodological approaches. It is common to
classify observed failures by causes, includ-
ing causes related to aging. Use of estimates
from binned data is natural. For modeling
trends of failures in time, the nonhomoge-
neous Poisson process has been used most
heavily, although soine analysts wish to
make the model more realistic.

It is easy to misapply the methe 1s. For
example, Simola (1992) ment ons two anal-
yses of a data set that yield contradictory
conclusions about the trend in failure rate.
In this example, the difference is explained
by the fact that one of the analyses, con-
ducted as an exercise, treated a period of
missing data as having no failures. As a
second example, Dunbar (1995)* mentions

a.

See Section 11 of this report for bibliographic

information,
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two analyses of one data set, one showing an
increasing failure rate and one a decreasing
failure rate. The apparent contradiction is
resolved by noting that the first is based on
times of failure measured from a single time
zero and the second on times measured from
the component installations, and that neither
of the trends is statistically significant. As a
final example, Dunbar also cites analyses
from two studies of similar equipment at
different plants, one showing a strong
increasing failure rate and one showing a
slightly decreasing failure rate. It is not clear
whether the difference is real.

Aging of passive components is more difficult
1o assess, and is not considered in most of the sub-
mitted reports. Simulation is sometimes used to
study the issue. Only one report mentioned actual
data on aging of passive components.
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9. CONCLUSIONS

All participating countries have reporied ongo-
ing activities in their countries related to investi-
gating nuclear power plant aging, indicating they
recognize the importance of understanding and
managing aging. The Japanese report, however,
makes clear their position that, for their plants,
there are few events attributable to aging, because
deteriorated or malfunctioning components or
parts are replaced when they are discovered dur-
ing periodic inspection or are replaced as a result
of preventative maintenance, often in response to
problems experienced at other plants.

The informauon provided by the participants
indicates that for most cases, the overall mainte-
nance and surveillance programs serve to produce
relatively constant failure rates for the active
components. In addition, information provided
on the evaluation of plant performance and safety
system reliability confirm that aging of active
components is being adequately managed at the
plant and system level, in that degradation cf
plant performance or reduced reliability have not
been observed.

In a few cases, the failure rates increased with
age, indicating a time-dependent contributor to
the failure parameter. This is true particularly of
the case of the 6.6-kV circuit breakers for the
French Bugey plants, where the increase was sig-
nificant. The problem was recognized, and then
corrected by modifying the aging part and imple-
menting an improved maintenance program. In
the other cases, the indications of an increasing
trend of the failure was in the incipient stage and
required qualitative and statistical analyses to
infer the trend, or the increases were not great
enough to produce a noticeable effect on the per-
formance of the system.

Several of the participating countries reported
developments of statistical methods for evaluat-
ing failure data to provide early detection of
increasing failure rates. The countries use similar
statistical approaches. Use of estimates from
binned data is natural. For modeling trends of
failures in time, the nonhomogeneous Poisson
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process has been used most heavily, although
some analysts wish to make the model more real-
istic. Finland developed analytic methods for
qualitative analysis of failure modes at the item
level and used statistical methods to identify the
recurrence of failure modes.

The various statistical methods were saown to
have the potential for monitoring the effective
ness of maintena’ . and surveillance programs;
however, use 01 ..e methods does require extra
attention to the mathematical detail. The
researchers in one case reported that trend analy-
sis tools need to be capable of considering the
times between failures instead of the number of
failures of different age groups. They also
reported that an important step for the evaluatiox.
of aging is to establish routines for merging and
grouping age-related data sources and failure
modes for later meaningful statistical treatment.

Several reports indicated that accurate calcula-
tions of equipment failure rates are difficult
because of problems inherent in failure data. The
problems identified include:

¢  Difficulty in establishing the population or
the total number of demands that serves as
the base from which to calculate the failure
rates. (Although the failures are reported,
the number of pieces of equipment or the
namber of demands without failures are
mostly not reported.)

o Difficulty in establishing the ime in service
or the number of demands at failure. (Often
the maintenance records are for an equip-
ment function or location and do not pro-
vide data on time of installation or
replacement.)

e Difficulty choosing between obtaining a set
of ata that is fairly homogeneous but repre-
sents only 4 few failures, and obtaining a
larger set of data that 1s less dominoted by
random variability but 1s more difficult 10
interpret because of differences in hardware



characteristics, operating conditions, failure
modes, etc.

e  Difficulty in determining accurately the
instances when preventative maintenance
prevents failures from occurring.

e Use of periodic tests for determining the
failure rate when the conditions for the
safety function are much more severe than
for the test. (Particularly for valves, the peri-
odic tests may not be a good indication of
their ability to open or close as required dur-
ing an accident condition with higher differ-
ential pressure and temperature.)

Several of the reports identified lack of compo-
nent-specific data from installation to removal as
the major obstacle to more specific aging and
maintenance studies. Aging studies and mainte-
nance programs could be more effective if failure
reports inciuded:

. The cause of the failure

e The date the equipment entered service or
was replaced

e  Modifications, preventative maintenance,
and corrective maintenance

e Identification of the componen! that failed

e The function of the equipment degraded by
the failure of the component.

One report, HPCI System Performance,
compared system unreliabilities observed from

Conclusions

experience with the corresponding unreliability
estimates from the plant probabilistic risk assess-
ments (PRAs). For a single injection without
recovery, the observed unreliabilities for about
half the plants were in reasonable agreement with
those determined from the PRAs, but for the oth-
ers the ob<erved unreliabilities were greater than
three times higher than those from the PRAs, If
recovery is included, all observed unreliabilities
are in good agreement with those from the PRAs.

The report for the aging assessment of circuit
breakers and relays reported that the observed
overall failure rate for relays in the French plants
was 5.2 X 107 h'!, whereas the value adopted for
the IPSN probabilistic safety studies was
3 x 107 !, However, the report cautions that
because the consequences of failures of relays is
often not large, it is possible that not all the fail-
ures were reported.

Evaluation of the failure data indicated that in
some cases the current testing and inspection may
not be focusing on the dominant contribution to
unreliability of the equipment. Also, in some
cases there are recurring problems with reliabil-
ity, in particular with steam-turbine-driven pumps
and motor-operated valves, where additional
effort for correction is warranted.

The study indicates that detailed qualitative
and statistical analyses of failure modes and
maintenance dates can identify potential aging
problems in active components, and can provide a
basis for preventive actions to manage those
problems when adequate failure data ar- avail-
able and when the data are used for systematic
analysis.
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Addendum 1
A Critique of the Generic Study of PWG1-—June 1995

by H. ). Teague (Consultant to NEA)

SCOPE OF STUDY

Inevitably the scope of a study like this is deter-
mined by what is available to the compilers. In
this instance contributors from six countries,
Finland, France, Japan, Sweden, United
Kingdom and United States, have provided data
obtained in the course of operating commercial
nuclear plants. The investigation could not, in the
nature of thirgs, be designed as an ideal scientific
experiment and is rather a matter of making the
best of what happens to present itself. Fortu-
nately there has always been a keen awareness in
the nuclear industry of the need to preserve plant
data. A great amount of information is available
around the world but making use of such data is
expensive in time and money. This generic study
is a notable contribution to the process.

WHAT IS MEANT BY AGEING?

As often happens in studies of this kind, a
degree of confusion, or at least ambiguity, may be
detected. Much of the discussion is in terms of
event statistics such as failures of components but
there is often an implicit recognition that ageing
sometimes occurs without being revealed in
changes apparent from the sort of measurements
that are recorded in plant records.

A particular instance of this is found in relation
to the influence of maintenance procedures. For
example, the Japanese contribution makes
explicit reference to progress in preventive main-
tenance as a possible explanation for falling fail-
ure rates as time goes on. It seems desirable to
agree on whether records used to assess ageing
should at least clarify whether failures are con-
fined to those occurring in a plant run and main-
taied as the design and operating rules assume.
As the Japanese example suggests, changes in
operating practice can have a significant

.9

influence on failure rates which may not reflect a
real change in the plant itself.

It is natural to pay attention to ageing effects
which are reflected in statistical records, and the
present study does so. However, it is more diffi-
cult to take into account ageing which may be
detectable (by an experience maintenance engi-
neer, for example) but may not have produced a
reportable incident which will find its way to the
statistics. This study seems to contain very little
in this regard, although it may be the best hope of
early wamning of ageing.

STATISTICAL ANALYSIS

In view of the great difficulty of extracting the
influence of age on plant behavior, which
depends on a multiplicity of influences, it is per-
haps not surprising that statistical manipulation
and processing forms so much of the report of this
study. The techniques employed are essentially to
look for trends in recorded data.

Accepting the quality of the data for the
moment, all the methods used rely on making the
trends more visible in some way and assessing the
significance of the results. The methods may be
regarded as falling into two main groups—graphi-
cal, and numerical. Both are, essentially, equiva-
lent so it is largely a matter of personal preference.

A typical application is to examine the inci-
dence of failures in time with a view to deciding
whether a change has taken place; time is brought
in as a rate, or possibly, as a sequence of times
between failures. Graphically a simple plot will
show (as clearly as the quality of the data permits)
any trends, or changes in trends (e.g.. Figure 6-2).
This study contains many examples of fitting data
to modified Poisson distributions, usually to
derive a number to characterize the way in which
a rate vanes with time. Essentially, none of the
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methods can create information not already in the
data, but they often make the characteristics more
easily seen.

A vital part of any such analysis is to assess
how significant the results are, statistically. In
this study most results show, at most, weak
trends, of doubtful significance. Itis usually clear
from the graphical representation that this is so
and more sophisticated statistical analyses lend to
do littie more than confirm the message of the
graphs. The graphical presentation in addition to
bringing out the trends that may be discerned also
shows up limitations, such as scatter in data and
possible inconsistencies.

A more serous concern is that whatever method
of analysis is used, there is normally an unstated
underlying assumption that the data may validly
be considered a homogeneous population; that is
no condemnation of this or any similar study. In
the real world there are so many potential factors
of influence that data have to be grouped, or
“binned.” The main weakness is the largely
unavoidable one that the skill and judgment on
the part of the analyst and data-collectors may not
be sufficiently explicit.

Nevertheless, analysis of the kind reported in
the study is vital to the testing of monitoring pre-
cesses. In fact the study abounds with examples
which demonstrate an awareness of the problems.
Ome such is emphasized in Chapter 7, Figures 7-1
and 7-2, though the explanations offered do not
seem entirely convincing. In the case of Fig-
ure 7-1 the data do noi seem to bear out the exis-
tence of two populations with sharply differing
ageing ratios. On the evidence cited, the data for
both plants cannot be differentiated and any con-
clusions on trends would be unjustified. In con-
trast, the explanations offered for the behavior
shown in Figure 7-2 do seem convincing and
underline the difficulties created for analysts
when significant changes are made in the middle

of a program.
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THE BE'ST USE OF DATA

The contributors to this study have shown
themselves well aware of the limitations imposed
by the inevitable paucity of data and this may
account (o0 some extent for the-—perhaps dispro-
portionately large—effort devoted to devising
statistical models and analyzing them. In the
course of this work Bayesian conditioning has
been used widely, usually to update current esti-
mates of, for example, the intensity factor for an
assumed Poisson distribution in the light of more
recently acquired statistical data. Has a corre-
sponding effort gone into maximizing the raw
data available? It is inevitable that data which
are, strictly, not part of the same population have
to be combined as though they were. The
implication, in such cases, is that an expert judg-
ment has been made that for the purposes of the
analysis such blending of data can be justified.
Although very full accounts have beea presented
for the analytical work, there se2ms to be no com-
parable discussion of the basis on which data
were chosen, particularly what formal treatment
was used to justify the use of expert judgment to
include data obtained from distinctly different
plants or operating conditions, etc.

From one point of view this could be seen as a
weakness: more positively it might be explored as
a way to increase the data available for analysis.

PASSIVE COMPONENTS

It seems odd that little is presented on so-called
passive components. Those presumably include
RPVs, steam generators, containment structures
and pipework, all of which have long been seen as
at least potentiaily of some concern on account of
ageing. Possibly the CSNIPWG structure is in
danger of allowing this important matter to get
lost by falling between PWGI and PWG3. That
would be unfortunate because there s much com-
mon ground in the data and analytical techniques
likely to be needed.

CONCLUSION

1. PWGI have rendered a notable service in
assembling thewrr Generic Study on Ageing,



which draws on a range of experience and
expertise 11 several countries

The material drawn upon stems from long-
standing practice in plant assessment and
monitoring, illuminated by the knowledge
and experience of the individual contributors

Inevitably, difficulties in obtaining data
relevant to ageing impose limitations on
what can be achieved but this Generic Study
contains much that will be of value to those
concerned with plant assessment

Despite the diverse origins of the matenial,
the resulting report emerges as a coherent

and accurate summary typifying current
activities on ageing

Attention has been drawn to possible scope
for enhancing the amount of available data,
perhaps by a formal procedure for incorpo-
rating expert knowledge

It1s also noted that the Generic Study seems
to exclude consideration of so-called pas-
stve components, which presumably rules
out consideration of RPVs, steam genera-
tors, containments and pipework, all of
which seem to be vulnerable to ageing.
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