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AILSTRACT

Approaches are described for incorporating component aging reliability models into a
probabilistic safety assessment (PSA), or pmbabilistic 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 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 carrymg out |

uncertainty and sensitivity analyses of aging effects. |
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EXECLTilVE SUMMARY

Over icw

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

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 nsk importance, i

The aging contributors include at .*ve and passive components which are susceptible to - i

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 focused on the risk important areas.
,

,

In addition to 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 monitoring can all be evaluated for their risk

effectiveness in specinc situations. Risk effective combinations of activities and risk

effective schedules can thereby be identined. Funhermore, 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 insigni6 cant but the same4

aging exhibited by several components can be extremely risk signi0 cant. De risk

significant aging effects exhibited in data are of high priority and their causes need to b:

evaluated to assure that research pograms and aging management programs focus on
L

these causes.

2
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Age Dependent Probabilistic Safety Assessments

Because of the usefulness and imponance of explicitly considering risk effects of aging,

the NPAR program supponed the development of a methodology for ge-dependent

probabilistic risk assessments (PRAs) and age dependent probabilist Jety assessments

(PS As). This repon dcscribes the procedures wi.ich have been developed for

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

assessment, or PRA for shon, has become a standard approach kr Neling and

quantifying accidents and their consequences which can occur a , car power plant.

A probabilistic safety assessmeat, or PSA for shon,is a PRA wn. .: focuses on accidents
1

leading to core damage and 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 have been developed to dat 'n

the NPAR prograni have focused on age-dependent PS As, however the general

approaches are also applicable to age-dependent PRAs.

Then: 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 PS A assumes component

failure rates are constant.

2. An APS % ? - ,itly models the effects of test and maintenances in controlling the

aging of componeats wnile a standard PSA does not.

3. An APS A explicitly calculttes the aging eftects and age dependence on the core

damage frequency and system unavailabilities, while a standard PSA does not and

i instead calculates constant values for the core damage frequency and system

unavailabilitics.

The Uses of Age Dependent PSAs

necause m age dependent PS A, or APSA, explicitly models and evaluates aging effects;

on the core damage frequenc ; and system unavailabilities, an APS A can be used in -

XVj
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various ways to evaluate the risk effects of aging * Three of the principal uses are listed

below:

1. Agin;; effects on passive and active components can be explicitly prioritized with

regard to their resulting impacts on core damage frequency and risk. Aging control

a;tivities can thus focus on the risk important aging contributore.

2. The risk effectiveness of given agirg management programs, including specific test

and maintenance strategies, can be explicitly evaluated and risk effective strategies can

be identified. -

3. Failure data . d other experience data at a plant can be input to an APS A to monitor
; aging effects on risk to provide feedback to the aging management program being

conducted at the plant.

Issues Associated with Age Dependent PSAs

The issuca associated with an APS A generally involve a lack of data to accurately

determine the aging component failure rates and a lack of test and maintenance aging

cc a o! information. At the present time, age dependent component failure mtes and test

and maintenance aging control parameters are indeed very sparse. Because of the present

lack of data , the work in the NPAR program has focused on developing approaches

using APSAs which do not necessarily require accurate data. The emphasis of the work

has consequently been on prioritization of aging contributors and sensitivity studies of

aging effects and of aging management program effectiveness which do not necessarily

n: quire precise data or information. This report describes the specific procedures which

have been developed for carrying out APS A evaluations with this emphasis.

Approaches for Age. Ocoendent PSAs

An earlier NUREG, NUREG/CR-5510 (1), was published in June 1990 and described the

basic methodology that was developed in NPAR for age dependent PS As or APSAs.

However, detailed procedures for utilizing APS As for specific evaluations were not

* " Risk" is used in a general context here and includes the core damage ferquency, as well as public
health nsks.

nii
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covered. This report describes these detailed approaches, and specific evaluations that
*

can be carried out using presently available infonnation The chapters of the report are

summarized below:

1. The Age Dependent PSA Versus the Standard PSA

The differences between an APSA 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 |.lodels Used in an Age-Dependent PSA

This chapter describes specific aging component failure rate modelt and specific test and

maintenance aging control models which can be used in an APSA. The aging failure rate

model:; which are described cover the spectrum of aging behaviors which am likely to be

exhibited by nuclear plant components and include the Weibull failure rate model, the

linear failure rate model, and the exponential failure rate model. The test and

maintenance models which are presented cover the spectrum of aging renew ' activities

which can occur at a plani and include mrTective maintenance models, preventive

mainten, ce models, and piecepart maintenance models. ,

3. Approachesfor Transforming a PSA into an Age-Dependent PSA

This chapter describes three approaches that can be used to incorporate aging evaluations

into a standard PSA to transfomiit to an APS A. Procedures for each approach am 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

prioritizations, including multiple component aging effects In this prioritization

approach, approprinte risk importano coefficients are extracted from the standard PSA

and are combined with component aging models. Ilence, the approach is efticient since

existing PS As can be directly used with minimal requantification required.

4. Applications ofan Age-Dependent PSA

This chapter describes the different applications of an APSA and the questions that need

te 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
i
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TIIE DIFFERENCES BETWEEN A STANDARD PSA AND AN AGE <

DEPENDENT PSA (AN APSA)

PSA APSA

Component Failure Constant- Age Dependent i

Rates Failure Rates Failure Rates |
Surveillance Tests Only Affects Componeu Effects on Component Age !

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

Also Modeled

Risks Results Calculated Do Not Explicitly Explicitly Accounts
Account for Aging for Aging Effects

Prios itizations 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

for Risk Effectt Evaluated

,

xix
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QUESTIONS TO IlE ANSWERED IN SETTING UP AN
APSA EVALUATION

Available aging failure rate data?

plant
specific generic subjective data

Available test and maintenance information?
*

Ininimal
detailed inf rmation
information

Available PSA information?

,

trun,cated
event trees and minimal
fault trees cut sets

Results of most interest?
-

|

1

prioritization
t ottom ime and sensitivities
numbers

D

h .\
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|

approaches that are most effectively used. As shown in the figure, the four questions that

need to be asked involve the component aging failure rate data which is available, the test

and maintenance information which is available, the standard PS A infomiation which is

available, and the aging results which are of most interest. The specific a;ing models

and approaches which are most effective for each possible answer to the questions are

defined. What is identified from these descriptions is the aging models which are

available for a given application, and the applications which can be carried out, when

there is little to detailed aging data and information.

5. I'rioriti:ation of Aging Contributors -

>

This chapter demonstrates the use of an APSA to prioritize aging contributions with

regard to their risk impacts. This application is imponant since it can provide a basis for -

focusing aging management activities. Rose aging contributors which have significant

risk impacts are most imponant and need priority attention. Prioritization procedures are

described along with interpretation of the results. The tables on the next page illustrate a

prioritization which is obtained as a pan of a demonstration using r. plant specific PS A.

The components in the plant are prioritized in terms of the average increase in core

damage frequency AC which is caused by component aging between replacements of the

components. The average increase AC applies to each year, and the new core damage

frequency for any year is C + AC where C is the baseline PS A core damage frequency.o o

Every component in the PSA is prioritized for its aging contribution to core damage ;
frequency and every interaction of aging components is also prioritized for the

interaction contribution.

The two tables on the next page show the top 90% individual component aging

contributors and the top 90% two-component aging interactions for given aging data.

The tables rank the contributors, beginning with the highest aging contributor to the core

damage frequency (cdf). In the top table, the component name as used in the standard

PS A is given along with the imponance of the component (I) as calculated from the

standard PS A. The component unavailability q and the increase in component

unavailability Aq due to aging are then given. The aging contribution to the core damage

frequency AC is given in the last column and is the increase in cort damage frequency

(above the PSA value) caused by aging of the component. The aging contribution AC is

simply the product of the imponance I of the contributor and the aging effect on the

contributor Aq which is extremely useful for applications. The table below is similar

xxl

- _ - - - - - _ _ - - - - _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ -



. ~ - . . . . . - . ~ . - - . - - - - . _ - . _ . . . _ - . - . _ . . . - . . - - ~ _ _ . .._ . .

TAllLE 1, DOMINANT SINGLE COMPONENT AGING CONTHillUTORS FOR A SPECIFIC 11WR

(ACTIVE COMPONENTS ONLY)

Component Component Aging

Rank Component ID 1mportance i Unavailability Factor AC |
q Aq (/yr) j

1 ESW-AOV-CC-CCF 9.70E 05 1.0E 03 2.9E-01 2.SE 05 |
2 ElIV- AOV-CC-CCF 6.34E 05 1.0E-03 2.9E 01 1.8E 05 |

3 ESW-AOV-CC 0241B 3.68E 05 1.0E-03 2.9E-01 1.lE 05
4 ESW.AOV-CC-0241C 3.68E-05 1.0E.03 2.9E 01 1.lE 05

5 EllV-SRV-CC RV2 2.53E-05 3.0E44 2.9E-01 7.0E-06

6 EllV-SRV CC RV3 2.53E-05 3.0E@ 2.9E-01 7.0E 06

7 DCP-BAT-LF-CCF 2.16E& l.08E-03 1.9E 02 4.lE-06

8 ilCl-MOV<C MV14 5.42E 06 3.0E 03 2.6E 01 1.4E 06

9 IICI MOV-CC MVl9 5.42E 06 3.0E-03 2.6E 01 1.4E 06

10 ACP-DGN FR-EDGC 2.09E-05 1.6E-02 3.3E-02 7.0E 07

'

AC = Core damage frequency increase due to aging

TAllLE 2. DOMINANT DOUllLE COMPONENT AGING INTERACTIONS FOR A SPECIFIC BWR

(ACTIVE COMPONENTS ONLY)

Joint Aging Aging

Rank Component ID Component ID Importance i Factor Factor AC

Aql
.

Aq2 (AT)

1 ESW- AOV-CC-024111 ESW AOV-CC4241C 1.34E 03 2.9E-01 | 2.9E-01 1.1 EW

2 ACP DGN 1AEDGB ESW-AOV CC-024 tC 8 50E44 3.3E 02 2.9E-01 8. ! E-06

3 ACP DON LP EDGC ESW AOV-CC4241B 8.50E45 3.3E 02 2.9E 01 8 lE 06

! 4 ACP-DGN LP-LDGC EIIV-SRV-CC RV2 7.69E-04 3.3E 02 2.9E-01 7.lE-06
:

i 5 ACP DGN-t P-EDGB ElIV SRV-CC RV3 7.69E41 3.3E 02 2.9E 01 .7.lE 06

|. 6 ACP DGN FR-EIXX' ESW-AOV-CC-024113 4.79E44 3.3E-02 2.9E-01 - 4.6E 06

! 7 ACP DGN FR EDGB ESW AOV-CC4241C 4.79E 04 3.3E-02 2.9E-01 4.6E-06
.

8 ACP-DGN IV EDGC EliV SRV<C-RV2 4I40E-04 3.3E 02 2.9E 01 4.lE 06

9 ACP DGN FR.EDGB ElIV-SRV CC RV3S 4.40E44 3.3E42 2.9E-01 4 lE 06

10 ACP DGN-FR-EDGB ACP DGN.FR.EDGC 5.34E 04 3.3E-02 3.3E 02 5.9E.07

AC = Core damage frequency increase due to aging

xxii
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except the importance I is the joint importance of the two contributors from the PSA.

The aging contribution AC represents the additional core damage frequency increase

from the simultaneous aging of the components. AC is the product of the joint

importance I and the two aging effects on the components ( Aqi and Aq2).

As demonstrated in the tables,it has generally been found that relatively few aging

contributors dominate, even though many components may be aging. The importance of

the contributor (I) as given by the PS A and the aging effect in the contributor (Aq) must |

|

both be properly taken into consideration to obtain the aging contribution to the core

damage frequency. The procedures presented do this proper evaluation. Furthermore,

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.

Prioritization of aging contributors does not necessarily require precise data and can be a

powerful tool to focus aging management activities.

6. Idenufication of Risk-Directed Aging Management Strategies
d

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 chapter arr 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 Evaluatiom

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 com damage

frequency and system unavailabilities. The time dependent results show when in a

plant's lifetime 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

niii
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l

because of insufficient maintenances and replacements on the risk dommant components.

Once the contributers are identified the aging impacts are controllable.

8. Scruitivity and Uncertainty Evahutions

Another important use of an APSA is for sensitivity and uncertainty evaluations of the

risk ef fects of aging. liven where aging data are sparse, appropriate sensitivity and

uncertainty evaluations can provide useful information on aging sensitivities and on the

risk effectiveness of aging management programs. In this chapter, procedures are

demonstrated for carrying out sensitivity and uncertainty analyses to evaluate plant
-

sensitivities to aging, to evaluate capabilities of aging management programs, and to

identify aging management strategies which effectively control risks from aging over a

spectrum of plausible aging behaviors.

The figure on the next page illustrates a sensitivity study that is demonstrated to evaluate

two policies: repair at failure versus n: place at failure. Under a repair policy, w hen a

component fails then minimal repairs are made; aged pieceparts are not replaced but are

again made operational. For a replacement policy aged pieceparts are replaced with new

parts at failure. The y-axis (AC)is the average increase in core damage frequency over

40 years due to aging, w here AC is the inerrase above the standard PS A core damage

frequency value. The average increase AC again applies to each year. The x-axis is the

plausible range of aging e. hibited by the components, expressed as a relative percentage

increase per year in the component failurt rate due to aging.

For the sensitivity study, all components were assumed to have the same relative aging.

'lhe same surveillance test intervals , vere assumed for both policies. The figure shows

that the replacement policy controls the core damage frequency increase due to aging for

a wide range of plausible aging behaviors. The trpair policy does not control the risk

effects due to aging, even for relatively small aging behaviors. From the prioritization of

aging contributors, which can be carried out in parallel, the dominant aging contributors

can be identified and replacements only carried out on the important contributors. Thus ,

an effective aging management policy can be identified which does not necessarily entail

major costs. Similar sensitivity studies can be carried out for other proposed aging

management programs or maintenance programs.

\ SIS
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CORE DAMAGE FREQUENCY INCREASE: REPLACEMENT VERSUS REPAIR AT FAILURE
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9 Considerations in Using a PSA to Evalume the Risk Effectsfrom Aging of Passive,

Compo..ents

12inally, this chapter discusses special considerations, beyond those already discussed, forc

evaluating the risk effects from aging of passive components. The discussions focus on

more detailed analyses which can be done to estimate passive component aging failure

rates from basic phenomenological models covering crack growth and corrosion, it is

planned that this subject will be covered in greater depth in a subsequent report.

Conclusions

The report which has been developed presents detailed models and systematic procedures

for incorporating aging evaluations into a probabilistic safety assessment (PSA) to- |

explicitly evaluate the risk effects due to aging. The approaches can also be applied to a

probabilistic risk assessment (PRA). The resulting age-dependent PSA (or age

dependent PRA) will allow a spectrum of important applications to be carried out,

including prioritization of aging contributors according to their risk imponance,

evaluation of the risk effectiveness of existing aging management programs, and

identi6 cation of risk effective aging management policies. Even when aging data are

sparse, applications can be carried out to identify the potentially dominant aging

contributors, the risk sensitive mairtenance practices, and the robust pmgrams which can

be carried out to control aging impacts over ranges of p;ausible aging behaviors that can

exist.;

|

|
i
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L ' 1, THE AGE DEPENDENT PSA VERSUS TIIE STANDARD PSA

1.0 Introduction

This report describes procedures for explicitly incorporating component aging

evaluations into a probab;listic safety assessment of a nuclear power plant. A

probabilistic safety assenment, 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 PS A

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 i is an overview of the basic steps in a PSA. A set ofinitiating events is first

identified which require safety system responses. For each initiating event, an event tree
,

is constructed 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 terms 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 '

coniponent 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 -is to be specifically

evaluated then the standard PSA component failure models need to be modified. Aging

of components can significantly increase the component failure probabilities and can--

1
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significantly increase the core damace frequency,if the aging is not effectively

controlled by tests and maintenances. The next section, Section 1.1, briefly describes the

differences in component failu:t treatments which are needed when aging is to be

explicitly evaiuated using the PS A. This area is described in funher detail in Chapter 2.

Standa:d PSAs also do not explicitly model the effectiveness of test 3 and maintenances in

controlling aging effects. When the effect of aging is to be explicitly evaluated by the

PSA then the standard PSA models for test and maintenance reed to be modified to

explicitly consider their effectiveness in controlling and mitigating aging effects. Section -

1.2 briefly describes the differences in test and maintenance treatments that are needed to

evaluate the aging control of test and maintenance activities. Detailed treatments are

again provided in Chapter 2.

When aging effects are explicitly included in the PS A by using component aging failure

models and test and maintenance aging control models then the PSA is transfonned to an

age-dependent PSA. As an abbreviation for an age-dependent PS A we shall use the term

"APS A" where the first "A" denotes " Age-Dependent" The results which are obtainable

from an APS A and the applications of an APSA are highlighted in Section 1.3. Finally,

as the last part of Chapter 1, special modeling and evaluation issues associated with an

APSA are highlighted in Section 1.4. Chapter 1 shus provides an overview of the

differences between a PSA and an APSA.
.

Chapter 2 describes the detailed component models and test and maintenance models

which can be used in an APS A. The focus of Chapter 2 is on modeling the reliability

effects of aging of active components, such as pumps, valves and circuit breakers. The

aging failure rate models in Chapter 2 can also be applied to passive components,

however the aging failure rates may need to be determined using techniques different

from those used for active components. Chapter 3 describes procedures for actually

transforming a PSA to an APSA. Chapter 4 describes different applications of an APSA

and their requirements Chapter 5 presents example applications of an APSA focused on
,

prioritizations of agin, contributors . Chapter 6 demonstrates how APS A evaluations

can be used to identify risk-effective aging management strategies. Chapter 7 describes

how time-dependent applications can be carried out using an APS A. Chapter 8

demonstrates how aging sensitivity and uncertainty evaluations can be carried out.

Finally, because the previous chapters focus on active components, Chapter 9 discusses

3
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specific considerations for incorporating passive components and their aging impacts into

a PS A. It is planned that a separate report will be is::ued on the treatment of passive

components in risk evaluations of aging.

1.1 The I)ifference in the Treatment of CotoponenLEnihiin

The component failure rate is the basic data used in a PSA to detennine the failure'

probability and the unavailability of a component. Ilasically, the component failure rate

is the probability of a component failure per unit time given no previous failure. A

standard PSA assumes the component failmr 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. At an

early component age the failure rate decreases with age as design, manufacturing, and

installation failures air corrected when they are found. This decreasing failure rate
.

,

behavior is 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 agihg
'

behavior. This ir the aging period 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
I

different operating environments.
L

A standard PS A assumes a constant failure rate and hence focuses on the steady state
|
L pottion of the failure rate curve. An APS A,in addition to the steady state behavior, also

l includes the increasing failure rate portion of the failure rate curve and thus can account

4
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for the transition from a constant failure rate to an increasing failure rate.' Chapter 2

presents specific models which can be uscd to explicitly include aging in the component

failure rate. These models are standard nniels which are used in the reliability field.

When an APS A explicitly unlels the inctrasing component failure rate with age then as>

indicated, significant impacts can ocet.t in the calculated risk results. If the test and

maintenance practices do not control the component aging then the component failure

probability and component unavailability can significantly increase with component age

because of the increasing fadutt rate. This in turn can cause the system unavailability to

increase with age. When the system unavailability increases with age then the core

damage frequency can increase with age. Besides causmg unavailabilities to increase,

the increasing component failure rates can cause the accident initiating event frequency

to increase with age, which can also cause the cote damage frequency to increase with

age. Whether the increases occur oi not, and the sizes of the increases, depends on the

acmg control of the test and maintenance practices. The sizes of the unavailability

effects and the size of the cott damage frequency effect are explicitly calcuh,ted in an

APSA.

'2 1htDifferenccln the Tn atment oLItallaimenance. and Rcrait

Since a standani PS A does not explicitly consider the age of the component, the effects

of testing, maintenance, and repair in controlling aging att not evaluated in a PS A. Also,

since a PS A assumes a constant component failure rate which never changes, the effect

of a test, mamtenance, or tepair activity on the ecmponent failure rate is not considered.

Tne effect of a test and maintenance in controlling the aging of a component is a special

focus of an APSA. The contml of aging is evaluated by determining the change in

component age which results from a test or maintenance activity. The effect of a test or

maintenance on the age of the component is important since the component failure rate

depends on the ecmponent age. llence as the component age is nnlified through testing
'

and maintenance, the component failure rate is accordingly modified. The failure rate

nulifications which occur change the component unavailability and the component

*The burn in period of the failure rate can also be included,,.nd can be imponant when there can be
initial design or manufacturing defects m a new compment which is used to replace an aged component.
When the component undergoes qualification testmg or burn-in tesung. as generally carried out for
nuclear plam components, then the burn m pernt is generally removed.

1

|
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failure probability which in turn change the~ system unavailability and the core damage

frequency.

Detailed models for the effects of testing, maintenance, or repair on the component age

are used ' . n APS A. If the component is replaced with a new component then the age

of the component is set back to the age of a new component. If aged pieceparts are not

replaced then the age of the component is not affected and remains the same. Partial

maintenances which only replace specific pieceparts, but not the entire component, will

cause the age of the component to be set back to a partially restored value. A

preventative maintenance, such as lubricating bearings, will not change the age of the ~

component since piece pans are not replaced, but will slow the aging process of the

component.

N

Because of the detailed testing and maintenance models which can be used, an APSA can

com;,rchensively evaluate the effectiveness of a testing and maintenance program in

controlling component aging and its resulting impacts on system unavailabilities and on

the core damage frequency. Not only is the intesval important at which the test or

maintance ;s perfonned, but the specific action which is performed is importam.

Chapter 2 describes models which are used in an APS A to model the aging control of

different types of test, maintenance and repair activities. Even when minimal

infonnation exists, these models can be useful for evaluating maintenance sensitivities.

lt is important to note that because a standard Ph . does not model the removal of aging
_

effects by maintenance,it can not explicitly model ary %netits from maintenance. Only

the negative downtime contribution while maintenance is being performed is explicitly

nmdeled in a PS A. Thus, only the negative effect due to maintenance is explicitly

modeled. An APSA models both the benefits and negative effects of maintenance.

These effects determine the unavailabilities and core damage frequency which result.

Specific formulas for calculating the unavailabilities, and specific approaches to

determine the core damage frequency are given in the subsequent chapters. Table 1

summarizes the differences in test and maintenance treatments and in component failure

uratments, which are together classified as differences in component reliability

treatments, for a PS A and an APS A.

I
|

7
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TAllLE 1. Tile DIFFEllENCES IN CONIPONENT ItEl.l AllllJIT
TitEATN1ENTS FOlt A PSA AND AN APSA

PSA APSA

t.

Faihur Rate Niodel Constant failure Age dependent or time

8 rates are used. dependent failure rates are
t

j also used.

Test Nhxtel A test only detennines A test can affect
,

whether component is up component age and failure

or down. rate vs well as detennining
|

whether component is up

or down.

I

faintenance Only downtime for Effects of maintenance in

maintenance is considered. corn eting degradations

and aging are modeled, as

well as inefficiencies and

downtime.
I

g Repair Nhxtel Repair does not affect the After repair, the age and

age or failure rate of failure rate of component

component. are modified with
;
' appropriate models.

8
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1.3 Results Obtainahje from an APjiA

As for a PS A, the core damage frequency, accident sequence frequencies, and safety

system unavailabilities are obtainable from an APSA. For :m APSA, however, these

results now explicitly include the contributions from aging and explicitiy quantify the

effectiveness of given test and maintencnce programs in contmlling aging effects.

An APS A can produce detailed prioritizations of the aging contrit ators. This is perhaps

one of the most important uses of an APSA since it allows one to focus on the dominant

aging contributor, for aging control, for data collectior, and monitoring, and for

additional analyses Table 2, for example, ranks the top 95% individual aging

component contributors for a given APSA evaluation. E:ich line entry gives the rank

(column 1), the specific component (column 2), the risk importme of :he component

(column 3), the component unavailbility (column 4), the increase in coman :ent

unavailability due to aging (column 5), and the core damage frequency contribution from
_ .

the component aging (column 6). As can be seen, for this application the top 95%

contributors consists of only 10 components, and hence relatively few components

contribute to the aging impacts on the core damage frequency, allowing one to

effectively focus aging analyses and aging control. Details of prioritization evaluations

of aging contributors am given in Chapter 5. Chapter 6 describes how the prioritized

contributors can be used to identify risk-effective, and cost-effective, aging management

programs.

An APSA can calculate the core damage frequency and system unavailabilities as a

function of plant age to explicitly show the dynamic, time dependent aging effects. He

core damage frequency and system unavailabilities averaged over time periods or
*

averaged over the plant age can also be obtained to show average aging effects. The

increases in the core damage frequency or system unavailabilities due to aging as
'

compared to the no aging case can furthermore be obtained to highlight aging increases.

Figure 3, taken from NUREG/CR-5510 (7), shows the average increase in core damage

frequency AC that results from aging at a plant when diffemnt test and maintenance

programs are carried out. The average increase AC applies to each year and the overall

core damage frequency for any year is C + AC. where C is the baseline core damageo o

frequency from the PSA. The specific test and maintenance programs are not of concern

9
1
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TABLE 2. PRIORITIZED COMPONENT AGING CONTRiflUTORS

Component Component - Aging

Rank Component ID Importance ! ' Unavailability Factor AC.

o aq Uyr)

1 ESW-AOV-CC-CCF 9.70E 05 1.0E-03 2.9E-01 2.8E-05

2 EHV-AOV-CC-CCF 6.34E 05 1.0E-03 2.9E-01 1.8E-05

3 ESW AOV CC-0241B 3.68E-05 1.0E 03 2.9E 01 1.lE-05 -

4 ESW AOV-CC-0241C 3.68E-05 - 1.0E 03 2.9E 01 1.1E-05

5 EllV-SRV-CC-RV2 2.53E-05 3.0E-N 2.9E-01 7.0E-06

6 EliV-SRV-CC RV3 2.53E-05 3.0E-N 2.9E 01 7.0E-06

7 DCP-B AT-LF-CCF 2.16E-N 1.08E-03 . 1.9E 02 4.lE-06

8 ilCl blOV-CC-MV14 5.42E-06 3.0E-03 2.6E-01 1.4E 06,

9 lICl MOV-CC MVl9 5.42E-06 3.0E-03 2.6E-01
'

l .4 E-06

10 ACP-DGN-FR-EDGC 2.09E-05 1.6E-02 3.3E-02 7.0E-07

AC = Core damage frequency increase due to aging -

:

I
!-

10

. - _ . - . - - _ _ . _ _-_ _- .. _______ _ _ _ _ _ _ _ _ - - _ . _ - - _ _ _ _ _ _ _



_ _ _ _ . _ _ .

FIGURE 3. INCREASE IN CORE DAMAGE FREQUENCY FROM AGING FOR DIFFERENT ||
TEST AND MAINTENANCE PROGRAMS
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1

here. Test and maintenance modeling is dis' cussed in Chapter 2. The different points for

a test and maintenance program represent differrnt possible component aging failure

rates. The results indicate the significant differences that different test and maintenance

programs can have in controlling aging effects.

Figure 4 illustrates the type of time dependent results which are also obtainable from an

APS A. The figure shows the time 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 dependent

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.

Sensitivity and uncertainty analyses can also be carried out using an APS A 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 er year. As can bep

observed, the aging control of this particular test and mamtenance 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 medels and

approaches which are presented however, can also be used to obtain average com damage

frequency results due to aging or time dependent com damage frequency results due to

aging.

l

|
|
1
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FIGURE 4. TIME DEPENDENT CORE DAMAGE FREQUENCY INCREASE DUE TO AGING
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1

1.4 Issues Associated with an APSA !

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

specialissues associated with using an APSA. With regard to data, the basic issue is the

pn:sent, 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 generally have large associated uncertainties. In addition te the

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

be known. When there is no plant speci'ic 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 APS A for a given application.

The most thocough way of treating these uncertainties is to carry out sensitivity studies or.
,

uncertainty analyses using different aging failure rates. Chapter 8 willillustrate 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 infonnation on detailed characteristics of specific

tests and maintenances in controlling aging to allow their precise modeling in an APSA.

j 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 models 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 presented, 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 effects under given test and maintenance

practices can be evaluated. The risk important tests and maintenances can thereby be

detennined 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 APS A.

-15
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TAllLE 3. ISSUES ASSOCIATED WITil AN APSA'

Data Bases Little time history information exists to estimate age
dependent or time dependent failure rates. Uncertainty and
sensitivity studies need to account for this lack of data.

Failure Rate Models Different failure rate models can cause significant
~

differences in the calculated renits in an APS A.
Sensitivity studies can investigate these effects.

Test and Differences in the test and maintenance models can cause
Maintenance Models 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 issue. Sensitivity and uncertainty analyses can also
identify the meaningful conclusions and interpn:tations.

i

i

I

16

\
.. . - _ _ . - ..-



__ ..
__ -_ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _

2, COh1PONENT RELIAlllLITY 510DELS USED IN AN AGE DEPENDENT

l'SA

2.0 Introductien

As described in the previous chapter, w hat makes an age-dependent PSA, or APSA,,

different from a st idard PS A is the component failure mcdels and the test and

maintenance mcdels, which together comprise the component reliability models w hich

are used.

This sec'M describes the component failure models and test and maintenance models

which can be used for an APS A. These models are necessary to explicitly evaluate aging

effects and heir impacts on system unavailabilities and the core damage frequency. Tot

begin th upter, the definition of aging for reliability and risk applications is presented.

The difference between the component age and running time is then discussed. With

these basic concepts defined, the modeling of the aging component failure rate is

desenbed, and spccific aging failure rate models w' ich can he used in an APSA aren

given.1 catures of these models and ways these models can be applied are described.

hkxlels are then presented for quantifying the effects of te., ting and maintenance with

regard to controlling aging. Specific models are presented which can be applied to

surveillance tests, corrective maintenance 3, preventative maintenances, and repairs.

These nudels quantify the different effects a specific activity ims on the component age

and its associated aging failure rate. Models for maintenance v.d repair of component

pieceparts are also included. Complete aging control, partial aging control, and

inefficiencies in aging control are included in these models.

2.1 Definition of Aciac for Reliability and Risk Atmlications

The definition of aging for reliability and risk applications is directly tied to the behavior

of the component failure rate. Fmm basic reliability theory (References 4-6) the

dennition of the component failure rate at a given time is:

The probability of component failure (1)The component failure rate at a given =

time t per unit time at time t given no'

previous failure of the component

17
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] The failurr rate of a cornponent at time t is thus basically the rate of failure at time t

when the component has noi previously failed. The failure rate always applies to a given

failure male (e.g., fail to open, fail to close, etc.) and different failure nnies will have
,

{ different failure rates.

; 'the standard symbol used for the component failure rate is A(t). Thus,
i

A(t) The component failure rate at a given time t , (2)=

For agira ' valuations it is also necessary to express the component failure rate as a,

function of the component age. Let w denote the component age. Then,

A(w) The component failure rate at a given (3)=

component age w.

,

*1 ne definition of A(w) now is in tenns of the componet.1 age:

,

d

A(w) 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 failum at the given age when the component

has not previously failed. The failure rate as a function of age can be a different shape

and fann than the failure rate expressed as a function 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.
i

| function of the age can be translated to a failure rate expresud as a function of time.
i This failure rate relationship can be expressed as A(t)dt = '(w(t))dw(t), where A(t)is the

failure rate function versus time and 1(w)is the failure rah runction versus age,i.e., A(t) '

18
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is given by Eq,.ation (2) and h(w) by Equation (3), w hich are rencrally dif ferent

functions.*

l'or usual applications, a point in given time t is umply the component age w plus some

constant c (which is the component installation timet l'or this usual case, t = w 4 e and

Altju A(w tt)) w hich is what we will assume for our applications.

I or reliability and risk applications the definition of agmg is directly related to the failme

rate as a function of age A(w). Fr., reliability and risk applications, a romponent (or

structure)is defined to be aging if the failure rate as a function of component are is ~

increasing:

Aetng occurs in the component sf thefailure rate htw1 as afunction of cornponent age is

Inctrasing.

It is important to note that the definition of aging is related to the failure rate as a
function of age and not a; a function of time. The failure rate as a function of age may
be increasing,i.e. may be aging, while the failure rate as a function of time may not. For
aging to occur, the failure rate A(w) does not need to continuously increase with age.
'lliere can be periods in w hich there is no aging,i.e., in w hich A(w) does not increase

with age w Feriods in which the failure rate A(w)is inerrasing, are aging periods. The
figures below indicate different types of aging which can occur with different types of
age dependent failu c rates A(w).

.

Monctoruc Agingi

S t*1 i

i

,

F

Agirg Pered , w

*For simpler rutition, the two dilferent functions A(w) and A(t), are not show n with diflerent syndelt
Which fadure rate is being referented,i.e , versus time or age, will be clear f rom the discussiont
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|

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.

Ilowever, aging in any period can cause significant reliability and risk problems. - ;

;

2.2 Acine Fqilure Rate hieh :

Various parametric nnwis exist which can be used to 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

models to represent aging beginning at some nonzero age w . In general all the standard |o

parametric models apply to aging periods occurring at the tnd of the component age with '

a possible initial threshold. To model aging periods occurring at earlier ages followed by I
,.

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

trpresentative graphs for the linear model, Weibull model, and exponential model are
;

given below for aging occurring after some arbitrary threshold age w . Subsequento

chapters will discuss how these failure rate models are applied in an APS A.

:

Linear Aging Failure Rate Model

A(w) = A,; w 5 w (5)o

A(w) = A + a(w w ); w>w (6)o o o

l = initial constant failure rate (7)~o

: a = constant aging rate (8)

|' w = threshold age after which the failure rate increases (9)o

,

i
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I where

f

Ao= initial constant failure rate (12)-'

,

Weibull shape parameter (1.4 ) .L b a

wa thirshohl age after which the failure rate increases (11) ,

o ;

t

Other equivalent fonns also exist for the Weibull nuxlel but the general property is that

the failure raic increases as some power b of the age, j

|
|

r

-

;
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lhponential Aging Failure Rate Model

A(w) =l : w s w,, (15)a

A(w) = A exp (c(w-w)) : w > w,, (16)o

A<, = initial constant failure rate (17)

exponential se:41e parameter (18)c =

and

w, = threshold age after which the failutt rate increases (19)t
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2.3 Emlutc_lbLtc. Aging 1[fcctLYcuu1Dyctall Time . Trends

There is mmetimes a confusion between failure rate aging effects and an overall time

trend in the component failure behavior. One may, for example, observe no time trends
'

in the failure behavior as reconled in data and erroneously conclude that there is no

component failure rate aging effects, it is important to understand the difference >

between failuir rate aging effects and overall time trends in the failure behavior to

properly model aging effects in an APS A, i

'lh: overall component failurt behavior as a function of time is generally described by

the failurt frequency and to understand the difference between failurt rate aging effects

and an overall time trrnd in the failure behavior one must first understand the definition

of the failure firquency:

The expected number of component (20)The component failurt frequency =

at time i failures at time t per unit time

Note that the faihire frequency is 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 failutt from only first failures. 'Ihe failure ,
.

I

frequency as defined by liquation (20)is the rate of failure from first, second, third, etc.

failures.

,
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The failure frequency is sometimes given the symbol ftt):

f(t) e the f ailure frequency at time t. (21)

'lhe tailure frequency can be estimated f rom failutt histories by counting the number of

failures w hich occur in given interuls of time and dividing by the time intervals.

'lhe component failure rate versus age A(w) can show aging effects while the failure

frequency f(t) versus time may show no overall trtnds or aging effects. This is because

the failure f requency generally incorporates the effects of test and maintenance and does

not account for any change in component age if the component is replaced or renewed.

The component failure rate versus age on the other hand gives the failure rate behavior

between maintenances and replacements. When a new component is installed the age

starts over but the time doesn't. These differences are important to understand since

confusion on age sersus time can result in statements being made that components are

not aging when indeed they are. This confusion can furthermore result in incorrect data

analysis and incorrect aging modeling being carried out.

To more fully understand the difference between f ailure rate aging ef fects and overall

time trends in the failure frequency one also needs to consider the impacts of component

renewals. In reliability terms,

A renewalis a restoration of the component age (22)
back to :ero, i e., w = 0.

Also,
,

At a renewal thefalhtre rate is set back to its original value at age w = 0 and (23)

the aging behavior is restarted.

For reliability applications a renewal is defined in tenns of its effect on the failure mode

associated with the component failure rate. If a given piecepart of the component (e.g., a

valve actuator)is the principal contributor to the failure mode and the part is replaced

with a new part, then the component age for that failure mode is effectiv:ly reset to zero.

If several parts of the component contribute to the failure rate for a given failure mode

then all the parts will need to be replaced with new parts to reset the failure rate age back

to zero. The figure below illustrates the failure rate behavior between renewals.
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Note that what is plotted is the Edime rate venuttime, %e failure frequency f(t) vrrsus

time follows the same behavior and incorporates the effects of the renewals. As a

function of time there is no overall trend since the failure behavior is cyclic. The

component age repeats at each renewal cycle. The relationship of the component age w

with time t is shown below.
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The failure rate versus age behavior is the beha"%r in the first renewal cycle which is

then repeated for each renewal cycle. The failu rate versus age behavior for each

trnewal cycle is illustrated below.
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This difference between the failure rate behavior versus age and the failure frequency .

behavior versus time, or failure rate behavior versus time,is quite important. The failure

frequency behavior versru time and the failure rate versru time show no overall time

trend since the behavior is cyclic. The failure rate versus age increases with age and

shows strong aging behavior.

Sometimes, failure data it, analyzed and the failure firquency versus time or failure rate

versus time is obtained. This is then mistakenly interpreted as being the failure rate

behavior versus age. The failure frequency or failure rate versus time may show no

overall trend with time. This is then mistakenly interpreted as the failure rate versus age _

showing no aging effects. Ilowever, when the failure rate is contctly detennined versus

age, then aging effects may be observed. Various data analysis techniques which are

used to analyze data for aging effects actually analyze for overall time trends in the

failure frequency. It is extremely important that the pmper data analysis be carried out to

differentiate aging behaviors versus age and overall t end behaviors versus time. Failure

rates versus age are required for an APS A when test and maintenance etfects on the age

are explicidy modeled. This will be further amplified in subsequent sections.

Instead of complete component replacements or renewals, partial renewals can also take

place at a maintenance or repair where the failure rate age is not reset to zero but to some

lower but nonzero value. This can correspond to replacement of only specific piecepans

or replacement of a part, not with a new pan but with a rebuilt pan. The figure below

27
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illustrates the effects of partial renewal on the component. As can be seen, an overall

time trend in the failure frequency now can be seen.
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2.4 Ace Dependent and Time Decendent Component 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 unavailabilities and the time dependent core damage frequency. The

time dependent system unavailabilities and core damage frequency are calculated with

regard to the plant age which serves as the reference time. Because they are used to

calculate the system unavailabilities and core damage frequency it is important 50

; 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 time dependent cowenent 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 APS A

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:
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(

l

The age dependent component The probability that the component (24)'
'

=
i

Iunreliability 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,

U(w) The age dependent component unreliability, (25)=

From standard reliability theory (References 4-6),
,

<, 1

(26) .'U(w) = 1 - exp -[ A(w')dw'
( 0 ->

-

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

The time dependent unreliability is simihtr to the age dependent unreliability but is

defined as a function of time:t

,

U(t) ne time dependent unreliability (27)=

ne probability that the component will fail (28)r
,

before time t

r '!
'* l-exp

,
A(t')dt' (29)

( 0 s

: where now A(t') 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 activity which acts to set back the

component age.
._

$
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In addition to the component umeliability (or component reliability) the of' ar bas ;

component characteristic is the component unavailability. The arc depenacnt

unavailahiluy is the probability that the component is down at a gisen age:

The ptobability that the component is (30)The age dependent component =

unavailability at age w down at age w.

The symbol sometimes used for the age dependent component unavailability is Q(w).

Thus,

The component unavailability at age w. (31)Q(w) =

The age dependent availahdity is one minus the unavailability and is the probability that e

the component is up at a given age. The time dependent unavailability is the probability

that the component is down at a given time:

The probability that the component is (32)The time dependent component e

unavailability at time t down at time t.

The symbol often used for the time dependent component unavailability is Q(t);
,

The time dependent component unavailability. (33)Q(t) =

:

The time dependent availability is one minus the time dependent unavailability and is the

probability that the component is up at a given time.

1 or an APSA the time dependent component unreliability and time dependent component

unavailability need to be calculated to obtain the time dependent system unavailabilities

and time dependent core damage frequency where the reference time is again the plant

age. The plant age is not generally the same as the component age since maintenances on

the component and component replacements can reset the component age. The time

dependent component unreliabilities and unavailabilities are determined from the age

dependent component unreliabilities and unavailabilities by tracking the component age

with time in the APSA.

.
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The specific fonnulas for the above component reliability characteristics depend upon the

specific aging failure rate model and the specific models used for testing, inspection,

maintenance, and repair. Specific testing, inspection, maintenance, and repair models,

and fannula implications, are given in the next section. A summary of the fonnulas for

the component unreliabilities and unavailabilities is also given in the appendix. These

specific fonnulas can be used to transfonn the PSA into an APS A. The next chapter,

Chapter 3, describes the approaches w hich can be used to actually transform the PS A to

an APS A.

2.5 Mddine the Aging Control of a Test. Maintenante.or Papair Activity
.

When modeling the aging control of a specific test, maintenance, or repair activity for an

APS A the following three questions need to be asked for the given activity:

1. What is the effect of th: activity on the operational state of the component?

2. What is the effect of the activity on the age of component?

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

The answers to these questions detennine the appropriate aging control model to be used

for the test, maintenance, or repair activity. For many applications, the activity is

perfomied on a component piecepart instead of the whole component, and the above
_

questions then apply to the specific piecepan. We consider each of these questions in

further detail.

1. What is the effect of the activity on the operational state of the

component?

For the usual modeling in a PS A which also applies to an APSA, the component can

either be up or down,i.e. can be available or unavailable. Ilence for an APS A there is

one of two possible answers:

a. The actwity changes the state of the component,

or
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.

b. The activity does not change the state of the component.

Testing and maintenance activities which bring :he component down for the test or

j maintenance must have an associated downtime for the activity. The component is

; usually assumed to be in an up state after the activity. Ifinefficiencies are considered

then there is a probability that the activity will leave the component in a down state due

to testing or maintenance equipment failures, procedure problems, or human errors, The

probability then needs to be assigned for each of these possibilities. If the component is

; modeled to have more than two states, as for Markov models, then the state or possible
2 states after the activity needs to be defined with their associated probabilities. For the

applications dis: ussed 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 actMty on the age of the component?

'

This is a question regarding the renewal effect of the activity with regard to the age of

the component. The renewal effect is with regard to the failum mode of the component

identified in the PS A (and APSA). Them is one of three possible answers to this
| question:

a. 'the ac'ivity does not renew the component 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 to zero

for the failure mode being considered,
i

or

c. The activity partially renews the component and set.: the age to some '

in mediate value for the failure mode being considered.

These three answers can be shortened to: i

a. No renewal.
.

b. Complete renewal,

or

c. Partial renewal.
.
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For a partial renewal answer, the degree of renewal and the new age after the activity

need to be modeled. For a partial renewal, if possible inefficiencies are also inodeled,

then the age after the activity can be larger than the age before the activity. He

proceeding sections describe specific maintenance models which can be used to

deterndne the effect of an activity on the age of the component.

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 oflubricating a pump does not generally renew the pump but slows down the

wearing processe on 'he pump and hence slows down the aging rate of the pump.

There are two possible answers to this question:

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

failure rate,

or
r

b. There is a change in the aging failure rate and the change needs to be defined. :

;

Specific models for determining the effect of an activity on the aging are aho described
'

in the following sections.

Table 4 summarizes the above questions and alternative answers which determine the

appropriate aging control model to be used for the test, maintenance, or repair activity,

In fact,it can be argued that the gestions in Table 4 need to 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. .

2.6 Ilg_ Good as New Restoration Model and The Good as Old Restoration Model !

:

The two most straightforward models which can be used to quantify the aging control of j

a test, maintenance, or repair activity are the gocxl as new restoration model and the g(xxl

as old restoration model.- These models are described below in temis of the answers they

<
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TAlli.E 4. QUESTIONS ANI) Al,TEltNATIVE ANSWEltS TO

{ EVAL.UATE Till: A(ilNG Iml.l Allll.lTY EFl:ECTS ()F AN
ACTIVITY

:

P

w eempree,eq

Ql!ES I |()NS \l!!'EltNATIVE ANSWEllS,

.__
'

what is the cirect or the activity on the changes the siate or the cornponent.

operational state? lhics flot charige the state of the cortiportent.
|

_ , . . _ _ - . - _ - - _ . . . _ _ _ _ . _ - .__.~ .-

What is the elfeet of the ictivity on the No effect on the are(age reinains the s.uneL
I

cornponent age? Cornpletely irnews the component (age set

hack to tero).

l'artially renews the component (age

tieterminco by a nuxlel).
,

1

|
WItat I's the ef fcCl oI tile aCtlVily oil (Ile No cliatige iri agiiig rate (sariie aging failure

| component aging? tale usett).

Aging rate nuxlifical(new aging faihue rate

tietertilinct! hy a uuxlel),'

.-

1

i

I
l

!

|

,

w
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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;

I
The good as new restontion 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

3. There is no change in the aging behavior after the activity (the same aging

failure rate applies with the age reset to zero).

The good as new testoration model is used to model an activity which replaces or

completely renews the component (or component piecepart if pieceparts are being

modeled). If a component piecepart is the dominant contributor to the component failure
' mode being considend 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 contributing component piecepart. Relatively

simple equations for the component unreliability and unavailability result when the good

as new model is used.

The Good as Old Restoration Model

,

The gocxl as old restoration model 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 model opposite to the good as new restoration model with regard

to renewal. The gomi 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,

-
.
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2. The age temains the same after the activity (no renewal) and there is no age

setback,

and

3. 'lliere is no change in the aging behavior after the activity; the same aging

failure rate applies with the same are after the activity as before the activity.

The good as old restoration nudel, or g(xd as ohl model for short,is used to nudel an

actisity w hich assures that the component is in an operational state (up state; but does

minimal repairs on the component if the component is not functionally failed. Thus,

there is no removal of degradations or no major renewal of the component and the age of

the component basically remains the same. When applied to a component piecepart, then

the piecepart is not renewed or significantly refurbished. Th' lxxl as old nudel is used

to nudel a surveillance test or inspection activity which d(x s not involve major

nuintenance or repair actions, if a failure or severe degraded state is detected which

requires correction then the repair activity can be separately nudeled as a g(xxl as new

activity using the g(xx1 as new model. Thus, routine surveillance testing and inspection

can be modeled as being as go(xl as ohl activities and when failure or severe degradation

occurs then the repair or conective activity can be nxxicled as being a go(xl as new

activity. The go(d as olJ model again prtxiuces relatively simple equations for the

component unreliability and unavailability.

To utilite the formulas for the good as new restoration model or the g(xxi as old

restoration nudel one must determine whether the aging control of a given test,

maintenance, or replacement is best described as being go<xt as new or as being g(xxl as

old. The good as old nuxlel can be used to provide an upper bound and the g(xxl as new

nuxlel a lower bound for the effect of the activity, Combinations of the g(xxl as old and

good as new nxxlels can be used for different activities ca Tied out at a plant. For

example, as was indicated, a surveillance test carried out to assure a component is

operational can be m(xteled as having minimal aging control unless the component is

found failed. The surwillance test can thus be modeled as being as good as old with the

trpair of a failure bei'ig nwdcled as good as new. The surveillance test interval can be

used as the good as chi restoration interval and the good as new trstoration interval can

ne taken to be the mean time to failure. If scheduled replacements or overhauls are in

addition carried out then these activities can separately be nuxleled. Thus, the go(xl as

new and g(xxl as old models can provide Gexibility in modeling the aging control of

testing and maintenance activities.
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2.7 hlore Complex hiaintenance and Restoration hiodds

The goal as new and g~y .5 old models are useful for providing a first order evaluation

of the aging control of a test or maintenance activity. They can also provide bounds on

the aging control effects. M are complex maintenance and restoration matels involve

m(xteling the testing or maintenance activity to not be good as old or as gomi as new, but

somewhere between. More complex models can also involve modeling inefficiencir-

associated with a test or maintenance. These more complex models can be applied when

detailed test and maintenance data is available. These more complex models can also be

useful for sensitivity studies to detennine the sensitivity to the details of the test or

maintenance activity. For example, a useful analysis is to use the gmxi as old and good

as new mcdels to identify the risk important test and maintenances and then o carry out

more detailed sensitivity analyses on the risk important tests and maintenances. The

more complex models which will be covered are:

1) Maieling the effect of tests or maintenances on individual piecepans of the

Component,

2) Maieling the effect of tests or maintenances which only cover specific failure

causes or mechanisms,

3) Modeling explicitly the age setback which results from a maintenance or
_

repair activity,

4) Modeling the aging control of preventative maintenances in trducing the

aging rate,

and

5) hkxieling inefficiencies associated with a test or r"aintenance activity.

These mort detailed models are discussed in the subsequent sections.

Modeling Tests or Maintenances on Individual Pieceparts

When modeling tests or maintenances on individual piecepans, the component is

subdivided into its pieceparts and each piecepart is tirated as s seyarate component.

Each piecepan can then be tvaluated using the gomi as old or gomi as new model or
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more complex models. For example, a s alve can be divided into the valve driver (the

actuator, motor etc.), the valve interior (valve disk, etc.), and the valve exterior body. A

surveillance test which only tests a given piecepart can be modeled as being put as old

and an ove' haul or repair of the piecepart can be modeled as being good as new, the

models now being applied to the specific piecepart.

The actual modeling involves replacing the component failure rate by the sum of its

piecepart failurt rate contributions (e.g.,in fault tree tenninology replacing the

component by an "or gate" of its piecepart contributions).* The failure rate for each

piecepart then needs to be determined and the appropriate test and maintenance model for

each piecep.u? needs to be detemiined. When the good as old model is used for a

surveillance test and the good as new model is used for repairs the information trquired

is the appropriate test interval on the piecepan and the mean time to failutt for the

piecepart. The test and maintenance pmcedures md historical data are used to identify

the specific piecepans which are tested or maintained and the test and maintenance

frequency and characteristics. To prevent the models from becoming overly large, only

the major components can be expanded into their pieceparts. For components which

have one piecepart as the major contributor to the failure mode, the component may be

treated as being equivalent to the piecepart.

Modeline l'ests or Maintenances on Specific Failure Causes

if a test or maintenance only covers specific failure causes or failure r.iechanisms then

the activity can be modeled as only controlling a portion of the component failure rate.

The portion or fraction of the failure rate which is controlled is detennined based on the
fraction of total failure contributions which is covered by the test or maintenance. His

fractional restoration modeling is similar to the previous piecepart modeling except

instead of pieceparts being identified, the fraction of failure causes or mechanisms which

is controlled is modeled.

To apply the fractional restoration approach, the total component aging failure rete is

multiplied by the fraction of failure contributions which is controlled by a given test or

maintenance. This fractional failure rate contribution (the total failure rate times the

*The piecepart contnbunons can r.. ore accurately be mo& led as tving competing cause contributions,
how ever the (hflerence from the summation of the contributions, which ignores the mteractions, is

generally insignificant.
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fraction) can then be assigned to be bood as new after 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!c or

maintainable.

Explicitly Modeling Age Setback

A panial 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.Mty is explicitly determined. 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 gocx! as new model, there is a

complete age setback, i.e., the age reduction i i lual 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 intennediate age setback, the value of age setback needs to be

estimated. For a given age setback of Aw after an activity the age of the component is .

reduced from w to wi where

i

wi = w - Aw (34)
'

.

where w is the component age before the activity. The aging component failure mte then

begins at w1 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 fannulas 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 perfonned by varying Aw to determine the

sensitivity to the degree of restoration. Data analyses can also be canied out to e.ntimate

the age setbacks associated with different types of maintenances by constructing

appropriate likelihood functions with the age setback the parameter to be estimated.
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Modeling the Effects ofPreventative 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 air of this type and can be modeled as reducing the aging rate of the equipment.

liefore the preventative maintenance the aging rate has a value say of u and after the<

maintenance, the aging rate is reduced to aj where

ni = a - Au (35)

and where An is the aging rate reduction due to the preventative maintenance.

To detennine the aging control of a preventative maintenance the aging rate reduction

needs to be related to the component failure rate change. If the linear aging failure rate

model is used (Equations (5)-(9)) then the aging rate reduction An can be directly'

interpreted as the change in the linear aging rate u. The new !!near aging rate after the

preventative maintenance is then ai. Ptrventative maintenances may be more generally

carried out to control continually increasing rates of aging. To detennine the aging

control on aging rates which increase with time, nonlinear failuir rate models are

required,
r

For a nonlinear aging failure rate model, the aging rate u is inore generally defined to be

the rate of increase in the failure rate with age:

d (36)a=..
dw

..nere the right hand side of Equation (36)is the derivative of the failure rate with age.

The aging rate a is thus generally a function of the age w,i.e., a = a(w) and can increase
,

with age.

Fmm the above relationships, 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 APS A. If An 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 detennine the failure rate after the

preventative maintenance. With the failure rate after the activity detennined, 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 Ab b-1o-= W
b (37)dw wo

Equating the derivative to the new aging rate (In fter the preventative maintenance givesa

the component age wi after the preventative maintenance,

Auf wf-l = a, (38)
%'o

or
, .

b
_1_.

'

aiw b-1 '

wi = (39)Ab. a _

The new age wi 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 Act for a given preventative maintenance activity. Perhaps the best use of the

model is to carry out sensitivity analysis to determine the imponance of preventative

maintenance actions. His preventative maintenance matel can also be used to analyze

maintenance data to estimate the aging rate reductions for given preventative

maintenances using appropriate likelihood functions with Act as the unknown parameter

to be estimated.
,

Modeling Test and Maintenance inefficiencies

:

Finally, sometimes a test or maintenance may be inefficient in detecting or correcting a

degradation or failure. One of the most gra:gKorwar6vays to model a test or

maintenance inefficiency is to increase the tet; !.ve val or replacement interval to be an

" effective" interval. The use of an effective irnrvai models the inefficiency as being

associated with a constant probability per actinty of not detecting or correcting the
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degn. tation or failure. Let e be the test efficiency which is defined to be the probabilityr

of detecting a failure at a test l.et T be the actual test interval and T, be the effective test

interval which i:, the e.spected test interval at which the failure is detected. Then using

standard prubability relationships *,

Tm1 (40)
e

er

Similarly if et,is the probability of a testoration activity effectively restoring the

component, l. the actual restoration interval, and I., the effective restoration interval,

then

1;, = i . (41)-

e t,

The effective intervals can then be used in the fonnulas for the component unavailability
'

in place of the actual intervals. Sensitivity studies can be performed by varying eT or et,

to detennine the risk impact ofinefficiencies. Those tests or maintenances which are

most sensitive are those where the efficiencies need to be the highest.

Maintenance and trpair inefficicncies can also be modeled using the partial restoration

model or age setback model previously given. Instead of assuming gmi as new

restorations these partial restoration models can tm used to model panial restorations

associated with the mair.tenance or repair. Sensiti.vity studies can be performed to

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

2.8 Suinn13ry of Models and.32ala Nccded ta _Ouantify Component Reliability and . "

.Unnallability Efferts of Aging
i

I'Ihe previous sections described the failure models and test and maintenance matels

which can be used to quantify the reliability and unavailability of a given aging
'

component, The data required for these models were also discussed it is useful to

:

'For a detection probability of eT ner test the p.verage number of tests before detection is 1/eT ased onb

the standard geometric probability distribution. For an interval of T between tests, the average interval tot

j detection is then T/eT.

|
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l

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 at to 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 to 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 model when the aging control effects of test

and maintenance practices are also to bc 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 good as old restoration model,

and

"Ite good as new testoration model.
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1

More cornplex m(xlels can also be used, including piecepart nxxtels, fractional;

I restoration nodels, age setback nuels, and preventative maintenance nuxlels.

! Incificiencies in an activity can also be nuxleled. For a given test or tuaintenance m(xlel,
i the paraincters in the itxxlel need to be detennined from the procedures and from

historical data if available. l'or the good as ohl or pxal as new nuxlel the only retluired,

inpnt data is the interval at which the activity is perfonned. Sections 2.6 and 2.7

described the dif ferent test and maintenance nux!cis 'the appen{r. gives fonnulas for

calculating the component reliability characteristics using the aging failure rate nuxlel

and the appropriate test and maintenance nuxfels. These reliability characterWia are

then used to transfonn the PSA to an APSA. The next chapter, Chapter 3, describes the
,

approaches which can be used for this transionnation process,

,

I

!

|

!-
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3. APPROACilES FOR TRANSFORMING A PSA INTO AN AGE.
DEPENDENT PS A

;

,

3.0 Introduction

There are different approaches that < m be used for transfonning a PSA to an age-

dependent PS A, or an APSA. We describe three basic approaches. The first approach

involves canying out a standard PS A evaluation a number of times with different

component failure rates used in each evaluation. The diffen nt component failure rates

which are used are stepwise approximations to time dependent component failure rates. f
This approach is straightforward, but the age of each component cannot be separately

tracked. Hence, the effect of tes:ing, maintenance, or repair on the age of the component

or on the aging rate cannot be explicitly inodeled.

The second approach for transforming a PS A into an APS A is to substitute age
,

dependent component modd 'SA quantification fonnulas, The fundamental

PS A fonnulas for the core damage frequency in terms of the component failure

probabilities and component unavailabilities are still used. However, the quantification

famiulas for the component failure probabilities and component unavaV'ities are

changed from the usual, steady state fonnulas to those which explien.y c < orporate

aging. His approach efficiently calculates the core damage fmquency and system

unavailabilities as a function of plant age. However, the aging cor.tributors are not [
resolved in detail and the calculations can be time consuming if sensitivity studies are

perfonned.

The third approach for transforming a PSA to an APSA is to calculate appropriate risk

importance coefficients from the standard PSA and to combine these with calculated )
component aging effects using separate component aging models. This approach is

effective f or resolving in detail aging contnbutors, including all the aging interactions.

The approach also allows sensitivity studies to be efficiently carried out. However, the

approach can be time-consuming calculationwise. Formal uncenainty analyses can also

be time consuming.

The following sections describe each of the above approaches. The features of each

approach are funher described. Each approa3 is described in sufficient umil to allow

implementation of the approach for specific applications.

45 |
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3.1 Successive Stepwise Evaluations Using a StandaniPSA

The approach of successively quantifying a standard PSA to approximate aging effects is

i V 'roximated by astraightforward. The time dependent failure rate of a component

series of stepwise constant failure rates as shows,1.clow.
Appronunation of a Time Dopondent Failue Rate by a Stopwa.

Constant Faano Rato

_ /r
/r_,
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!, __/
/,

. /
__~
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,-
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, -

I 1 t t,I 2 The 3

For a time interval with a given approximate constant failure rate, the component can

thus be treat - as in a standard PS A which assumes the component has a constant failure

rate. For multiple components which have time dependent failure rates, the time

dependent 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 PS A

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 fn quency as illustrated below.
Core Damago Frequency at Dufuront Thne Points

Core Damage Froquoney

t, t 3 I2h 3 4
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The advantage of the successive stepwise approach is that standard PSA models and

standard PSA computer codes can be used. Care must be taken in selecting the width of

the time intervals, though this is a numerical accuracy problem w hich can be addressed

by using finer time intervals.

The basic disadvantage of using the stepwise, approximate approach is that individual

component ages cannot be explicitly tracked since a common time must be used for all

components. Thus, the effects of test, maintenance, or repair on the age of the

component and on . ging rate cannot be explicitly modeled. When a component is

replaced, repaired or maintained, the failure rate value after the activity is the same as the -

failure rate value before the activity. This is because of the constant failure rate

assumption used in the PS A run.

The implications of using the same frilure rate before and after an activity depend upon

the type of component failure rate function which is used as the basis fc- % histogram

approximations. When overall time trend failure rates (or failure frequencies) are used as

the basis for the histogram approximations, then the effects of testing, maintenances, and

repair are already factored into the failure rates. The effects of testing, maimenance, and

repair thus cannot be separated out and be explicitly modeled. Different testing,

maintenance, and repair programs consequently cannot be evaluated because of the built-

in effects of the testing, maintenance, and repair program under which the time,

dependent failure rates were collected. The PSA results then provide a best-estimate,

stepwise approximation of the time dependent core damage frequency and system

unavailabilities under the given testing, maintenance, and repair programs built into the

failure rates.

If age dependent component failure rates are instead used as the basis for the histograms,

where test, maintenance, and repair effects have been trmoved, then the PS A runs

generally will provide a conservative, upper bound evaluation of the aging impacts. All

the component ages are equated to a common running time in using the common set of

tir-intervals for the histogram approximations. Tims,it is assumed tSt components are

neur overhauled or replaced with new components. Because of the constant failure rate

assumption, surveillance tests, maintenances, repairs, and replacements are thus all

effectively modeled as being good as old. No component is ever replaced with a new

component and no degradation is ever removed from a component, causing a renewal of

the component. Because of the good as old assumption for all activities, the stepwise

47
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approximation approach in this case generally provides a conservative, upper bound

evaluation of the ageuependent core damage frequency and system unavailability.

Thus, it is important to know whether the basic component failure rate functions which

are used are time trends and incorporate the effects of testing, maintenance, and repair or4

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 important for the p ,per understanding and application, not only for

the approximate stepwise PS A approach but for the other approaches for carrying out an

APS A as well. It is an issue since as was indicated in Section 2.3, failure rate data bases

may not clearly differentiate as 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 time dependent failure rates and erroneously call

them age dependent.

One final point involves the PSA minimal cut sets.* A tnmcated list of minimal cut see
,

which have been evaluated as being the most important is among the standard results

provided by the PSA. A list of minimal cut sets is used not only in the successive

stepwise approach, but in all approaches to quantify the aging effects. Truncation of the

minimal cut sets by the PS A can lead to underestimating of the aging effects because
~

minimal cut sets which were unimportant in the original PS A 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 wi!! cause

a multiplicative increase in the minimal c 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 am aging 4

and the evaluations carried out again using the expanded set. If this checking is not done

then it should be made clear as to what contributions are included and which are not.

This applies to all the approaches. A summary of the basic features of the stepwise

approach is given in Table 5. .

1

1

* A minimal cut su :s a stand;ml PSA temi and is a smallest combinanon of component failures with an

imtiaung event that # ill cause a core damage event.
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|
1

.

TABLE 5, Tile SUCCESSIVE STEPWISE APPROACil

FOR PSA AGING EVALUATIONS

= = = = = = - - - - = = = = = = = = _ = = = = = = = = = =

Ilasic Procedure: Approximate the time-dependent component failure rate by a series of

constant stepwi.,e failure rates in given time intervals. Use the same time intervals for all

compenents. For a given time interval select the appropriate constant failure rate for

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

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 am never modified. Thus, different test, maintenance,

and repair programs which affect the aging or aging rate cannot be evaluated.

Special Points: If overall, time 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, maintenance, and repair effects removed then all tests,

l 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.
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3.2 Substitution ,Q\ging Models Into a PS A

A second approach for transfonning a PS A into an APSA is to substitute aging nxxlels i

into the PS A component quantification fonnulas, Instead of calculating component

unavailabilities and component unreliabilities using standard PS A 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 models in the PS A are

used. Ilowever, different values 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 ofinterest 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 models into the PS A, consider the

standard PS A fonnula for the core damage frequency C in tenns of the component

contributors:>

N

C = [I q l 4 2,.4imii
i=1

where

the initiating event frequency for a given (43)I; =

accident

and
9it 412.. 91m the product of component unavailabilities *t =

in the ith minimal cut set (a combination of - (44)

component failures causing a com damage

event if the initiating event occurs)

* A component unreliability is used insicad of a component unavailability when the failure mode is
failure to run,instead of failure to str*
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The minimal cut sets can vary in size, and to be general there are assumed to be m,

components in the ith minimal cut set. Also, to be general it is assumed that N minimal

cut sets are obtainable from the original PSA. The unavailabilities can also include

human error contributions. The same general fonnula as Equation (42) also applies for

system unavailabilities, expected health consequences, and other results calculated by the
PSA.

Equation (42) is dependent only upon the basic logic structure of the PS A and doesn't

depend on any specific quantitative models used for the initiating event frequencies and

component unavailabilities, in standard PS A evaluations, constant failure rate models -

are used to calculate values fer l and qa qa . . q For age-dependent evaluations,i q.

age-dependent models are instead used to calculate these values at different time points

or plant ages. The calculations need to be repeated for each time point of interrst,

however the same basic PS A fonnula, Equation (42),is used with only different numbers

substituted for l and qn qa . . qim ,i

in substituting age-dependent models for the component unavailabilities and

unreliabilities (or initiating event frequencies) the following points need to be considered

for implementations:

1. Truncation of minimal cut sets can again cause certain aging contributors to be

omitted. A truncated minimal cut set contribution can become particularly
-

important if multiple components in the minimal cut set are aging, multiplying

the contribution of the minimal cut set. The truncation effect can be investigated

by expanding the minimal cut sets to include those omitted minimal cut sets

containing aging components.

2. If different test and maintenance policies are to be evaluated, then age-dependent

component failure rates need to be used which separate out the effects of tests,

maintenances, and trpairs. Appropriate test, maintemmce, and repair models of

age control, such as those given in Chapter 2, should be used to calculate the

component unavailabilities.
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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 test, maintenance, and

n pair practices cannot be evaluated. Good 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 PS A

models and minimal cut sets are used with the quantification formulas modified for the

component unavailabilities and unreliabilities (or initiating event frequencies). Separate

computer 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 incorporated into the quantifications.

The disadvantage of the substitution technique is 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

contributions give the total contributions fmm 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 PS A.

3.3 The Risk Imoortance Aporoach for Evaluating Aging Effects

The third approach for transforming a PSA into an APS A is the risk importance approachi

! whose methodology is described in NUREG/CR-5510(7). Appropriate risk importances

are calculated from the standard PSA and are then combined with component aging

models to give the con: damage frequency increase due to aging. Other risk importances -

can also be calculated from the PS A to give the increase in any risk result due to aging,

such as increases in system 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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TAlli E 6. Tile SUllSTITUTION APPROACil FOR PSA AGING
EVAL,UATIONS
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Ilasic Procedure: Use aging models to calculate the cornponent unavailabilities (or

unreliabilities) at a given time point (or given plant age) for the aging components.

Alternatively, use the aging models to calculate average increases in unavailability due to

aging. Substitute the component unavailability values into the PS A minimal cut set

equations to obtain the age-dependent core damage frrquency. Repeat at different time

points for time dependent evaluations.

Advantages: The standard PS A logic models and minimal cut sets can be used with

only the quantification famiulas modified for the component unavailabilities,

unreliabilities and initiating event frequencies. Separate subroutines can be set up to

calculate the age-dependent unavailabilities, unreliabilities, and initiating event

frequencies to replace the standard PS A quantifications. Different test and maintenance

programs can be evaluated for their risk effectiveness if appropriate age dependent

failure rates are used.

Disadvantages: The aging effects are not delineated and hence prioritization of the

aging effects can not be readily carried out. The calculations can be tedious and time -

consuming if different aging calculations are performed such as for sensitivity

evaluations

Special Points: Age-dependent component failure rates should be used which separate

out the test and maintenance effects if different test and maintenance programs are to be

evaluated. If time dependent failure rates or failure frequencies are used which

incorporate test and maintenance effects then go(xl as old restoration models should be

used to maintain the time dependent failure rates or failure frequencies. Truncation of

the minimal cut sets can lead to underestimation of the aging effects and can be expanded

to determine the impacts. The contributors included and those omitted should be

described.
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Let AC be the increase in the core damage firquency due to aging,i.e. the difference

between the core damage firquency with aging and without aging. Then AC can be

expressed as a sum of contributions,

AC = [S aqi +[S j Aqi qj (45)i i A

i j>i

+ [ S jt gli AqjAqk -/i

k>j>i

+1S ..n 49t 92 69n12 A
n

where

the increase in the unavailability of (46)Aqj =

component i due to aging (the difference -

between the unavailability with and without

aging)
,

and where S , S , . . S ...n am appropriate risk importance coefficients determined from -i ij t2

the standard PS A. NUREG/CR-5510 describes how to calculate the risk importance

coefficients and provides algorithms which can be used for implementations. The last

term on the right hand side is the contribution from the largest size minimal cut sets

obtainable from the PS A (without truncation). The total core damage frequency C with -

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

| calculate <1 in the PS A C , i.e., C = C + AC. Similar expressions can be written for theo o

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 to aging. Each Aqi s thei

difference between the unavailability q calculated with aging and the unavailability go

calculated without aging in the PSA, Aq = q - go. The unavailability increase Aqi can be

time dependent (or age dependent) or can be an average aging effect over given time

periods or replacement intervals.
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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 Aqi the core damage frequency contribution (47)=i

from the aging of component i.

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

components simultaneously aging:

S Aq; Aqiii the core damage frequency contribution (48)=

from the simultaneous aging of components

i and j.

The higher order interaction contributions for three components simultaneousiv 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

modeled 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 Agi, S is the standard PSA core damage frequency importance of thei i

component and Aqi s the aging effect. Similarly, for an interactiori contribution, the firsti

factor is the core damage frequency importance of the interaction and the second factor,

the product of Agi s, is the aging effect. For example, for the two component interaction -
'

contribution S Aq,Aq , S is the risk importance of the contribution and Agi q is theij j ij A j
aging interaction effect. Thus, one can determine how much of each core damage

frequency contribution is due to the core damage frequency importance of the

components and how much is due to the aging of the components.:The core damage

frequency importances of the components are determined from the basic PSA and- :

a

reflects the basic design and operation of the plant. The aging effects Aqi epend upond

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,i.e. the tenns 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 impotiance coefficients S;,S , etc. The aging effectsg

Aq; are calculated using appropriate aging reliability models as has been previously

described. If the aging control of test and maintenance programs are to be explicitly

esaluated for their risk effectiveness, then again age-dependent component failure rates

which separate out the effects of testing, maintenance, and repair should be used.

Appropriate formulas for Aqi are given in the appendix.

The disadvantage of the above aging-risk importance approach is that the risk importance

coefficients S; S ), etc. can be tedious to calculate, particularly if many terms arei

determined for the contributions to AC. Efficient algorithms for determimng the ri3k

importance coefficients focused on those components which are aging can help address

this problem. Uncertainty and sensitivity evaluations can also be tedious if uncertainties

and sensitivities in the risk importance coefficients air included. Equations and

algorithms for the risk importance coefficients given .in NUREG/CR-5510 can be used to

obtain the uncertaintics and sensitivities in terms of basic component data uncertainties.

The advantage of the aging risk importance approach is that it provides a detailed

t reakdown of all the aging contributions to the core damage frequency increase due to

aging. Ilow 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 conttibutors

and of test and maintenance activities thus can be effectively carried out using the

approach. From an implementation standpoint, because the aging evaluations Aqi are

separated from the PSA risk importances S , S;;, etc., the PS A needs to be solved onlyi

once to determine the risk importances, reganiless 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 risk importance aging approach.

|

|
;
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TAllLE 7. Tile RISK IMPORTANCE APPROACil FOR PSA AGING
EVALUATIONS

==_ . = ~ = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = - - .

Basic Procedure: Use the standard PS A to calculate the risk importance coefficients (S;,

S;), etc.) for each component and combination of components which are aging. Multiply

the coefficients by the increases in unavailability (Aq;, Aq), etc.) due to aging and add to

obtain the total core damage trequency change (AC). Recalculate the unavailability

increases for the time points or ages of interest for time dependent evaluations.

Advantages: The detailed aging contributions are identified and prioritized. The risk

importance factor and the aging effect factor for each contribution is identified. The risk

importance coefficients need only be calculated once for different aging evaluations

which are carried out.

Disadvantages: Calculation of the risk importance coefficients can be time consuming

if many higher order coefficients are calculated. Including uncertainties and sensitivities

in the risk importance coefficients can be tedious.

Special Points: Age-dependent component failum rates which separate out test,

maintenance, and repair effects should again be used if the aging control of test and

maintenance programs are to be explicitly evaluated. If the summation of terms for AC -

is truncated at some term then the effects of the truncation can be examined by

calculating additional terms. The tmncation limit should be documented as part of

re sults.

_
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4. APPLICATIONS OF AN AGE DEPENDENT PSA

4.0 Introduction

An age-dependent PSA, which we have called an APS A, can be used for various

applications. A panicular application of an APSA can be classified according to the

principal focus of the analysis, which can be:

Evaluation of the core damage frequency with aging effects incorporated,

Evaluation of test and maintenance effectiveness in controlling aging impacts,

Prioritization of aging contributors to the core damage frequency,

or

Evaluation of the sensitivities and tincertainties in risks due to aging effects,

When the focus is on evaluation of the core damage frequency with aging effects

incorporated then the emphasis is on determining the bottom line number for the core

damage fn quency and system unavailabilities with aging effects explicitly modeled.

When the focus is on evaluation of test and maintenance effectiveness in controlling

agmg effects then the emphasis is on evaluating the effectiveness of test and maintenance

programs in controlling the risk impacts of aging under specified aging behaviors,

Different test and maintenance strategies may be investigated and different plausible

aging failure rate may be used. When the focus is on prioritization of aging

contributions then the evaluations are geared toward the ranking and screening of aging

contributors. Finally, when sensitivi y and uncertainty analyses are the principal focust

then variations and distributions in the risk are determined for variations and distributions

in aging behaviors.

The next section identifies the basic questions that need to be answered in setting up an

APS A calculation for any of the above applications. These questions and their answers

provide a framework for carrying out one or more of the above applications. These

questions address the aging data, the test and maintenance models, the PSA information

and the results from the APS A.
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I
4.1 Ouestions To Be Addressed in Settine Un an APSA Apolication

There are four basic questions that need to be answered in setting up an APS A for any

specific evaluation. These questions are:

1. What is the available component aging failure rate data?

2. What is the available test and maintenance information?

3. What is the available type of PS A information? -w

and

4. What are the aging results of most interest?

The answers to the questions will determine the type of APSA application which can be ;

best carried out and the type of APSA approach which is most suitable. Figure 6

presents these questions in terms of a decision tree with the possible answers. The

following sectior s discuss in more detail the alternative answers to each of these

questions and the impbcations of these answers.

4.2 knpact of Available Comoonent Agine Failure Rate Data
.

The component aging failure rates which are available can be of three types:

Plant specific aging failure rates,

Generic aging failure rates,

or

Subjective estimates of aging failure rates.
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FIGURE 6. QUESTIONS TO BE ANSWERED IN SETTING UP AN
APSA EVALUATION

Availab!c aging failure rate data?

plant
specific generic subjective data

|
Available test and maintenance information?

minimal-detailed informationinformLtion |
Available PSA information?*

truncatedevent trees and minimalfault trees I
,

I cut sets

Results of most interest?

prioritizationbottom line and sensitivities
numbers

(

|
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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 modL

(e.g. linear, Weibull, or exponential) can be selected which is moet 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 been obtained from a

population of plants. 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 is important that sensitivity or

uncertainty analyses be also carried 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
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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 i

interactions. Finally, the successive approximation approach can provide quick bounds

or approximations 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

mear.ingful 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 ute variations are the most meaningful. Prioritizations of aging

contributors and sensitivity studies, along with uncertainty analyses, are thus among the

more meaningful applications. With regard to 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 usefulif the focus is on final

core damage fn quency values. For all these approaches, the effects of plant specific data

variations about the generic data values must again be included.

If subjective 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

large 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

relationships 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 risk

importance approach can be useful for identifying these relationships as well as for

j prioritizing aging contributors in temis of order of magnitude impacts. The other APS A

| approaches can also be useful for these types of results.

|
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4.3 Impac1Luf.Available Test and Maintenance Information

There are two levels of test and maintenance informntion which can be available:

Minimalinfonnation, basically providing only the type of activity perfonned and

its frequency,

or

Detailed historical information providing the times the activity was perfonned,

the type of activity, degradations monitored and corrected, and pieceparts -

replaced.

When minimal information is only available then one basically only knows the type of

activity,i.e. whether a surveillance test, maintenance, or replacement was performed, and

the average frequency of the activity. Preventative maintenances may be differentiated

from corrective maintenances. The frequency of the activity may also only be known

approximately. When only nunimal infonnation is available then the basic, good as new

and g(xxl as old restoration models described in Chapter 2 are the most meaningful

models which are consistent with the minimal test and maintenance infonnation. These

unlels are first order models and can be used to obtain a first order evaluation of the

aging impacts.

As described in Chapter 2, the go(x! as new model treats the test o, maintenance activity
_

as basically removing all significant aging effects and restoring the component ta as go(xl

as new. The g(xxl as old model treats the test or maintenance activity as assuring the

component is operational but as carrying out no major renovations of the component so

as not to affect the age of the component or its failure rate. As was indicated,

surveillance tests which principally check the operational status of the component can be

modeled to be as gcxxl as old restoration activities. Maintenances which correct

degradations and repairs can be nnieled to be as g(xx1 as new restoration activities. The '

good as old and go<xt as new restoration models require only the frequency of the activity

and hence data requirements are minimal. Sensitivity studies can be carried out by

changing various good as new model; to g(xxl as old and vice versa. Also, the partial

restoration models previously described in Chapter 2 can be used for sensitivity studies to

study the effects of partial restorations between go(xt as old and go(xl as new.
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When detailed historical infonnation on tests and maintenances is available then such

infonnation as the time of each test or maintenance, the specific ecuons , hat were carried

out, the degradations and component conditions that wen observd., and the pieceparts

that were replaced are oatainable. This means that, first of all,infonnation is available to

detenume the applicability of the good as old or good as new model for a particular

activity. Infonnation is also available to detennine whether preventative maintenances

need to be separated from corrective maintenances as discussed in Chapter 2.

Information i / also be available to determine the applicability of the partial restoration

models or piecepart maintenance models described in Chapter 2.

For the more complex test and maintenance malels, the parameters of the model can be

determined from the information which is available on the actisity. The parameters may

be estimated from engineering infonnation and data analyses. The maintenance data can

be analyzed to not only estimate the parameters, but also to determine the most

applicable model.

When more detailed infonnation is available on the test and maintenance activities, any

of the approaches for transforming a PS A to an APS A can be effective depending upon

the focus of the evaluation. The successive stepwise approach will be useful when only a

bound or first approximation for the resulting core damage frequency is desired. The

substitution approach will be effective when the traditional PSA results are desired but ,

now with aging effects incorporated. The risk importance approach is most useful for
'

prioritiza; ion and sensitivity studies.

.t .4 hnplCLRES A Infonnation Which is Available

The type of PS A infonnation which is available affects the completeness and detail to

which aging contributors can be evaluated. The PS A infom1ation which is available can

be:

The complete PS A event tree and fault tree models

or can be:

A restricted PS A set of minimal cut sets.
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For each of these cases, it is assumed that the PSA has been developed to a basic

component level i.e. to an individual valve, pump, and relay level.' If the PS A has only-

'

been developed to a grouped component level or to a train level in which individual

components are not identified then component aging effects cannot be evaluated by

transforming the PSA. For each of the above cases ofinformation,it is also assumed that

the data used for the PSA quantification 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

minimal cut sets can potentially be generated to the level needed to 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 components in the restricted minimal cut 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 lx10 8. 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 contributions which are

included for the aging evaluations. This applies to the case where ar.. truncated set of

minimal cut sets is used, even when the event tn:es and fault trees are used to generate an

expanded, but still truncated set of minimal cut sets. The criteria used for selecting the

minimal cut sets and the contributors included and excluded should be carefully -

documented.
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Finally, in addition to the level of PSA information, the scope of contributors included in

the PSA is important since it determmes the scope of aging contributors which are

included in the APSA. A standard PSA generally does nei consider individual balance of

phtnt (BOP) contributors, lumping all pere .a coninbutors mto a transient initiating, s

frequency value. Thus, the effects of aging of ROP contributors cannot be evaluated

using this PS A. PS As also do not generally include many passive component

contributors such as piping and cables. The PSA should be expanded to melude these

other contributors, when impacts from these contributors are desired. In all cases, the

scope of the PSA should be docu.nented.

4.5 hnpitti of Results Which Are of Most Interest

Finally, for a particular application, there can be specific results which are of most

interest, with other results being oflesser importance. All the APSA approaches can

provide a c. mplete set of risk results. However, as was previously noted, a given

approach is most efficient in providing certain types of results. The successive stepwise

approach is 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 risk importance approach is best at

providing prioritizations of aging contributors and sensitivity results.

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

the availability of aging failure rate data, test and maintenance data, and PS A

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

| used need to 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.

|
|
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5. PRIORITIZATIONS OF AGING CONTRillUTORS

5.0 Inifoduction

This chapter illus; rates the applications of an APS A for the objective of prioritizing aging

contributors. The pnoritization of the contributions to the core damage frequency from

aging active components will be specifically evaluated. The same methodology could be

applied in priorit zing passive component contributions, provided the PS A contains thei

passive components and aging failure rates can be obtai:.ed for the passive components.

For the prioritization of active components demonstrated here, a PSA will be used which
~

has already been developed for a plant. The particular PSA which is used is not of

concern since the focus here is on the basic approaches for using an APS A to prioritize

aging contributors.

For the prioritization of aging contributors, the approach which will be used for

transforming a PSA into an APSA will be the risk importance approach for evaluating

aging effects previously descriSed in Section 3.3. As was described in Section 3.3, the

risk imponance approach provides a detailed accounting of the aging contributors

including all the aging interactions. The substitution approach for evaluation aging

effects described in Section 3.2 could also be used, however the prioritization of the

contributors would be in terms of the minimal cut sets instead of the detailed individual

and interaction contributors. The successive stepwise approach could also be used to

produce first approximations of the contributors but again they would be in terms of thee

minimal cut sets which contribute to the core damage frequency.

The following sections describe specific steps that need to be cartied out in applying an

APS A for prioritization evaluations. Considerations involved in selecting aging failure

rate models and aging failure rate data are described. Selection of test and maintenance

models is also discussed. Finally, organization and grouping of the results for

prioritization applications is discussed. Even though the specific focus is on using the

risk imponance approach for prioritizing aging contributors, the considerations apply to

any APSA approach used for prioritizing contributors.
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5.1. ApplitMio1Lellhc_Ri5 Lltup011antcA gintApp10ach

As was discussed in Section 3.3 in the risk importance aging approach, the core damage

ficquency increase AC due to aging is expressed as a sum of contribution tenns from

successively higher order aging interactions;

AC = AC + AC 4 +^C (49)i 2 n

,

Where AC is the contribution from individual component aging effects, AC the2
i

contribution from two component aging interaction effects, etc. The maximum size n of

the interactions is the largest con damage minimal cut sets obtainable from the PS A.

For prioritization applications, we must first decide upon the maximum size of

interactions to consider. Considering allinteractions will be exact but can be time

consuming in calculating all the contributions. 'the higher onier interaction tenus can

also be repetitive in that the same components will appear in the contributions.

Considering only single component aging effects AC willinclude the dominanti

individual components which individually contribute most to the core damage frequency

effects from aging. We shall consider interactions up to second order to include in the

prioritization those additional components which individually may not be important but

which jointly can be i ,portant aging contributors. Even though we consider only second

enter interactions, the approaches and guidelines we describe are applicable for any size

interactions considered.

When intetactions up to second order are considered then Equation (49) for AC

approximates to

(50)AC = AC + AC7i .

The first order contribution AC is the sum of the individual component agingi

contributors;

(51)
AC = Y Acii ~

k
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,

where Ac is t'ie core damage frequency contribution from the aging of component i. As

indicated in Section 3.3, Ac can be expressed as a product of the risk importance S ofi
the component and the aging effect aging Aq; on the unavailability of the component, ,

Aci = S oqi (52)i

Similarly, the second order contributica AC 1- 'e sum of the joint component aging2

contributors,

AC = [^C j (53)
'

2 i

j>i

where Aci;is the interaction contribution from the. simultaneous aging of components i

and j. As was indicated in Section 3.3, the contribution Acjj can be expressed as a

product of the joint risk imponance Sjj of the component combination and the effect of

simultaneous aging Aq Aqj on the component unavailabilities,

Acij = S jAqi qj . (54)i A

|
|

All the individual aging contributors and second order contributors are thus identified in

this joint prioritization evaluation, Additional, higher order terms AC , etc. can be3

generated to check whether any new contributors appear.

A personal computer program was constructed to calculate the risk. imponance

coefficients S; and S;; 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

PS A (failure rates, test intervals, initiating event frequencies, etc.) are used to calculate '

values for S and S;). The aging effects Aqi are calculated with reference to the baselinei

L values' determined in the PSA. Thc core damage frequency effects AC and AC are thus1 2

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
I to the baseline PS A value. As was indicated in Section 3.3, the advantage of the risk

importance approach is that the original PS A may be used to calculate the risk

importance coefficients, which need to be done only once for as many different aging

analyses that may be carried out which only involve changing Aq; or Aqj.
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The core damage frequency increase AC (including AC and AC ) which will bei 2

calculated will be the average increase due to aging between replacements (renewals) of

the component. The average com damage frequency increase is calculated by using the

average unavailability increase Aq between component replacements in Equations (52)

and (54). If the component is not replaced during the plant lifetime then the average

increase over the plant lifetime is used. The average increase applies to any year. The

average inen ase AC added to the baseline core damage frequency from the PS A will

give the new, average core damage frequency at any year. The appendix gives the time

dependent unavailability formulas which can be averaged to obtain (he average Aq.

5.2 Selection of Acine Failure Rate Maiels andIhna

When plant specific failure data is available then the appropriate failure rate aging

models and data would be selected based on this plant data. To determine the aging

models and data for these models, the failure data would need to include at minimum for

each component ofinterest, the times of failure and times of major overhauls or

replacements. Using statistical approaches, the appropriate failure rate model, e.g.

whether linear, Weibull, or exponential, would be determined by fitting the alternative

models using likelihcxxl or Bayesian approaches.

In lieu of having available plant specific data, generic aging failure rates or subjective

estimates of aging failure rates need to be used. Generic or subjective estimates of aging

failure rates can be usefulin providing an initial prioritization of the aging contributors to

help initially focus maintenance activities, monitoring activities, and data collection

activities. When generic or subjective aging failure rates are used then sensitivity studies

or uncertainty analyses can carried to investigate effects of data variations and

uncertainties. The results from the sensitivity or uncertainty analyses can then be

factored into the prioritization conclusions. For the application here, the subjective,

aging failure rate data base in NUREG/CR-5248 (S)is used. This aging failure rate data

base is often called the TIRG ALEX data base n ferencing the committee which had

oversight on the work.

The TIRG ALEX aging rate data base assumes a linear aging failure rate model,
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A(w) = A 4 aw (55)o

L where A(w)is the age dependent failure rate as a function of the component age w, A is-o

the underlying constant failure rate as used in the PSA and a is the component aging ratt

(the symbol "a" is used hete instead of "a" in chapter 2). For the TIRGAl.l!X data base,
,

a panel of experts estimated the aging rates a for various classes of components. Though

no systematic illicitation or estimation techniques were used, there was an attempt to be

consistent and to effectively utilire availabic engineering knowledpe.

The TIRG AI.!!X aging rates a are given in Table 8 for the active components in the l'S A.

The TIRGAIEX aging rates are intended to be subjective, generic aging rates.

NURiiG/CR-5248 warns about the uncertainties associated with the valaes. As a means

of assessing the uncertainties in the TIRG AIEX aging rates, NUREG/CR-5510 (7)

compared the TIRGA1.EX aging rates with aging rates which were obtained from

samples of 1.icensee livent Report (IER) data, data from the Nuclear Plant Reliability

Data System (NPRDS), and plant specific data For diesels, pumps, and motor operated

valves, the median aging rate values from the samples of data agreed within<

approximately a factor of 10 with the associated TIRGAIEX values. For check valves

the TIRGALEX aging rate value was a factor of 10 to 100 lower than specific plant

| estimate principally because of check valve backleakage problems at specific plants..

| Thus, the TIRG AIEX aging rates generally agreed to within an order of magnitude 'vith

the aging rates estimated from plant data and were biased low when plants had specilic

pmblem components.

The TIRGAIEX aging rates were generated in NUREG/CR-5248 for prioritizing

research needs. Thus, the TIRGALEX aging rates are best suited for prioritization

analysis as is ce ried out here. llecause the aging rates are based on subjective judgments -

and have large uncertainties, sensitivity analyses are also carried out for the prioritization

applications here. For the sensitivity analyses, two different aging rate data bases are

constructed for the components which were dominant PS A contributors. One sensitivity

aging rate data base represents low aging rates and one reptrsents high aging rates.

Further details of the steps involved in generating the aging rates are provided in

NUREG/CR-5510.

Table 9 gives the low sensitivity aging rates for those components identified as being

dominant contributors in the baseline PSA. The aging rates are low aging rates in that
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TAllLE 8.TIRGALF.4 AGING RATES USED FOR ACTIVE COMPONENTS

COMPONENT AGING RATE (per liour per year)

Ac Bus 1.0E-09

Air-Operated Valve 4.0E-07

Battery 3.0E-07

Check Valve 4.0E-09

Circuit Breaker 2.0E-08

DC Bus 1.0E-09

Diesel Generator 3.6E-06

Motor-Driven Pump 2.0E-07

Motor-Operated Valve 3.6E-06

Relay 3.0E-07

Safety / Relief Valve 7.0E-07

Transfonner 2.0E-09

|
Turbine Driven Pump 3.0E-06

Solenoid-Operated Valve 6.7 E-07

|

|

|-

i

<

t
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the aging rate only doubles the baseline PS A failure rate of the component after 40 years.

All aging rates for other components not shown in the table are kept at their TIRG At.EX

values. Table 10 gives the high sensitivity aging rates that are de fined for these same

components. All other component aging rates art kept at their TIRGALEX values.

These high sensitivity aging rates are the same as tM upper threshold aging rates used in

NUREGa rb5510 and cause an unavailability of 0.1 after 18 months, which is a

significantly high unavailability and which is characteristic of severe aging.

One final comment should be made regarding the use of the linear failure rate aging

model given by ' Equation (55). Use of the linear aging model,instead of the Weibull

model or exponential model, ignores nonlinear aging effects exhibited by the

components. The linear aging model can thus be viewed as a fust order lir car

approximation for the aging behavior of the component. Prioritizations using linear

aging rates can consequently be viewed as first ordct prioritizations of the risk

importances of component aging effects. Investigations of the impacts of nonlinear
'

aging effects could thea oe carned out using appropriate nonlinear models.

5.3 Edeniotof Testand h!ch

:st and maintenance effects are to be explicitly incorporated when aging contributors

prioritized, then appropriate test and maintenance models must be selected. For the.

pnoritization we shall assume technical specifications are followed at the plant with no

additional 'chedule/ aintenance being carried out. This can be tenned the minimal -

'

maintenance situation. The prioritization of contributors which are obtained can then be

used to help focus and structure a risk-based aging maintenance program. Prioritization

of aging contributors under an existing scheduled maintenance pmgram would require

selection of the applicable maintenance models. The prioritization results would then

noentify what contributors would need funher emphasis and what contributors could be

relaxed in terms of their maintenance activities.

For the prioritization, we thus assume surveillance tests are good as old. That is,if
degradations arr detected at a test they are not removed as long as the component is still
functional. We also assume that when a component is found to be functionally failed at a
suweillance test that it is replaced or is repairrd so that it is as gocxi as new. This can be
an optimistic assumption if minimal repairs are only carried out. The assumption
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TAllt.I' 9. LOW SENSITIVI''IT AGING RATES USED 1011 DONilNANT
CONTRillOTOllS

COS1PONENT
_,

AGING R ATE (per Imur per , sear)

%i 7.0E 08
4 r Operated Valve

Ilattery 2.0E-08

' Check Vahe 4.0E-09

2.0E-07Diesel Generator
_,____ ,_ _

I hiotor Driven l' ump 2.0E 07

2.Ori 07Niotor= Operated Valve

Safety /itelief Valve 71,li 08

2.0E-06_ Turbine Drisen Pump.c- a-

_

TAltl.E 10. lilGli ''",NSITIVI'l Y AGING ltATFS USED l'OR DO511NANT

CONTitillUTOllS

CONIPONENT M;iNG R ATE (per hour per year)

Air Operated Valve 1.0E 05

Batterv 1.0E-05

Check Valve 1.0E-05

Diesel Geneiator 1.0E-05

Niotor-Driven Pump 1.0E-05

1.0E-05N10 tor-Operated Valve
l.0E 05Safety / Relief Valve

__

l.0E-05Turbme Driven Pump
_
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can be checked by treating repain to also be good as old.(See the next chapter.) We

assume the same test Mervals as used in the basic PSA. We do not assume that testing is

carried out more frequently if aging occurs. The applicable test interval for each

component will be shown in subsequent result printouts. In addition to the surveillance

test interval, we also need to assume efficiencies for the surveillance tests. From Section

2.7 again, the efficiency of a surveillance test is the probability that a given failure is

detected by the test.

Two sets of efficiencies are used for the prioritization evaluations. For one set of

evaluations, the surveillance tests are assumed to have 1(XNe efficiency (efficiency

fmetion cT = 1h For the second set of evaluations, the surveillance tests are assigned the

efficiencies cT given in Table 2.6 of the TIRGALEX report NUREG/CR 5248. The

cf ficiencies are reproduced in Tale 11. The APS A results from both these ef ficiency

data sets will be factorrd into the prioritizations.

5.4 Sticcion of the Formulas for the Comoonent Acing impacts

As additional input information required for the prioiltization applicati- ,, we need

fonnulas for Aq, the aging effect on the component. More specifically, Aq is the increase

in component unavailability over the base PS A value without aging effects:

Aq = q-go (56)

where q is the component unavailability explicitly including aging and go is the value

calculated in the base PS A assuming no aging (i.e. assuming a constant component

faih're rate).

The fonnula for Aq, or equivalently for q, for each aging component is required. These

fonnulas are requited, not only for the risk importance approach we are using here, but

also for the substitution approach. For the successive stepwise approach, age-dependent

fonnulas are not needed, but time steps would need to be selected which apply to all

components and which are used to approximate the time dependent or age dependent

component failure rates for each component..
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T s t)i #' i 1. TiltG Al.EX SUltVEll.1, ANCE TEST EITICIENCIES

| COMI'O dNT TEST EITICIENCY

AcIlus 0.45 !

Air-Operated Valve 0.45

Ilattery 0.86

I Check Valve 0.09

Circuit lireaker 0.45
_

DC lius 0.45

Diesel Gener ator 0.27-

N10 tor-Driven Pump 0.44

Niotor. Operated Valve 0.60

Relay
_,

0.18

Safety / Relief Valve 0.82

Transfortner 0.62

Turbine Drisen Pump 0.44

! Solenoid-Operated Valve 0.82
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If we were also including aging effects on initiating event fwquencies (e.g. on the pipe

rupture frequency) then we would also need formulas for the change in initiating event

frequency M.due to aging. Ilowever, we will not consider aging effects on initiating

event fwquencies since our focus is on prioritizing active safety components. It is useful

to note however that the aging effect M. is simply

AA = A - A (57)o,

wherc ),is the age dependent failure rate ti.e. initiating event frequency) such as the

Weibull failure rate and l is the constant value used in the PSA. For the core damage -

o

frequency contributions from aging, Al would then simply replace Aq in Equation (45).

We will prioritize the aging contributors with regard to their average aging effects on the

core damage frequency. The average aging effect for a component is the average o

increase Aq due to aging between replacements or renewals of the component.* From

NUREG/CR-5510 (7), for a linear aging failure rate, the average unavailability increase

Aq due to aging is

Aq = 4 (L - T)T + 1 aT,' (58)
1

a
6

where a is the aging rate, L is the replacement interval (or overhaul interval) and T is the

surveillance test interval for the component. The above famiula models a surveillance -

test as being good as old. The above formula can also be obtained by substituting a

linear aging failure rate into the general fommla given in the appendix.

If components are replaced at failure, as we assume, then the replacement interval L for

each component is the mean time to failure for the component plus the time until the

failure is detected. The time until the failure is detected is, on the average, one half the

interval between tests. Since the test intervalis generally small compared to the mean

time to failure we shallignore the additional time until detection.

*1f we w cre to pnonure the contnbutors for a given time,i.e. at a given plant age, then Aq would be the
time dependent unavailability increase. We would need to know the times at which the tests or
mamtenances are performed in addition to the intenals.
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Using the PSA constant failure rate value the mean time to failum is simply one over the ,

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 PS A failure rate ignores the effects that the additional aging rate

has on the mean time to failure. For the baseline and low nsitivity aging rates, because

the aging rates are relatively small compared to the constant failure rates, these effects ;

are small, particularly when compared to the uncertainties in the failure rates. For the i

high aging rates, neglect of these effects will cause the mean titne to failure to be larger

than if these effects v cre considered. This will add an extra conservatism to these upper i;.
bound evaluations.

Consequently, we assume

,

1. = 1 (59)
A o

where A is the PSA constant failure rate.o

if there are no surveillance 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) to be the effective test interval:
*

f

T=1 (60)

cT

where c7 s the test efficiency.i

; Finally, we need to consider the case where the mean time to failure of the component is
|

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,'

. c

aq=1a t T+E E
o

2 3
_
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where t is equal to 50 years. Whether t is set equal to 40,50, or 60 years should haveo o

little effect on the prioritization results. If there is no surveillance test expected in 50

years then the formula for the unavailability increase with no testing is,
i

2 (62); Aq =. at ,

1

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

5.5 Detailed Prioritizations of and Comoonent Contributors
:

Tables 12A and 11,13A and II, and 14 A and 11 present the prioritizations of component

contributors for the three cases which were analyzed, which an: 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 . He

upper bound case utilizes the high sensitivity aging rates and the TlRGALEX test

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 individual component aging effects. This gives thei

prioritization of individual component aging effects. The second table presents the core
Idamage frequencyincreases AC for double component aging interactions. This gives2

the prioritizat on of two component aging interactions. Far example, Table 12A presentsi

the ranked individual component contributions for the base case and Table 1211 presents

the ranked two component contributions. The total core damage frequency incrcasc 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 andi

to AC . The results are straightforwardly obtained using the risk importance approach2

previously described and are organized in a tabular format to explicitly detail information

on the aging contributors.

The first column in a given table is the rank of the contributor according to the impact of .

the aging effect on the core damage frequency contribution. The core damage frequency
,

#
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| TABLE 12A. CORE DAMAGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS

| PLANT A: BASE CASE. SINGLE CONTRIBUTIONS j
..

Plant A- Single Contntutions

j 71RGALEX AgingRates

j TIRGALEX 7ating Efficiencies ;

Tcta! AC: 1.8E41 /vear [

; Test |'
| Rank Component Name Sensitivity Aging Rate MIBF aql Interval aC

[ Coefficient (/hr/yr) (months) (months) (/vear)
i I LPR-MOV-FT-1862A 1.5E45 3.6E-06 167 2.6E41 30 3.9E45 '

2 ISR-MOV-FT-IS60A 1.5E45 3.6E-06 167 2.6E-01 30 3.9E-05 t

i 3 ISR-MOV-FT-1890A 1AE41 3.6E-06 167 2.6E-01 30 3.5E-05 !

4 HPI-MOV-FT-1350 6JE45 3_6E46 167 2.6E-01 30 IJE45

i 5 I PR-MOV-FT-IS62B 2.lE45 3.6EM 167 2.6E-01 30 SAE46

I 6 OEP-DGN-FS-DG01 3.8E4% 3.6E-06 72 IAE'12 4 53E-06 t

f 7 LPR-MOV-FT-1860B 2.0E-05 3.6E-06 167 2.s ~, ' 11 30 53E-06

8 OEP-DGN-FR-6HDG1 3AE41 3.6EM 72 1 AE-02 4 4.8E-06 |
4 L

i 9 OEP-DGN-FS-DG03 2.0E45 3.6EN 72 IAE42 4 2.EE-06 :

$ 10 OEP-DGN-FS-DG02 2.0E45 3.6EM 72 1AE-02 4 2.8E-06
;

i 11 OEP-DGN-FR-6HIXi3 1.9E41 3.6EM 72 1AE-02 4 2JE-06 i
i

12 OEP-DGN-FR-6HDG2 IJE41 3.6EM 72 1AE42 4 2.5EM i
g

13 PPS-MOV-FT-1535 9.5EM 3.6E46 167 2.6E-01 30 2AEM (;.
'

14 HPI-CKV-FTM25 2.1E-03 4.0E-09 0 4.8E41 11 1JE-06 !

4 15 HPI-CKV-FT-CV25 2.lE-03 4.0E-09 4 4.8E45 11 IJE-06 !

$ 16 HPI-CKV-FT-CV410 2.lE-03 4.0E47 0 4.8E45 11 1.7E45 !

i 17 HPI-MOV-FT-Ill5C SJEM 3.6E45 167 2.6E-Cl 30 15EM f
! 18 HPI-MOV-FT-1115D 53E-06 3.6E M 167 2.6E41 30 - 1.5E46

19 HPI-MOV-FT-11ISB 5.7E M 3.6EM 167 2.6E41 30 1.5E46 .|
'

20 HPI-MOV-FT-1115E 5 7E46 ' 3.6E46 167 2.6E-01 30 1.5E-06 I
,

I 21 LPR-MOV-FT 1890B 4.5E-06 3.6EM 167 2.6E-01 30 1.2E-06

22 PPS-MOV-FT-1536 3AE-06 3.6E46 167 2.6E41 30 8.8E-07 -|
'

| 23 HPI-MOV-FT-1867D 29EM 3.6E-06 167 2.6E-01 30 7.5E-07

24 OEP-DGN-FR-DG01 5.0E-05 3.6EM 72 1AE42 4 7.2E47 , ,

! 25 SIS-ACT-FA-SISA 1.8E-05 3.0E47 0 1.8E42 6 5AE-07 1

!,

; -

:
I

| r
, !

'
-. . . . . - -. - - - . , . - . . . . - . . , . .-



- . _ _ _ _ _ _ . _ _ _ _

,

P

t

TABLE 12B. CORE DAMAGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS !

IPLANT A: BASE CASE, DOUBLE CONTRIBUTIONS

: i
i

!

| Plant A: Double Contnbuuons !
TIRGALEX AgingRates

f
,

TIRGALEX Tesung EfFeiences I

Total aC- 7.6E41 / year
'

i Test Test .

.[| Rank Component Name Sensitivity Aging Rate MTBF aql Interval Componen Name Agmg Rate MTBF aq2 Interval 4C
1 CoefTcient thr/yr) (months) (mon:hs) ttrtyr) (months) (months) @ car) !

t I HPI-MOV-FT-ill5B ISE-03 3hE46 167 2.6E-01 30 HPI-MOV-FT-Ill5D 3.6E 06 167 2 6E 01 30 1.3E-04 !
i 2 I(PI-MOV-FT-Ill5C ISE-03 3.6E-06 167' 2hE-01 30 HPI-MOV-FT-Ill5E 3bE46 167 2hE 01 30 13E 04 h
! 3 LPR-MOV-FT-1890A 1.5E-03 3.6E 06 167 2hE-01 30 IER-MOV-FT-1890B 3 6E46 167 2.6E-01 30 1_0E44 I

4 LPR-MOV-FT-1860A 15E-03 3.6E4 167 2.6E-01 30 IER-MOV-FT-1860B 3.6E 06 167 2hE 01 30 1DE44 i
j 5 IIR-MOV-FT-1862A 15E-03 3.6E46 167 2 6E-01 30 LIR-MOV-FT-18(OB 3.6E-06 167 2.6E41 30 1.0E-Os

E; 6 LPR-MOV-FF-1860A 1.5E-03 3hE-06 167 2 6E-01 30 IER-MOV-FT-1862B 3hE-06 167 2hE 01 30 1.0E45
i 7 IIR-MOV-FT-1862A 15E-03 3hE-06 167 2.6E-01 30 LPR-MOV-FT-1862B 3hE-06 167 2hE-01 30 1 OE45 |

| 8 SIS-ACF-FA-SISB 6.5E 03 3.0E-07 0 IEE42 6 SIS-ACT-FA-SISA 3.0E-07 0 IEE 02 6 5.9E46 [I 9 RMT-ACT-FA-RMTSA 1.5E-03 30E47 0 IEE42 6 RMT-ACT-FA-RMTSB 3.0E 07 0 1.SE42 6 1 AE 06 !
10 OEP-DGN-FR-6HDG3 5 & 43 3.6E-06 72 1 AE-02 4 OEP-DGN-FR-6HDG1 3.6E46 72 IAE42 4 1.l E-OS I

| 3 11 OEP-DGN-FS-DG01 4SE 03 3.6E-06 72 I AE-02 4 OEP-DGN-FS-DG02 3hE46 72 1AE42 4 93E-07 f
12 OEP-DGN-FS-DG01 4SE-03 3.6E46 72 1 AE-02 4 OEP-DGN-FS-DG03 .3hE46 72 I AE-02 4 93E47 i

I 13 OEP-DGNIFS-DG01 4.0E-03 3.6E-06 72 1 AE 02 4 OEP-DGN-FR 6HDG2 3hE 06 72 1 AE 02 4 8.lE47 [
14 OEP-DGN-FS-DG01 4.0E-03 3hE46 72 1AE-02 4 OEP-DGN-FR-6HDG3 3hE46 72 1AE42 4 8.lE-07 !
15 OEP-DGN-FS-DG02 4.0E-03 3.6E-06 72 1AE42 4 OEP-DGN-FR-6HDG1 3.6EM 72 IAE42 4 8.IE47 f

j 16 OEP-DGN-FR-6HDGI 4.0E 03 3.6E-06 72 1AE42 4 OEP-DGN-FR-6HDG2 3.6E-06 72 IAE42 4 8.1E47 f
17 OEP-DGN-FS-DG03 3.9E43 3.6E-06 72 1.4E42 4 OEP-DGN-FR-6HDGI 3.6E 06 72 1.4E-02 4 7EE-07 t

.

L 18 OEP-DGN-FS-DG01 50E43 3hE-06 72 1 AE-02 . 4 MSS-SRV-OO-SGSRV 7.0E47 22 3AE-03 22 2AE-07 fI
19 LPI-MDP-FS-SilB I5E-03 2.0E-07 86 SEE44 2 IER-MOV-FT-1862A 3.6E46 167 2.6E41 30 23E 07

i 20 LPI-MDP-FS-S!! A 1.5E 03 20E47 86 5.8E44 2 IIR-MOV-FT-1860B 3.6E-06 167 2hE-01 30 23E 07 |
21 LPI-MDP-FS-SilB 1.5E-03 2.0E47 86 SEE-04 2 LPR-MOV-FT-1860A 3 6E-06 167 2hE41 30 23E-07 [

*

22 LPI-MDP-FS-Sil A. 1.5E-03 2.0E-07 86 SEE 04 2 IER-MOV-FT-IS62B 3.6E46 167 2.6E 01 30 23E-07 ?

; 23 OEP-DGN-FR-6HDG1 4hE43 3hE-06 72 1.4E 02 4 MSS-SRV-OO-SGSRV 7.0E-07 22 3AE-03 22 2.2E 07 f
! 24 PPS-MOV FC-1536 2.9E 06 3hE-06 167 2hE-01 30 PPS-MOV-FC-1535 3.6EM 167 2hE-04 30 1.9E-07

25 OEP-DGN-FS-DG03 9.lE-04 3hE-06 72 IAE42 4 OEP-DGN-FR-DG01 3.6E-06 72 1AE42 4 IEE-07 -
< .[

i !
I i

!

b.'

i i

-
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TABLE 13A. CORE DAN 1 AGE FREQUENCY INCREASE FRO 51 AGING ACTIVE CO31PONENTS
PLANT A: CPPER BOUND CASE. SINGLE CONTRIBUTIONS

i

ht A- Smgic Contnbutats ,

High Agmg Rates
77RGALEX Testing Effiaencies |

Total AC: 1.0E4r2 / year !

Test

Rank Component Name Sensitivity Aging Rate MTEF aql Interval aC

CoefTicient t/hr/yr) (months) (momhs t @ car)

1 HPICKV-FT-CV225 2.1 E-03 1.0E-05 0 7.0E4)1 11 2.5E 03

2 HPI-CKV-FT-CV410 2.lE-03 1.0E45 0 7.0E-01 11 2.4E-03

3 HPI-CKV-FT-CV25 2.l E-03 1.0E45 0 7.0E-01 11 2.4E-03

4 ACC-CKV-FT-CV145 5.0E44 1.CE-05 0 7.0E41 11 5SE4M

5 ACC-CKV-FTCV147 5.0EJM ifE45 0 7fE41 11 5 SE-04

6 ACC<KV-FT-CV130 5.0E4M 1.0E-05 0 7.0E-01 11 5SE4M

7 ACC-CKV-FT-CV128 5.0E44 1.0E-05 0 7.0E411 11 5.SE44

8 LPR-MOV-FT-1862A 1.5E44 1.0E45 167 5.lE-01 30 7.8E-05

9 LPR-MOV-FT-1860A 1.5E44 1.0E45 167 5.lE41 30 7.SE-05

10 LPR-MOV-FT-18WA 1.4E4M 1.0E-05 167 5.lE-01 30 7.0E-05

N 11 HPI-MOV-FT-1350 6.7E-05 1.0E45 167 5.1E4)1 30 3AE45,

12:OEP-DGN-FS-DG01 3.8E44 1.0E-05 72 3SE-02 4 1.5E45

13 OEP-DGN-FR4HDG1 3AE-04 1.0EJ)5 72 3SE42 4 1.3E45

14 LPR-MOV-FT-IS62B 2.lE45 1.0E415 167 5.lE-01 30 1.IE45

15 LPR-MOV-FT-lSM)B 2.0E4)5 1.0E-05 167 5.1E-01 30 1.0E-05

| 16 OEP-DGN-FS-DG02 2.0E44 1.0E4)5 72 3SE42 4 7.9E46

17 OEP-DGN-FS-DG03 2.0E4M 1.0E45 72 3SE42 4 7SEi6

18 OEP-DGN-FR4HDG3 ISE44 1.0E-05 72 3SE-02 4 7.6E46

19 OEP-DGN-FR4HDG2 1.7E-04 1.0E-05 72 3SE-02 4 6SE4h

20 PPS-MOV-FT-1535 9 5EM 1.0E-05 167 5.1E41 30 4.8E44

21 MSS-CKV M-5GDHR 4.lE44 1.0E-05 0 7.0E-0! 11 4.7E 4

22 HPI-MOV-FT-Ill5C 5.7EM 1.0E-05 167 5.lE-01 30 2SE46

23 HPI-MOV-FT-1115D 5.7EM 1.0E-05 167 5.1E-01 30 2SE46

24 HPI-MOV-FT-1115E 5.7E-06 1.0E45 167 5.1E-01 30 2SE4M

25 HPI-MOV-FT-1115B 5.7E46 1.0E45 167 5.l E-01 30 2SEM ,

i
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TAILLE 13B. CORE DAM AGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS
PLANT A: UPPER IlOUND CASE, DOUllLE CONTRIllUI' IONS

Plant A- Double C(mtnbutxms
thgh Agmg Rates
TIRGALEX Tesung EfEoencies

Tetal aC: 4.5E-03 / year

Test Test

Rank Component Name Sensitivity Aging Rate MITIF Aql Interval Ccenpment Name ' Ageg Rate MTBF Aq2 Imerva! aC ,

CoefEcient (jhrfyn (mon:hs) (months) (NyC frmmthe (meaths) (fyears i

1 HPI-MOV-FT-Ill5B ISE-03 1.0E-05 167 5.lE 01 30 IIPI-MOV-FT-l U 5D 10E45 167 5.lE41 30 4SEot

2 HPI-MOV-FT-lll5C 1.9E43 10E-05 167 5.lE-01 30 HPI-MOV-FT-Ill5E IDE45 167 5.1 E-01 30 4 9E 04

3 IE%CKV-OO-CV258 13E 02 1.0E45 0 7.0E-01 11 HPI-MDP-FR-1 A24H 1.0E45 86 2.9E42 2 4,4EG

4 UR-MOV-FT-1860A 15E43 10E45 167 5.lE41 30 LPR-MOV-FT-1862B IfE45 167 5.1E41 30 3SEos ,

5 TR-MOV-FT-1890A 1.5E43 1.0E-05 167 5.lE-01 30 LPR-MOV-FT-18903 1.0E45 167 5.1 E41 M ME&

6 UR-MOV-FT-1860A 15E-03 1.0E45 167 5.lE 01 30 TR-MOV-FT-18MB 1.0E 45 167 5.! E41 30 3SE&

7 LPR-MOV-IT-1862A 1.5E-03 1.0E45 167 5.lE-01 30 LPR-MOV-FT-1862B i I DE-05 167 5.1E41 30 39E&
'

8 LPR-MOV FT-lM2A 1.5E43 1.0E45 167 5.1E-01 30 TR-MOV-FT-18t4B 10E45 167 5. l E 41 30 3SE&

9 AFW-TDP-FS-FW2 5.4E43 1.0E45 72 2.4E42 2 AFWCKV-OO-CV142 IfE-05 0 7.0E-01 11 1.5E&

10 HPI-CKV-OO-CV258 4.0E43 1.0E45 0 7.0E41 11 HPI-MDP-FR-1 A6HR 10E45 86 2SE42 2 I .4 E44

11 AFW-MDP-FS-FW3A 3.6E-03 1.0E45 86 2SE42 2 AFW-CKV-OOCV157
'

IEE-05 0 7.0E 01 11 12E44

12 AFW-CKV-OO-CVI72 3.6E-03 1.0E 45 0 7.0E 01 11 AFW-MDP-FS-FW3B 1.0E45 86 2.9E 42 2 12Eot

13 PPS-MOV-FT-1535 1. leo? 1.0E45 167 5.lE41 30 AFWCKV-OOG142 1.0E45 0 7.05 01 11 6.7E 05'

14 AFW-CKV-OO-CV142 1.lE-04 1.0E45 0 7.0E-01 11 PPS-MOV-FT-1536 1.0E-05 167 5.lE 41 30 6.7E45

15 LPI-MDP-FS-511 A 1.5E-03 1.0E45 R6 2.9E-02 2 UICKV-OO-CV58 1.0E45 0 7.0E-Oi 11 5lE45

16 LPI-MDP-FS-Sil B 1.5E-03 1.0E-05 86 2 9E-02 2 UI-CKV-OO-CV50 10E 05 0 7 0E 01 11 5.lE 05

17 MSS-SRV-OO-SGSRV 7SEo? 1.GE-05 22 4SE42 22 AFW-CKV-OO CvlT2 1.0E-05 0 7.0E-01 1I 4.5E 45

18 AFV'-CKV-OO CV157 6.4E45 1.0E45 0 7.0E41 11 PPS-MOV-FT 1536 10E45 167 5.1E 41 30 3.F E 45

19 AFw -CKV-OOCV172 6.4E-05 1.0E-05 0 7.0E 01 11 Pl'>-MOV-FT-1536 10E45 167 S IE 01 30 3.xF-05

20 PPS-MOV-FT-1535 6 4E-05 1.0E45 167 5.lE41 30 AFWCKV.OOCVl57 1.0E-05 0 70E41 11 3.8E45

21 PPS-MOV-FT-1535 6.4 E-05 1.0E-05 167 5.l E-01 30 AFW-CKV-OO-CVl72 t eE45 0 7.0E 4 5 11 3.EE-05

22 OEP-DGN-FS-DG01 6.6E44 1.0E 45 72 3SE42 4 AFW-CKV-OO-CV172 1.0E-05 0 7.0E-01 11 3.0E45

23 LPI-MDP-FS-S!!B 1.5E-03 1.0E-05 86 2SE42 2 UR-MOV-FT-18/OA 1.0E 05 167 5IE41 30 2.2 E-05

24 LP!-MDP-FS-Sil A 1.5E 03 1.0E-05 66 2.9E 02 2 LPR-MOV-FT-1862B 1.0E45 167 5.lE41 30 2.2E45

25 LPI MDP FS-Sil A 1.5E 03 1.0E45 86 2.9E42 2 LPR-MOV-FT-18t0B 1.0E45 167 5.lE 01 M 2.2E45

.
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Tall 1.E 14A. CORE DAMAGE l'REQUENCY INCREASE FROM AGING ACTIVE COMPONENTS
LOWER BOUND CASE, SINGLE CONTRIBUTIONSPLANT A:

|
' Plant A: Stngle Contnbu6cns !

Iow Aging Rates j

Total aC: 6 4E A / year |Efficiency = 1

Test

Rank Component Name Sensitivity Agtng Rate MTBF Aql Interva! SC

Coefficient Ohr/yr) (momhs) (months t yvear) i

I LPR-MOV-FT-IS62A 1.5E4: 2.0E-07 167 8.8 E-03 18 1.3EM

2 LPR-MOV-FT-1860A I.5E45 2.0E-07 167 8.8E-03 18 1.3EM

3 LPR-MOV FT-1890A 1.4E41 2.0E-07 167 8.8E-03 18 1.2E43

4 HPI-MOV-FT-1350 6.7E45 2.0E-07 167 S.SE43 1S 5.9E47

5 HPI-CKV-FT-CV225 2.1E43 5.0E-09 0 5.5E45 1 1.9E-07

6 HPI-CKV-FT-CV410 2.1E-03 5.0E4) 0 5.5E-05 1 1.9E-07

7 HPI-CKV-FT-CV25 21E-03 5.0E-09 0 5.5E45 1 1.9E-07

8 LPR-MOV-FT-1862B 2.1E-05 2.0E-07 167 8.8E43 18 1.EE-07

9 . LPR-MOV-FT-18MB 2.0E-05 2.0E-07 167 8.8E43 18 1.SE-07

10 AFW-TDP-FS-FW2 6.8E-05 2.0E-06 72 2.2E-03 1 1.5E47

f 11 !!S-ACT-FA-SISA 1.8E-05 3.0E-07 0 3.3E43 I 9.8E-03

12 SIS-ACT-FA-SISB 1.8ti45 3.0E-07 0 3JE-03 1 9.8E4S

13 PPS-MOV-FT-1535 9,5E-06 2.0E-07 167 8.8E-03 IM 8.4E-OS

14 OEP-DGN-FS-DG01 3.8E41 2.0E-07 72 2.2E42 1 8.2E-OS

15 OEP-DGN-FR-6HDG1 3.4E4% 2.0E47 72 2.2E41 1 7.4E48

16 AFW-TDP-FR-2P6HR 2.6E-05 2.0E-06 72 22E-03 1 5.6E48

17 HPI-MOV-FT-1115B 5.7E46 2.0E4TI 167 8.SE 03 18 5.0E-08

I8 HPI-MOV-FT-111SD 5.7E-06 2.0E47 167 8.SE-03 18 5.0E-03

19 HPI-MOV-FT-Ill5C 5.7E-06 2.0E-07 167 8.8E-03 18 5.0E-08

|
20 HPI-MOV-FT-1115E 5.7E-06 2.0E-07 167 8.8E-03 18 5.0E48

|

21 ACC-CKV-FT CV130 5.0E41 5.0E4) 0 5.5E-05 1 4.6E48

22 ACC-CKV-FT-CV145 5.0E42 5.0E47 0 5.5E-05 1 4.6E48

23 ACC-CKV-FT-CV128 5.0E41 5.0E-09 0 5.5E-05 1 4AE48

24 ACC-CKV-FT-CVl47 5.0E45 5.0E4) 0 5.5E-05 1 4.6E-08

25 OEP-DGN-FS-DG02 2.0E45 2.0E-07 72 2.2E42 1 4.3E48

-_ -
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TABLE I4B. . CORE DAMAGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS
PLANT A: LOWER BOUND CASE, DOUBLE CONTRIBUTIONS

i

Plant A: Double Contnbutxms
Low Aging Ra:es

EKemeya1,

Total AC- 1.lE-06 / year
Test Test

i Rank Cornponent Name Sensitivity Aging Rate MTBF agt Interval Corrponent Name Agmg Rate MTBF aq2 Interval AC
L CoeFeient (/hr/yr) (momhs) (momhs) (/hr/yr) (months) (mombs) (/ year)

1 SIS-ACi-FA-SISB 63E-03 3.0E-07 0 33E-03 1 SIS-ACT-FA-SISA 3.0E-07 0 33E-03 1 1.9E47 -

| 2 HPI-MOV-FT-1115C 1.9E-03 2.0E-07 167 8EE-03 18 ID'I-MOV-FT-1115E 2.0E47 167 8EE-03 IS 13E47
1 3 HPI-MOV-FT-11158 1.9E-03 2.0E-07 167 8.8E 03 18 HPI-MOV-FT-Ill5D 2.0E-07 107 8EE-03 18 L5E 07

4 LPR-MOV-FT-1862A 1.5E-03 2.0E.07 167 8EE43 18 UR-MOV-FT-1860B 2.OE-07 167 SEE-03 18 1.2E47
. 5 LPP-MOV-FT-1862A . I.5E-03 2.0E-07 167 8.8E-03 18 LPR-MOV-FT-1862B 2.0E47 167 8.8E43 18 1.2E-07
I 6 LPR-MOV-FT-18M)A 1.5E 03 2.0E-07 167 8.8E-03 18 &R-MOV-FT-1862B 2.0E47 167 8.SE43 18 1.2E47

7 UR-MOV-FT-IS60A 1.5E-03 2.0E-07 167 8.8E43 18 GR-MOV-FT-1860B 2.0E-07 167 8.8E-03 la 1.2E47,

'
8 LPR-MOV-FT-1800A 1.5E43 2.0E-07 167 8EE 03 18 LPR-MOV-FT-184)B 2.0E-07 167 8.8E-03 18 1.2E47
9 RMT-ACT-FA-RMTSA 1.5E-03 3.0E-07 0 33E43 1 RMT-ACT-FA-RMTSB . 3.0E-07 0 33E 03 1 4.5E 08

[ 10 LPI-MDP-FS-SilB 1.5E43 2.0E-07 86 2.6E 04 1 UR-MOV-FT-1860A 2.0E-07 167 SEE 03 IS 3.4E 09

| g 11 &I-MDP-FS-S!! A 1.5E-03 2.0E-07 86 2.6E-04 1 UR-MOV-FT-18(CB 2.0E47 167 8.8E 03 18 3.4E-09
12 LPI-MDP-FS-511B 1.5E 03 2.0E-07 86 2.6E-04 1 UR-MOV-FT-1862A 2.0E47 167 8.8E 03 18 3.4E491

13 LPI-MDP-FS-SII A 15E-03 2.0E-07 86 2.6E44 1 UR-MOV-FT-IS62B 20E47 167 '8.8E43 18 3.4E 09
14 UR-MOV-FT-1862A 1.0E-03 2.0E47 167 8.8E-03 18 LPI-MDP-FR-B2110t 2.0E-07 86 2.6E44 1 23E49
15 LPR-MOV-FT-1862B 1.OE-03 2.0E-07 167 8EE-03 18 &I-MDP-FR-A21HR 2.0E-07 86 2.6E41 1 23E49
16 UR-MOV-FT-1860B l.0E 03 2.0E-07 167 8EE-03 18 &I-MDP-FR-A21HR 2.0E-07 86 2.6E44 1 23E-09
17 UR-MOV-FT-1860A' l.0E-03 2.0E-07 167 8.8E43 18 UI-MDP-FR-B21HR 2.0E47 86 2.6E44 1 23E49
18 AFW-TDP-FR-2P6HR IEE-04 2.0E 06 72 2.2E43 1 AFW-ACT-FA-PMP3B 3.0E47 0 33E43 1 2.1E49 '
19 AFW-TDP-FR-2P610t 1.8E 04 2.0E-06 72 2.2E-03 1 AFW-ACT-FA-PMP3A 3.0E47 0 33E43 1 2.lE49,

20 &I-MDP-FS-Sil A 1.5E-03 2.0E-07 86 2.6E45 1 SIS-ACT-FA-SISB 3.0E-07 0 33E 03 1 2.1E49
21 LPI-MDP-FS-SIIB 1.5E-03 2.0E 07 86 2.6E OS 1 SIS-ACT-FA-SISA 3 0E-07 0 33E43 1 2. LEO),

22 LPR-MOV-F*-1862B 5.0E44 2.0E-07 167 8EE43 18 &I-MDP-FR-A24HR 2.0E-07 86 2.6E44 I 1.1EOJ
23 UR-MOV-FT-1862A 5.0E45 2.0E 07 167 8EE43 18 UI-MDP-FR-B24HR 2.0E47 86 2.6E45 1 1.lE-09

j 24 AFW-TDP-FS-FW2 5.4 E-03 2.0E46 72 2.2E-03 1 AFW-CKV-OO-CVI42 5.0EU) O 5.5E 05 1 1.1E49'
25 AFW-TDP.FS-FW2 13E43 2.0E-06 72 2.2E43 1 MSS-SRV-OO-SCSRV 7.0E 03 22 3. lE45 18 9.0E-16

,

i

i
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contribution from every aging component and every combination of aging com1.onents in

the PSA is detennined allowing the contributions to be ranked in detail. The second

column in the table is the name of the component as defined in the PSA. The component

name identifies the system, component type, failun mode, and specific component

identifier. The codes for the identifiers used in the PSA are given in Table 15.

'lhe third column in a given table is the risk sensitivity coefficient, or risk importance

coefficient, S, or S for the contnbutor. The coefficient gives the core damage frequencyy

importance of the conteihutor as detemiined by the original PS A. Ilasically, S or S isi ij

the change in core damage ficquency per unit change in the unavailability of the

contributor. The value of the risk sensitivity coefficient, or risk importance coefficient,

is determined by the basic design and operational procedures of the plant.

The next three columns gise the component aging rate, component replacement interval,

and component test interval which detennine the component unavailability increase Aq

caused by aging. The aging effect Aq is detennined using the equations previously

given.13ecause we are assuming the component is replaced at failure, the replacement

time is the mean time to failure (denoted as MT11F in the tables)* Where there is no

MT11F given, the mean time to failure is larger than 50 years and the fannula for a

nonreplaceable component (Equation (61) or (62)) is used. The test interval given is the

effective test interval for the base case and upper bound case. For the lower bound case,

test efficiencies of I were assumed as was indicated.

It is useful to print out the aging rate, replacement interval, and test interval as shown to

identify the factors which detennine the aging effect Aq. The core damage frequency

increase AC due to aging is the aging effect on the contributor multiplied by the risk

importance of the contributor. For the single component contributor, the aging effect is

simply Aqi and AC is the product of the sensitivity coefficient S and agi. For the doublei

component contributors, the aging effect is Aq, Aq, and AC is the product of the

sensitivity coefficient S and Aq, Aq,.g

The tables thus provide all the ranked contributors to the core damage frequency increase

AC due to aging. The risk impor' 'ce factor (sensitivity coef ficient) and the aging effect

factor which combine to gi : AC _e explicitly given and the aging rate, replacement

* The mean time betw een tailureh1TBF) includes the component repair time, w hich is rumed to be

., mall compared to the mean time to failure (MTTY). Hence MTBF 3 MTIF.

86
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TAllLE 15. COMPONCNT IDENTIFIERS

!
SYSTEM CODE

ACC- Accumulators
|

AFW - Auxliary Feedwater |
llPI liigh Pressure Injection

LPI - Low Pressure injection

SIS - Safety injection System
|

LPR - Low Pressure Recirculation |

PPS - Primary Pressure Relief

OEP - Onsite Emergency Power

MSS - Main Steam System

COMPONENT CODE

ACT- Actuator

CKV - Check Valve

DON - Diesel Generator i

MDP - Motor Driven Pump

MOV - Motor Operated Valve

SRV - Safety Relief Valve

TDP - Turbine Driven Pump

FAILURE MODE CODE

FA - Fail to. Actuate

FR - Fail to Run ,

FS - Fall to Start

FT - Fail to Transfer '

i OO Fail to Open

87
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interval, and test interval w hich deternune the aging ef feet Aq are explicitly identified.

The tables can now be used to help focus aging control and aging management activities.

5.6 fltisd CotupennLhiendnum

The detailed prionti/ations in Tables 12,13, and 14 can also be used to obtain grouped

prioritirations of the component contributors m which the components are grouped

according to various criteria. We will demonstrate the grouping approach by grouping

contributors which have the same order of magnitude contribution. Tables 16,17 and 18

provide the grouoed prioritizations of the contributors by order of magnitude of their

cote damace frequency (AC) contribution. The groupings of the contributors in the

tables thus focus on the general sizes of core damage frequency contributions. The

grou; .ngs also serve to account for uncertainties in the calculated contributions.

Table 16 groups the component contnbutors in Tables 12A and 1211 for the base case by

order of magnitude contribution. Each component in a double contributor set in Table

12H is assigned to a group in Table 16 hased on the size of the double component

contribution AC. Thus, the grouping combines the single and double contributors into

one overall prioritization. Tables 17 and 18 provide similar grouped prioritizations for

the upper bound case and lower bound case, respectively. From Tables 16,17, and 18 it

is observed that the same contributors often appear even when different aging rate data

are used, although in some cases new ontributors appear.

Table 19 combines Tables 16,17. and 18 and gives the top order of magnitude

contributors from each of the three tables, then the second highest order of magnitude

contributors etc. Table 19 is thus a relative way of incorporating sensitivity results into

one prioritization. Table 20 is another way of combining the sensitivity study results into

one grouped prioritization by identifying all contributors above a given vab ; ot' AC.

Table 20 is thus a threshold approach for combining the results from ine sensitivity

studies. Other groupings of the contributors can also l'c carried out depending on the

specific objectives of the analysis.

88
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TA!!LE 16. CO.%1PONENTS PRIORITIZED llY ORDER Ol'
51 AGNII UDE CONTRillUTION: II ASI: CASE

!

Contributor Range of AC
lE 5 to IE-4

IIPI-h10V-17F-111511 *

llPI-hiOV-FT-1115C *

1IPI-h10V-17r-111 SD *

llPI-510V-FF-l l l 5E *

LPR hiOV-FT-1860A *

LPR-hiOV-Irr 1860B *

LPR-hiOV-IT 1862A *

LPR-hiOV-FT- 1862 B *

1.PR-hiOV IT-1890A *

LPR 510V-FT-189011 *

IE 6 to lE-5
IIPI-510V-IT- 1350 *

IE-7 to lE-6
SlS ACF-FA-SISA *

SlS-ACF-FA SISil *

OEP-DG N-FS-DG01 . *

OEP-DGN-FR 61IDG1 *

OEP-DGN-FS-DG02 *

OEP-DGN-FS-DG03 *

OEP-DGN-FR 611DG3 *
e

OEP-DGN-FR 611DG2 *

PPS-510V-FT-1535 *

IIPI-CKV FF-CV225 *

IIPI CKV-FT-CV25 *

liPI-CKV-FT-CV410 *

Rh1T- ACT-FA-R h1TS A *

RhiT- ACT-FA-Rh1TS B *

*
.
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TAllLE 17. COMPONENTS PRIORITIZED IlY ORDER OF M AGNITUDE
CONTRillUTION: UPPER llOUND CASE

,

) Contributor Range of AC Contributor Range of AC
; IE 3 to IE-2 1E-5 to IE-4

11PI-CKV-FT-CV225 LPR MOV IT-1862A* *

IIPI CKV-FF-CV410 PPS MOV FT 1536* *

IIPI CKV FT CV25 PPS MOV FT-1535* *

; LPI MDP FS SilB '

IE-4 to IE 3 LPI-MDP-FS-Sil A *

ACC CKV FT-CV147 LPI CKV OO-CV58* *

ACC CKV FT-CVl45 LPI CKV OO CV50- *
,

ACC-CKV FT CVl30 MSS SRV-OO SGSRV* '

ACC-CKV-FT-CV128 llPI MOV-14-1350+ *

IIPI MOV FT lll5E OEP DGN FS DG01*
l

*

llPI-MOV-FF-Il15D i_ CPC-MDP-FR SWA24+ *
,

i * IIIPI-MOV-FT-1115C CPC-CKV OO CV113*

IIPI-MOV-IT-lll5B LPI MDP FR-82111R+ *

llPI MDP-FR 1 A2411 LPI MDP FR A2111R* *

HPI-CK V-OO-CV258 OEP DGN FR 611DG1' +

LPR-MOV-IT-1890B OEP-DGN FS DG03' *
;

LPR-MOV-FF 1890A OEP DGN FS DG02* *
;

,

LPR MOV-FT-1862B OEP DGN-FR-611DG2* *

LPR-MOV-FT-1862A lE-6 to IE-5*

LPR MOV-FT-1860B PPS MOV-FC-1536* -

LPR MOV FF-1860A PPS-MOV-FC.1535* *

ARV-TDP-FS-RV2 OEP DGN FR-6HDG3* *

ARV-CKV-OO-CV142 LPI-MDP-FR-B2411R* *

HPI-MDP-FR- 1 A6HR LPI MDP-FR-A2411R* *

ARV-MDP FS-FW3B SIS ACT-FA SISB* *

AFW.MDP-FS-FW3A SIS-ACT FA-SISA* +

i ARV-CKV-OO CV172 MSS CKV FT SGDilR* '

AFW-CKV-OO-CV157 OEP-DGN-FR DG01* *

CYC-MDP-FR 2AIHR *

j HPI-MOV FT-1867D -

RMT-ACF-FA RMTSB '

; RMT-ACT FA-RMTSA *

OEP-DGN FR DG03 *

OEP DGN-FR DG02 *
,

ARV-MDP-FS *

i
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TAlli.E 18. COMI'ONENTS l'RIORITIZED llY ORDER Ol'
M AGNITUDE CONTRilllTrlON: 1.OWER llOUND CASI'.

I Contributor Range of AC

IE-7 to IE-6
LPR-MOV-FF-1862 A *

1.Pk 410V-FT- 18 BOA *

LPR MOV-FF-1890A *

IE-8 to IE-7
IiPI410V-FT-1350 * -

SIS- Aci-FA-SIS A *

SlS ACT-FA-SISil *

IIPI CKV-FF-CV225 *

IIPI CKV-l?r-CV25 *

llPI-CKV FF-CV410 *

LPR-MOV FF-lS62B *

LPR410V-FT 1860ll *

A13V-TDP-FS 13V2 *

IIPI-MOV FF-ll1511 *

1iPI MOV-Fr.I115C *

llPI-MOV-FF-1115D a

llPl410V-FF-ll 15E *

LPR- MOV-FF- 1890ll * -

1E-8 to 1E-9
{ PPS410V FT-1535

_

*

OEP-DGN-FS DG01 .-
*

OEP-DGN-FR-611DG 1 -

AFW-TDP-FR-2 P611R *

ACC-CKV-FF-CV 128 *

ACC CKV-FF-CV130 *

ACC-CKV-FT-CV l 45 *

ACC-CK V-FF-CV l47 *

RMT- ACF-FA-R MTS A *

RMT- ACT-FA-R MTSB +

OEP DGN-FS-DG02 *

OEP-DGN-FS-DGU3 *

OEP-DGN FR-611DG3 *

OEP-DG N-FR-611DG2 *

PPS410V-FT-1536 *

al3V-ACF-FA PMP3A *

A13V- ACF-FA-FM P3B *

llP1410V-FF-1867D -

.

__ . --
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TAlli E 19. ItEI,ATIVE OltDEltlNG OFTilE COMPONENT |,

CONTRillUTOltS: COMillN ATIONS OF Tile TilitEE CASES
,

,

Relative Relative,

Contributor Contnbution Contributor Contribution

1st order of 3rd onter of
IIPI-CKV-fT-CY225 magnitude LPR MOV-Fr.1862A magnitude

,

IIPI CKV-IT-CV25 PPS-MOV-Fr 1536 **

llPI CKV-FT CV410 PPS MOV FT-1535* *
,

'llPl MOV IT-lll5B LP!-MDP-FS-Sil B* +

ilPI-MOV FT 1115C LPI MDP f S Sil A *=
,

*
'

llPI MOV-FT-1115D LPI CKV OO-CV58*

llPI MOV fT ill5E LPI CKV-OO-CV50* *

MSS SRV.OO-SGSRVLPR MOV-IT.1860A **

LPR-MOV FT 1860B llPI MOV 171350* *

LPR MOV FF-1862A OEP-DON FS DG01
'

**

LPR MOV-FT-186211 CPC-MDP FR-SWA24 **

LPR-MOV FT-1890ll CPC CKV OO-CVil3 **

LPR MOV-FF-1890A LPI MDP-FR B2111R **

LPI-MDP FR A2111R *

2nd order of OEP-DGN FR 611DG1 *

ACC-CKV IT-CV128 magnitude
ACC-CKVFr.CV130 OEP-DGN FS-DG03 **

ACC CKVET-CV145 OEP-DGN FS-DG02 **

OEP DGN FR 611DG2ACC-CKV IT-CV147 **
'

SlS ACT FA-SISBllPI-MOV IT 11158 **

SIS ACT-FA-SISAIIPI MOV IT-1115C **

OEP-DGN-FR 611DG3IIP!-MOV-IT-11 IS D **

IIPI CKV-17-CV225IIPI MOV f7-1115E **

IIPI CKV-OO CV258 IIPI-CKV IT-CV410 *+

IIPI CKV-FT CV25llPI MDP-I% I A2411 **

RMT ACT-FA RMTSBLPR-MOV-FT-1860A **

RMT-ACT-FA RMTSALPR-MOV FT 1860B **

AFW-TDP-FR-2P611RLPR-MOV IT 1862A **i

ACC CKV-FT.CV147LPR MOV 171862B **

ACC CKV FT-CVl45LPR MOV fT 1890A **

* ACC CKV-fT-CV130LPR-MOV-FT 1890fl *

ACC-CKV-FT-CV128' ARV-CKV.OO-CV142 **

AFW ACT FA PMP3BAFW-TDP FS-RV2 **

AFW-ACT FA PMP3AIIPI MDP FR 1 A611R **

IIPI MOV FT 1867DARV-CKV-OO-CV157 **

ARV CKV-OO CV172 *

AFW-MDP-FS-RV3A *

AFW MDP FS-FW3B +

! IIPI-MOV-FT-1350 *

SIS-ACT-FA-SISA
__

*
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TAllLE 20. AllSOLUTE ORDERING OF TilF COMPONENT
CONTRillUTORS: COMillNATION OF Tile CASES

_

Contributor Above IE-3 Contributor Above IE-5

liPI-CKV-lT-CV225 LPR MOVE"-1862A
ilPI-CKV FT-CV410 PPS-MOV-FT-1536
IIPI-CK V-FT-CV 25 PPS-MOV-FT-1535

llPI-MOV-FT-1115B
| Contributor Above IE-4 IIPI-MOV-FT-i l l 5C

llPI-MOV-IT lll5D
ACC CKV-IT CV147 IIPI MOVFF-ll15E
ACC-CKV&r-CV145 1.PR-MOV-FT-1860Ai

ACC-CKV&r CV130 LPR-MOV&r-1860!1
ACC CKV&r-CV128 LPR hiOVET-1862A
IIPI-MOV&r-1115E LPR-MOV&r-1862B
llPI-MOV-IT-111 E D LPR MOV&r-1890A
llPI-MOV-IT- 11 I SC LPR MOV&r-1890B
1IPI-MOV&r-1115B LPI-MDP-FS SI!B
llPl MDP-FR-1 A2411 LPI-MDP-FS-Sil A
llPI-CK V-OO-CV258 LPI-CKV-OO-CV58
LPR MOV#r-IS90B LPI-CKV-OO-CV50
LPR-MOV&r-1890A MSS SRV DO-SGSRV
LPR-MOV&r-1862B llPI-MOV&r-1350,

LPR-MOV-FT-1862 A OEP-DGN-FS-DG01
LPR-MOVET-1860B CPC MDP-FR-SWA24

i LPR-MOV&r-1860A CPC-CKV-(X)-CV i l 3
AFW-TDP-FS-FW2 LPI-MDP-FR B2111R
AFW-CKV OO-CV142 LPI-MDP-FR- A2111R
llPI-MDP-FR-1 A6HR OEP-DG N-FR-6HDG 1
AFW.MDP FS-FW3B OEP.DG N-FS-DG03
AFW-MDP-FS-FW3 A OEP-DGN-FS-DG02
AFW-CKV -OO-CV 172 OEP-DGN-FR 6HDG2
AFW-CKV OO-CV157

-- = . . - -
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6. II)ENTIFICATION OF ltlSK DiltECTED AGING MANAGEMENT
STitATEGIES

o.0 humAtninn

Once the aging coninbutors are prioritized with regards to their risk contributions, then

aging management strategies can be focused on those contributors w hich are assessed to

be irlative'y high. This chapter illustrates how such risk-directed aging management

strategies can be identified and can be evaluated. The prioritized aging contributors

obtained in the previous chapter will be used as a demonstration. in many cases, the risk-

directed aging strategies need not necessarily involve large resources since the aging

controls can be pinpointed on the relatively few, top ranked contributors to the core

damage frequency increase caused by aging. The risk-directed aging management

strategies which are imestigated involve scheduled replacement of the high aging

contributors and implementation of more frequent or more effective surveillance tests on

these high contributors. Since there are relatively few high contributors which have been

identified, the additional resources invohed would not necessarily be large.

I:unbennore, the additional resources rrquired could be trade-off against less frequent

testing on the risk-unimportant components. The last section of the chapter further

insestigates :he impacts of replacing operational tests with condition-monitoring tests.

6.1 Risk DirtunLating.hianagement strategies

We shall consi'ler the base case prioriti7ation results obtained in the previous chapter.

The same approaches would be used for the other results obtained using the different data

bases. In the previous chapter, Tables 12A and 12B give the dominant aging contributors

w hich are obtained for the base case. These tables are reproduced as Tables 21 A and

21B on the following two pages. These contributors constitute approximately 99% cf the

increase in core damage frequency due to aging.

From Tables 21 A and 21B, the top contnbutors consists of the motor operated valves

(MOVs)in the Emergency Core Cooling System OlPI/LPR). There are 14 motor

operated valves involved. The base case testing program involved testing the valves

every 18 months and replacing the valves at failure. The first risk-directed aging

management strategy investigated involves replacing the valves every 5 years
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TABLE 21 A. CORE DAM AGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS
PLANT A: BASE CASE, SINGLE CONTRIllUTIONS

| @! ant A: Singic Coninbuaons

TIRGALEX Agi'g Rates
TIRGALEX Testing Etficiencies

To:.rl AC: 1 SE44 /ycar
.

ITest

Rank Component Name Sensitnity Aging Rate MTBF Interval aql aC

Coefficient (Ar/yr) (nonths) (months) (fyes)
|

| I LPR-MOV l-T-1862A 1.5 E 4M 3.6E4b 167 30 2. 6E-01 3.9E-05

2 L"R-MOV-FT-1860A 1.5E4M 3.6EM 167 30 2.6E4)I 3.9E45

3 LPR-MOV-FT-1890A E4M 3.6E4% 167 30 2.6E 41 3.5E415

4 IIPI-MOV-FT-1350 6.7E45 3.6E4h 167 30 2.6E411 1.7E-05

5 LPR-MOV-FT-IS62B 2.1 E o5 3.6E4h 167 30 2.6E41 5AEM

6 OEP-DGN-FS-DG01 3.8E4M 3.6EM 72 4 1 AE-02 5.3EM

7 LPR-MOV-FT-1860B 2.0E-05 3.6E46 167 30 2.6E-01 5.3 E-06

8 OEP-DGN-FR411DG1 3AE4M 3.6E46 72 4 1AE4)2 4.S E *6

I 9 OEP-DGN-FS.DG03 20E4M 3.6E46 72 4 1 AE412 2 8EM

10 O'IP-DGN-FS-DG02 2.0E44 3.6E46 72 4 1 AE4)2 2.8EM

$ 11 OEP-DGN-FR-61IDG3 1.9E4M 3.6E46 72 4 1 AE4)2 2 7E4h j
!

12 OEP-DGN-FR-611DG2 1.7E4M 3 HEM 72 4 I AE-02 25E4h

13 PPS-MOV-FT-1535 9.5EM 3.6E46 167 30 2.6E-01 2AEM

14 IIPI-CKV-FT-CV225 2.lE413 4.0E4N 720 11 4.8E44 1.7E4%

15 IIPI-CKV-FT-CV 25 2.lE4)3 4.0E4N 720 11 4.5E44 1.7E4%

16 HPI-CKV-FT-CV410 2 lE4)3 4ME4N 720 11 4EE4M l7E46

17 IIPI-MOV-FT-1115C 5.7E4h 3.6EM 167 30 2.6E-01 ! .5E M

18 HPI-MOV-FT-Il l5D 5.7E46 3.6E4% 167 30 2.6E-01 15E4h

19 HPI-MOV-FT-1115B 5.7EM 3AE46 167 30 2.6E-01 1.5E4%

20 HPI-MOV-FT-1115E 5.7E4h 3 6EM 167 30 2.6E4)1 1.5EM

21 LPR-MOV-FT-1890B 4.5E46 3.6EM 167 30 2 6E411 1.2E4b

22 PPS-MOV-FT-1536 3AE46 3.6E46 167 30 2.6E4)I 8.8E-07

23 HPI-MOV-FT-1867D 2.9E M 3.6EM 167 30 2hE-01 7.5E47

24 OEP-DGN-FR-DG01 5.0E-05 3AE46 72 4 1 AE-02 7.2E4)7

25 SIS- ACT-FA-SIS A 1.SE4)5 3.0E4)7 720 6 1.xE A)2 5AEA)7

_
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(60 months) and improving the test and increasing the test frequency so that the effective

test interval is 6 months.

Tables 22A and 22B give the new results for this first risk-directed aging management

strategy. This enhanced aging management strategy results in an average core damage

frequency increase due to aging of 3.8 x 10-5 + 1,9 x 10 5 = 5.7 x 10-5 per year. This

compares to the base case core da:nage frequency increase of 1.8 x 104 + 7.6 x 104=

9.4 x 104 per year. The nsk-directed aging management strategy thus results in a factor

of 16 redoction in the core damage frequency increase due to aging. A significant

reduction in risk effects due to aging is thus achieved by focusing on the 14 risk-

important motor operated valves.

In addition to the motor operated valves, the prioritized aging contributors for the base

case in Tables 21 A and 21B also identify as important risk contributors the diesel

generators (DGN), the three check valves (CKV) in the liigh Pressure Injection (IIPI)

System, and the four Actuation Trains (ACT). Thus, a second risk-directed aging

management strategy is identified which involves carrying out th<: MOV tests and

replacements in the first strategy plus improving the test efficiency on the three diesels so

that the effective test intervalis 1 month .eplacing the three check valves every 20 years

(240 months) and replacing the four actuation trains every 20 years. (The necessary

requin ments to improve the diesel test efficiency was assessed by personnel

knowledgeable of the test.)
_

Tables 23A and 23B give the new values for the aging contributors corresponding to the

second risk-directed aging management strategy. This second enhanced aging

management strategy results in an average core damage frequency increase from aging of

1.8 x 10-5 + 5.1 x 10-6 = 2.3 x 10-5 per year, which represents a factor of 41 reduction as

compared to the base cace. Thus, by focusing on relatively few additional, risk important

aging contributors the core damage frequency increase due to aging is further

significantly reduced.
s

As a summary of strategies evaluated, Figure 7 illustrates the core damage frequency

increase due to aging for the base case, the first risk-directed aging management strategy,

and the second risk-directed aging management strategy. Instead of the absolute

increases, the relative core damage frequency increases due to aging may be of more

interest where the relative increase is the absolute increase divided by the original core
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TAllLE .221L CORE DAM AGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS !
i

PLANT A: FIRST RISK-DIRECTED STRATEGY: DOUllLE CONTRIllUTIONS i

!
!

!
Plant A- Double Contnbutens
Second Aging Conuol Strarge ,

BRGALEX Aging Rates t

[j TIRGALEX Testmg Efficiences
Total AC: 5.lE46 / year [;

Test
! Test i

^

Rank Component Name * nsitivity Agmg Rate MTBF Imerval Aql Corsponent Name ' Agmg Rate MTBF Imerval A;2 ACCoefficient (jhr/yr) (months) (month 0 Chr/yr) (monthe (m.mths) (fycar)' I HPI-MOV-FT-1115C ISE43 3AE46 60 6 ISE42 HPI-MOVM-III5E 34E4% 60 6 ISE42 6 8E47 I

>

2 HP!-MOVM-Il l5B ISE-03 34E4M 60 6 ISE42 HPI-MOVM Ill5D 3 6E& 50 6 ISE42 6AE47 I3 LPR-MOV-FT-1862A 1.5E43 3AEM 60 6 1SE42 IfR-MOV-FT-1862B 3 6E46 (4 6 ISE42 SAE47
;

fi 4 ISR-MOV-FT-1860A 15E-03 3.6E44 60 6 ISE42 LPR-MOV-FT-ISt4B 3.6EM (4 6 ISE-02 5AE47 i
| 5 LPR-MOV FT-1860A 15E-03 3.6E4 60 6 ISE42 LPR-MOV-FT-IS62B 3AE4M 60 6 ISE42 SAE47

{
i 6 1 PR-MOVM-1890A 1.5E43 3.6E4 60 6 ISE-02 IfR-MOV-FT-18903 3 6E4M 60 6 ISE42 SAE47 j7 IfR-MOVEF-1862A 13E43 3.6E-06 60 6 ISE42 IFR-MOV-FT-18(CB 3AE46 60 6 ISE42 5AE47 t

,
"

8 SIS- ACT-FA-SIS B 63E-03 3.0E47 240 * 6 60E43 SIS-ACT-FA-SISA 3.0E47 240 * 6 60E43 2 3E4)7 f9 OEP-DGN-FR-61tDG3 5 6E-03 3.6E46 72 1 * 3SE-03 OEP-DGN-FR4HDGI 3bEM 72 I* 3SE43 ESEM i
.

'
10 OEP-DGN-FLDG01 4SE 03 3.6E-06 72 1 * 3 9E-03 OEP-DGN-FS-DG03 3hE4% 72 I* 3SE-03 7 5EM h11 OEP-DGN-FS. DG01 4SE43 36E-06 72 I * 3SE43 OEP-DGN-FS-DG02 36E4W 72 1* 3SE43 73E 04

|12 OEP-DGN-FS-DG01 5.OE43 3.6E-J6 72 I * 3 9E-03 MSS-SRV-OO-SGSRV 7.0E-07 22 22 3AE 03 6.7E-0813 OEP-DGN-FS-DG01 4.0E4)3 .3hE46 72 1 * 3SE-03 OEP-DGN-FR-6HDG2 3.6E M 72 1* 3SE43 6.2E M14 OEP-DGN-FS-DG01 4 0E-03 36E4M 72 1 *3SE43 OEP-DGN-FR-6HDG3 3.6Eh 72 1* 3SE-03 6.2EG'
15 OEP-DGN-FS-DG02 4.0E-03 .3hE44 72 I *3SE43 OEP-DGN-FR-6HDG1 3hE4 72 I* 3.9E43 6.2E48'

16 OEP-DGN-FR-6HDG1 ' 44E43 3 HEM 72 I * 3SE-03 MSS-SRV OO SGSRV 7 0E 07 22 22 3AE43 6.IEW17 OEP-DGN-FR4HDG1 4.0E-03 31E4 72 I * 3SE-03 OEP-DGN-FR-6HDG2 3.6E4h 72 I* 3SE43 6.IE 08 [18 OEP-DGN-FS-DG03 3SE-03 3.6E4 72 1 * 3SE-03 OEP-DGM-FR-6HDGI 3.6EM 72 I* 3SE-03 6.0EM {
,

19 RMT-ACT-FA-RMTSA 1.5E-03 3.0E-07 240 * 6 6.0E-03 RMT-m.F-FA-RMTSB 3.0E-07 240 * 6 6.0E43 5AE08 I20 LPI-MDP-FS-Sil A 1.5E 03 20E47 86 2 5.SE4* IER-MOV-FT-IS62B 3 6E46 (4 6 1SE-02 1.7Em h21 LPI-MDP-FS-SilB 13E-03 2.0E-07 86 2 53E44 IER-MOV-FT-1860A 3.6E 06 60 6 ISE-02 1.7E48 .i

-

j 22 I PI-MDP-FS-SIIB l 5E 03 2_OE-07 86 2 5.8E-04 IfR-MOV-FT-1862A 3 6E46 60 6- ISE42 1.7E4)4 f
'

23 tyl-MDP-FS-SII A 13E-03 2.0E 07 E6 2 5 8E44 LPR-MOV-FT-1860B 3.6E4M 60 6 ISE42 17EM -

j 24 OEP-DGN-FS-DG03 9.lE48 34EM 72 1 * 3SE 03 OEP-DGN-FR DG01 3AE4M 72 I* 3SE43 IAE48 f25 PPS-MOV-FC-1536 2SE4h 3AEM 60 6 1SE-02 PPS-MOV-FC-1535 3.6E46 60 6 ISE42 1lE-09 !
,
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TABLE 23B. CORE DAMAGE FREQUENCY INCREASE FROM AGING ACTIVE COMPONENTS
PLANT A: SECOND RNK-DIRECTED STRATEGY, DOUBLE CONTRIBUTIONS !

'

!
I

'

i
Plant A Double Contnbubons

,

;
Fust Aging Contml Strategy
TIRGALEX Aging Rates

_

i

171RGALEX Tesung Eff ciencies

Test
, , Tota' AC: ISE-05 / year : {

Test
R;nk Component Name Sensnivity Aging Rate MTBF Interval Aql Component Name Agmg Raic 1F Interval Aq2 AC -

Coeffkient (Ar/yr) (months) (months) (Ar/yr) t- ..hs) (months) (/ year) [

,

] SIS-ACT FA-SISB 6.5E-03 3.0E-07 720 6 18E42 SIS ACT-FA-SISA : 3.0E47 720 6 1.8E42 SSE-06 |2 RMT ACT-FA-RMTSA 1.5E-03 3.0E-07 720 6 18E42 RMT-ACT-FA-RMTSB 3.0E-07 720 6 1.8EC 1AEA
3 OEP DGN.FR-6HDG3 ' 5.6E43 3.6E-06 72 4 I AE-02 OEP-DGN-FR4HDGI 3.6E46 72 4 1 AE-02 1.1E& )4 OEP-DGN-F3-DG01 4SE-03 3 6EM 72 4 1A E-02 OEP-DGN-FS-DG02 ' 3.6E46 72 4 1AE42 93E47
5 OEP-DGN-FS-DG01 ' 4SE-03 34EM 72 4 IAE-02 OEP-DGN-FS-DG03 3.6EM 72 4 1AE42 9SE47 )
6 OEP-DGN-FS-DG01 4.0E-03 3 6EN 72 4 1AE42 OEP-DGN-FR4HDG2 34EM 72 4 1 AE 02 8.1E41 !7 OEP.DGN-FS-DG01 4.0E.03 34EM 72 4 1 AE-02 .OEP-DGN-FR4HDG3 3.6E46 72 4 1AE42 8.lE 07 [8 OEP-DGN-FS-DG02 4.0E-03 34EM 72 4 1.4E42 OEP-DGN-FR411DG1 34EM 72 4 1 AE-02 8lE47 f9 OEP-DGN-FR4HDG1 4.0E43 3.6EM 72 4 1.4E42 OEP-DGN-FR4HDG2 34E46 72 4 1 AE-02 8.1E47 *

10 OEP-DGN-FS-DG03 3SE-03 3.6E 06 72 4 1.4E42 OEP-DGN-FR4HDGI 3.6EM 72 4 1 AE-02 7 8E-07 I
-

3 11 HPI-MOV-FT-1115B ISE43 3.6E46 60 * 6 * ISE-02 HPI-MOV FT-Ill5D . 34E-06 60 * '6* ISE42 6.8E-07 E'

12 HPI-MOV FT-1115C 1.9E-03 3.6E4 60 * 6 * ISE42 HPI-MOV-FT-Il15E 34E-06 (O * 6* 1.9E42 6.8E47 y
13 LPR-MOV-FT-1862A 1.5E-03 3.6E4 60 * 6 * 1.9E-02 &R-MOV-FT-18603 34EG 60 * 6+ 19E-02 SAE47 I
14 LPR-MOV-FT-1862A 1.5E43 34E-06 60 * 6 * 1.9E-02 UR MOV-FT-18623 34E46 60 * 6* ISE 02 5AE-07

t15 LPR-MOV-FT-1860A I.5E43 34E4 60 * 6 * IS E-02 LPR.-MOV-FT-1862B 3.6E4 60 * 6* ISE42 SAE-07 {16 LPR-MOV-FT-1860A 1.5E-03 3.6E4 60 * 6 * 1.9E-02 UR-MOV-FT-182B ' 6EM 60 * 6* ISE42 5AE47 (17 LPR-MOV-FF-1890A 1.5E-03 34E-06 60 * 6 * l 9E42 &R-MOV ";T-1890B 34E-06 60 * 6* ISE42 SAE47 [18 OEP-DGN-FS-DG01 5.0E-03 3 6E4 72 4 1AE42 MSS-SRV-OO-SGSRV 7.0E47 22 22 3AE-03 2AE-07 *

19 OEP-DGN-FR4HDG1 44E-03 34E-06. 72 4 1AE42 MSS-SRV-OO-SGSRV 70E47 22 22 3AE-03 2 2E47 f

20 OEP-DGN-FS-DG03 9 iE45 .6E4 72 4 1.4E42 OEP-DGN-FR-DG01 3.6EE 72 4 IAE-02 1.8E-07 |21 LPI-MDP-FS-Sil A 15E-03 2.0E-07 86 2 '5.8E-04 LPR-MOV-FT-1862B 3.6E-06 60 * 6* ISE-02 1.7E48 ;
22 LPI-MDP-FS-S!!B 1.5E-03 2.0E-07 86 2 5.8E48 LPR-MOV-Fr.1862A 3.6E46 60 * 6* ISE42 1.7E 08 ;
23 LPI-MDP-FS-SilB 1.5E-03 2 0E-07 86 2 5 8E-04 LPR-MOV-FT-1860A 3.6E46 60 * 6* 1.9E42 17E48
24 LPI-MDP-FS-SIl A 1.5E 03 2.0E-07 86 2 5.8E48 LPR-MOV-FT-1860B 3.6E 06 60 * 6* 19E-02 17E 08
25 PPS-MOV-FC-1536 2SE-06 3.6EE 60 * 6 * ISE-02 PPS-MOV-FC-1535 3.6E-06 60 * 6* ISE42 1.lE 09

,

t
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damage frequency increase in the standard PSA. Figure 8 illustrates the relative core

damage frequency increase due to aging for the base case and the risk-directed aging

management strategies. ( The tables of aging contributions can be simply changed to

relative contributions by dividing by the original PS A core damage frequency). Figures

7 and 8 again illustrate the significant control of aging effects which can be achieved by

focusing on the risk important aging contributors.

Other alternative aging management strategies directed toward the risk important

contributors could be evaluated by using the appropriate test and maintenance models to

calculate the aging effects Aq and ti" subsequent core damage frequency impact AC.

The core damage importances F,, S would remain the same and would not need to beg,

recalculated. The formulas and approaches which have been ptrsented allow these

ahernative evaluations to be straightfowardly carried out.

,

n.
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~1. - TIME DEPENDENT AGING EVALUATIONS

7.0 Introduction

I" evaluating the risk effects of aging, either the average effects of aging or the time

cependent 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 dependent component unavailabilities over the period

between replacements of the component or over given time periods (such as the plant

lifetime). The average component unavailabilities or unavailability increases are then

used in the PS A model to detennine the average increase in core damage frequency and

other average risk effects. These average aging contributions are straightforward to

calculate and generally have reduced uncertainties due to the time averaging effect. '

When time dependent aging effects are detenniaed then time dependent component

unavailabilities (or unreliabilities) are utilized. The time dependent component

| unavailabilities are input to the PS A to obtain the time dependent core damage frequency

with aging or the time dependent increase in core damage frequency due to aging. The
l

average aging contribution can also be obtained by time averaging the results over
'

; appropriate periods of time. The time dependent aging results provide more detailed

infonnation, however they involve more detailed calculations and have larger

uncertainties due to the additional details.

This chapter demonstrates how time dependent aging results can be obtained using the

models 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 poims 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

; . monitoring and predicting aging effects. Ilowever, mon: accurate component aging

| failure rates an: required for these time dependent evaluations.

:

!
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1

7.1 Basic Time Denendent Ecuating

We shall again consider the risk importance approach for the APS A 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 = [S Agi + [S j.. Aqi qj+...+[S . nA41 84n (63)i i A 12

i j>i

S , S j, etc. aic again the core damage frequency importances determined from thei i

standard PSA. The increases in component unavailability Aqi ue to aging are now the-d

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

(1R (g4)
q(t) = 1 - exp(- A(w)dw)

,

(tr-taf ~

l

where

A(w) = the age dependent component failure rate at age w (65)

ta = the time of the last replacement or renewal of the component (66)

and -

tT = the time of the last operational surveil:ance test (good as old (67)

test) of the component

the syinbol(tT - tg)+ denotes the maximum of zero and (tT - ta), i.e.
-.

(tr - ta )+ = tT-ta: tr>tg (68)
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;

=0 ;tT 5 tg . (69)

Thus, in Equation (64)if the last renewal is before the last test (t >I ), the age of theT R

component at the stan of the test is tT- tg . If the renewal occurs after the test (t 5tR)T

then the age starts again at zero.

The time dependent increase in component unavailability Aq due to aging is the

dif ference between the time dependent component unavailability with aging q(t) and the

time dependent unavailability without aging go(t)

.

Aq = q(t)-go(t) (70)

where

qo(t) = 1 - exp(- A(t -(T )). (71)

,

and where A is the constaat component failure rate. Note that the last time of renewal tg

does not enter go(t) since aging and hence renewal is not considered. The average value
,

1

of go(t) over a test interval is the avenge component unavailability used in a standard |

PS A. The average value of Aq(t) over a renewal interval is the average increase in

component unavailability due to aging which was utilized in the applications discussed in

the previous two chapters along with the assumption of a linear aging failure rate.

7.2 Time Dependent Equations for a Linear Aging Failure Rate

We will consid:r the linear aging failure rate with no threshold and will describe how the

-threshold age can be later incorporated into the results. The linear aging failure rate with

no threshold is again

A(w) = A +aw (72)

where A is the constant failure rate, a is the aging rate and w is the age of the component.

Substituting the linear aging failun: rate into the general formula for q(t), Equation (64), -

gives
,
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i
, _

t-ta (73)
( A + aw)dwq(t) = 1 - exp -

,

_ (tr -t a f ,

We shall consider the case when tg<ttand hence (tT - ta)+ = tT- tg. Men tg2tT then

the results which are obtsined will apply by assuming tT t since the time oflast renewal

also then serves as a the time of the last equivalent sur' ance test. For tg<tT

. _

t - t, R

q(t) = l- exp - ( A + aw)dw (74)
,

IT-tg
,

)

or

q(t) = l-exp - A(1 - tT)- a((t-ta)2 -(tT-tg _N

The difference in availability Aq(t) is then

,--

1
Aq(t) = 1 - exp - A(t - tT )-- a((t - tR )* -(tT-tR)~-[1 - exp(-A(t - tT))) (76)

,

,

Expanding the exponential to first order gives the simple result

(77)
1

R) )Aq(t) s -a((t- tg)2 -(t -t
.

This first order equation gives accurate results to at least two significant figures when

Aq(t)3 0.1 otherwise, the exact equation, Equation (76), can be used. A threshold age

can be incorporated into Equation (76) or (77) by subtractirig the thre 51d age from t;

- the squared terms in the Equations (76) and (77) will then only be nonzero if they are
.

larger then the threshold age.

If the component is tested at intervals of T and is irplaced or renewed at intervals of L

then
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T (78) -t T = T._

and
__

t (79)L! tg =
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 Aq(t).

7.3 Acolications of the Time Denendent. Linear Aging Failure Rate Equations

For a given application, Aq(t) can be detemlined at a given time point for each aging

component using Equation (76) or (77). The Aq(t) for each aging component can then be

substituted into Equation (63) for the time dependent core damage frequency due to

aging AC = AC(t). These calculations are then repeated for the time noints ofinterest.

Note that the core damage frequency S , Sy ,etc. are not dependenw1 time and need toi

be computed only once from the standard PS A.-

r

Figure 9 shows 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 name 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 5, the reneral interval for each.

component is assumed to be the component's mean time to failure. In Figure 9, the time

points are selected to correspond to the test times for each componert. The components
with the same test interval are assumed to be tested at the same time, sequentially so as

not to violate technical specifications.

A more general evaluation of Aq(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 infomiation which is obtained from time dependent evaluations. The total core -

damage frequency at any given plant age is then AC(t) 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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PS A. The sudden drops in the core damage frequency increase AC(t) in Figu:e 9 occur

when the motor operated valves in the Emergency Cort Cooling System are replaced at

failure. The high peaks in AC indicate that replacement only at failure for these critical

components is not adequate, and more frequent replacement or overhaul of the dominant

failure contributors is needed. This is a similar result as found in Chapter 5 where

average aging effects were utilized. Calculations of the time dependent aging effects

provides usefulinformation on the growth of the aging effects, indicating the times at

which the aging effects become significant.

__

M

O
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8. SENSITIVITY AND UNCERTAINTY EVALUATIONS

8.0 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 APS A 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 a variable may assume . Using uncertainty propagation techniques, a probability

distribution is then determined for the core damage frequency, which gives the

probabilities for the different core damage frequency values. A sensitivity study does not

utilize probability distributions but simply changes the input values and determines the

n sulting change in the core damage frequency.
'

.

The variables which are changed in a sensitivity study or uncertainty study can not only

be data values, but can also be m(xlels and assumptions. In an APS A, sensitivity or

uncertainty studies can be performed for different possible aging behavions for the
| components, for alternative 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 APS A. The following section first shows an application of uncertainty analysis

by assigning uncertainty distributions to the datn used in an APSA. The subsequent

sections illustrate sensitivity analyses which can be carried out to evaluate the risk

sensitivities to aging and to maintenance strategies.
,

8.1 Uncertainty Analysis of Data Used in an APSA

The uncertainty analysis which is described is also described in NUREG-1362 (9).

Funher information is provided here on the basic principles and applications of such an

analysis. An uncertainty analysis is carried out in an APSA to assess the uncertainties

one has in the aging results and to identify the dominant contributors to the uncerunnty.

I11
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A data uncertainty analysis involves assigning error ranges to the data used in an APS A.

The error range assigned to a data input represents the different possible values the data

input may have because of uncenainties associated with co!!ecting and estimating the

data. The probability distribution associated with the error range gives the probability

that the data will have any of the speciGe values in the range,

in a standard PS A, the input data which arc assigned associated uncenainties include the

initiating event frequencies. component failure rates, test and maintenance intervals and

downtimes, and huraan enor rates. For an APS A, the additional input data which have

uncertainties include the component aging failure rates, and test and maintenance data - - -

describing the aging control effects of the test or naintenance. The component aging

failure n tes will generally have the largest uncertainties.

To illustrate a data uncertainty analysis performed for an APS A, uncertainties are

determined for the aging impacts calculated in Chapter 5 which utilized the risk

importance approach and the linear aging tailure rate model. Error ranges are assigned to

the data used for the base case evaluation. Error ranges are specifically assigned to the

component aging rates which are used, to the component rnean times to failure (MTBF)

which are used as the component replacement umes, and to the TIRG ALEX testing

efticiencies which are used. Error ranges are also assigned to the risk importance

coctficients S , S coming from the PS A.i y

C
An error ranges is generally defined in a PS A by assigning an error factor (o a midpoint

data value. 'lhe upper value of the error range i- defined as the data value times the error

factor and the lower value is the data value divided by the error factor. The data value is

thus the midpoint value of the range. This error range is generally defined to be a 90%

error range with the upper value being a 95% value and the lower value being a 5%

value. There is thus a 90% probability that the data value will lie in the defined range.

The error factors assigned to each piece of data for the APS A uncertainty analyses are -

given below:

Data Type Error Factor

Component aging rate 10

Surveillance test efficiency 2

Component MTBF 2

Risk importance coefficient 5
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The assignment of the'above error factors is described in NUREG-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 variations that were observed by comparing the

TIRG ALEX 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 1 (the efficiencies are truncated at 1).- The error factors for each

component MTBF and each risk importance coefficient (S and S;j) are assigned based oni

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 distribution is a flat distribution

on a log scale. The log uniform is used in PS A uncertainty analyses when any factor -

increase in the data value or any factor decrease in the value, within the range of possible

values,is 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 cormlated with one another. Recent PSAs

assume data for a similar components to be totally correlated. -(See for example

Reference (1).) For example, failure rates for all motor operated valves are assumed to be

totally 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 PS A 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 to obtain the error ranges and probability distribution's 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 dis *ributions 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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FIGURE 10. UNCERTAINTY ANALYSIS OF AGING EFFECTS:
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The y-axis of the Ggure is the probabili:y that the CDF increase exceeds a given value on

the x-axis. The x-axis is the log to the base 10 of the CDF increase; the x-axis is thus the

exponent of 10 of the CDF increase. The cun'e of the probability distribution on these

axes is termed a complementary curnuhtive distribution function, or ccdf, in standard

PS A tenninology.

In the figure, ccdf curves are given for the single component contribution to the CDF

increase, for the double component interaction contribution, and for the total CDF-

increase due to aging. The ccdf curves can be used to obtain error ranges for the output

results. For example, a 907c error range for the total CDF increase has a lower value of F-
"

approximately lx10-3.5 = 3x t04 per year (corresponding to a y-value of 9570) and an

upper value of approximately 1x101.5 = 3x10 2 per year (corresponding to a y-value of

57c). More accurate values can be obtained from the associated tables which are

produced as part of the uncertainty analysis. Error ranges for the single and double E

contributions can be obtained in a similar manner.

Uncertainty ecdfs and associated error ranges can be obtained for every aging

contributor,in addition to the sum totals for the singles and doubles shown in Figure 10.

These ccdfs and error mnges can be used to describe the uncertainties and confidences

which are associated with quantifying the CDF effects of aging. The lower end point of '

an error range (eg. the lower bound) can be used to define the minimal aging effect and

the upper end point (the upper bound) can be used to define the maximum aging effect
.

which account for data uncertainties. The cedf curves themselves can also be used in

mon formal decision approaches for cost-benefit and optimization studies.

8.2 Sensitivity Studies of the Effects of Different Agine Rates

Sensitivity s*udies differ from uncertainty analyses in that no probability distribution is

assigned to the input variables which are changed. Only input values are changed. By

appropriately designing a sensitivity study and by systematically varying selected

variables, a significant amount ofinformation can be obtained on the sensitivities of risks

to aging effects and to test and maintenance practices.

To investigate the sensitivity of the core damage frequency effects to aging , a very

useful and straightforward sensitivity study to carry out is to vary component aging

failure rates over a plausible range and then determine the resulting core damage
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frequency effects under given maintenance practices. To aid in the interpretation of the

results, the component aging failure rates can be expressed in a relative form which

indicates tha relative size of the aging occurring. For the linear aging failure rate model, ' l

the component aging rate is thus expressed as a relative percentage increase per year in

the baseline component failure rate.

If a is the component linear aging failure rate, then expressing a as a relative fraction of

the constant, baseline component failure rate A , we haveo

a = rA (80)o

! or

r=A--
(81) .|"

!o

! In percentage (%) temis -

# (82)x 100
r(in %) = Ao

:he aging rate a has units of the failure rate change per year as in Table 8 in Chapter 5

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.

F Expressing the aging rate of the component as a relative percen: age increase per year has

several advantages for aging sensitivity studies - The aging rate of a component can be'

1

systematically varied by varying r from 0% through 100%. Higher values of r can also8

be used. The aging rates of a group of components can also be simultaneously varied by

varyirg the one parameter t. 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 agira with a relative increase in their failure rates of 10% per year.
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Another imponant advantage in focusing on the relative aging behavior is that

component aging can then be classified into dif ferent engineering categories which

represent different degrees of aging, such as a small degree of aging, a moderate degree

of aging , or a severe degree of aging. The nsk impact , eg. CDF increase, which n sults

from different degrees of aging can then be evaluated for given test and mair.tenance

practices to assess the adequacy of the practices in controlling aging effects. Table 24

gives one categorization of different degrees of aging along with the corresponding

percentage inen ase in the failure rate. Also given is the associated time period in which

the baseline failure rate doubles due to the aging. These values are consistent with aging

that has been observed in samples of data that have been evaluated (see for example
-

NUREG/CR-5510 (7)), with the significant aging corresponding to harsh environment

effects such a, due to unpurified water environments or high temperatures. These

relative values appear to be applicable for a range of absolute aging rates and baseline

fcilure rates.

As a demonstration aging sensitivity studies, Figure 11 shows the core damage frequency

increase for a plausible range of aging behavic s up to significant aging. The plant

analyzed is the same one as analyzed in Chapter 5 for the prioritization analyses. For the

present sensitivity study, monthly testing (g(xxl as old testing) of all acave components is

assumed. Failed components are assumed to be replaced with new components. No

burn-in problems are assumed (ie. the replaced components are g(x>d as new).
-

-

Figure 11 shows the average core damage frequency increase (per year) between

replacements versus annual percentage increase in component failun: rate due to agirig of

all active components. All the active components are assumed to be aging with the same

relatis e percentage increase in their failure rate (The baseline failure rate f7r each ,

component is that defined in the baseline PSA.). Aging of passive components and

structures is not considemd in tinis particular rensitivity study. *

The baseline core damage frequency for the plant is approximately 3x10-5 per year from

the standard PSA. This sensitivity study thus shows that aging effects are controllut over

a range of plausible aging for the given plant under the policy of monthly testing and

replacement at failure with new components. Even with a relative aging of 10(Fc, where

all component failure rates are doubled each year, the core damage frequency increase

due to aging is still held to approximately 3x10 5 per year which is still comparable to the

baseline core damage frequency of 3x10-5 per year. For moderate to minor aging, the
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TAllI E 24. RELATIVE AGING FAILURE RATE CATEGORIES

'

Category Relative Failure Rate Failure Rate Doubling

increase (per year) Period (yrs)
_

Minor aging 107e 10 yrs

hierate aging 307c 3 yrs

Significant aging 1007c 1 yr

,
_. _

---

1
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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

failure. Failed components are not down for significant times until detecteo 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 perfomied 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 of the Effects of Different Test and Replacement / Repair Policies

Sensitivity studie: can also be useftaly 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 is 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

is 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 perfonned. The prioritization of contributors as done in

Chapter 5 would show those components for whien it is important to control the test interval to

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 failed compe,ents. 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 PLAUSIIILE RANGE OF AGING
REPLACEMENT AT FAILURE: MONTilLY TESTING
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FIGURE 12. CORE DAMAGE FREQUENCY INCREASE FOR A Pl AUSIlli.E RANGE OF AGING:
REPLACEMENT AT FAILURE: TWO DIFFERENT TEST INTERVAI.S
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FIGURE 13. CORE DAMAGE FREQUENCY INCREASE FOR A PLAUSIPLE RANGE OF AGING:
REPLACEMENT AT FAILURE VERSUS REPAIR AT FAILURE: MONTilLY TESTING ;
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replaced with new components. For the repair policy, it is assumed that failed

c':mponents are restored to an operational status but are not replaced with new

components. Aging effects are thus not significantly mmoved. The repair is thus treated

to be as good tr old. The repair curve is very much higher than the replacement curve,

showing significant core damage frequency effects from aging even at minor component

aging (5% - 10%). It is thus extremely important to replace or overhaul the dominant

components instead of repairing them to control aging impacts on the core damage

frequency. Prioritization o the components would again identify those componentsr

which need to be focuse:d on for aging management.
m

a

w

b

.
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9. CONSIDERATIONS IN USING A PSA TO EVALUATE TIIE RISK

EFFECTS FROM AGING OF PASSIVE COMPONENTS.

9.0 Introduction

To use the PS A for evaluation of risk effects from aging of passive components,it is Grst

of allimportant that a plant speciGe PSA be constructed to evaluate and quantify the core

damage frequency associated with the plant's design and procedures. For the most

comprehensive PS A, 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 repon is planned which will discuss the'

special points involved in modeling passive co:opon m apng in greater detail.

9.1 The Role and Use of PS A to Evaluate the Reliability of Passive Components and

Ihdr Risk Imnacts

PS As 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 detailinclude:

(a) Initiating events

- Primary circuit failures

- Pressure shell failures

- Steam generator tube ruptures
I

:

| (b) System related contributions

- control rod failures

- pipe breaks

( - vessel failures

- missile generation and impact

- pipe whip phenomena
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(c) Containment contributions -

- steel shell

- closures

Most of these contributions are presently incorpocated into a PS A in only a general way

using failure rates based on generic information or expert judgement.

In particular cases there have been more formal analyses to derive a failure probability

for specific components. When mon formal analyses are carried out then a probabilistic

fracture mec' anics /PFM) model is often used to model the probability distributions of

carious parameters mcluding:

flaw size ano location.

failure to detect panicular flaw sizes.

material property variations.

changes of material properties through life.

These probability distributions are then combined to evaluate, for example, the

probability of the vessel exceeding its design criteria. The analyses are used to

detennine, among other things,

the probabilities of failure of the passive components -.

~

the important inspection activities which have an impact on the failure.

probabilities

in principle, detailed models could be developed for all major passive components and

associated failure probab;1ities derived.

For systems analyses performed in PSAs, as was observed from the previo-

demonstrations, typically the active components (e.g., pumps, valves) are only

considered in detail. The reason is that relatively small failure rates are used for the

passive components. Also, expert judgement tends to limit the importance of passive

component contributions. As a consequence, interactions between active and passive

components (e.g., different loads as a consequence of vaiious failure modes) are

generally incorporated in only a limited way. Aging can cause these contributions to be

more important.
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One example of an interaction between active and passive components is the safety issue

related to pressurized thermal shock. In this event scenario, the thermal loads (stresses)

at the primary piping and reactor pressure vessel (RPV) are strongly dependent on the

function and/or malfunction of the active components in the emergency core cooling

system (ECCS) and other systems. Conversely, the failure modes of the passive

components influence the failures of the actives in this scenario. This interacting process

can be modeled in an age dependent PS A.

A PSA can thus represent a framework and an analysis tool to integrate the behavior of

active and passive components, prioritizing the importance (contribution) of each

involved component to the overall risk. The traditional detenninistic safety analysis

j process generates limited insights regarding the risk importances of passive components

j and structures. The PS A (or PRA) can show the risk importance of different assumptions

(e.g., break k) cation or parameters, e.g., load cyclesi critical stress intensity factor) used

in these safety analyses. By incorporating probabilistic models of passive component

failures into a PS A, one can then generate answers as to not only whem breaks am most

likely, but where they most effect the core damage frequency or risk. This stochastic

modeling - PSA integration combines design, manufacturing and operating aspects and

allows a risk prioritization of the contributors and associated parameters.

9.2 Aging Component Reliability Models Reouired for PS A Acing Evaluations.

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 PS A 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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S = strength - stress (83)

If both the stress and the strength are random variables with defined probability

distributions, S will also be a random variable with a defined probability distribution.

When S>0, the passive component is said to be in the safe state. Failure occurs when

Ss0 (when loading and therefore stress is larger than strength). If S is normally

distributed, then the ratio of S-E(S), where E(S)is the expected value, and e(S) where

e(S) is the standard deviation is a standard normal random variable.

More generally, the probability can be computed that the structure will fail i.e., that Ss0.

The state function can furthermore be extended to multiple controlhng variables, with

different distributions,

S = S (xi, x2, - X )- (84)n

These types of models need to be utilized when evaluating passive component failure

probabilities (unreliabilities) to insert into the equation for the core damage frequency

increase, such as Equation (45).

9.3 The Crack Growth Phenomenon.

A probabilistic fracture mechanics crack growth analysis can be expressed in terms of a -

multi-variate state function, i.e. Equation (84). The result from a creck growth analysis

can be the probability versus time that the crack will propagate and cause component
'

failun , i.e. Ss0. To carry out the reliability analysis, an initial crack size distribution

and a probability distribution for detecting a given crack size by non destructive

inspection (NDI) can be used. The effect of NDI can be explicitly incorporated using
'

Bayesian updating,

P(F / I) = P(F)P(I/ F) (85)
P(I)

>

where P(F/I)is the updated structural failure probability given that an inspection has

been carried out. P(F) is the structural failure probability before the inspection, P(l)is

the NDI reliability, and P(1/F) is the probability of detection given the failure.
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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 infonnation on current crack sizes,

and can be used to constrain the updating to specific erack sizes. Ilayesian approaches -

can again be used to obtain associated probabilities.

9.4 lht.fgrosion Phenomenon

The deterioration process due to corrosion generally affects the reliability of passive

components. The corrosive effects depend on the loading process and on the

environmental conditions in the systers to which the component is exposed. Due to the

uncertainties inherent in the loading gocess, as well as in the manufacturing and

operating process, a vancty of variables need to be considered as being random. Because

of the non-normal propenies of these variables and the non-linear characteristics of the

state function, general simulation methods need to be used to estimate the failure

|
probability of the passive components due to corrosion effects. Normally the

j deterioration process of fatigue is analyzed utilizing models that describe the crack

growth rate per load cycle.

To explicitly consider the deterioration process of:orrosion, a corrosion factor C,is

often introduced. This factor depends on the loading process and the environmental

conditions to which the passive component is exposed. Ilased on data, the corrosion

tactor C can be approximated by a function of the Press intensity factor, the frequencye

of loads and the stress ratio, and the applied loading process. Corrosion can significantly

decrease the structural reliability of passive components versus time and therefore it can

| be important to consider such effects in an age dependent PS A,

9.5 Stochastic Analysis as a Complement to Deterministic Crack Growth Analysisp-

!

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

DCGA 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, gcxxl design / analysis methods and practices, quality

manufacturing, and effective inspection and quality control. Ilowever, in view of the -

benefits of using a PSA, and the special issues associated with aging, a PS A approach
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can be applied to comple:nent existing detenninistic practice (e.g. DCGA) to estimate the

failure probabilities of passive components and the importances of different passive

components as risk conuibutors, passive components and interactions between passive

components and active components can then be prioritized in the same detail as aclive

ecmponents can. With appropriate probabilistic failure models which can include those

aging failure rate models in Chapter 2 and by expanding the PSA to include passive

component contributors, the risk effects e aging from passiva components can thus be

analyzed and be prioritized in the same manner as active components are.

.

|

I

_ _
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10. SUMMARY AND CONCLUSIONS

An age-4 pendent PSA, or an APSA,is different from a standatti PSA in that an APS A

explicitly evaluates the risk effects of aging. Age dependent component failure rates are I

j utilized. and test and maintenance activities are explicitly analyzed for their control of
|

! aging effects. Specific models have been presented for differer: aging failure rate ,

behaviors and for different effects of tests and maintenances in controlling aging. These
!naels can be incorporated into a PSA to explicitly evaluate aging effects.

.

'
Dilferent approaches can actually be used to incorporate the aging models and to

transfonn a PS A to an APS A. Three basic approaches were described in detail along,

I with their specific features. These descriptions and the detailed models p:esented allow

any PSA to be transfonned to an APS A.

1

Different applications of an APSA were described which include bottom line

evaluations, evaluations of maintenance effectiveness, prioritir.ation analyses, and'

; sensitivity and uncenainty analyses. These different applications v.cre reviewed in light ;

of aging failure data which is availabls test and maintenance data which is available, j

PSA information which is available and meaningful results which can be obtained.
t

i Specific applications were then demonstrated involving prioritizations of aging

conuibutors, identification of tbk-directed aging management strategies, evaluation of

time dependent aging effects, data uncertainty analyses, sensitivity analyses of the risk

impacts of aging md sensitivity analyses of the effectiveness of different test and

maintenance puictices in controlling the risk impacts from aging. These studies illustrate

the significant amount of usefulinfom1ation which is obtainable from an APSA even if

; accurate aging failure rate data is not available. Finally, specific considerations were

; discussed in detemiining the time dependent and age dependent failurt probabilities for

|
passive components which can then be utilized in the general formulas for the aging

impacts on risk.
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APPENI)lX: GENERAL FORN1ULAS FOlt AGING C051PONENT
UNREl.l AllII,lTIES AND ENAVAILAllit.ITIES

Let A(w) be the age dependent component failure rate, where A(w) can be any fonn and

can include a threshold age. TM component can be either an active component or

panise component. The component unreliability is the probability that the component

fails to sperate successisely for a given interval. The component unreliability can be

calculated from the following formulas depending upon the initial conditions:

'* '
the probability of failure befon' age w (1) -t

1 - exp I A(w')dw'
J given the component was known to be

( o 4

last up at age zero:

'

the probability of f ailun before age w (2)* =
, ,

exp
,

A(w')dw' given the component was known to be
'

' "* ' last up at age w -a

When the component was last checked will depend upon the testing schedule. The above

fonnulas can be transformed to time dependent fonnulas by using the age of the
'

component at the given time w n w(t) .

The component unavailability is the probability that the component is down and is unable
_

to function. The component unavailability can be calculated from the following formulas

depending upon the in;tial conditions:

r s
- the probability that the component is (3)

*

1 - exp
,

A(w')dw' down at age w given that the
( 0 /

component was last known to be up at

age zero:

f T

the probability that the component is (4)w =
,

1-exp - | A(w')dw' down at age w given the component
' ** ' was last known to be up at age wa-
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Note that formulas (3) and (4) are similar in fonn to fonnulas (1) and (2). The difference

is that operatingfailure rarcs an generally used in fonnulas (1) and (2) while standby

failure rates are used in fonnulas (3) and (4).

When a maintenance or restoration is perfonned on the component then fonnuias (3) and

(4) still apply with the component age measured from the last maintenance or restoration

on the component. For a restoration where the age is reset to zero then formulas (3) and

(4) apply with '.he age w being the age since the last restoration. For a maintenance

involving a panial restoration which resets the component age to u value wi then

fonnulas (3) and (4) apply with the age w be;ng the age of the component since the last

partial restoration where the age begins at wi.

Associated time dependent formulas for the unavailability can be obtained by using the

ages that correspond to given times. For example,if the component was renewed at to
with no subsequent checking or maintenance then the unavailability q(t) at time t is

( t ,"t '
(5)

q(t) = 1 - exp
,

A(w')dw'
s o ,

where the component age at time t is t-t .o

If the component was last known to be up at time ta ,i.e. last tested at ta , then the

component unavailability q(t) is

' '
(6)t ,t o

q(t) = 1- exp
,

A(w')dw'
( t,-to j

where t -t is the age w at the last test t : heck. Similar transfonnations can be useda o a

for the component unreliabilities in Equations (1) and (2).

Finally, for average component unavailabilities the above age dependent or time

dependent component unavailabilities are averaged over given time intervals. Averages

over intervals between tests give the average unavailability between tests and averages
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over intervals between replacements give tfie average unavailability between

replacements. Differences from the baseline PSA unatallabilities give the increases in

unavailability (or unreliability) due to aging, either for time dependent or for averaged
)

results. I
, .

|

.

A

3

.

'
t

r.

|

$
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