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ABSTRACT

This paper presents an overview of some of the research projects, conducted
for the U.S. Nuclear Regulatory Commission (NRC) that deal with the question:
How can an acceptable level of risk of a nuclear power plant be maintained
throughout its design life? With a viewpoint that life extension planning for a
plant can be viewed as a long-range, strategic maintenance program, the products
of this research are discussed from the perspective of being elements that can
tie day-to-day, plant operational tactical decisions on component/system relia-
bility with long-range strategic maintenance goals.

A common factor in addressing issues associated with design life and life
extension is the issue of component aging and the reliability implications of
aging. A time-dependent reliability model is described which contains some of
the requisite ingredients and is built on a. framework from which the component
aging/component reliability issue can be addressed.

By way of select examples, the additional work needed to further address
plant lifetime reliability and risk is indicated.

1. INTRODUCTION

Life extension as a research and development topic is primarily related to
other programs such as reliability, availability, and preventative maintenance.
The economics of power generation and transmission are strongly affected by
overall reliability. For nuclear reactor power generation, safety is strongly
affected by overall reliability. Continued efforts to upgrade reliability will
improve the prospects for life extension and enhance operational safety.

I.I Life Extension vs Strategic Maintenance

In fact, life extension can be viewed as strategic maintenance, i.e., the
natural evolution of reliability improvement and preventative maintenance.

Today, I will like to give you ar. overview of some of our research programs
for the NRC that have as their focus and goal an answer to the following
question:

How can an acceptable level of risk of a nuclear power plant
be maintained throughout its life?

Developing approaches, methods, and strategies for responding to this question
will help to establish a rationale and criteria for making decisions concerning
plant life extension.

This work, was performed under the auspices of the U.S.Nuclear Regulatory
Commission. MASTER
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I must, however, preface ray discussion by stating that research programs
thac deal with reliability and availability improvement and preventative mainte-
nance do differ in their emphasis with those that stress strategies for life ex-
tension. In my opinion, the contrast lies in the fact that reliability/availa-
bility and preventative maintenance primarily focus on active components, such
as rotating machinery and those components which are routinely replaced. Life
extension, on the other hand, is more focused toward passive elements, such as
pressure boundaries and structural components and those components whose inter-
vals between replacement or major refurbishment are large.

Regardless of these differences, the two programs, i.e., reliability en-
hancement and life-extension programs, should be closely linked because there is
mutual benefit to be gained. For example, a decision regarding corrective main-
tenance on an older piece of equipment might be to replace it if the plant will
operate for longer periods. Likewise, it may be easier to spend proportionately
greater amounts on maintenance if those expenditures will support longer operat-
ing life.

As another example, monitoring the conditions of a piece of equipment for
the purpose of comparing actual operation with a design base may also serve to
detect incipient, age-related failures and thereby, if the incipient failures
are corrected, avoiding an unplanned outage.

The programs that will be described today by myself and others will be of
value for near-term performance improvement.. In fact, any approach, model, or
strategy that presents a clearer picture of plant conditions and operating his-
tory will provide a better understanding of how to operate and how to achieve
design life.

1.2 Life Extension - General Planning Issues

I introduced my talk by indicating that life extension studies are likened
to long-term, or strategic, panning of maintenance.

I would like to address for the moment the general issues associated with
and the complexities involved in long-range, strategic planning and its
relationship with day-to-day, tactical plant-operation decisions.

Briefly, among the complexities of strategic decisions, in this case life-
extension decisions, are the following:

1. Performance Criteria: Long-range strategies must address a wide range
and less quantifiable set of values in
determining ends to be achieved than do short-
range decisions.

2. Feedback: Long-range planning requires actions now, but
the major impact is long terra; hence, the cor-
rectness of strategies is difficult to evaluate
because of the lack of feedback.
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3. Controlability: In short-terra decisions5 the factors that are
under the organizations control can normally be
separated from those that are not; over the
long term there is less pure control over a
single factor but more potential influence over
many factors.

The complexity of these issues indicates that life-extension planning must be a
continuous, coordinated process that is integrated with day-to-day tactical,
plant operation decisions. This implies that life-extension planning and relia-
bility programs be a systemic property of an organization's management, i.e.,
what could or should to done today to achieve the desired goal of extending the
operating life of a power plant tomorrow.

Life achievement and life extension programs both require data gathering,
analysis, and archiving. This requirement should be addressed so that both pro-
grams use a common data management system. You will hear in the next presenta-
tion what types of data could and should be gathered and how these data can be
analyzed in the context of reliability technology and life-extension studies.
How that data can be synthesized into a set of indicators the utility (and the
regulatory body) can use to assess plant performance is the subject of presenta-
tion that follows thereafter.

We believe that the research programs we have undertaken could be benefi-
cial in enhancing the day-to-day tactical decisions which, in turn, could be
beneficial in achieving the outcome of long—range, life-extension planning.

1.3 Managing Power Plant Aging - Forward/Backward Processes for Life Extension
Planning

Long-range, strategic policy planning for life extension can be construed
as a two-point boundary problem - present to future and future to present.
Given both the present set of policies and a desired future, the management pro-
cess is concerned with how it can modify the existing Dolicies and design new
compatible policies to attain that future. Then, iterate the process until an
acceptable solution arises. This iteration involves the tradeoffs in. terras of
safety and cost in implementing such policies.

We believe that our research:

(1) in developing strategies to enhance plant operational safety,

(2) in establishing a risk basis for plant technical specifications, and

(3) in developing mathematical models for assessing the aging impact on
system availability,

can be instrumental in effecting this forward/backward life-extension planning
process.



-4-

Today, I will give a brief overview of our efforts in the latter two
research areas. My talk will therefore focus on what a reliability program is,
what it can do, and what are the attributes and effectiveness of a successful
reliability program, and what tools and models are available to implement a
reliability program. I may add that our work in this area of reliability tech-
nology has found that some, if not most, of the reliability program tasks are
presently performed by many utilities without formal reliability programs. The
differences are the emphasis placed by utilities on those attributes of a relia-
bility technology process that:

a. allows prediction of potential problems before deteriorated reliabili-
ty ensues,

b. establishes a rationale for determining long-range reliability/safety
targets,

c. identifies technology for assuring reliability targets are met,

d. provides techniques for monitoring equipment performance,

e. alerts when pre-defined reliability/safety targets are not met by
actual performances, and

f. involves a discipline by which each reliability task is performed in a
way that is consistent with the risk associated with degraded
performance.

To address life-extension, a utility must investigate whether or not such
reliability attributes are built within its present organizational structure and
policy. If not, what will (is believed or is likely to) be the future that
would result from its current policy in life achievement (the forward process).
The backward process should then be concerned with the question: Given a de-
sired future, what should the policies be to attain that future and by imple-
menting a reliability program having the above attributes and characteristics
can I attain this desired future?

Later, I will talk on how a reliability program process, having these life
achievement attributes, can be interwoven within a utility's current operational
activities to effect this forward/backward looking life-extension planning pro-
cess. Figure 1 is presented here, however, to show that a reliabiltiy program
must have a prognostic feature (reliability problem prediction) as well as a
diagnostic feature (reliabiltiy problem recognition).

However, to implement such a process and to address issues associated with
life achievement and extension (such as how changes in reliability of systems
caused by aging and current operational procedures can be assessed), I would
like to describe in the next two sections reliability models we have developed
that relate various aging parameters and maintenance practices to component
failure rates and overall system reliability.
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Figure 1. Reliability program process

2. RISK EVALUATIONS OF AGING PHENOMENA: POTENTIAL UTILITY OF THE FRANTIC CODE

We believe that the FRANTIC code., developed at BNL, is one such tool that
is on the threshold for assessing component failure probabilities in terms of
aging parameters obtained from data and engineering knowledge.

FRANTIC is an acronym for Formal Reliability Analysis including Normal
Testing ̂ Inspection and Checking. The FRANTIC code represents one extension of
the probabilistic methodology described in WASH-1400. It computes the time-
dependent and average unavailability for any general system model whose failure
can be described by a coherent fault tree. Accident sequences, such as those
constructed from event trees, can also be evaluated for their instantaneous and
average probability behavior, and the effects of outages of various systems can
be explored.

Components that are defined as nonrepairable, monitored, and periodically
tested can all be modeled by the FRANTIC code. One unique feature of the
FRANTIC code is the detailed, time-dependent modeling of periodic testing, which
includes the effects of test downtimes, test overrides, failure detection inef-
ficiencies, test-caused failures, and human errors. Burn-in and wear-out ef-
fects can be included by using a time-dependent failure rate for the components.
Continuous changes in the failure rate are modeled and the failure rate may also
change discontinuously at each test. This allows for consideration of sudden
deterioration on reaching a specified number of demands. Periodic equations are
developed and various component renewal options that may occur at either test or
repair are also modeled. Common cause and human errors associated with the
operational procedures can be included by assigning an appropriate constant
probability for the fault contributors. Uncertainties in the input data can
also be effectively explored by use of sensitivity analyses and bounding
assumptions.
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A major feature of the FRANTIC code is its ability to account for the ef-
fects of imperfect testing through the use of a variety of component input para-
meters. It can also model time-dependent failure rates as a function of both
time and test frequency. The FRANTIC code calculates the instantaneous unavail-
ability of every component in the system before and after each time point at
which any component might have a discrete change in its availability. These
times correspond to passage from standby, to active testing, to repair of fail-
ures found during testing in periodically tested components. It then calculates
the system unavailability at each time point and provides time averages of the
instantaneous system unavailabilities over the periods of interest. It can also
output the average system unavailability for the periods of interest.

The FRANTIC code can also differentiate between systems that may exhibit
the same average unavailability but which differ in vulnerability during periods
of interest, such as testing. A system may thus have a low average unavailabil-
ity, and yet at particular times the Instantaneous unavailability may be quite
high. Therefore, for example, when the demand on the system is equally probable
at each time point, an important risk characteristic to measure, in addition to
the average unavailability, is the percentage of time the system spends with un-
availability above certain preassigned levels (i.e., vulnerability).

The following figures illustrate the current applications of FRANTIC along
with its potential capabilities as a modeling tool for risk evaluations asso-
ciated with aging phenomena.

2.1 Pointwise System Unavailability

For example, Figure 2 shows the pointwise unavailability of the Emergency
Feedwater System at a nuclear power plant. The overall monotonic Increase in
the unavailability of the system is largely attributed to the failures associat-
ed with the system while it is in standby; the up/down discontinuous excursions
shown are due to the various surveillance tests performed on major components of
this system. A constant hazard rate was assumed which implied that component
failures were randomly distributed and not a function of any time-dependent
phenomena. FRANTICs capability to assess, through sensitivity analysis, the
effects of time-dependent "burn in" and "wear out" phenomena are illustrated in
Table 1. Here, various components in the system were assumed to fail through
some time-varying mechanism and the impact of such failures were investigated
using FRANTICs capabilities (Ginzburg, T. et al., 1983).

2.2 Renewal/Replacement Options

Another example of the potential capabilities of the FRANTIC code to
address life extension or aging considerations as they pertain to various compo-
nent repair/renewal options such as "good as new" and "good as old" are illus-
trated in the next two figures.

It is evident from the figures that the assumptions in Case NN (both test
and repair reset the hazard rate) will result in the lowest average unavailabil-
ity In the wear-out region (Figure 3), but the highest in the burn-in region
(Figure 4). It is also apparent that Case ON (testing has no effect on the
hazard rate but repair resets it) results in a lower average unavailability than
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Figure 2. Pointwise unavailability of an emergency feedwater system
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Scale Parameter x for Different Shapes of
Weil bull Distribution for Components of EFWS

Component
Name

Turbine-driven pump
P7A

Motor-driven pump
P7B

Check valves

Motor-operated
valves (AC)

Motor-operated
valves (DC)

Diesels

Batteries

X
(B = 1)

base case

3.4xlO"5

6.3X10-6

8.2xlO~7

5.7xlO"6

1.9xlO-5

5.0x10-5

1.6xlO-6

X
(B = 0.7)
burn-in

6.8xlO"4

2.1xlO~4

5.0x10-5

2.0xl0"4

4.6X10"4

9.0xl0"4

8.0xl0"5

X
(0 = 1-5)

wear out

1.7xlo~7

1.4xlO"8

l.OxKT9

1.2xlO-8

7.1x10-8

3.0xl0"7

2.0xl0"9

TABLE lb

Average Unavailabi l i ty and Vulnerabi l i ty of
EFWS for Different Shapes of Failure Distr ibut ions

Component EFWS
Name Unavail

Turbine-driven
pump P7A

Motor driven
pump P7B

Check Valves

Motor operated
valves (AC)

Motor operated
valves (DC)

Diesels

Batteries

6.

5.

1.

3.

3.

3.

3.

Mean
a b i l i t y
0.7

1 x 10"4

3 x 10"4

3 x 10"3

9 x 10"4

0 x 10"4

0 x 10"4

0 x 10 ' 4

EFWS
Vulnerabi l i ty

.87

.85

.92

.64

.44

.43

.43

EFWS Mean
Unavailabi l i ty

B = 1.5

2.4 x 10~4

2.6 x 10"4

1.9 x 10"4

2.9 x 10"4

3.0 x 10"4

3.0 x 10"4

3.0 x 10"4

EFWS
Vulnerab i l i t y

.23

.31

.02

.39

.42

.43

.43
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Case 00 (test and repair do not reset the hazard rate) in the wear-out region,
while in the burn-in region, the opposite is true. As the number of test inter-
vals increases, the difference between the two cases becomes more significant.
Investigating these various strategies has some bearing on the types of tests
that should be performed and on replacement strategies (Ginzburg, T., 1986).

2.3 Evaluating Diesel Test Intervals to Minimize Wear

In this section, the diesel accident unavailability versus test interval is
investigated using FRANTIC. In addition to the previously illustrated system
unavailability contributions, FRANTIC can also consider the effects of test
degradations where the test causes failure rates to increase.

In this example, FRANTIC was run to evaluate the unavailability of a 2
redundant diesel system (2 diesels in parallel) versus diesel test interval,
addressing the following issues:

1. the effect of testing strategy on diesel system unavailability,

2. the effect of demand vs standby failure contributions in determining
risk effective test intervals, and

3. the effect of test-caused degradations on associated unavailability
contributions.

Two testing strategies are evaluated, sequential testing and staggered
testing, to investigate their effect on the 2-diesel system unavailability. As
indicated, in staggered testing, one diesel is tested at the midpoint of the
other diesel's test interval. In sequential testing, one diesel is tested
immediately after the other. The system unavailability was determined for dif-
ferent test intervals assuming sequential testing and assuming staggered testing
with all other parameters held constant.

Figure 5 shows that staggered testing produces approximately a factor of
1.6 lower unavailability than sequential testing for the same test interval.
Equivalently, if sequential testing was being performed, the test interval for
each diesel could be increased by 26% and the same system unavailability
achieved if staggered testing was performed instead. Staggered testing and
sequential testing represent the most and least effective testing strategies
respectively, when diesels are not allowed to be down at the same time.

2.4 Effect of Demand Versus Standby Failure Contributions

One of the factors determining the impacts of different test intervals on
the unavailability is the relative contributions from failures which occur at
demand versus those which occur between tests while the diesel is on standby.
The diesel accident unavailability of the 2-diesel unit system was analyzed for
four different mixtures of demand versus standby failure contributions (Figure
6). The base case represents the separation of demand and time related failures
as presently experienced by the diesels. The equal separation case means the
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failures were categorized into an equal number of demand and standby related
failures. The last two cases (3 and 4) are situations where all failures are
related to demand and where all failures are related to standby.

The results show that the unavailability is most sensitive to test inter-
vals when essentially all failures are standby related (case 4). The effect on
the overall system unavailability will depend on the relative importance of the
standby related failure contribution.

When demand failures dominate over standby related failures, as for case 3,
then the accident unavailability is either insensitive to test intervals or can
actually increase as test intervals are decreases. The particular effect will
depend on the actual number of demand failures occurring as well z.& the size of
the maintenance contributions. The effects are subdued in Figure 6 because of
the relative small sizes of these contributions for this particular example.

2.5 Effect of Test-Caused Degradation

Test-caused degradations occur if the test itself causes the diesel failure
rate or demand failure probability to increase each time the tast is performed.
This deleterious effect is beyond the test causing a demand-related failure of
the diesel. Each test is progressively wearing out the diesel.

Since nc data were available to identify such degradations, sensitivity
studies were performed. The degradation model consisted of the teat causing a
percentage increase in the standby failure rate and the demand failure probabil-
ity after each test. Two different cases representing a 2% and Z~' increase were
evaluated. A. 2% increase implies that both the standby failure rate and the
demand failure probability will be doubled in approximately 35 tests and in
approximately 15 tests for a 5% increase.

Figure 7 shows that reduction in test intervals when degradations are pres-
ent will have an adverse impact on accident unavailability. The diesel accident
unavailability also has an optimal test region at higher test intervals than
when there is no degradation. Thus, if there is any chance of test-caused
degradation, larger test intervals in the optimal or acceptable region should be
used.

In each of the examples illustrated, the component failure rates due to
some aging mechanism have not been explicitedly considered. To enhance the cap-
abilities of FRANTIC models which relate component failure rates to various
aging parameters (e.g., vibration, thermal, mechanical, environment, etc.) must
be developed. These component aging reliability models can then be used to give
the component failure probabilities in terms of aging mechanism parameters that
are obtainable from data and engineering knowledge. The component failure prob-
abilities produced by the component aging reliability models can then be'util-
ized in time-dependent PRA approaches (such as FRANTIC) to calculate the aging-
impact on some risk measure, e.g., core-melt frequency.
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Studies are presently underway for developing component aging reliability
models.

The developed models can then be used to evaluate the effectiveness of
present testing and maintenance in controlling aging, the dominant contributors
to aging risks, and the regulatory and research issues which ar= associated with
aginy. Figure 8 illustrates the type of results that one should obtain once
these models are developed and the relevant data collected and analyzed.
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Figure 8. System unavailability vs age
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This is only a first step in directly measuring the risk and reliability
effects of aging. Future work also involves performing more detailed data and
statistical analyses to obtain mechanism-specific failure rates, modeling more
accurately test and maintenance effects, developing systematic procedures for
utilizing the developed models, quantifying uncertainties, developing experi-
mental designs for identifying regulatory and research issues, and relating the
aging failure rates to load conditions, environmental effects, and material
properties for condition monitoring purposes. It is through this type of work
that the risk and reliability impacts of aging will be better understood and
hence be more effectively controlled where necessary to ensure acceptable risks
from aging (Vesely, W.E. et al., October 1986).

3. Effectiveness Measures for Operational Reliability Activities

The previous section describes a reliability model that can be used to
assess different maintenance, repair, and testing strategies for maiutaining
built-in design reliability within an acceptable level during the life of the
plant. Tasting strategies were investigated which could reduce the unavailabil-
ity of standby systems. Surveillance test intervals, which could reduce the im-
pact of test-caused wear on critical components within a system, were also in-
vestigated. Assuring that built-in design reliability is maintained is accom-
plished through prompt detection and correction of degraded components. Perfor-
mance indicators, which is the subject of a subsequent presentation, determine
to what degree reliability of a system/component has degraded; effectiveness
measures determine the outcome of the operational activities in achieving relia-
bility performance* ,

This section discusses an approach for addressing the adequacy and effec-
tiveness of surveillance test and maintenance practices.

Here, the reduction in an unavailability of a standby component when repair
is initiated at a degraded stage as compared to after a catastrophic failure
occurrence is evaluated through a Markov approach. Certain types of components
experience failures that are a result of a transition from a degraded state to a
catastrophic state. For these component types the impact when maintenance is
performed, in terms of reduction in component unavailability, can be quite high.
This analysis shows that a proper measure for evaluating the effectiveness of
various maintenance policies is the ratio of repair counts of degraded failures
over the total number of repairs. This is then directly related to the ability
of detecting a failure at a degraded stage, therefore indicating an effective
preventive maintenance program. The results also show that the expected number
of repairs (regardless of catastrophic or degraded) within a fixed period of
time (several times the mean time to degradation) is constant unless the built-
in design reliability of the component has been degraded either due to aging/
wear out or inefficient corrective maintenance (band aid fixes). Statistical,
quality control techniques that will be discussed can then be applied to monitor
these measures in order to determine any improvement or reduction in the effec-
tiveness of the maintenance program.

The approach taken for evaluating the effectiveness of the maintenance pro-
gram is based on a discontinuous Markov process. The discontinuity stems from
periodic inspection/surveillance and it is represented by a periodic Dirac delta
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function. The state diagram for the Markov process is given in Figure 9 and the
associated description of the states and the transition parameters are presented
in Table 2. The details of the analysis are provided within the references
cited.

Various sensitivity runs were performed using the Markovian model under
various degraded and intermittent failure paths.

The results show (Table 3 is an example) that the total number of repairs
(regardless of catastrophic or degraded) in a fixed period of time tends to be
insensitive to test strategies and intervals. It is only a function of compo-
nent reliability performance parameters. This indicator is appropriate for
identification of components that are trending towards substandard performance.
It should be noted that the total number of repairs provides more abundant data
compared to catastrophic failure counts. However, due to the significant effort
involved in data collection, this indicator is to be used for highly risk-sig-
nificant components. Also, it should be noted that normal variation of repair
counts in a fixed period follows a binomial distribution. (Parameters are num-
ber of tests within the period, number of repairs, and probability of repair.)

The ratio of repair counts of degraded failures over the total number of
repairs is quite sensitive to surveillance and maintenance policies. The
change of this ratio given that the total number of repairs is within the accep-
table bounds could then provide a proper measure of effectiveness: for evaluating
maintenance and surveillance policies.

4. SURVEILLANCE TEST EFFECTIVENESS: A TRIAL APPLICATION

In order to gain experience in evaluating the effectiveness of a reliabil-
ity program process and test the conceptual approaches discussed in the ]ast
section, a trial application was conducted in cooperation with the Portland
General Electric (PGE) Company. The particular system under investigation was
the emergency diesel generator system at PGE's Trojan plant. The trial applica-
tion integrated reliability technology into routine operational activities to
help in:

1. controlling and monitoring performance against set goals,

2. recognizing deviations from these goals, prioritizing important devia-
tions and identifying their root cause, and

3. taking corrective actions and tracking the effectiveness of the
actions taken.

The primary focus was on those operational activities currently conducted at the
Trojan plant, for maintaining the reliability of the emergency diesel generator
system and how insights in enhancing these operational activities can be gleaned
from reliability technology.

The methodology used was largely based on the reliability techniques,
tasks, and activities indicated in Figure 1 of this paper (also Azarra, May
1986). This was implemented in this application through a four-stage process to
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MARKOV STATE DIAGRAM

Figure 9. The state diagram for the Markov model
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Table 2. Discrete Markov Modeling to Analyze the Impact of
Surveillance and Maintenance

• Markov State;

000: operable state

001: degraded state but not detected

101: degraded state which- is detected

011: catastrophic state (failure) but not detected

111: catastrophic state (failure) which is detected

Test interval is T and test duration is neglected

• Transition Parameters:

X^ : mean time of occurrence for degradation

e : test efficiency in detecting degradation

XC2 : mean time of occurrence for a catastrophic failure as a result

of an existing degradation

XC^ : mean time of occurrence for intermittent catastrophic failure

6(t-T) : Delta function

Ul : mean repair time for degradation

]xz '• mean repair time for catastrophic failures
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Table 3. Results of Degradation Dominant Failure Path

Xd = l.E-5 l.E-6 Xc2 = l.E-3

Test

Interval

2000

1000

720

500

200

NOR/10 yrs

0.95

0.95

0.95

0.95

0.95

E = 1

RONC/R

39%

57%

64.7%

71.5%

82.4%

RAT

0.98676

0.99534

0.99722

0.99844

0.99961

NOR/10 yrs

0.949

0.955

0.956

0.958

0.959

e = 0.5

RONC/R

21%

35%

42.3%

51.33%

69.7%

0

0

0

0

0

RAT

.98289

.992936

.99504

.997339

.999338

NOR/10 yrs : Expected total number of repairs in 10 years

RONC/R : Ratio of non-catastrophic repairs over total number

of repairs

RAT : Reliability at test
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seek approaches and develop strategies for improving or maintaining the system
reliability. Within this process, the effectiveness of current diesel generator
tests was specifically examined to identify problems (or potential problems) and
determine their causes.

Accordingly, the trial application process utilized addressed the three
basic top-level operational/design objectives of a reliability program within a
nuclear utility for reducing the frequency of transients, controlling faults
that challenge safety systems, and providing assurances that a safety system
functions properly when called upon to mitigate abnormal occurrences.

Reliability program tasks, activities, and techniques that have been
employed in this study are depicted in Figure 10, which also portrays the pro-
cess employed to analyze, identify, prioritize, and resolve either recurring or
potential Figure 11 further details problem identification, problem resolution,
and corrective action Implementation tasks (Wong, April 1986)«

Plant Operational
Activities

Reliability Improvement
Program

"Failure to start j

Prioritized
Items List

f Walh-thru inspection

< Periodic operational testing

^Preventive maintenance

Data tracking

Wuliivanate analysis

1. Walk-thru inspection
procedures

2. Periodic operational
test procedures

3. Preventive maintenance \
and optimum schedule i

4. Condition monitoring

Priori tizat ton
of system

component!

Trend analysis
Of component
performance

Figure 10, Reliability techniques used to enhance
plant operational activities.
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Figure 11. Hethods used in prioritizing system components
for reliability improvement.

Reliability block diagrams, failure modes and effects analyses, and fault
trees were developed to identify existing faults which may prevent emergency ac
power supply in the event of loss of off-site power (LOSP) for a LOSP initiating
event, the system boundary not only included the support systems required for
performing the desired system function, but also portions of logic systems
designed to assess the functional performance of the diesel generator system.

Reliability block diagrams were constructed of each diesel generator sub-
system to identify the system success paths. The logical simulation of func-
tional failures at the system and train level was prov'.ded by constructing fault
trees at the subsystem level and obtaining cutsets at the train/system level.
In addition to constructing and analyzing the fault trees/block diagrams, fail-
ure modes and effects analyses were employed to verify this "top/down" approach
as well as to identify failure effect and assess the adequacy of tests to dis-
cover component failures. Using existing data (generic or plant specific),
major components of the system were prioritized to indicate the potential conse-
quence of an undetected failure.

With this information, a four stage approach can be undertaken in order to
eventually develop a reliability program plan for the emergency ac power system.
The steps considered necessary to develop a system-specific reliability program
plan include the following:
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System Analysis - This stage identified critical components from system/
train level fault trees.

For each dominant cutset, the possibility of recovery actions was investi-
gated by review of the FMEA sheets and the plant's Off-Normal Instruction (ONI)
procedures. The possibility of human-induced common mode failures during test
and maintenance was also examined. This process was repeated at the diesel
generator train level in order to identify additional critical components. On
the basis of insights gleaned f^a the system/train fault trees, the critical
component list was developed. Analysis of plant experience data was also used
to supplement this Us:.

Operational Activity Analysis - This stage identified operational activi-
ties Lhat can be used to improve component reliability through (1) rapid detec-
tion of failures, (2) timely and proper corrective maintenance, and (3) effec-
tive preventive maintenance and condition monitoring schemes.

Investigations into timely and proper corrective maintenance activities
focused on those controlling measures that could assure performance were per-
formed. The role of preventive maintenance and condition monitoring (Samanta
1984) in detecting critical component degradation was addressed on the basis of
parameters measured during periodic operational testing and triggering perfor-
mance of preventive maintenance. Recommendations were developed for these opera-
tional activities requiring that (1) for each critical component a set of mea-
surable parameters is defined for a condition monitoring scheme and (2) a re-
fueling outage program and schedule be developed fo help detect degraded
components.

Reliability Improvement Analysis - The effectiveness of recommendations
made in the previous two stages that impact component level reliability enhance-
ment were quantitatively analyzed, and the improvements in reliability that
accrue for the diesel generator set and for the entire emergency power system
were investigated.

Reliability Performance Analysis - The analysis conducted thus far concen-
trated on those operational activities which, when implemented, could improve
system reliability. This stage, which has not been yet undertaken will concen-
trate on how to effectively monitor risk and reliability performance. This
stage of the overall process identifies two types of indicators: performance
indicators and effectiveness measures. Performance indicators determine the
reliability of the emergency ac power system; effectiveness measures determine
the outcome of the operational activities in achieving reliability performance.

Components that contribute to unavailability of the emergency ac power sys-
tem were identified on the bases of the plant-specific data analysis and fault
tree analysis. Plant-specific data were analyzed from available maintenance re-
cords, while the system fault tree model analysis utilized a generic data base
for quantification.

The diesel generator experience data for the Trojan nuclear plant were ob-
tained by analyzing maintenance work requests from 1983, 1984 and the first 5
months of 1985. A total of 91 maintenance records were examined and each diesel
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generator failure was categorized by severity, engine condition at the time of
fault detection (standby or running), stress cause, repair category, and effect
upon the system (immediate or long term). The severity of a diesel generator
failure was ranked according to three degrees: (1) catastrophic, (2) degraded,
and (3) incipient. The results presented indicate that catastrophic failures
are largely caused by failures in electrical components. Degraded and incipient
failures are dominated by faults in mechanical components.

The fault tree model of the Trojan emergency ac power system (EPS) provided
the basis for analyzing EPS failures at various levels of system unavailabil-
ity. The multi-level analysis was used to identify the dominant component fail-
ures at four levels: (1) the unavailability of the emergency ac power system,
(2) the unavailability of one train of emergency ac power, (3) the failure of
one tandem unit to start, and (4) the failure of one tandem unit to run (or
operate) after a successful start. This included a critical component method-
ology and truncation values. The resulting integrated list of critical compo-
nent.s based on the fault tree analysis is given in Table 4.

Table 4
Integrated List of Critical Components

1. Field flashing circuit
2. Generator excitation circuit
3. Voltage regulator (automatic/manual)
4. Diesel generator "Start/Run" control circuit
5. Circuit breaker 152-108 closing coil
6. Generator lockout relay (186-1D1, 186-1D2)
7. Generator stator winding
8. Service water/jacket water heater exchanger
9. Service water motor-operated valve
10. Main lube oil pump strainer
11. Lube oil scavenging pump strainer
12. Air compressor unloader
13. Jacket water thermostatic control valve
14. Engine main, bearings
15. Camshaft/timing gear
16. Generator bearing/coupling
17. Generator slip-rings and brushes
18. Crankshaft-to-piston connecting rod
19. Lube oil scavenging pump
20. Main lube oil pump
21. Engine jacket water pump
22. Crankshaft
23. Fuel oil day tank outlet valve
24. Lube oil cooler
25. Turbocharger aftercooler
26. Engine crankcase pressure instrument
27. Expansion tank
28. Annunciator
29. Engine speed control switch
30. Fuel oil transfer pump breaker
31. Voltage regulator selector switch
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The identification of critical components that cause system unavailability
on the basis of integrating fault tree evaluation with plant-specific data anal-
ysis shows a more complete mix of "active" and "passive" components that may
fail the system. About 30% of these components are electrical wtiile the rest
are mechanical components.

The list was used to systematically analyze the adequacy of current opera-
tional reliability activities at Trojan and to identify areas where component
reliability can potentially be improved. Strategies for reliability enhancement
were developed for implementation considerations. The list also aided in re-
viewing surveillance test requirements and prevention versus corrective mainte-
nance strategies.

Quantitative analysis has shown that the c/erall system reliability of the
Trojan emergency diesel generators is high (96.7%); however the detailed analy-
sis of current operational activities to maintain this reliability indicates
areas requiring improvement. The specific areas are walk—through inspection,
periodic operational testing, and preventive maintenance for critical components
that were prioritized from plant experience data, fault tree analysis and FMEA.
The detailed results of this trial application are described in the references
cited.

5. SUMMARY

Life achievement and life extension planning was described within the con-
text of long-range strategic maintenance. The issuer and complexities asso-
ciated v?ith long-range, life extension planning was discussed in terms of a
forward- and backward-looking process. The complexity of issues raised in stra-
tegic maintenance planning indicates that to achieve a measure of success it is
essential that there be coordinated participation of managers and staff through-
out the organization. Furthermore, the planning must be a continuous process
that is integrated within day-to-day tactical decisions.

A reliability program process was outlined that can be interwoven within a
plant's operational activities through which day-to-day tactical decisions con-
cerning component reliability and life achievement can be made without losing
sight of management's long-range goals in life extension.

Various reliability models for developing maintenance and test strategies,
which if implemented, could reduce the impact of aging on component reliability
and system availability were also discussed. Other techniques will be discussed
in the next two presentations.

How one can implement reliability technology to assess the effectiveness of
surveillance testing was described by way of a trial application on an actual
system.

In this subsection, the major findings and conclusions developed from the
research to date are summarized, under separate headings.
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Reliability Program Tasks and Structure

Eight reliability tasks were identified as important for accomplishing the
objective of assuring low core-melt frequency for the plant lifetime. Several
of the tasks (Reliability Monitoring, Comparison of Achieved Reliability to Tar-
gets, Assessment of Reliability in Design and Operations, Problem Prioritiza-
tion) are not performed by plants unless they have adopted systematic use of
reliability technology. Reliability technology currently exists to perform each
of this latter set of tasks, although projected developments in the technology
through continued research would result in even more effective performance of
these tasks.

Performance Tracking and Alerts

Risk—based performance tracking and alerts were developed (Vesely, February
1986) and demonstrated on a small scale pilot basis in this project. The per-
formance tracking methods can he developed for use by both an individual plant
(at the component, train or system level), or by the NRC (at the plant level).
When developed, the measures and alerts can be chosen to be consistent with a
safety goal.

Test Adequacy and Efficiency Evaluations

A variety of techniques was demonstrated (Azarm, May 1986) that had the
objectives of illustrating impact on reliability of tast inadequacy atid ineffi-
ciency, and illustrating techniques to evaluate and specify surveillance of
standby equipment that would avoid inadequate tests. The demonstrations were
conducted as a trial application on the emergency diesel generator system at the
Trojan nuclear power plant.

It was found that the reliability of the hypothetical system would degrade
over time if the redundant trains were tested simultaneously rather than indi-
vidually. Thus, the results of such testing inadequacies are similar to the re-
sults from equipment aging, a gradual decrease in equipment reliability with
time.

A fault tree and FMEA approach, applied to the Trojan diesels and support-
ing subsystems, demonstrated that test adequacy can be verified or predicted by
an analytical approach. In this analysis, the most important (from the stand-
point of reliability) cutsets were identified. Surveillance was proposed that
would assure that failures of the elements of these cutsets could be detected in
a timely way.

Optimum testing intervals were demonstrated for the Trojan diesels by par-
titioning catastrophic and non-catastrophic diesel failures into standby stress
related and demand stress related categories. This data analysis permits deriv-
ing optimum demand test intervals for the diesel generator trains, in the sense
that test intervals can be chosen that will minimize diesel unavailability.
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Malntenance Effectiveness Measure

A preliminary approach for identification of an effectiveness measure for
the preventive maintenance program was developed through evaluating a compo-
nent's reliability during periodic test as a function of various preventive
maintenance strategies. It was found that even though reliability of the tested
component increased as the p:.eventive maintenance policies improved, component
reliability would not be an appropriate n * sure for evaluating effectiveness due
to response time lag and the fact that component reliability is not an indepen-
dent parameter sensitive only to preventive maintenance. The measure which is
more directly related to these policies was identified as the ratio of the num-
ber of repairs of degraded failures to the total number of repairs.
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