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I
| ABSTRACT
|

Approaches are described for incorporating component aging reliability models into a
probabilistic safety assessment (PSA), or probabilistic risk assessment (PRA), of a
nuclear power plant. These approaches and procedures are described from a technical
standnoint and are not to be interpreted as having any regulatory implications,
Component aging failure rate models and test and maintenance aging control models are
presented for utilization. Different approaches for carrying out the aging evaluations are
given. Demonstrations are given involving prioritizing aging contributors, evaluating
maintenance effectiveness, carrying out time dependent evaluations, and carrying out
uncertainty and sensitivity analyses of aging effects.
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EXECUTIVE SUMMARY

k.
- d

Overview

5 Nuclear Plant Aging Research (NPAR) program being conducted by the Office of
Research of the Nuclear Regulatory Commission. By explicitly considering the risk
effects of aging, aging contributors can be prioritized according to their risk imponance.
The aging contributors include a . 've and passive components which are susceptible to
aging and include the aging mechanisms and stressors which can cause component aging.
By prioritizing aging contributors according to their risk effects, aging research and
aging activities can thereby be facused on the risk important areas.

\
|
|
|
Explicit consideration of the risk effects of aging has been an important feature of the

In addition 1o risk prioritizing the aging contributors, explicit consideration of the risk
effects of aging allows aging management schemes to be explicitly evaluated for their
risk effectiveness in controlling aging. Scheduled maintenance, corrective maintenance,
operational testing, and condition monitoriug can all be evaluated for their risk
elfectiveness in specific situations. Risk effective combinations ¢f activities and risk
effective schedules can thereby be identified. Furthermore, by focusing on the risk

importance contributors, the risk effective aging management strategies can be made cost
effective,

Finally, explicit consideration of the risk effects of aging allows component failure data
to be evaluated for aging effects and associated risk implications. Aging of single
components and simultaneous aging of multiple components exhibited in data can be
evaluated for their risk effects. Because the risk effects of aging are not necessarily
additive, the risk effects of aging of a single component can be insignificant but the same
aging exhibited by several components can be extremely risk significant. The risk
significant aging effects exhibited in data are of high prionity and their causes need to b»
evaluated to assure that research programs and aging management programs focus on
these causes.

AN
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Age-Dependent Probabilistic Safety Assessments

Because of the usefulness and importance of explicitly considering risk effects of aging,
the NPAR program supported the developrent of a methodology for age-dependent
probabilistic risk assessments (PRAs) and age dependent probabilist  .fety assessments |
(PSAs). This report describes the procedures wiich have been developed for

transforming a PRA or a PSA to an age-dependent evaluation. A probabilistic risk

assessment, or PRA for shor, has become a standard approach for mndeling and

guantifying accidents and their consequences which can occur .ear power plant.

A probabilistic safety assessmeat, or PSA for short, is a PRA w1 focuses on accidents i
leading to core damage aid which quantifies the  ore damage frequency, but does not

extend the evaluations to quantify the associated consequences, such as the expected

manrem released. The age-dependent approaches which Lave been developed to da. n

the NPAR program: have focused on age-dependent PSAs, however the general

approaches are also applicable to age-dependent PRAs.

There are three basic differences between a standard PSA and an age-dependent PSA, or
an APSA as we will term the age-dependent PSA. These three differences, which also
apply to a PRA, are listed below:

1. An APSA explicitly models aging effects in component failure rates, which generally
cause the failure rates to increase with age, while a standard PSA assumes cormaponent
failure .tes are constant.

2. An APS & » . _itly models the effects of est and maintenances in controlling the
aging of componeats whiic a standard PSA does non.

3. An APSA explicitly calculutes the aging efie~s and age dependence on the core
damag: freq:ency and system unavailabilities, while a standard PSA coes not and
instead calculates constant vaiues for the core damage frequency and system
unavailabilities.

The Uses of Age-Dependent PSAs

Because an age dependent PSA, or APSA, explicitly models and evaluates aging effects
on the core damage frequenc - and system unavailabilities, an APSA can be used in

Avi






covered. This report describes these detailed approaches, and specific evaluations that
can be carried out using presently available information. The chapiers of the report are
summarized below:

|. The Age-Dependent PSA Versus the Standard PSA

The difrerences between an APEA and a standard PSA, which were summarized in the
previous discussions. are described in some detail in this first chapter. The table on the
next page highlights these differences. :

2. Component Reliability "Jodels Used in an Age-Dependent PSA

This chapter describes specific aging component failure rate modiels and specific test and |
maintenance aging control models which can be used in an APSA. The aging failure rate |
models which are described cover the spectrum of aging behaviors which are likely to be
exhibited by nuclear plant components and include the Weibull failure rate model, the
linear failure rate model, and the exponental failure rate model. The tesi and
maintenance models which are presented cover the spectrum of aging renew ' activities
which can occur at 4 plan and include ~~rrective maintenance models, preventive
mainten. ~¢ models, and piecepart maintenance models.

3. Approache: for Transforming a PSA into an Age-Dependent PSA

This chapter describes three approaches that can be used to incorporate aging evaluations
into a standard PS2. to transform it to an APSA. Procedures for each approach are given
along with the strengths and limitations of the approach. One of the approaches is the
approach described in NUREG/CR-5510, which provides detailed aging contributor
priontizations, including multiple component aging effects. In this pnoritization
approach, appropriute risk important * coefficients are extracted from the standard PSA
and are combined with component aging models. Hence, the approach is efficient since
existing PSAs can be directly used with minimal requantification required.

4. Applications of an Age-Dependent PSA
This chapter describes the different applications of an APSA and the questions that need
tc be addressed in setting up any application. The figure on page xvi presents the

specific questions that need to be addressed to determine the specific aging models and

xviii
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THE DIFFERENCES BETWEEN A STANDARD PSA AND AN AGE

DEPENDENT PSA (AN APSA)
. PSA APSA
Component Failure Constant Age-Dependent
Rates Failure Rates Failure Rates

Surveillance Tests Only Affects Compone .« | Effects on Component Age
I Up or Down Status Also Modeled
Maintenances Only Component Effects on Component
- Downtimes Considered Age Also Modeled
Repairs Does Not Affect Age Effects on Component Age
S Also Modeled

Risks Results Calculated

Do Not Explicitly

Explicitly Accounts

for Risk Effects

s , Account for Aging for Aging Effects
Priouitizations of Based on Constant Risk Aging Contributors
Contributions Contributions Explicitly Identified
Maintenance Maintenance Downtimes | Benefit of Maintenance in
Effectiveness Evaluations | Only Explicitly Evaluated | Controlling Aging Also

Evaluated
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TABLE 1. DOMINANT SINGLE COMPONENT AGING CONTRIBUTORS FOR A SPECIFIC BWR

(ACTIVE COMPONENTS ONLY)
Component Component Aging

Rank Component 1D Importance I Unavaiability Factor aAC

Aq (yn)
1 ESW-AOV.CC.OCF 9.70E-08 1 OE-03 29E-01 2.RE-05
2 | EHV-AQV-CCLCF 6.34E-08 1.0E-03 29E.01 1 BE-0S
3 | ESW-AOV-CC-0241B 3 6BE-OS 1.0E-03 2.9E-01 1.1E-08
a ESW-AQV.CC.0241C 3.68E-05 1.0E-03 2.9E-01 1.1E-08
5 EHV-SRV-.CC.RV2 2.53E0S 3.0E-04 29E-01 7.0E-06
6 EHV-SRV.CC-RVI 2.53E-05 10E-4 29E-01 7.0E-06
7 | DCP-BAT-LF-CCF 2. 16E-04 1LOSE-03 1 SE.02 4.1E-06
) HCIMOV-CC-MV 14 5 42E-06 1.0E-03 16E-01 1.4E-06
9 | HCI-MOV-CC-MV19 S42E06 3.0E-03 2.6E-01 1 4E.06
10| ACP-DGN-FR-EDGC 2 09E-08 1.6E-02 33E.02 1.0E-07

TABLE 2. DOMINANT DOUBLE COMPONENT AGING INTERACTIONS FOR A SPECIFIC BWR

AC = Core damage frequency increase due 10 aging

(ACTIVE COMPONENTS ONLY)
Joint Aging Aging
Rank Component [D Component 1D Importance | Factor Factor AC
, Aql Aq2 (/yr)
I | ESW-AOV-CC-02418 | ESW-AQV-CC0241C 1.34E-03 29E-01 2.9E-01 1. 1E-04
2 | ACP-DGN-LP-EDGB | ESW-AOV-CC-0241C | 8.50E-04 13E02 20B-01 | BIE06
1 | ACP.DGN.LP-EDGC | ESW-AOV-CC241B 8.50E-04 13E-02 29E01 | B.1E06
4 | ACP-DON-LP-EDGC | EHV-SRV-CCRV2 7.69E-04 13E-02 29601 | T.E06
§ | ACP-DGN-LP-EDGB | EHV-SRV-CC-RV3 7 69E-04 13EM 29E01 | 7.1E-06
6 | ACP.DONFR-EDGC | ESW-AOV-CC02418 4 79E-04 13E-02 20E01 | 4.6E06
7 | ACP.-DGN-FR-EDGB | ESW-AOV.CC.0241C 4 79E-04 33E-02 29E01 | 4.6E.06
8 | ACP-DONFR-EDGC | EHV.SRV-CC-RV2 4 40E-04 33E.-02 29E-01 | 4.1E-06
9 | ACP-DGN-FR-EDGB | EMV SRV.CCRV3S 4 40E-04 33E02 29E-01 | 4.1E06
10 | ACP.DGN-FR-EDGB | ACP-DGN-FREDGC S 34E-04 13E0 I3E.02 | SOE07

AC = Core damage frequency increase due 10 aging

xxii



except the imponance [ is the joint importance of the two contributors from the PSA.
The aging conmbution AC represents the additional core damage frequency increase
from the simultaneous aging of the components. AC is the product of the joint
importance | and the two aging effects on the components ( Aqp and Aqa).

As demonstrated in the ables, it has generally been found that relatively few aging
contributors dominate, even though many components may be aging. The importance of
the contributor (1) as given Ly the PSA and the aging effect in the contributor (AqQ) must
both be properly taken into consideration 1o obtain the aging contribution 1o the core
dumage frequency. The procedures presented do this proper evaluation, Furthermare,
the aging interactions from the simultaneous aging of multiple components must be
considered since these interactions are nonlinear and are often the dominate aging
contributions, being often larger than the single component aging contributions.
Priontization of aging contributors does not necessarily require precise data and can be a
powertul 1ol to focus aging management activities,

6. Idennfication of Risk-Directed Aging Management Strategies

Once aging contributions are prioritized, aging management programs can be directed to
the dominant risk contributors. This chapter illustrates how risk-directed aging
management strategies can be defined and can be evaluated, The aging contributors
prioritized in the previous chapier are used to define two alternative risk-directed
maintenance and replacement programs. By carrying out more frequent maintenances
and replacements on the 24 dominant components, it is shown that the aging effects on

core damage frequency are basically controlled so as to be less than the baseline core
damage frequency,

7. Time dependent Aging Evaluations

This chapter describes how detailed time dependent aging results can be obtained from
the PSA using the models and approaches given in the previous chapters. Detailed time
plots are obtained showing the progression of aging impacts on the core damage
frequency and system unavailabilities. The time dependent results show when in a
plant's ifetime aging effects will become significant from a risk standpoint and when
actions need to be taken. Examples are given for a specific plant showing aging effects
having significant impacts on the core damage frequency at a plant age of 15 years
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9. Considerations in Using a PSA 10 Evaluate the Risk Effects from Aging of Passive
Compoz.ents

Finally, this chapter discusses special considerations, beyond those already discussed, for
evaluating the nsk effects from aging of passive components, The discussions focas on
more detailed analyses which can be done to estimate passive component aging failure
rates from basic phenomenological models covenng crack growth and corrosion. It is
planned that this subject will be covered in greater depth in a subsequent report.

Conclusions

The repart which has been developed presents detailed models and systematic procedures
for incorporating aging evaluations into a probabilisne safety assessment (PSA) to
expliculy evaluate the nisk etfects due 10 aging. The approaches can also be applied to a
probabilistic risk assesstment (PRA). The resulting age-dependent PSA (or age
dependent PRA) will allow a spectrum of important applications to be carried out,
icluding prioritization of aging contributors according (o thewr risk importance,
evaluation of the risk effectiveness of existing aging management programs, and
idenafication of risk effective aging management policies. Even when aging data are
sparse, applications can be carried out 1o wentify the potentially dominant aging
contributors, the risk sensitive maieteaance practices, and the robust programs which can
be carried out to control aging impacts over ranges of piausible aging behaviors that can
eXisl

XNV







1. THE AGE-DEPENDENT PSA VERSUS THE STANDARD PSA
1.0 Introductiop

This report describes procedures for explicitly incorporating component aging
evaluations into a probabilistic safety acsessment of a nuclear power plant. A
probabilistic safety assessment, or PSA as it is termed, is a probabilistic model of
accidents which can occur at a nuclear plant which can lead to core damage. A PSA
focuses on the evaluation of the core damage frequency as opposed to a probabilistic risk

assessment (PRA) which also evaluates the resulting consequences and health risks from
a core damage event,

Figure 1 is an overview of the basic steps in a PSA. A set of initiating events is first
identified which require safety system responses. For each initiating event, an event tree
is construcied to define the sequences of system responses (success or failure) which can
occur for the given initiating event. The consequence of each sequence in the event tree,
in terme of whether a core damage occurs or not, is determined from plant response
considerations.

For each defined system failure in the event tree, a fault tree is constructed to identify the
basic component failures which can cause the system failure. The fault tree is used to
quantify the system failure probability using component reliability models and
component data. Human errors, test contributions, and maintenance contributions are
included as causes of components being down, in addition to failure causes. The system
fault trees are incorporated into the event trees to identify the component contributors to
the accidents and to quantify the accident sequence frequencies using component data.
The frequencies of the individual accident sequences leading to core damage are finally
summed to provided the core damage frequency. Additional details for carrying out a
PSA or PRA are given in References 1-3, including specific models and formulas which
are used, along with associated computer programs.

In standard PSA evaluations, aging of components is not explicitly included in the
component failure models which are used to quantify the system failure probabilities and
the core damage frequency. When the effect of component aging 1s to be specifically
evaluated then the standard PSA component failure models need o be modified. Aging
of components can significantly increase the component fatlure probabilities and can
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specific considerations for incorporating pussive components and their aging impacts into
a PSA. Itis planned that a separate report will be issued on the treatment of passive
| components in risk evaluations of aging.

e component failure rate is the basic data used in a PSA to determine the failure
probability and the unavailability of a component. Basically, the component failure rate
s the probability of a component failure per unit time giveu no previous failure. A
standard PSA assumes the component failure rate is constant and is the same value for all
component ages. When aging is explicitly considered then the change in component
failure rate as a function of component age must be considered. An APSA allows the
component failure rate to be a function of age and to change as the component age
increases. The effect of allowing the component failure rate to be age-dependent can
cause significant impacts on the calculated system unavailabilities and the core damage
frequency.

From reliability theory (see References (4-6)) when age dependence is considered then
the component failure rate generally follows a bathtub curve as shown in Figure 2. Atan :
carly component age the failure rate decreases with age as design, manufacturing, and '
| installation failures are corrected when they are tound. This decreasing failure rate
| behavior 1s termed the burn-in period of the failure rate curve. After burn-in, the failure
rate remains constant reflecting steady state failure behavior. This flat portion of the
bathtub is the constant failure rate period of the failure rate curve. Finally, after the
steady state period, the failure rate increases with age, reflecting wear-out and aging
behavior. This 1 *he aging penod of the failure rate. The lengths of the burn-in, steady
| state, and aging periods of the bath tub curve can vary for different components and for
| different operating environments.

A siandard PSA assumes a constant failure rate and hence focuses on the steady state

portion of the failure rate curve. An APSA, in addition to the steady state behavior, also
includes the increasing failure rate portion of the failure rate curve and thus can account

T R S AL DI ot Sl =l By B "o L o s M e R ™ ol el oy (B el Bl bt ™ [ s o (o oy el o] e e “Tommmn e Ol R, O SRS DN e ST



Bathtub Failure Rate

Burn-in Steady State Aging

Age w

FIGURE 2. THE BATHTUB CURVE OF FAILURE RATE VERSUS
AGE









IREAT
\‘\:‘ \\l\l('i
! K A PSA N
A\ N A \
N APSA







TABLE 2. PRIORITIZED COMPONENT AGING CONTRIBUTORS

Component Component Aging
Rank Component 1D Importance | Unavailability Factor AC

q Aq Uyn)
| ESW-AOV-CC-CCF 9. 70E-05 1.OE-03 2.9E-01 2 8E-08
P EHV-AOV-CC.CCF 6.34E08 1.0E-03 29E-01 1.RE-05
3 ESW-AOV-CC-0241B I68E-05 1.0E-03 29E-01 1.1E-08
4 | ESW.AOV.CC0M1C0 368E-08 LOE-03 2.9E-01 1.1E-08
5 EHV-SRV.CC-RV2 2.53E-05 J0E-04 2.9E-01 7.0E-06
6 EHV-SRV.CC.RV3 283E-08 3.0E-(4 2.9E-01 7.0E-06
1 DCP-BAT-LF.CCF 2.16E-04 1.OSE-03 1L.9E-02 4 1E-06
8 HCL-MOV-CC-MV14 S 42E-06 3.0E-03 2.6E-01 | 14E-06
G HCIL-MOV-CC-MV19 SAJEQ6 3.0E-03 2.6E-01 ‘ 1 4E-06
10 | ACP-DGN-FR-EDGC | 209E.08 1.6E-02 33E-02 7.0E-07

AC = Core damage frequency increase due to aging




FIGURE 3. INCREASE IN CORE DAMAGE FREQUENCY FROM AGING FOR DIFFERENT
TEST AND MAINTENANCE PROGRAMS
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here. Test and maintenance modeling is discussed in Chapier 2. The different points for
2 test and maintenance program represent different possible component aging failure
rates. The results indicate the significant differences that different test and maintenance
programs can have in controiling aging effects.

Figure 4 illustrates the type of time dependent results which are also obtainable from an
APSA. The figure shows the ime dependent core damage frequency increase due to
aging for given component aging failure rates and for a given test and maintenance
program. The sudden drops in the core damage frequency in Figure 4 occur when major
components are replaced in the test and maintenance program. Such time dependen?
results can show when in a plant's life, aging effects become significant and whether
components are being replaced or being overhauled frequently enough. The core damage
frequency becomes so high in Figure 4 because key components are not replaced
frequently enough, allowing aging effects to build up to relatively high levels. Chapter 7
describes the application of time dependent aging evaluations.

Sensitvity and uncertainty analyses can also be carried out using an APSA to evaluate
the core damage frequency sensitivities and uncertainties associated with aging effects.
Figure 5 shows the results of a sensitivity analysis which evaluates the aging control of a
given test and maintenance program. For the sensitivity analysis, the component aging
failure rates are systematically increased to account for plausible aging which can occur.
The baseline core damage frequency for the plant is 3x10-5 per year. As can be
observed, the aging control of this particular test and maintenance program is effective
over a plausible range of aging behaviors, limiting the aging increases to be no larger
than the baseline core damage frequency. Chapter 8 provides further details.

In this report we focus on the use of an APSA for prioritizing aging contributors and for
carrying out sensitivity and uncertainty analyses of aging effects. The models and
approaches which are presented however, can also be used to obtain average core damage
frequency results due to aging or time dependent core damage frequency results due to

aging.
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FIGURE 4. TIME DEPENDENT CORE DAMAGE FREQUENCY INCREASE DUE TO AGING
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FIGURE 5. SENSITIVITY ANALYSIS EVALUATING THE AGING CONTROL OF A GIVEN
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L4 lssues Associated with an APSA |
|
|

An APSA requires more data and more extended models than a PSA and hence there are

special issues associated with using an APSA. With regard to data, the basic issue is the J

present, general sparseness of failure histories for components and for structures.

Because of this sparseness of failure data, aging failure rates which are estimated from

the raw data will genzrally have large associated uncertainties. In addition te the

imprecision in failure rate values, the shape of the aging failure rate curve will often not

be known. When there is no plant specific data available, generic data or expert opinions

will need to be used, which will also generally have large uncertainties. These

uncertainties need to be taken into account in using an APSA for a given application.

The most thoough way of treating these uncertainties 1§ to carry out sensitivity studies or

uncertainty analyses using different aging failure rates. Chapter 8 will illustrate how

such studies can be carried out. Even with little precise aging failure rate data, useful

information can be obtained from an APSA regarding important aging contributors and |

sensitivities to aging effects, as will be discussed in the subsequent chapters.

At present, there can also be a lack of information on detailed characteristics of specific
tests and maintenances in controlling aging to allow their precise modeling in an APSA.
Where information is lacking, approximate models may be used to approximate or bound
the effects of the test or maintenance in controlling aging. Examples of approximate or
bounding maodels are the "good as old" and "good as new" models as termed in reliability
literature. These models are presented in subsequent chapters. More precise test and
maintenance models are also preseated, which allow more detailed analyses to be carried
out if data is available, or which allow s=nsitivity analyses to be carried out. By using
these models, the aging control of given test and maintenance practices can also be
bounded or can be accurately evaluated where information is available. Perhaps as
importantly, the sensitivity of risks to aging «ffects under given test and maintenance
practices can be evaluated. The risk important tests and maintenances can thereby be
determined to focus further evaluations and program improvements. The subsequent
chapters describe the bases for these applications, as well as for other applications. Table
3 summarizes the issues which are associated with an APSA.
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TABLE 3. ISSUES ASSOCIATED WITH AN APSA

Data Bases

Little time-history information exisis to estimate age
dependent or time dependent failure rates. Uncertainty and
sensitivity studies need 1o account for this lack of data.

Failure Rate Models

Different failure rate models can cause significant
differences in the calculated re- :Its in an APSA.
Sensitivity studies can investigae these effects.

Test and [Differences in the test and maintenance models can cause

Maintenance Modcls significant differences in APSA results. Bounding models
and sensitivity studies can help address this issue.

Results Results from an APSA can be uncertain. Relative results

and more qualitative results can be focused on to address
this i1ssue. Sensitivity and uncertainty analyses can also
identify the meaningful conclusions and interpretations.
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The failure rate of a component at time 1 is thus basically the rate of failure at time
when the componeni has no, previously finled  The failure rate always applies to a given
failure mode (e g., fail 1o open, fail 1o close, etc.) and differemt failure modes will have
differeni tailure rates.

The standard symbol used for the component failure rate is A(1). Thus,

Alt) = The component falure rate at a given ime 1, (2)

For agin. valuations, it is also necessary 1o express the component failure rate as a
function of the component age. Let w denote the component age. Then,

Alw) = The component failure rute at a given (3
component age w.

Tne definition of A(w) now is in terms of the component age:

AMw) = The probability per unit age that the (4)
component fails at age w given no
previous failure of the component,

The failure rate at age w is thus the rate of failure at the given age when the component
has not previously falled. The failure rate as a function of age can be a different shape
and form than the failure rate expressed as a functinn of time if time and age are not the
same.

The component failure rate at a given time can be related to the component failure rate at
a given age. To relate time t and age w, the age of a component at a given time needs to
be known, This relationship can be expressed as w = w(t). Then the failure rate as a
function of the age can be translated to a failure rate expresssd as a function of time.
This failure rate relationship can be expressed as A(Ddt = 7 (w(t))dw(1), where A(t) is the
failure rate function versus time and A(w) is the failure ral. fanction versus age, i.e., A(t)










All the above failure rates exhibit some period or periods of aging. In general, aging
periods at the end of the component age are of most interest and concern because of the
large reliability and risk effects which can result if the aging continues unchecked.
However, aging in any period can cause significant reliability and risk problems,

2.2 Aging Failure Rate Models

Various parametric mocels exist which can be used 10 model component failure rate
aging behavior for reliability and risk applications. The models most often used for
aging are the linear aging failure rate model, the Weibull aging failure rate model, and
the exponential aging failure rate model. These models can represent increasingly more
severe failure rate increases with age. Thresholus can be incorporated in any of these
maodels 1o represent aging beginning at some nonzero age w,,. In general all the standard
parametric models apply to aging periods occurring at the end of the component age with
i possible initial threshold. To model aging periods occurring at earlier ages followed by
some periods of nonaging, the models can be extended by reinitializing the age variable
w or by defining a variable which is a nonlinear function of the age. Equations and
representative graphs for the linear model, Weibull model, and exponential mode! are
given below for aging occurring after some arbitrary threshold age w,. Subsequent
chapters will discuss how these failure rate models are applied in an APSA,

Linear Aging Failure Rate Model
Mw) = Ay wew,
Aiw) = Ay + a(wwy), waw,
A, = initial constant failure rate
@ = gonstant aging rate

w, = threshold age after which the failure rate increases

21

(5)

(6)

(7

(8)

9

el s e P—_

e e e A




Linear Aging §allure Hue

Werhwll Aging Failure Rave 74

Aw) =4, wew,

b
Alw)= 4, [f‘iJ W W

Vo
where
Ay = bl constant fatlure rate
b= Weibull shape parameter
w, = threshold age after which the fuilure rate increases

£

Other equivident forms also exist for the Weibull model but the general property ix that
the failure rate increases as some power b of the age,
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23 Lulwe Rue Aging Effects Yersus Overall Time Trends

There 15 sometimes a confusion between failure rate aging effects and an overall ume
trend in the component failure behavior. One may, for example, observe no time trenas
in the failure behavior as recorded in data and erroneously conclude that there is no
cormponent fulure rate aging effects. It is important to understand the difference
between fuilure rate aging effects and overall ime trends in the failure behavior 1o
properly model aging effects in an APSA.

The overall component failure behavior as a function of time is generally described by
the failure frequency and to understand the difference between failure rate aging effects
and an overall ume trend in the failure behavior one must first understand the definition
of the fuilure frequency:

The component failure frequency = The expected number of component  (20)
at time t falures at time t per unit time

Note that the failure frequency i¢ the rate of failure at a given time regardless of whether
the component previously failed or not. The component failure rate as previously
defined by Equations (1) and (4) is the rate of failure from only first failures, The failure
frequency as defined by Equation (20) 18 the rate of failure from first, second, third, etc.

farlures.
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failure Fae Bahavo: Versus Time

Note that what s plotted is the failure rate versussumg. The failure frequency f(1) versus
tme follows the same behavior and incorporates the effects of the renewals. As a
function of time there 1s no overall trend since the failure behavior is eyclic. The
component age repeats at each renewal cycle. The relationship of the component age w

with time t 15 shown below,
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Componant Ape Yersus Time
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Time 1

The {ailure e versus age behavior is the behasar in the first renewal cycle which is
then repeated for each renewal cycle. The fail. « rate versus age behavior for each
renewal cvele is illustrated below.
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illustrates the effects of partial renewal on the component. As can be seen, an overall
time trend in the failure freguency now can be seen,

Falure Rate Behawe Versus Time
Betweer Parta Renewss

Al

by 2 Timet 1a s
B0t yl e Vs of pariial enewa s

24 AgeDependent and Time Dependent Cumponent Reliability Results

Age dependent component failure rates are used in an APSA to calculate component
reliability results. The component reliability results are then used to calculate the time
dependent system unavailabilites and the time dependent core damage frequency. The
time dependent system unavailabilities and core dama,e frequency are calculated with
regard 10 the plant age which serves as the reference dne. Because they are used to
calculate the system unavailabilities and core damage frequency it 1s important ‘o
understand the component reliability results which are calculated in an APSA.

The component reliability results calculated in an APSA can include the age dependent
component unreliability, the time dependent component unreliability, the age dependent
component unavailability, and the ime dependent co onent unavailability. These basic
quantities define the age-dependent and time-dependent reliability and availability
behavior of the component. Which characteristics are calculated for a particular APSA
depends upon the calculational approach used in the APSA as will be discussed in
Chapters 3.

The age dependent component unreliability is the probability of component failure by a
given age:




The age dependent component "= The probability that the component
unreliability at age w will fail before age w

The age dependent reliability is one minus the age dependent unreliability and is the
probability that the component will not fail before age w. The symbol sometimes used
for the age dependent unreliability is U(w). Thus,

Utw) = The age dependent component unreliability.

From standard reliability theory (References 4-6),
w
Ufw) =1 -cxp —-Il(w')dw’
0

where A(w') is the age dependent 1ailure rate.

The time dependent unreliability is similar to the age dependent unreliability but is
defined as a function of time:

Ul = The time dependent unreliability
» The probability that the component will fail
before time t

i
= 1= exp{-j l(t’)dt‘]
0

where now A(l') is the time dependent failure rate at time t'. As was indicated, the
function A(t) is generally different than the function A(w"). These failure rate functions
will only be the same if the time origin (t=0) is the same as the age origin (w=0) and
there is no test, maintenance or replacement actvity which acts to set back the
component age.
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b. The activity does not change the state of the component.

Testing and maintenance activities which bring the component down for the test or
maintenance must have an associated downtime for the activity. The component i
usually assumed 1o be in an up state after the activity, If inefficiencies are considered
then there is a probability that the activity will leave the component in & down state due
1o testing or maintenance equipmient failures, procedure problems, or human errors, The
probability then needs to be assigned for each of these possibilities. 1f the component 1y
modeled to have more than two states, as for Markov models, then the state or possible
states after the activity needs 1o be defined with their associated probabilities. For the
apphcations discussed here, it will generally be assumed that the component is modeled
as having two states, an up state or down state.

2 What is the effect of the acuvity on the age of the component”

This 1s a question regarding the renewal effect of the activity with regaed 1o the age of
the component. The renewal effect is with regard to the failure mode of the component
idenufied in the PSA (and APSA). There 1s one of three possible answers 1o this

Guestion:

a. The activity does not renew the compaonert and hence does not change the age
of the component with regard to the failure mode being considered,

b The activity completely renews the component and sets the age back 1o zero
for the fallure mode being considered,

¢. The activity partially renews the component and set. the age to some
in - mediate value for the fuilure maode being considered,

These three answers can be shortened to:
a. No renewal,

b, Complete renewal,

¢ Partial renewal.
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For a partia) renewz] answer, the degree of renewal and the new age after the activity
need 10 be modeled. For a partial renewal, if possible inefficiencies are also modeled,
then the age after the activity can be larger than the age before the activity. The
proceeding sections describe specific maintenance models which can be used 10
determine the effect of an activity on the age of the compaonent.

3 What is the effect of the activity on the aging of the component?

This is different than the previous question and addresses the effect of the activity on the
aging rate of the component after the activity. For example, a preventative maintenance
consisting of lubricating a pump does not generally renew the pump but slows down the
wearing processe on the pump and hence slows down the aging rate of the pump

There are two possible answer. 1o this question:

a. There is no change in the aging, i.e., no change in the form of the aging
failure rawe,

b. There is u change in the aging failure rate and the change needs 1o be defined.

Specific models for determining the effect of an activity on the aging are also described
in the following secuons,

Table 4 summarizes the above questions and alternative answers whick determine the
appropriate aging control model to be used for the test, maintenance, or repair activity.
In fact, it can be argued that the g. *stions in Table 4 need 10 be answered to assess the
aging control of any test, maintenance  or repair activity, regardless of whether an ASPA
is done or not. The models which are presented in the following sections progress from
simpler models to more complex models in addressing each of these questions.

The two most straightforward models which can be used to quantify the aging control of
4 lest, maintenance, or repair activity are the good as new restoration model and the good
as old restoration model. These moadels are described below in terms of the answers they
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TABLE 4 QUESTIONS AND ALTERNATIVE ANSWERS TO
FVALUATE THE AGING RELIABILITY EFFECTS OF AN
ACTTNTTY

~ QUESTIONS
What 15 the effect of the activity on the

operational state”?
What 18 the effect of the activity on the

componient age’

What is the effect of the activity on the

component aging’

Does not change the state of the component

. . . — = e ———rr e

No eftect on the agelnge remamns the siume)
Completely renews the component (age set
huck 1o zero)

Partially renews the comiponent (age
determinea by a moxdel),

No change in aging rate (same aging falure
tate used).

CAping rate madified (new aging failure rate

deterrmned by o model)

| ALTERNATIVE ANSWERS
Changes the state of the component

—
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give to the questions regarding the effect of the activity on the operational state of the
component, the age of the component, and the aging of the component.

The Good as New Restoration Model

The good as new restoration model provides the following answers with regard to 1) the
operational state of the component after the activity, 2) the effect on the age of the
component, and 3) the effect of the activity on the aging of the component:

1. The component is in an up state after the activity,

2. The activity renews the age back to zero (to "as good as new"),
and
1. There is no change in the aging behavior after the aciivity (the same aging
failure rate applies with the age reset to zero).

The good as new cestoration madel 1s used to inodel an activity which replaces or
completely renews the component (or component piecepan if pieceparts are being
maodeled). If a component piecepart is the dominant contributor to the component failure
maode being considei »d then renewal of the piecepart will basically result in renewal of
the component. The good as new restoration model or good as new model for short, is
thus used to model a maintenance or repair activity which replaces or effectively
overhauls the component or the dominant contrnibuting component piecepart. Relatively
simple equations for the component unreliability and unavaulability result when the good
as new model is used.

The Good as Old Restoration Model

The good as old restoration mode! is the other straightforward model which can be used
to model a testing, inspection, maintenance, or repair activity. The good as old
restoration model is the madel opposite to the good as new restoration model with regard
to renewal. The good as old model provides the following answers to the three questions
regarding 1) the component state 2) the age effect, and 3) the aging effect:

1. The component is in an up state after the activity,













fraction) can then be assigned to be yood as new afier the given failure causes or
mechanisms are corrected. Surveillance tests which only detect this fraction of failure
contributions can be assigned to be as good as old for the fractional contribution. The
failure rate can be divided into different fractional contributions and each separately
tracked. Failure causes or mechanisms not detectable are treated as not being testab'e or
maintainable.

Explicitly Modeling Age Sethack

A partial restoration of a component can be explicitly modeled as a partial age setback,
where the component age is setback to a given value. In modeling age setback, the age
reduction after a given repair or maintenance ac.: .ty is explicitly determuned. For the
good as old model, there is no age setback i.e., the age reduction is zero after the activity,
but the component is assured to be an up state. For the good as new model, there is a
complete age setback, i.e., the age reduction i . jual to the age of the equipment before
the activity, resulting in as good as new equipment. For a repair or maintenance activity
modeled as having an intermediate age setback, the value of age setback needs to be
estimated. For a given age sethack of Aw after an activity the age of the component is
reduced from w to w, where

Wy =w - Aw

where w is the component age before the activity. The aging component failure rate then
begins at w) after the activity for the calculation of the component unreliability and
component unavailability.

To calculate the component unreliability or component unavailability versus time, the
component age versus time needs to be tracked, accounting for age setbacks by repairs
and maintenances. The formulas in the appendix can be used to calculate the
unreliability and unavailability with appropriate setback of the age using Equation (34).
With regard to applications, the more difficult question is the appropriate age setback
value to assign to a given repair or maintenance activity. Little work has been done in
this area. Sensitivity studies can be performed by varying Aw to determine the
sensitivity to the degree of restoration. Data analyscs can also be carried out to eumate
e age setbacks associated with different types of maintenances by constructing
appropriate likelthood functions with the age setback the parameter to be estimated.
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Modeling the Effects of Prevenative Maintenances in Reducing the Aging Rate

Preventative maintenances may not restore an aged part, but instead may slow the aging
process of the component. Preventative maintenances which involve lubrication or
cleaning are of this type and can be modeled as reducing the aging rate of the equipment.
Before the preventative maintenance the aging rate has a value say of a and after the
maintenance, the aging rate is reduced to @, where

oy = - Aa (39)

and where A is the aging rate reduction due 10 the preventative maintenance.

To determine the aging control of a preventative maintenance the aging rate reduction
needs to be related 10 the component failure rate change. If the linear aging failure rate
model is used (Equations (5)-(9)) then the aging rate reduction At can be directly
interpreted as the change in the linear aging rate &. The new linear aging rate after the
preventative maintenance is then ;. Preventative maintenances may be more generally
carried out to control continually increasing rates of aging. To determine the aging
control on aging rates which increase with tme, nonlinear fatlure rate models are
required.

For & nonlinear aging failure rate model, the aging rate « is more generally defined to be
the rate of increase in the fadure rate with age:

a=d2 (36)

.nere the right hand side of Equation (36) is the derivative of the failure rate with age.
The aging rate « is thus generally a function of the age w, i.e., & = a{w) and can increase
with age.

From the above relaticnships, a change in the aging rate can be related to the change in
the failure rate, which is what is required for application in an APSA. If Aa is modeled
for a preventative maintenance activity, then the new aging rate can be determined from
Equation (35), and Equation (36) can be used to determine the failure rate after the
preventative maintenance. With the failure rate after the activity determined, the
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component unreliability and unavailability can then be calculated using the equations in
the appendix.

For example, for the Weibull failure rate model (Equations (10)-(14)) the failure rate
derivative is

dA A b pog
LY
dw  wh (37)

Fquating the derivative to the new aging rate «; after the preventative maintenance gives
the componunt age w, after the preventative maintenance,

.é.%?.wf'_l = a‘ (38)
Wao
or
. o
‘ W Jh—l
W = (39)
£

The new age w, can then be used for the Weibull failure rate to calculate the unreliability
and unavailability of the component. The more difficult task is to estimate the aging rate
change Aa for a given preventative maintenance activity. Perhaps the best use of the
maxdel is to carry out sensitivity analysis to deterndne the importance of preventative
maintenance actions. This preventative maintenance mode! can also be used to analyze
mainteqance data to estimate the aging rate reductions for given preventative
maintenances using appropriate likelikood functions with Aw as the unknown parameter
to be estimated.

Modeling Test and Maintenance Inefficiencies

Finally, sometimes a test or maintenasc= may be inefficient 1. detecting or correcting a
degradation or failure. One of the moss sirw ghhorwan ways to model a test or
maintenance inefficiency is to increase the tes, «.7e-vai of replacement interval to be an
“effective” interval. The use of an effecuve ir?crve« models the inefficiency as being
associated with a constant probability per activis» ol not detecting or correcting the
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degr. laton or failure. Let eq be the test efficiency which is defined to be the probability
of detectng a fatlure at a test. Let T be the actual test interval and T, he the effective test
interval which L. the expected test interval at which the failure is detected. Then using
standard probability relationships®,
fel.
€

Similarly if ey 15 the probability of a restoration activity effectively restoring the
component, L. the actual restoration interval, and L, the effective restoration interval,
then

The effective intervals can then be used in the formulas for the component unavailability
in place of the actual imtervals, Sensitivity studies can be performed by varying ey or ¢
to determine the risk impact of inefticiencies. Those tests or maintenances which are
most sensitive are those where the efficiencies need to be the highest.

Maintenance and repair inefficiencies can also be modeled using the partial restoration
model or age sethack madel previously given. Insiead of assuming good as new
restorations these partial restoration models can be used to model partial restorations
assoctated with the maictenance or repair. Sensitvity studies can be performed to

¢ aluate the impacts of partial restorations instead of complete restorations.

28 Summary of Models and Data Needed (@ Quantify Component Reliability and
Ungvailabiity Eff  Agi

The previous sections described the failure models and test and maintenance madels
which can be used 10 quantify the reliability and unavailability of a given aging
component. The data required for these models were also discussed. 1t 15 useful to

*Fot a detection probability of eq ner test the zvemge number of 1ests hefore detection 1s /e based on
the standard geometnc probability distnibutica. For an interval of T between tests, the average interval (o
detection s then Ther.
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summarize these modeling and data needs since this encompasses what is needed to
transform a PSA into an APSA,

In summary, for each component for which aging effects wre 1o be explicitly quantified
an aging reliability model is needed. This consists of:

1. A model of the age-dependent failure rate for the component. Commonly used
age-dependent failure rate models are:

The linear failure rate model,
The Weibull failure rate model,
or
The exponential failure rate model.

The formulas for the above failure rate models were given in Section 2.2. For a given
age-dependent failure rate model the parameters of the model must be estimated from
failure rate data or from engineering information. Instead of the age dependent failure
rate, a model of the overall time trend in the failure rate or in the failure frequency can be
used 1o show overall trends due to aging. However, an overall time trend model cannot
be used with different test and maintenance models since the overall time trend has the
test and maintenance effects already incorporated and the aging failure rate is not
separated out as a function of age.

In addition to the age-dependent failure rate inodel when the aging control effacts of test
and maintenance practices are also to be explicitly evaluated then appropriate test and
maintenance models are required. Specifically,

2. A model of the age control of each test, maintenance, or repair performed on the
component or component piecepart is required. The most straightforward models
are

The goaod as old restoration model,
and
The good as new restoration mode!.
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More complex models can also be used, including piecepart madels, frac tonal
restoration models, age sethack mod=ls, and preventative maintenance models.

Inefficiencies in an acuvity can also be modeled. For a given test or maintenance model,

the paraeters i the madel need 1o be deternuned from the procedures and from
historical data if avatlable. For the good as old or good as new maodel the only reqguired
input data is the imerval at which the activity is performed. Sections 2.6 and 2.7
described the different test and maintenance models. The append « gives formulas for
calculnting the component reliability characteristics using the aging fatlure rate mixde!
and the appropriate test and maintenance models. These reliability cnaracters*ic s are
then used w transform the PSA 10 an APSA. The next chapter, Chapter 3, descnbes the
approaches which can be used for this transformation process.
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APPROACHES FOR TRANSFORMING A PSA INTO AN AGH

DEPENDENT PSA




31 Successive Stepwise Evaluations Using a Standard PSA

The approach of successively quantifying a standard PSA to approximate aging effects is
straightforward. The time dependent failure rate of a component © . ‘roximated by a

series of stepwise constant failure rates as showsn welow.

Approximation of a Time Depondant Failure Rate by a Stepwe,
Constant Fatlure Rato

- -

S~BF a=E -~

Y - o ol -~
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For a time interval with a given approximate constant failure rate, the component can
thus be treat  as in a standard PSA which assumes the cotaponent has a constant failure
rate. For multiple components which have time dependent failure rates, the time
dependen: failure rate of each component is approximated by a series of constant failure
rates using the same set of time intervals for each component. A standard PSA
evaluation (computer run) is then made for each time interval using the associated
constant failure rate for each component. The results from the quantifications for
different intervals then serve as a stepwise approximation of the time dependent core
damage frequency as illustrated below.

Core Damage Frequency at Different Time Points

|
| Core Damage Frequency
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approximation approach; *n this case generally provides a conservative, upper bound
evaluation of the age _~pendent core damage frequency and system unavailability,

J Thus, 1t 1s important to know whether the basic component failure rate functions which
are used are ime trends and incorporate the effects of westing, maintenance, and repair or
whether they are age dependent failure rates which separate out the effects of testing,
maintenance, and repair. This was the basic aging failure rate issue that was discussed in
Section 2.3 and is imiportant for the p per understanding and application, not only for
the approximate stepwise PSA approach but for the other approaches for carrying out an
APSA as well. 1t1s an issue since as was indicated in Section 2.3, failure rate data bases
may not clearly differentiate s to whether the failure rates are overall trends or are age
dependent with the test and maintenance effects removed. Compounding the problem,
data analyses may calculate overall ume dependent failure rates and erroneously call
them age dependent

One final point involves the PSA minimal cut sets.”™ A truncated list of minimal cut se.
which have been evaluated as being the most important is among the standard resuits
provided by the PSA. A list of minimal cut sets is used not only in the successive
stepwise approach, but in all approaches to quanufy the aging etfects. Truncation of the
minimal cut sets by the PSA can lead 1o underestimating of the aging effects hecause
minimal cut sets which were unimporntant in the onginal PSA can become important
when aging is considered. This can particularly be the case for minimal cut sets which
contain components which are simultaneously aging. The simultaneous aging will cause
a maltiplicative increase in the minimal ¢ ut set contribution to the core damage
frequency. To check on the effect of additional minimal cut sets being considered, the
minimal cut sets can be expanded to include the multiple components which are aging
;‘ and the evaluations carried out again using the expanded set. If this checking is not done
then 1t should be made clear as to what contributions are included and which are not.
This upplies to all the approaches. A summary of the basic features of the siepwise
approach is given in Table 5.
}
l
|

*A minimal cut w1 s a standard PSA term and s a smallest combination of component failures with an
mitisting event thay ~ill cause a core damage event,
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TABLE 5. THE SUCCESSIVE STEPWISE APPROACH
FOR PSA AGING EVALUATIONS

Basic Procedure: Approximate the time-dependent component failure rate by a series of
constant stepwise failure rates in given time intervals, Use the same time intervals for all
compenents. For a given time interval select the appropriate constant failue rate for

each component and quantify the PSA as usual. Repeat for each time interval of interest.

Advantages: Standard PSA models and software can be used with no modifications
required.

Disadvantages: Because of the constant failure rate assumption in the PSA, the age of
the component and the aging rate are never modified. Thus, different test, maintenance,
and repair programs which affect the aging or aging rate cannot be evaluated.

Special Points: 1f overall, ume dependent (time trend) failure rates or failure
frequencies are used for the histogram fittings then the effects of tests, maintenances, and
repairs are built into the failure rates. The PSA results then give a best estimate, stepwise
approximation to the core damage frequency for the aging data and given test,
maintenance, and repair programs built into the failure rates. If age-dependent failure
rates are used with the test, maintenince, and repair effects removed then all tests,
maintenances, and repairs are effectively treated as good as old because of the constant
failure rate assumption. This will generally give conservative, upper bound core damage
frequency results within the histogram approximations. Truncation of the minimal cut
sets, can lead to underestimation of the aging effects if omitted minimal cut sets become
significant because of aging effects.

M
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12 Substitution ~€ Aging Models Into a PSA

A second approach for transforming a PSA into an APSA is to substitute aging models
into the PSA component guantification formulas. Instead of calculating component
unavailabilities and component unreliabilities using standard PSA constant failure rate
models, appropriate component aging reliability equations are substituted to calculate
age-dependent component unavailabilities and unreliabilities, The same fault tree and
event tree moxdels in the PSA are

used. However, different vilues are calculated for the component unavailabilities and
unreliabilities using appropriate component quantification formulas as given in the
appendix. The component unavailabilities and unreliabilities need to be calculated for
each of the times of interest to obtain the time dependent core damage f. quency. If
average aging effects are of interest, then averages are calculated over appropriate time
intervals,

To understand the substitution of the component aging maxdels into the PSA, consider the
standard PSA formula for the core damage frequency C in terms of the component

contrnibutors:

N
-~ % . (42)
C=31, 91 902 Qim,
=1
where
I; = the initiating event frequency for a given (43)
accident
and
it iz Qim, = the product of component unavailabilities *
in the ith minimal cut set (a combination of (44)

component failures causing a core damage
event if the initiating event occurs)

* A component unreliability is used instead of a component unavatlability when the fadiure mode is
fatlure o rup, instead of failure o st
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3 If time dependent (time trend) failure rates or failure frequencies with built in
test, maintenance, and repair effects are used then different 1est, maintenance, and |
repair practices cannot be evaluated. Goaod as old restoration models should then ‘
be used in the component quantifications to maintain the time dependent :
behaviors in the failure rates. |

The advantage of the substitution technique is its straightforwardness. Standard PSA
modeis and minimal cut sets are used with the quantification formulas modified for the
component unavailabilities and unreliabilities (or initiating event frequencies). Separate
compuer subroutines or modules can be developed to calculate the age dependent
component unavailabilities and unreliabilities which can then be used in the standard
minimal cut set expressions for the core damage frequency and system unavailabilities.
Sensitivity and uncertainty analyses can also be incorporaged into the quantifications,

The disadvantage of the substitution technique 1s its limited resolution of aging
contributors. The final core damage frequency and system unavailabilities are
determined but the aging contributors are not delineated. The minimal cut set
contnbutions give the total contributions from component combinations, but the aging
effects are not separated out. How much a component's aging contributes to the core
damage frequency and how much component aging interactions contribute are not
identified. Also, the calculations at different time points can be tedious if many
sensitivity calculations are carried out, although efficient calculational algorithms can be
constructed to help address this problem. Table 6 summarizes the features of the
approach for substituting aging models into a PSA.

33 The Risk Importance Approach for Evaluatng Aging Effects

The third approach for transforming a PSA into an APSA is the risk importance approach
whose methodology 1s described in NUREG/CR-5510(7). Appropriate risk importances
are calculated from the standard PSA and are then combined with component aging
maodels 1o give the core damage frequency increase due to aging. Other risk importances
can also be calculated from the PSA to give the increase in any risk result due to aging,
such as increases in systein unavailability due to aging. Even though the approach is
described in NUREG/CR-5510, it is summarized here in context of its use for
transforming a PSA into an APSA.
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Let AC be the increase in the core damage frequency due to aging, 1.e. the difference
between the core damage frequency with aging and without aging. Then AC can be
expressed as a sum of contributions

AC =Y §Aq; +3 S Aq; Ag; (45)
1

el

* ZSU\ el AQ; Ady -

K>j>i

+ 3 8120 AQ1AQ) .. Aqy
n

where

Aq; = the increase in the unavailability of (46)
component 1 duv 10 aging (the difference
between the unavailability with and without
aging)

and where S, S, . .. 8y, , are appropriate risk importance coefficients determined from
the standard PSA. NUREG/CR-5510 describes how to caleulate the risk importance
coefficients and provides algorithms which can be used for implementations. The last
term on the right hand side 1s the contribution from the largest size minimal cut sets
obtainable from the PSA (without truncation). The total core damage frequency C with

| aging can be obtained by adding AC to the core damage frequency without aging

| calculated in the PSA C,, ie, C = C, + AC. Similar expressions can be written for the
aging increase in any other risk result,
Equation (45) is an exact expression and gives a detailed breakdown of all the aging

| contributions to the core damage frequency increase due 10 aging. Each Ag; 1s the

1 difference between the unavailability q calculated with aging and the unavailability q,

L calculated without aging in the PSA, Aq = q - q,. The unavailability increase Aq; can be
time dependent (or age dependent) or can be an average aging effect over given time
pericds or replacement intervals.



With regard to the detailed breakdown of contributions, the first term on the right hand
side of Equation (45) gives the sum of the contributions from individual component

aging effects:

S, Aq, = the core damage frequency contribution
from the aging of component i,

{47)

The second term gives the sum of the two component interaction contributions from two

components simultaneously aging:

S, Aq; Ag; = the core damage frequency contribution
from the simultaneous aging of components
iand j.

(48)

The higher order interaction contributions for three components simultaneously aging,
etc. are given by the succeeding terms on the right hand side of Equation (45) up to the
maximum interaction contribution, which is the size of the largest minimal cut set

maoxdeled in the PSA.

Besides breaking down the core damage frequency impact due to aging into the detailed
individual and interaction aging contributions, each contribution in Equation (45) shows

the risk importance factor and the aging effect. For an individual component

contribution S; Ag,, S, is the standard PSA core damage frequency importance of the
component and Ag; is the aging effect. Similarly, for an interaction contribution, the first
factor is the core damage frequency importance of the interaction and the second factor,
the product of Ag;'s, is the aging effect. For example, for the two component interaction
contribution 5;,Aq,Aq;, §;; is the risk importance of the contribution and Ag;Aq; is the
aging interaction effect. Thus, one can determine how much of each core damage

frequency contribution is due to the core damage frequency 1mportance of the

components and how much is due to the aging of the components. The core damage
frequency importances of the components are deiermined from the basic PSA and
reflects the basic design and operation of the plant. The aging effects Aq, depend upon
the component aging failure rates and the aging control of the test and maintenance

programs.
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In applications, the contributions to AC are often truncated to only consider second or
third order interactions, 1.¢. the terms on the right hand side of Equation (45) are
truncated at the second or third summation. As indicated, NUREG/CR-5510 gives
algorithms for calculating the risk imporance coefficients 8,8, ew. The aging effects
Ag; are calculated using appropriate aging reliability models as has been previously
described. It the aging control of test and mainenance programs are (o be explicitly
evaluated for their nsk effectiveness, then again age-dependent component failure rates
which separate out the effects of westing, maintenance, and repair should be used.

Appropniate formulas for Aq, are given in the appendix.

The disadvantage of the above aging-risk imponance approach is that the risk importance
coefficients §,, §;;, etc. can be tedious to calculate, particularly if many terms are
determined for the contributions to AC. Efficient algorithms for determining the risk
importance coefficients focused on those components which are aging can help address
this problern. Uncertainty and sensitivity evaluations can also be tedious if uncertainties
and sensitivities in the nsk importance coefficients are included. Equations and
algorithms for the nsk importance coefficients given in NUREG/CR-5510 can be used to
obtain the uncertaintics and sensitivities in terms of basic component data uncertzinties.

The advantage of the aging nsk importance approach is that it provides a detailed
breakdown of all the aging contributions to the core damage frequency increase due o
aging. How much of the contribution is due to the risk importance of the contributor and
how much is due to the aging effect is also given. Prioritization of the aging contributors
and of test and maintenance activities thus can be effectively carried out using the
approach. From an implementation standpoint, because the aging evaluations Aq, are
separated from the PSA risk importances 8, §,;, etc., the PSA needs to be solved only
once to determine the risk importances, regardless of the number of aging evaluations
carried out using different aging rates, test and maintenance models, etc. Because the
focus of this report is on aging prioritizations and sensitivity studies, the risk importance
aging approach will be principally used in the applications to be discussed. Table 7
summarizes the features of the nsk importance aging approach.
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FIGURE 6. QUESTIONS TO BE ANSWERED IN SETTING UP AN
APSA EVALUATION
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Plant specific aging failure rates are the most precise data and are based on failure
histories of components at the plant being analyzed. The component failure rate modc .
(e.g. linear, Weibull, or exponential) can be selected which is most consistent with the
data, and the parameters of the model can be estimated using statistical data analysis
approaches. Plant specific aging failure rates are, however, generally not available, or
are available for only selected components.

Generic aging failure rates are aging failure rates which have oeen obtained from a
population of plams. The generic aging failure rates represent average aging failure rates
over the components which are combined in the data base. In performing uncertainty
analyses or carrying out sensitivity studies, it is therefore important to include possible
plant specific variations. Generic aging failure rates are potentially obtainable from
existing generic data bases such as the Nuclear Plant Reliability Data System (NPRDS),
if times of failures are recorded. Incomplete records and possible errors in failure
classification in these data bases need to be considered as part of any uncertainty or
sensitivity analyses which are performed.

The last type of data consists of subjective estimates of aging component failure rates.
Because of the lack of plant specific aging data and even generic aging data, subjective
estimates of aging failure rates will often be the data which is most available. An
example of this type of data is the data base which is utilized in NUREG/CR-5510 (7),
Subjective estimates of aging failure rates involve translating engineering information
and experience about a component into an equivalent aging failure rate estimate. If
subjective aging failure rate estimates are used then it 1s important that sensitivity or
uncertainty analyses be also carmed out to evaluate uncertainties and variabilities
associated with the subjective data.

The type of aging data which is principally available is an important factor in
determining the most meaningful focus of application for an APSA. The type of aging
data which is principally available also is an important factor in determining the
meaningful interpretations which should be placed on the results from the APSA. If
plant specific data is principally available then all the different focuses of applications of
an APSA discussed in the previous section are equally meaningful because accurate
aging data relevant to the plant is available. The APSA results furthermore can be
interpreted as being directly applicable to the plant within the associated data
uncertainties. All the different approaches for transforming a PSA to an APSA can be

61



e

effective with the substitution approach most efficiently providing the bottom line core
damage frequency value and system unavailability values, The risk importance aging
approach is most effective if detailed aging contributors are of prime interest, broken
down into the individual component contributors and the contributions from aging
interactions. Finally, the successive approximation approach can provide quick bounds
or approximatons to the aging impacts.

If generic data is principally available then all applications can be carried out but the
results must be interpreted as under the limitation of generic data being used. The most
mearingful applications are those which account for possible plant specific variations by
varying the aging rate data to account for plant specific effects. Results which are not
sensitive to these aging 1ete vanations are the most meaningful. Priontizations of aging
contributors and sensitivity studies, along with uncertuinty analyses, are thus among the
more meaningful applications. With regard 1o APSA approaches, the successive
stepwise approach is effective for efficiently bounding or approximating the aging
effects. The risk importance aging approach is effective if aging contributor
prioritizations are the focus. The substitution approach is useful if the focus is on final
core damage frequency values. For all these approaches, the effects of plant specific data
variations about the genenic data values must again be included.

If subjecuve aging failure rate estimates are principally available then the aging failure
rate data can have especially large uncertainties. For subjective aging failure data, the
most meaningful applications involve prioritizations of aging contributors and sensitivity
analyses of aging impacts. The meaningful results are those which are account for the
lurge uncertainties in the subjective aging failure rate data. Extracting meaningful results
thus includes focusing on the order of magnitude of the value and focusing on
relationships between values. The relationships which can be focused on include
relanonships between sizes of core damage frequency impacts and sizes of aging rates,
relationships between types of maintenance and resulting aging impacts, and
relationships between types of aging contributors and their aging rates. The nisk
importance approach can be useful for identifying these relationships as well as for
prioritizing aging contributors in terms of order of magnitude impacts. The other APSA
approaches can also be useful for these types of results.
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For each of these cases, it is assumed that the PSA has been developed 1o a basic
component level i.e. to an individual valve, pump, and relay level. If the PSA has only
been developed to a grouped component level or to a train level in which individual
components #re not identified then component aging effects cannot be evaluated by
transforming the PSA. For each of the above cases of information, it is also assumed that
the data used for th.e PSA quantificauon is also available, which includes the initiating
event frequencies, component failure rate data, the test and maintenance data, and the
human error data.

All the approaches for transforming a PSA to an APSA generally use as basic input the
PSA minimal cut sets which are generated from the event trees and fault trees. In the
first case above, when the complete event tree and fault tree models are available then the
miriimal cut sets can potentially be generated to the level needed 1o include all the aging
component contributors. In particular, the minimal cut sets can be generated to include
all significant aging contributors including minimal cut sets containing multiple aging
contributors.

In the second case, when only a restricted PSA set of minimal cut sets is available then
only those compoaents in the restricted minimal cur sets can be evaluated for their aging
contributions.  As was indicated previously, a set of minimal cut sets is usually generated
by the PSA as the contributors which are most important. The set of minimal cut sets is
truncated to contain those minimal cut sets whose probability is above some cutoff value
such as 1x10°%. If this truncated set of minimal cut sets is only available then certain
aging contributions may be neglected, especially multiple aging components in the same
minimal cut set which can significantly increase the cut set probability when aging is
considered.

Consequently, when a restricted set of minimal cut sets is only available then particular
individual component aging contributions and particular multiple component aging
contributions (aging interactions) may be neglected which can change the results. For
any application it is thus important to specifically define the contnbutions which are
included for the aging evaluations. This applies to the case where ar. . truncated st of
minimal cut sets is used, even when the event trees and fault trees are used to generate an
expanded, but still truncated set of minimal cut sets. The criteria used for selecting the
mimmal cut sets and the contributors included and excluded should be carefully
documented.

65



Finally, in addition to the level of PSA information, the scope of contributors included in
the PSA 15 important since it determnes the scope of aging contnibutors which are
included in the APSA, A standard PSA generally does ne. consider individual balance of
plant (BOP) contributors, lumping all pert _ . coninbutors ito a transient initiating
frequency value. Thus, the effects of aging of BOP contributors cannet be evaiuated
using this PSA. PSAs also do not generally include many passive component
contributors such as piping and cables, The PSA should be expanded to include these
other contributors, when tmpacts from these contributors are desired. In all cases, the
scope of the PSA should be docunented.

45 Impactof Results Which Are of Most Interest

Finally, tor a particular application, there can be specific results which are of most
interest. with other results heing of lesser importance. All the APSA approaches can
provide a o mplete sot of nsk results. However, as was previously noted, a given
approach is most efficient in providing certain types of results. The successive stepwise
approach 1s best at providing relatively quick approximations or bounds on the aging
impacts. The substitution approach is best at providing bottom line values for the core
damage frequency and system unavailabilities. The nsk importance approach is best at
providing prionitizations of aging contributors and sensitivity results,

As was also previously indicated, the desire for specific results mus: be tempered with

the availability of aging failure rate data, test and maintenance data, and PSA

irformation. When minimal data exists then the selected models and the APSA approach

used need 1o account for the lack of data. Bottom line core damage frequencies and

system unavailabilities can be obtained but uncertainty analyses and sensitivity analyses

need to accompany the results. With little data, the most meaningful results are

sensitivity analyses, prioritizations of aging contributors, and relationships determined |
which are not sensitive to specific data values. This applies for any APSA approach |
used. 1









i R R R B R . P R R N B R R R B R R B R R R B N R R I R R R R R R R R R T o R

where Ac; is t1e core damage frequency contribution from the aging of component i. As
indicated in Secion 3.3, Ac; can be ~xpressed as a product of the risk importance S, of
the component and the aging effect aging Aq; on the unavailability of the component,

AC.' =S|Aqi (52)

Similarly, the second order contribution AC; 1 e sum of the joint component aging
contributors,

AC, = ZAC'J (53)

i>1

where Ac;; is the interaction contribution from the simultaneous aging of components i
and j. As was indicated in Section 3.3, the contribution Ac;; can be expressed as a
product of the joint risk importance $;; of the component combination and the effect of
simultancous aging Ag; Aq; on the compenent unavailabilities,

Acij = 5;Aq;4G; . (54)

All the individual aging contributors and second order contributors are thus identified in
this joint prioritization evaluation. Additional, higher order terms AC,, etc. can be
generated to check whether any new contributors appear,

A personal computer program was constructed to calculate the risk importance
coefficients §; and §;; from the core damage frequency minimal cut sets supplied by the
PSA using the algorithm given in the NUREG/CR-5510(7). All the data in the original
PSA (failure rates, test intervals, initiating event frequencies, etc.) are used to calculate
values for §; and §;;. The aging effects Aq; are calculated with reference to the baseline
values determined in the PSA. Tiic core damage frequency effects AC, and AC, are thus
calculated with reference to the baseline core damage frequency in the PSA. To obtain
the total core damage frequency including aging, one can add the aging contribution AC
to the baseline PSA value. As was indicated in Section 3.3, the advantage of the risk
importance approach is that the original PSA may be used to calculate the risk
importance coeffictents, which need to b= done only once for as many different aging
analyses that may be carried out which only involve changing Aq; or qu.
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Alw)= A, +aw (55)

whete A{w) is the age dependent failure rate as a function of the component age w, A, i
the underlying constant failure rate as used 10 the PSA and a ts the companent aging rate
(the xymbaol "a” 1s used here instead of “a” in chapter 2). For the TIRGALEX data base,
a panel of experts estimated the aging rates a for various classes of components. Though
0o systemitic ithcitation or estimation techniques were used, there was an attempt to be
consistent and 1o effectively unlize available engineering knowledgpe.

Mhe TIRGALEX aging rates a are given in Table 8 for the active components in the PSA.
The TIRGALEX aging rates are intended 10 be subjective, generic aging rates.
NUREG/CR-5248 warns about the uncenainties assoctated with the valaes. As a means
ol assessing the uncertainties in the TIRGALEX aging rates, NUREG/CR 5510 (7)
compared the TIRGALEX aging rates with aging raies which were obtained from
samples of Licensee Event Report (LER) data, data from the Nuclear Plant Reliability
Data System (NPRDS), and plant specific date  For diesels, pumps, and motor operated
vilves, the median aging rate values from the samples of data agreed within
approximately a factor of 10 with the associated TIRGALEX values. For check valves
the TIRGALEX aging rate value was a factor of 10w 100 lower than specific plant
estunate., principally because of check valve backleakage problems at specific plants.
Thus, the TIRGALEX aging rates generally agreed to within an order of magnitude rvith
the aging rates estimated from plant data and were buased low when planis had specific
probiem components

The TIRGALEX aging rates were generated in NUREG/CR- 5248 for prionitizing
research needs. Thus, the TIRGALEX aging rates are best suited for prioritization
analysis as is ci ried out here. Because the aging rates are based on subjective judgments
and have large uncertinties, sensitivity analyses are also carried out fot the prioritization
apphcations here. For the sensitivity analyses, two different aging rute data bases are
constructed for the components which were dominant PSA contributors. One sensitivity
aging rate data base represents low aging rates and one represents high aging rates.
Further details of the steps involved in generating the aging rates are provided in
NUREG/ACR-5510.

Tuble 9 gives the low sensitivity aging rates for those components entified as being

donunant contributors in the oaseline PSA. The aging rates are low aging rates in that
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TABLE 8 TIRGALF x AGING RATES USED FOR ACTIVE COMPONENTS

COMPONENT AGING RATE (per hour per year) 1
Ac¢ Bus 1.OE-09
Air-Operated Valve 4 0E-07
Battery 3.0E-07
Check Valve 4.0E-09
Circuit Breaker 2.0E-08
DC Bus 1LOE-09
Diesel Generator 3 3.6E-06
Motor-Driven Pump 2.0E-07
Maotor-Operated Valve 31.AE-06
Relay 3.0E-07 R
Safety/Relief Valve 7.0E-07
Transformer 2.0E-09
Turbine Driven Pump 3. 0E-06
Solenoid-Operated Valve 6.7E-07
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Using the PSA constant failure rate value the mean time 1o failure 1s simply one over the l
| component failure rate. The value for the mean time to failure for each component is |
given as part of the results presented in the subsequent section, Calculation of the mean
time to failure using the PSA failure rate ignores the effects that the addinional aging rate
has on the mean time 1o failure. For the baseline and low * ~asitivity aging rates, because
the aging rates are relatively small compared 10 the constant failure rates, these effects
are smill, particularly when compared to the uncertainties in the failure rates. For the
high aging rates, neglect of these effects will cause the mean time to failure to be larger
than if these effects vere considered. This will add an extra conservatismn to these upper
. hound evaluatons,

Consequently, we assume

Las — (59

where A, is the PSA constant failure rate.

If there are no surveillunce tests expected on the component between replacements, then
T is set equal to L in Equation (58) for Aq, as discussed in the appendix. As previously
discussed in Section 2.7, inefficiencies in surveillance tests can be modeled by
interpreting T in Equation (58) 10 be the effective test interval:

D
-~
-
L s _ e W - T ¢ T = T

'I ‘r = :.I-‘u- (m‘
f "1

where £¢ 1s the test efficiency.
Finally, we need 10 consider the case where the mean time 10 failure of the component .3
larger than the plant lifetime. We will assume an extended plant lifetime of 50 years.

Then from NUREG/CR-5510 or using the formulas in the appendix,

T B o (61)
Aq =Ea[‘(!r+'«3_}
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where 1, 15 equal to S0 years. Whether 1, is set equal 10 40, 50, or 60 years should have
little effect on the priorituzanion results. If there is no surveillance test expected in 50
years then the formula for the unavailability increase with no testing is

Aq-—-;—at?, . (62)

where again t, is 50 years. We thus have all the formulas required for the analysis.

$5  Detiled Prorit and C Conil

Tables 12A and B, 13A and B, and 14A and B present the prioritizations of component
contributors for the three cases which were analyzed, which are termed the base case, the
upper bound sensitivity case, and the lower bound sensitivity case. The base case utilizes
the TIRGALEX aging rates and the TIRGALEX surveillance test efficiencies . The
upper bound case utilizes the high sensitivity aging rates and the TIRGALEX 1est
efficiencies. The lower bound case utilizes the low sensitivity aging rates and assumes
surveillance test efficiencies of unity.

For each case analyzed, two tables are presented. The first table presents the core
damage frequency increase AC, for individuai component aging effects. This gives the
prioritization of individual component aging effects. The second table presents the core
damage frequency increases AC, for double component aging interactions. This gives
the prioritization of two component aging interactions. For example, Table 12A presents
the ranked individual component contributions for the base case and Table 12B presents
the ranked two component contributions. The total core damage frequency incivase from
aging is the sum of the contributions from the two tables. The top 25 contributors are
given in each table, representing approximately 99% of the total contribution to AC, and
10 AC,. The results are straightforwardly obtained using the risk importance approach
previously described and are organized in a tabular format to explicitly detail information
on the aging contributors.

The first column in & given table is the rank of the contributor according to the impact of
the aging effect on the core damage frequency contnibution. The core damage frequency
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TABLE 12A. CORE DAMAGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS
PLANT A: BASE CASE. SINGLE CONTRIBUTIONS

Plamt A° Single Contributions i
TIRGALEX Agming Rawes !
TIRGALEX T .cung Efficrencies !
Towl AC: 1 SEOR jyear '
Test 1
Rank| Component Name Senswuvity  Agng Rawe MTBF aql Interval ac
Coefficient ajyr) (months) (months}  {/vear)
1 [LPR-MOV-FT-1862A 1.SEDe IsE06 167 2600 30 39D
2 [LPR-MOV-FT-1860A 15604 3 6EO6 167 26E01 30 3%E0s
3 [LPR-MOV-FT-1890A 14E04 I6ED6 167 26ED! 0 35EHS
4 |HPI-MOV-FT-1350 6.TEDS 36E06 67 26ED 30 L.TEA4S
S [LPR-MOV-FT-1862B 21EDS 3 8E-06 167 26EM 3 S4EDE
6 -DGN-FS-DGOT IRE04 I6E06 n 14Ea2 4 SN
7 [LPR-MOV -FT-1860B 20E05 IAED6 167 2+ A ¥ S3EM
8 -DGN-FR-6HDG 1 I4E 4 2 6EO6 72 L4EO2 4 4SEDS
9 -DGN-FS-DGO3 20EDS I6E06 n 14E42 4 2REO6
HiJ -DGN-FS-DGO2 20ED4 I6ED6 72 14E02 4 2RED6
it -DGN-FR-6HDG3 1954 I6E06 2 14EM 4 27EDS
12 -DGN-FR-6HDG2 1TEOR I6E06 72 1402 4 2SEN%
13 [PPS-MOV FT-1535 9SE06 I6E06 167 2&E01 3 24E8
i4 ik FTLV22S 21E03 40E09 0 4REH 1 1.TEO6
15 |HPICKV-FiL£V2S 2103 40E 4 4SEDe 1 1.TEO6
16 |HPLCKV-FT-CVai0 21EM 40E49 U 4REM 1 1 TEO6
17 [HPI-MOV-FT-1115C S.TED6 16E 06 167 26ELL 30 1506
I8 [HPI-MOV -FT-1115D STED6 3 6E06 167 26ED: ¥ 15E06
19 |HPI-MOV-FT-11158 S.TEO6 ISED6 167 26ED1 30 1.SE06
20 (HPI-MOV-FT-1115E 5.7E06 3 6E-06 167  26E0 30 1.5E06
21 [LPR-MOV -FT-18908 4 SE06 36ED6 167 26EO 30 1.2E06
22 |PPS-MOV FT-1536 JAE06 I6ELE 167 26EDI 30 8SEO7
23 [HP1-MOV-FT-1867D 2906 I6ED6 167 28E0 ¥ TSEWO7
24 -DGN-FR-DGO1 SOELDS IBENE T2 14E02 4 TIEOT
25 -FA-SISA 1 8E0S I0EO7 0 18EM 6 S4ELT
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TABLE 12B. CORE DAMAGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS
PLANT A: BASE CASE, DOUBLE CONTRIBUTIONS

Plant A° Doubile Contributions

TIRGALEX Aging Rates |

TIRGALEX Tesung Efficiencies i

Towl AC.  THEOL fyear
T Test Test
Rank | Component Name Senstivity Agng Raste MTBEF Agl Inwerval Component Name | Agwig Rste  MTRF aq2 Interval acC
Coefficiem {/hetyr) (M) (months ) (Mefyr)  imonths) imonths)  (/year)
1 HPLMOV.FT-i115B 19503 I6EO6 26E01 30 IHPI-MOV-FT-1115D 16E 06 167 26801 £ n&m}
2 [HPL-MOV FT-1115C 19603 3I6E06 m 26501 30 [HPL-MOV FT- 11136 ISEDS 167 26E01 B I3E0e
3 [LPR-MOV-FT-1890A 15603 36806 167 26E01 0 [LPR-MOV FT-18908 3 6E 06 7 26801 0 10Eoe
4 [LPR-MOV FT-1860A LSE03 36506 167  26E0 30 |[LPR-MOV-FT- 18608 16806 187 26E01 0 xae«t
5 [LPR-MOV-FT-1862A 15607 16E06 167 26EM 30 [LPR-MOV-FT-18608 16806 167 26E0% 0 10
6 |LPR-MOV-FT-1860A 156403 3 6E06 167  26E00 W0 (LPR-MOV.7T-18628 16E 06 157 26801 30 10E0e |
7 [LPR-MOV-FT-1862A 15800 16E06 167 26EM 30 [LPR-MOV-FT- 18628 316806 167 26500 W 10E
£ |SIS-ACT-FA-SISB 6SED I0E07 0 IBEM 6 szs-Acr-nm 10E07 ¢ 18EO 6 SSEHS
9 RMT-ACT-FARMTSA 1.5E03 30E07 0 1RE 6 10E07 ¢ 18EMm 6 14ED6
10 |OEP-DGN-FR-6HDG3 S6E03 I6E06 72 14EM 4 16806 72 14E & PIEDS
" -DGN-FS-DGOT 49ED 16E06 77 14EMm 4 3 6E06 T 1eEM 4« 9%M
12 |OEP-DGN-FS-DGOT S9E03 1 6E 06 72 14EM 4 3 6E 08 7 1eEm 4  9%ELT
13 DGN-FS- DGO 40E03 1606 2 L4EM 4 16E 08 7 i1eEm 4 RiEQ7
LDGN-FS-DGOL 40EM 36506 7T 14EM 4 36E 06 N 1eEMm 4 BRIED
-DGN-FS-DGO2 40E03 3 6E06 72 14EQ 4 316806 7 14EM & RIEM

16 -DGN-FR-6HDG 1 40E03 36E-06 2 1M 4 16E 06 72 14EM &  BIED

§ 17 [OEP-DGN-FS-DGO3 ISE0) 16E06 72 14EMm 4 1 6E 06 T 1aER 4 78EL7)
18 [OEP-DGN-FS-DGOI SOEO3 16E06 7 14EM 4 10E87 2 34EH 22 2407
19 |LPI-MDP-FS SI 1B 1 SE03 20807 86  SPEOM 2 16E 06 167 26801 ¥ 2%,
20 |LPILMDP FS-S11A 1560 20607 8 SEEO4 20 16506 167  26E0 0 23E47
2i ILPILMDP-FS-SI'B 1 SE03 20607 86  SSEM 2 I6E 0% 67 26801 W 2307
22 |LPI-MDP-FS-SI1A 1.56-0 205907 86  SRE4 2 3 6E 06 167 26ED1 W 2340
21 |OEP DGN FR-SHDG 1 46E03 I6E06 7 14EM 4 70E07 2 34EMm 2 226407
24 [PPS- MOV FC-15% 29606 16806 67 26E01 30 16E 06 67 26EO4 0 noemf
25 |OEP DANFS-DGO3 SIEDE  I6E6 N 14E . 3 6E06 7 14 & 18E47
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TABLE 4B. CORE DAMAGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS
PLANT A: LOWER BOUND CASE, DOUBLE CONTRIBUTIONS

[Plant A. Doubie Contributsons :
'Low Aging Rawes !
‘Eﬂ’u:my o ;
Total AC: 1 1ED6 fyear

Tesm Test !

Rank | Component Name Sensiuvity  Aging Rate  MTBF Agl Interval | Component Name | Aging Rste  MTBF ag2 Inerval aC .
Coefficient  (Mefyr)  (months) {monihs) ey (moaths) (months)  (Hyemr)

i 1SIS-ACT-FA-SISB 6.SED3 JOELT G 3£ 1 |SIS-ACT-FA-SISA I0EQ7 0 3383 i 1907
l 2 {HPI-MOV-FT-1115C 1903 20407 167 8 8EO3 18 [HP1-MOV-FT-111SE 20 167 SREO3 I8 |5£m|
|3 [HPIMOV-FT-1115B 1903 20EO7 167 BRE(3 18 |HPL-MOV-FT-1115D 20ED7 Is7 S8 1% 1L.5E07 |
|4 |[LPRMOV-FT-18624 1SE03 206407 167 H8ED3 18 [LPR-MOV-FT-I860B | 206407 167 BRE W 12607
| 5 LPR-MOV.-FT-1862A 1.5E903 2007 167 RRELD3 18 (L PR-MOV-FT-1862B 20E07 167 RBEM 18 128407 |
f 6 [LPR-MOV-FT-1860A 1L.5EL3 2007 167 8 RED3 18 [LPR-MOV.-FT-1862B 2007 167 SSED3 18 !.25407:
l 7 LPR-MOV-FT-1860A 1 5E03 20ED7 167 RBELH3 18 [LPR-MOV-FT- 18608 2007 167 SEED? 13 12E07
8 |LPR-MOV-FT.1890A 15403 20E7 167 S8E0? 18 |LPR-MOV.FT-18908 2007 167 KBELH j£.] 1.2E07

9 |[RMT-ACT-FA-RMTSA 1503 30eE07 0 I3E0 1 [RMT-ACT-F I0ELT 0 33EDN H 4 SEDR

10 |LPI-MDP-FS-S1IB 1.5E03 20807 R6  26E4 1 [LPR-MOV-FT.1860A 2027 167 SS8EL3 i 409
11 (LPI-MDP-FS-SI1A 1.5E03 20407 86 26E4 i -MOV.FT-18608 20E07 167 BRBELR 18 AR08
il {LPI-MDP-FS-S11B 15E403 20E07 86 26E04 1 (LPR-MOV-FT-1862A 2007 67 SBEM i8 AR08
13 ﬁU’l-MDP-FS-SHA 1SELY 2047 6 26E04 1 [LPR-MOV-FT-186B 207 167 SSEQ3 i8 I&ELN
14 [LPR-MOV.FT-1862A 10E03 20807 167 8BE4A 12 -FR-B2IHR 20407 86  26E04 i 2308
15 |[LPR-MOV-FT- 18628 10E03 20EQ07 67 SEE02 IR LPI-MDP-FR-A21HR 2097 86 16E4M H 2309 !

| 16 [LPR-MOV-FT-18608 10EQY 20847 167 SSE " FRAZIMR | 20607 86 2650 1 2309
l 17 [LPR-MOV-FT-1860A 10E02 20ED7 167 SRED3 % FR-B2IHR 20eQ7 R 26EH 1 23
| 18 |AFW.TDP-FR-2P6HR iBE4 10ED6 n 22E0] 1 |AFW-ACT -FA-PMPIR k¢ 3Figd 0 IS i 2IE9
|19 |AFW.TDP- SR 2PSHR I RED4 20E06 n 22E403 1 |AFW-ACT-FA-PMPIA 10E97 0 33N 1 21E08
20 [LP1-MDP-FS-SI1A 1.5E03 20E47 86 26 1 ISIS-ACT-FASISB 30EO7 0 330 1 2IE8
21 [LPILMDP-FS-SIIB iSEQ3 207 R6 26E 08 1 FA-SISA 30EQ7 0 3I3ESN 1 11E%

| 22 [LPR-MOV-FT-15628B SOE {4 20EL7 167 ERED 1% FR-A24HR 20EL7 B6  26EL4 i 1iELe
, 23 [LPR-MOV.-FT-I862A SOE 20E07 167 RERED3 i8 FR-B24HR 2047 86 I6EAM i 11E08
; 24 AFW . TDP-FS-FW2 SAE03 10E 06 T2 22203 1 AFW CKV- 00OV SOEOS @ SSEHS 1 IR
L 25 [ AFW-TDP-FS-FW2 13803 20E-06 T2 22803 i V(DMJ TOEO8 22 AIE is SOE-I6 |







TABLE 15, COMPONINT IDENTIFIERS

SYSTEM CODE

ACC - Accumulators

AFW - Auxliary Feedwater

HPI - High Pressure Injection

LPI - Low Pressure Injection

SIS - Safety Injection System
L.PR - Low Pressure Recirculation
PPS - Primary Pressure Relief
OEP - Onsite Emergency Power
MSS - Main Stcam System

¥ "
COMPONENT CODE

ACT - Actuator

CKYV - Check Valve

DGN - Diesel Generator
MDP - Motor Driven Pump
MOV - Motor Operated Valve
SRV - Safety Relief Valve
TDP - Turbine Driven Pump

EAILURE MODE CODE

FA - Fail to Actuate
FR - Fail 10 Run

FS - Fail to Stan

FT - Fail to Transfer
00O - Fail to Open

87









g

!

TABLE 17, COMPONENTS PRIORITIZED BY ORDER OF MAGNITUDE
CONTRIBUTION: UPPER BOUND CASE
Contnbutor Range of AC Contributor Range of AC )
1E-310 1E-2 IE-Sto0 IE-4

HPL-CKV-FT-CV224 ¢ LPR-MOV - FT-1862A ‘

HPLCKV-FT-CV410 . PPS-MOV-FT-1536 '

HPLCKV - FT-(CV25 ’ PPS-MOV.FT-15358 ’

LPI-MDP-FS-S11B .

IE-410 1E:3  LPI-MDP-FS-SIIA ’

ACC-CKV-FT-CV147 ¢ LPL.CKV-00-CV58 '

ACC-CKV-FTCV145 . LPLCKV-00-CVS0 .

ACC.CKV-FT-CV130 . MSS-SRV-O0-SGSRYV ¢
ACC-CKV-FT-CVI28 . HPI-MOV-FT-1350 . |
HPEMOV-FT 1115E ’ OEP-DGN-FS-DGOI ’ |

HPI-MOV-FT-1115D . CPC-MDP-FR-SWA24 ’

HPI-MOV-FT-1115C . CPC-CKV-00-CV113 *

HPI-MOV.FT-1115B ’ LPI-MDP-FR-B21HR .

HPI-MDP-FR-1A24H ’ LPL-MDP-FR-A21HR ’

HPLCKV-00-CV258 . OEP-DGN-FR-6HDG 1 ’
LPR-MOV-FT- 18908 ' OEP-DGN-FS-DGO03 ¢ |
LPR-MOV-FT-1890A . OEP-DGN-FS-DGO02 . .
LPR-MOV-FT-1862B . OEP-DGN-FR-6HDG2 ‘ |
LPR-MOV-FT-1862A . IE<610 1E-§ |

LPR-MOV-FT-18608 » PPS-MOV-FC-1536 '
LPR-MOV-FT-1860A . PPS-MOV-FC- 1535 . |
AFW-TDP-FS-FW2 ¢ OEP-DGN-FR-6HDG3 - |
AFW-CKV-00-CV142 ' LPI-MDP-FR-B24HR . |
HPI-NDP-FR-1A6HR § LPI-MDP-FR-A24HR . |
AFW-MDP-FS-FW3B ¢ SIS-ACT-FA-SISB . |
AFW-MDP-FS-FW3A * SIS-ACT-FA-SISA . |
AFW-CKV-00-CV172 * MSS-CKV-FT-SGDHR ¢ :

AFW-CKV-00-CV157 ¢ OEP-DGN-FR-DGO] '
CVC-MDP-FR-2A1HR . 5
HPI-MOV-FT-1867D . |
RMT-ACT-FA-RMTSB . r

RMT-ACT-FA-RMTSA .

OEP-DGN-FR-DGO3 .

OEP-DGN-FR-DGO2 ’

AFW-MDP-FS .
m !
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TABLE 19, RELATIVE ORDERING OF THE COMPONENT
CONTRIBUTORS: COMBINATIONS OF THE THREE CASES

Contnbytor

HPLCKV-FT-CV225
HPL-CKV-FT-CV2S
HPLCKV FT-CV410
HPEMOV.FT-11158
HPL-MOV.FT-1115C
HPLEMOV-FT- 115D
HPEMOV-FT-111SE
LPR-MOV.-FT. 1860A
LPR-MOV.-FT- 18608
LPR-MOV - FT-1862A
LPR-MOV.FT.18628
LPR-MOV . FT- 18908
LPR-MOV -FT. 1890A

ACC-OKV-FT-CVIZR
ACC-CKV.FT-CY130
ACC-CKV-FT-CV14S
ACC-CKV-FT-CV147
HPI-MOV-FT-1115R
HPEMOV-FT-1118C
HPEMOV-FT-1115D
HPI-MOV-FT-1115E
HPI-CKV-00.CV258
HPI-MDP-FR- | A24H
LPR-MOV.FT-1860A
LPR-MOV.-FT-1860B
LPR-MOV -FT-I1862A
LPR-MOV-FT-1862B
LPR-MOV-FT-1890A
LPR-MOV-FT-18908
AFW.-CKV-00-CV142
AFW.TDP-FS-FW2
HPI-MDP-FR-1A6HR
AFW-CKV-00-CV1587
AFW-CKV-00-CV172
AFW-MDP-FS-FW3A
AFW-MDP FS-FWiB
HPI-MOV -FT-1350
SIS-ACT-FA-SISA

Relative
Contnbution

18t order of

magritude
.

® & & * s * = = = »

2nd order of
magnitude

. % % B & & & & ® ¥ & & 8 T 8 8" =+ T & = 5 = =

Contributor

LPR-MOV-FT. 1862A
PPS-MOV.FT-1536
FPS-MOV-FT. 15358
LPI-MDP-FS-S1IB
LPEMDPFS-SHA
LPICKV-00-CVSK
LPLCKV-00-CVS0
MSS-SRV-O0-SGSRV
HPL-MOV-FT.1350
OEP-DGN-FS-DGO1
CPC-MDP-FR-SWA24
CPC.CKV-00CVI13
LPEMDP-FR-B2IHR
LPEMDPIR-A2THR
OEP-DGN-FR-6HDG1

OEP-DON-FS-DGO3
OEP-DGN-FS-DGO2
OEP-DGN-FR-6HDCG2
SIS-ACT.FA-SISB
SIS-ACT-FA-SISA
OEP-DGN-FR-6HDG3
HPI-CKV-FT-CV22§
HPL.CKV-FT-CV410
HPL.CKV-FT-CV2S

RMT-ACT-FA-RMTSB
RMT-ACT-FA-RMTSA

AFW-TDP-FR-2P6HR
ACC-CKV-FT-CV147
ACC-CKV-FT-CV 145
ACC-CKV-FT-CVI130
ACC-CKV-FT-CVI2%
AFW-ACT-FA-PMP3B
AFW-ACT FA-PMP3A
HPLMOV ¢ T-1867D

Relative
Contribution

3rd order of
magnitude

. % & ® ® ® % 8 " & = 2 s

O T T T T T R L I I I
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TABLE 22B. CORE DAMAGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS
PLANT A: FIRST RISK-DIRECTED STRATEGY: DOUBLE CONTRIBUTIONS

Plant A Dawbie Conutbutions

=
‘Second Agiag Controd Strat- g :
MRGALEX Aging Rates !
I TIRGALEX Tesung Efficiencies Toal AC. SIED6 fyear |
| Test 1 i Test Tl
Rank|  ComponentName | “omsitivity Aging Rae MTBE  lmeral  Agl ! Component Name | Aging Rste  MTBE  foeresd a2 s |
i | Coefficient  {Mefyr)  (months)  (months) i L eyl imonths) (menchs) (year:
{1 HPEMOVFT-1115C 19E03 I6E06 ) 6 19ELD HPILMOVFT-NISE | 3166406 ) 6  19ELY  SRELT
| 2 HPLMOV-FT-11158 19601 16506 L 6 19E02 HPIMOVFT-1ISD | 36E4e 0 6  1SER  &REDT
‘ 3 LPR-MOV.FT-1862A ISEQY  16E06 &0 6 19EL2 LPRMOVFT-I8628 | 16648 o 6 19 SEW
4 [LPR-MOV-FT-1860A 1SE03  16E06 Ly 6 1SEL2 [LPR-MOV.FT- 18608 16E 06 ) 6 1%EDl  SeEM
s LPR-MOV.FT-1860A ISEQ3  16E06 60 6 1902 LPR-MOV-FT-18628 I6E06 o 6 1942 SsE,
[ 6 LPR-MOV FT-1890A 1SEQY  36E06 e 6 1SE42 |[LPR-MOV.FT. 18908 3.6E 06 &) & 1B  SeEQ?
|7 [LPR-MOV-FT-1862A 1SE03 16506 ) 6 19E02 |[LPR-MOV.FT- 18808 1 6E 46 ) 6 I1SER  SAEYT
| B SIS-ACT-FA-SISB 65E03  30EOT 240 - & GOE0} SISACTFASISA | 30647 240 6 GUEQ} 23
| 9 [OEP-DGN-FR-6HDGE SOED3  36E06 ] I ® 39E03 |OEP-DON-FREHDG 16E 06 7 1 398403 Se6E08
10 JOEP-DGN-FS - DGOY 49E03  16E06 2 I * 19E03 |OEP-DGN-FS-DGOY 3 6E 06 7 1 3907 TS5e4m
11 JOEP-DGN-FS DGO A9E0Y I6E06 7 1 * 39E03 |OEP-DGN-FS- DGR 36506 n 1 39E0%  7SEMR
12 OEP-DGN-FS-DGO1 SOEOY  S6E96 n I * 19E03 MSSSRVOO-SGSRY | 70E07 22 2 34E03  GTEOS
I 13 |OEP-DGN-FS- DGOt 40EO3  I6ED6 72 1% 39E03 JOEP DON-FRGHDG2 | JaE a6 (7 I * 19E03  62E48
| 14 |OEP-DGN-FS-DGOY 40EDI  36E6 n I * 39E01 OEP-DGNFRGHDG? | 16E08 7 L * 39EH 626N
15 |OEP-DGN-FS-DGO? A0E03  36E06 7 1 * I9ED3 m-mam: 36E 06 n I* 39E03 62608
16 JOEP.-DGN-FR4HDG1 46E03  I6E06 7 1 * 39E03 MSS-SRY-OO-SGSRY | 70EHT 2 2 3&E0Y 61BN
17 JOEP-DGN-FR 6HDG1 L0ED3 LED 2 1 *39%EM “DON-FROHDG2 | 16806 n 1* 3903  GIE4R
18 [OEP-DGN-FS-DGG3 ISEOY  16E06 ” 1 * 3903 - DGMFR-6HDG 16E 06 n I * 38E07  60EN
19 [RMT-ACT FA-RMTSA LSED3  30EQT 240 ¢ 6 60EDS RMT-A I FARMTSE | 10847 240 6  60EO3  SeEQS
20 [LPI-MDP-FS-SHIA LSEOY 2007 56 2 SEED: MOV FT-18628 3 6E 46 o) 6  I1%ES 1TEON
21 |LPIMDP-FS. SIS 1SEQ3 20807 86 2 SKED4 LPR-MOV FT-1860A 36E06 0 5 19EMR  17E4Rm
22 |{LP1-MDP-FS-SI1B 1SE03  20E? 86 2 SBEO4 [LPR-MOV-FT-1862A 3 6E 06 Sl 6  19E4R  17E0R
23 |LPI-MDP-FS.SI1A 1SE03 208407 ke 2 SRE04 LPR-MOVFT 18608 368 06 o 6 19EM 1EK
24 | OEP-DGN-FS-DGO3 SIEDS  16E06 n 1 * 39D DGN-FR DGO 368 06 n 1 * 39603  14E0R
25 |PPS-MOV #C.1536 29E06  ISED6 &0 6 19E02 |PPS-MOV-FC-1538 36E O6 ~ 6 19EM  1IEN

* - Conpnl Value







TABLE 23B. CORE DAMAGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS

PLANT A: SECONMD RI“X-DIRECTED STRATEGY, DOUBLE CONTRIBUTIONS

Plant A Double Contibatsons
Fust Agng Control Swategy
TIRGALEX Aging Rates
TIRGALEX Testung Efficiencies

PN SE——

Tota AC: 19EDS Jyewr
b i Test
Ronk| Component Name Sensitivity Aging Rate MTBF  Intesval Aq! Component Name | Agwng Rawe ¥ Interval Ag2 &C
Coeflicent (he/yry  {monihs)  (months) (Maiyr) i~  hs)  (months) {fyear) |
1 |SIS-ACT FASISB 6SED3  30ELT 720 6  REDD ISISACTFASISA I0E47 726 6 IRED2  S9EDS |
2 IRMT ACT FA-RMTSA ISEQ3  30E07 720 6  1BE02 |RMT-ACT FARMTSB | 30E407 720 6 1EEL"  14E06 |
31 |OEP DGN FR-6HDG? S6EO3  16E06 072 4 14E42 |OEP-DGN-FRGHDG] | 36E 48 n 4 14602 1IEDS |
4 |OEP-DGN-FS-DGOI A9E03  I6ED6 M2 & 14502 {OEP-DGN-FS-DGO2 165 06 7 4 14E  9SEQY !
5 |OEP-DGN-FS.DGOY 49EQY  3SE06 7 4 14E02 OEP-DGNFSDGO3 | 36E06 n 4 14EM  99EGT|
6 |OEP-DGN-FS-DGO? 40EL3  I6ED6 M2 4 14E42 |OEP-DGN.FREHDG2 | 36E06 n & 14ED2  RIEQ |
7 |OEP-DGN-FS- DGO 40E03  36E06 T2 4 14E02 OEP-DON-FRGHDGI | 16546 7 & 14E92  BIEGT|
§ |OEP-DGN-FS-DGO2 40ED3  36EH6 M 4 14E{2 OEP-DGNFRSHDGI | 16E06 7] & 14E02 BIEDT
9 |OEP-DGN-FR6HDG1 40EDY  36EO6 T2 4 14E02 (OEP-DGN-FRGHDG2 | 16E406 72 4 18EMm  RIEQY
= 10 |OEP-DGN-F5-DXGO3 I9E03  36E06 72 4 14E42 |OEP-DON-FREHDG! | 16E06 n «  14E02  T8EM
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20 |OEP-DGN-FS-DG3 9ED  BE® M 4 14E-02 |OEP-DGN-FR-DGOI 1.6E-06 7 4 14EM 18207
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7. TIME DEPENDENT AGING EVALUATIONS

70 Intoduction

I~ evaluating the nisk effects of aging, either the average effects of aging or the time
acpendent effects of aging can be calculated. The previous two chapters focused on
evaluations of the average risk effects of aging. Determining the average effects of aging
involves averaging the time derendent component unavailabilities over the peniod
between replacements of the component or over given time periods (such as the plant
lifetime). The average component unavailabilines or unavailability increases are then
used in the ?SA model to determine the average increase in core damage frequency and
other average risk effects. These average aging contributions are straightforward to
calculate and generally have reduced uncenainties due to the time averaging effect.

When time dependent aging effects are determined then time dependent component
unavailabilities (or unreliabilines) are utilized. The ume dependen' component
unavailabilities are input to the PSA 1o obtain the time dependent core damage frequency
with aging or the time dependent increase 1n core damage frequency due to aging. The
average aging contribution can also be obtained by ume averaging the results over
appropriate periods of time. The time dependent aging results provide more detailed
information, however they involve more dewiled calculations and have larger
uncertainties due to the additional details.

This chapter demonstrates how time dependent aging results can be obtained using the
maodels and approaches given in the previous chapters. Basically, to obtain time
dependent aging results, the aging contributions at a given time are used in the formulas,
e.g. Equation (45), instead of the average aging contributions. The calculations are
repeated at differen: time poing with the appropriate time dependent component
unavailabilities used at each time point. The core damage frequency which is obtained at
each time point then provides a time track of the effects of aging which can be used for
monitoning and predicting aging effects, However, more accurate component aging
failure rates are required for these time dependent evaluations.

|
|
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7.1 Basic Time Dependent Equations

We shall again consider the risk importance approach for the APSA approach, however
the general time dependent models we present apply to any APSA approach used. For
the risk importance approach, the increase in core damage frequency AC due to aging is
again from Equation (45) of Section 3.3

AC =3 S;Aq+ 2 8ij..AQ;Aq+...+ 3 513 nAq)...AQ, (63)
1

J2

Si. §,j, ewc. ae again the core damage frequency importances determined from the
standard PSA. The increases in component unavailability Ag; due to aging are now the
time dependent unavailability increases. Now, from standard reliability theory, and as
also given in the appendix, the time dependent unavailability q(t) at given time t is
generally

=1lg 64
q(t) =1 -exp(~ Il(w)dw) i

(l] ~IR )*

where
A(w) = the age dependent component failure rate at age w (65)
tg = the time of the last replacement or renewal of the component (66)
and
t1 = the time of the last operational surveiliance test (good as old (67)

test) of the component
the symbol (tp - tg)* denotes the maximum of zero and (i1 - tg), 1.€.

(ty =tg) =ty -tgi ty > 1R (68)
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=0 itrSi. (69)

Thus, in Equation (64) if the last renewal is before the last test (t17>1g), the age of the
component at the start of the test is ty - ty . If the renewal occurs after the test (1p<tg)
then the age starts again at zero.

The time dependent increase in component unavailability Aq due 10 aging is the
difference between the ime dependent component unavailability with aging q(t) and the
time dependent unavailability without aging q,(0)

Ag=q(t) =g, (70
where

Qo) =1~exp(=A(t=1tp)) (7hH)

and where A s the constaat component failure rate. Note that the last time of renewal tg
does not enter q,(1) since aging and hence renewal is not considered. The average value
af (1) over a test interval is the average component unavailability used in a standard
PSA. The average value of Aq(t) over a renewal interval is the average increase in
component unavailability due 1o aging which was utlized in «he applications discussed in
the previous two chapters along with the assumption of a linear aging failure rate.

7.2 T Dependent Equavons for a Lincar Aging Falure Rate

We will consider the linear aging failure rate with no threshold and wili describe how the
threshold age can be later incorporated into the results. The linear aging failure rate with
no threshold 1s again

Alw) = A +aw (12)
where A is the constant failure rate, a i1s the aging rate and w is the age of the component.

Substituting the linear aging failure rate into the general formula for (1), Equation {64),
gives
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g (73)
q(t) =1-exp{ - J(A +aw)dw

(ty =1g)"

We shall consider the case when tg<ty and hence (17 - tg)* = t7- tg. When tgaty then
the results which are obtained will apply by assuming ty , since the time of last renewal
also then serves as a the time of the last equivalent sur  ance test. For tg<ty

T-lg
q(1) = 1=exp| ~ I:lﬂw)dw (74)
tr=1g
or
q) =1~ exp[-/l(l -tT)—-;z-a((_t =1R ) = {tp=~tp )2 )] (75)

The difference in availability Aq(t) is then

Aq(l)==l-exp[-l(t-—t-r)~%a((t-tg)2—(tT-tg)e)]-—[l—cXp(-l(l-—tT))] (76)

-

Expanding the exponential to first order gives the simple result

a7

aq(t) = ~al(t-1g )% = (17 =tg)?)

P | e

This first order equation gives accurate results to at least two significant figures when
Ag(t) < 0.1 otherwise, the exact equation, Equation (76), can be used. A threshold age
can be incorporated into Equation (76) or (77) by subtracting the thres’ id age from t;
the squared terms in the Equations(76) and (77) will then only be nonzero ii they are
larger then the threshold age.

If the component is tested at intervals of T and is replaced or renewed at intervals of L
then
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{ .
tr =) =T (7%)
y [T]
and
t
te =] =IL (79)
* [L]

where “[x]" denotes the greatest integer function, e.g. [9.34] = 9. For periodic testing
and renewal, Equations (78) and (79) can then be substituted into Equations (76)or (77
for Ag(t).

7.3 Applications of the Time Dependent. Linear Aging Failure Rate Equations

For a given application, Ag(t) can be determined at a given time point for each aging
component using Equation (76) or (77). The Aq(t) for each aging component can taen be
substituted into Equation (63) for the time dependent core damage frequency due to
aging AC = AC(1). These calculations are then repeated for the time noints of interest.
Note that the core damage frequency S, S;; etc. are not dependen. 1 time and need to
be computed only once from the standard PSA.

Figure 9 show. me time dependent core damage frequency increase AC(t) due to aging
that is calculated for the basic case evaluation carried but in Chapter 5. The same base
case data is used as in Chapter 5, except that time dependent aging effects are calculated
instead of time-averaged aging effects  As in Chapter §, the renev-al interval for each
component is assumed 1o be the component's mean time to failure. In Figure 9, the tune
points are selected to correspond to the test times for each componert. The componernis
with the same test interval are assumed to be tested at the same time, sequentially so a3
not to violate technical specifications.

A more general evaluation of Ag(t) can be obtained by using the equations in Appendix
which can account for nonlinear aging effects and for the randomness of failure times
when components are only replaced at failure. Figure 9 is useful for showing the time
tracking information which is obtained from time dependent evaluations. The total core
damage frequency at any given plant age is then AC(1) plus the baseline value in the
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FIGURE 9. TIME DEPENDENT CORE DAMAGE FREQUENCY INCREASE AC
DUE TO AGING
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K. SENSITIVITY AND UNCERTAINTY EVALUATIONS
0 Introduction

One of the most useful applications of an APSA is for sensitivity and uncertainty studies.
Both sensitivity studies and uncertainty analyses involve systematically changing
variables in the APSA and then determining the core damage frequency changes. An
uncertainty analysis differs from a sensitivity study in that probability distributions are
also assigned to the variables which represent the probabilities for the different values
which & variable may assume . Using uncertainty propagation techniques, a probability
distribution 1s then determined for the core damage frequency, which gives the
probabilities for the different core damage frequency values. A sensitivity study does not
atilize probability distributions but simply changes the input values and determines the
resulting change in the core damage frequency.

The vanables which are changed in a sensitivity study or uncentainty study can not only
be data values, but can also be models and assumptions. Inan APSA, sensitivity or
uncertainty studies can be performed for different possible aging behaviors for the
components, for aliernative maintenance effects, alternative test effects, or alternative
repair effects. By designing appropriate sensitivity or uncertainty studies, the capability
of a given test and maintenance program to control aging risk effects over a range of
plausible alternatives can be systematically evaluated. These evaluations can help guide
and focus aging management activities.

This “hapter illustrates uncertainty and sensitivity analyses which can be carried out
using an APSA. The following section first shows an application of uncertainty analysis
by assigning uncertainty distributions to the dat» used in an APSA. The subsequent
sections illustrate sersinvity analyses which can be carried out to evaluate the risk
sensitivities to aging and to maintenance strategies.

8.1  LUncertainty Analysis of Data Used in an APSA

The uncertainty analysis which is described is also described in NUREG-1362 (9).
Further information is provided here on the basic principles and applications of such an
analysis. An uncertainty analysis is carried out in an APSA 1o assess the uncertainties
one has in the aging resulis and to identify the dominant contributors to the uncertainty,
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The assignment of the above error factors is described in NUKEG-1362 (9) and also in
NUREG/CR-5510 (7). Basically, the error factor of 10 on each component aging rate
covers uncertainties and plant specific vanations thar were observed by comparing the
TIRGALEX aging rate values with values estimated using plant failure data for selected
components. The error factor of 2 for each test efficiency basically gives test efficiency
values from 0 to | (the efficiencies are truncated at 1). The error factors for each
component MTBF and each risk importance coefficient (S; and §;) are assigned based on
PSA uncertainties,

The probability distribution assumed for each error range is a log uniform distribution
with the given upper and lower values. The log uniform distnbution is a flat distribuiion
on a log scale. The log uniform is used in PSA uncertainty analyses when any factor
increase in the data value or any factor decrease in the value, within the range of possible
values, 1s equally likely. The log uniform distribution is thus a nonpreferential
distribution.

Before using the error ranges and probability distributions, one must decide whether
different data values are independent or are correlated with one anoiher. Recent PSAs
assume data for a similar components to be totally correlated. (See for example
Reference (1).) For example, failure rates fur all motor operated valves are assumed to be
totaily correlated. When data are totally correlated then the data follow the same
probability distribution and are not independent with separate, similar distributions. To
be consistent with PSA approaches, all aging rates, MTBFs, and testing efficiencies for a
given type of component (eg. motor operated valves) are assumed to be totally
correlated. Further details are given in NUREG/CR-5510.

The error ranges and probability distributions for the data are then propagated through
the APSA calculations 10 obtain the error ranges and probability distributions on the
APSA results. Standard Monte Carlo simulation approaches are used in the PSA for this
propagation and these same approaches can be applied to the APSA. References (1)
through (3), as well as NUREG/Cr-5510 (7), describe the simulation approaches and
computer codes which are available to automatically carry out the calculations once the
data error ranges and probability distributions are assigned.

Figure 10 shows the output of the uncertainty analyses in terms of the probability
distribution obtained for the core damage frequency (CDF) increase due to aging.
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frequency effects under given maintenance practices. To aid in (he interpretation of the
results, the component aging failure rates can be expressed in a relative form which
indicates the relative size of the aging occurring. For the linear aging failure rate model, '
the component aging rate is thus expressed as a relative percentage increase per year in
the haseline component failure rate.

If & is the component linear aging failure rate, then expressing a as a relative fraction
the constant, baseline compaonent failure rate A, we have

a= rl() (80)

or

Y (81)
Ao

In percentage (%) terms

r(in %) = x 100 (82)

L
Ao
¢he aging rate a has units of the failure rate change per year as in Table 8 in Chapter §

then r has the units of per year. Thus, r gives the percentage increase in the component
failure rate per year due to aging. Note, that r can be larger than 100% per year.

Expressing the aging rate of the component as a relative percentage increase per year has
several advantages for aging sensitivity studies The aging rate of a component can be
systematically varied by varying r from 0% through 100%. Higher values of r can also
be used. The aging rates of a group of components can also be simultaneously varied by
varyir g the one parameter . For example, assigning r = 10% to all the motor operated
valves in the Emergency Core Cooling System describes the situation where all the
valves are agir= with a relative increase in their failure rates of 10% per year.
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agir.g effects on the core damage frequency are controlled to be significantly less than the
baselin~ core damage frequency.

The aging control which is exhibited in Figure 11 is due to monthly testing with replacement at
tailure. Failed components are not down for significant times until detected by a monthly test,
and failed components are replaced with new components, removing all previous aging effects.
Other policies which involve less frequent testing or which do not replace all failed components,
but only the most important contributors, could also achieve effective aging control.
Prioritization of the dominant contributors similar to that performed in Chapter 5§ would identify
the components which are most important to test and replace to control aging impacts. The
dominant contributors would now need to be obtained for the range of aging rates that are
defined to be plausible.

8.3

Sensitivity studies can also be usefu'ly carried out to evaluate different aging management
policies for their control of aging effects on risk. Figure 12 shows the average core damage
frequency increase per year due to aging under two different surveillance test intervals. The
PSA 1s again the same as that used in the previous sections, Replacement at failure is again
assumed and only active component aging is considered. All active components again are
assumed to be aging with the same relative aging rate.

The monthly testing line (T = 1 m th) is the same result as given in the previous section in
Figure 11. The semi-annual testing line (T = 6 months) corresponds to semi-annual testing of all
active components. With semi-annual testing the core damage frequency increase due to aging
1s considerably higher and becomes larger than the baseline core damage frequency with
moderate aging (20% - 30%). Thus, monthly testing of the key contributors is important if no
additional scheduled maintenance is performed. The prioritization of contributors as done in
Chapter 5 would show those components for whicn it is imporntant to control the test interval 1o
be 1 month.

Finally, as a sensitivity study Figure 13 shows the impact of a policy of replacement of failed

components versus a policy of repair of tailed compeents. The replacement curve is the same
as in Figure 11 (but on a log scale). For a replacement policy again, failed components are
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FIGURE 11. CORE DAMAGE FREQUENCY INCREASE FOR A PLAUSIBLE RANGE OF AGING
REPLACEMENT AT FAILURE: MONTHLY TESTING
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FIGURE 13. CORYE DAMAGE FREQUENCY INCREASE FOR A PLAUSI?LE RANGE OF AGING:
REPLACEMENT AT FAILURE VERSUS REPAIR AT FAILURE: MONTHLY TESTING
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9. CONSIDERATIONS IN USING A PSA TO EVALUATE THE RISK
EFFECTS FROM AGING OF PASSIVE COMPONENTS.

90  lawoeduction

To use the PSA for evaluation of risk effects from aging of passive components, it 1s first
of all important that a plant specific PSA be constructed to evaluate and quantify the core
damage frequency associated with the plant's design and procedures. For the most
comprehensive PSA, all major passive components should be incorporated, otherwise it
will not be possible to explicitly evaluate the risk effects from aging of these passive
components. In this final chapter, important concepts and considerations are discussed
involving the reliability modeling of passive components and their aging effects. As part
of the risk evaluation of aging work, a separate repe-t is planned which will discuss the
special points involved in modeling passive comupon m aging in greater detail.

9.1

PSAs have not generally included the detailed risk contributions from passive
components and structures (e g. pipes, vessels, containments). The passive contributions
which can be analyzed in greater detail include:

(a) Initiating events
- Primary circuit failures
- Pressure shell failures
- Steam generator tube ruptures

(b) System related contributions
- control rod failures
- pipe breaks
- vessel failures
- mussile generation and impact
- pipe whip phenomena
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One #xample of an interaction between active and passive components is the safety issue
related to pressurized thermal shock. In this event scenano, the thermal loads (stresses)
at the primary piping and reactor pressure vessel (RPY) are strongly dependent on the
function and/or malfenction of the active components in the emergency core cooling
system (ECCS! and other systems. Conversely, the fallure modes of the passive
components infiuence the failures of the actives in this scenano. This interacting process
can be maodeled in an age dependent PSA.

A PSA can thus represent a framework and an analysis tool 10 integrate the behavior of
active gnd passive components, prioritizing the importance (contribution) of each
involved component to the overall risk. The traditional deterministic safety analysis
process generates limited insights regarding the nsk importances of passive components
and structures. The PSA (or PRA) can show the risk importance of different assumptions
(e.g., break location or parameters, e.g., load cycles, critical stress intensity factor) used
in these safety analyses. By incorporaung probabilistic models of passive component
failures into a PSA, one can then generate answers as to not only where breaks are most
likely, but where they most effect the core damage frequency or risk. This stochastic
modeling - PSA integration combines design, manufactuning and operating aspects and
allows a risk prioritzation of the contributors and associated parameters,

In aging evaluations of a plant, one is confronted with four basic phenomena causing
time dependent changes in material behavior of passive components:

Fatigue
Embrittlement
- Crack Growth
Surface degradation (friction, erosion, corrosion)

Passive component modeling for PSA applications need therefore to focus on these basic

phenomena.

A passive component reliability analysis can be demonstrated where a loading stress
interacts with strength. Consider a state function S of the form,
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Instead of calculating failure probabilities, an alternative procedure is to update the crack
size only. NDI can be considered as providing new information on current crack sizes,
and can be used to constrain the updating o specific vrack sizes. Bayesian approaches
can aginin be used 1o obtain associated probabilities.

94 Ihe Corrosion Phenomenon

The dewnoration process due to corrosion generally atfects the reliability of passive
components. The corrosive effects depend on the loading process and on the
environmental conditions 1 the syster=s 1o which the component is exposed. Due 10 the
uncertainties inherent in the loading ,.cocess, as well as in the manufacturing and
operating process, a vanety of vanables need to be considered as being random. Because
of the non-normal properties of these vanables and the non-linegr characteristics of the
state function, general simulation methods need to be used to estimate the fatlure
probability of the passive components due to corrosion effects. Normally the
detertoration process of faugue is analyzed utihzing models that describe the crack
growth rate per load cycle.

To explicitly consider the deterioration process of Zorrosion, a corrosion factor C, is
often introduced. This factor depends on the loading process and the environmental
conditions to which the passive component 1s exposed. Based on data, the corrosion
tactor C, can be approximated by a function of the <*ress intensity factor, the frequency
of loads and the stress ratio, and the applied loading process. Corrosion can significantly
decrease the structural reliability of passive components versus ime and therefore it can
he impornant 1o consider such effects in an age dependent PSA,

0.5

In the design process, and the safety assessment of operating strategies of passive
components, typically a deterministic crack growth approach (DCGA) is often used. The
DOGA provides a single value prediction for crack size at a given service time for a
single structural detail, but it does not quantity structural reliability and the importance of
different contributors, Over the past years reliable passive reactor components have been
obtained based on DCGA. good design/analysis methods and practices, quality
manufacturing, and effective inspection and quality control. However, in view of the
benefits of using a PSA, and the special issues associated with aging, a PSA approach
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can be applied to complenent existing deterministic practice (e.g. DCGA) 10 estimate the

failure probabilities of passive components and the importances of different passive
components as risk contribuicrs. Passive components and interactions between passive
components and active components ¢an then be prioritized in the same detail as acdve
cemponents can. With appropriate probabilistic failure models which can include those
aging failure rate models in Chapter 2 and by expanding the PSA to includ# passive
component contributors, the risk effects ¢ - aging from passive components can thus be
unalyzed and be prioritized in the same manner as active components are.
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10, SUMMARY AND CONCLUSIONS

An age-“~pendent PSA, or an APSA  is different from a standard PSA in that an APSA
explicitly evaluates the risk effects of aging. Age dependent component {atlure rates are
utthized, and test and maintenance activities are explicitly analyzed for their control of
aging effects. Specific models have been presented for differer © aging failure rute
hehaviors and for different effects of tests and maintenances in controlling aging. These
mexdels can be incorporated 1nto a PSA 1o explicitly evaluate aging effects,

Different approaches can actually be used to incorporate the aging models and o
transform a PSA to an APSA. Three basic approaches were described in detail along
with their specific features. These descriptions and the detailed models presented allow
any PSA 10 be transformed 10 an APSA

Different applications of an APSA were described which include bottom-line
eviluations, evaluations of maintenance effectiveness, prioritization analyses, and
sensitivity and uncertainty analyses, These different applications voere reviewed in light
of aging failure data which is available test and maintenance data which is available,
PSA informanon which is available, and meaningful results which can be obtained.

Specific applications were then demonstrated involving prioritizations of aging
conwibutors, identification of risk-directed aging management strategies, evaluation of
time dependent aging effects, data uncentainty analyses, sensitivity analyses of the risk
impacts of agine “d sensitivity analyses of the effectiveness of different test and
maintenance practices in controlling the risk impacts from aging. These studies illustrate
the sigaificant amount of useful information which is obtainable from an APSA even if
accurate aging failure rate data is not available. Finally, specific considerations were
discussed in determining the time dependent and age dependent failure probabilities for
passive components which can then be utilized in the general formulas for the aging
impacts on risk.
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over intervals between replacements give the average unavailability between
replacements. Differences from the baseline PSA unas ailabilities give the increases in
unavailability (or unreliability) due 10 aging, either for time dependent or for averaged
results,

P~

e ]

i L e e e e e e

e

e

138




NRE o 38 US NUCLEAR BECULATORY COMMISSION HEROHY «,.‘-:q.(:»‘ A
¢ ! by G Vel

!.‘u.‘vu m:w Wty i.f £ \'“"‘

0 BIBLIOGRAPHIC DATA SHEET

LT T NURFEG/CR-5587
T ANL & ;1 SAIC~92/1137
Approaches for Age-Dependent Probabilistic Safety Jﬂ
i AT REPDF ' 4 T 44
Assesaments with Hephasis on Prioritization and o - .!7 |
Senasity Lty L L] s . ’
Aupust 1992 1
i PN OF FANTY NLRAHE R
L1072
ML & TYE O REPORT
lechrucal
PERIDN vERED dive
W.E, Vesely

B PERVIIRN N iRLANIZATIDN nAME AN ADDIRLS 1N - . 1 ogtysr N » Bty DI I AR PYS PRI o e W
Science Applications Intermalional Corporation
655 '\& Lres l'].| i .-'Hl‘!‘ "n;)l. .‘“"4":

[llfui'“. (M G301 7

e )

b LCINSCIR N SANIZATION NAME AND & HERY (0f MR iy s - [ 5 s it N far Har ut Rogao A Nudtest Sagriaiils Ry
Division of Engineering
Office of Nutlear Repuwaltory Researcl

| U.5. Nucleatr Repulatory Conmdssion
Washington, DC 20955
WAPPLEMENTARY NOTE
HESTHASTT 120 » 4 -

I

\
Approaches are described for incorporatiog component aging reliability models nto
a probabilistic safety assesament (PSA), or probabilistic risk assessment (PRA), of
a nuclear power plant. These approaches and procedures are described from a
technical standpoint and are not to be interpreted as having any regulatory
implications. Component #aging fallure rate models and test and maintenance aping
control medels are presented for utilization, Different approaches for carrying
out the aging evaluations are givon., Demonstrations are piven involving prioritizing
aping contributors, evaluating maintenance effectiveness, carrying out time dt';x'lxiunl
evaluations, and carrving out uncertainty and mensitivity analyses of aging effects,
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