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ABSTRACT

From a risk standpoint, the objective of surveillance tests
is to control the risk arising from failures which can occur
while the component is on standby. At the same time, risks
caused by the test from test-caused failures and test-caused
degradations need also to be controlled. Risk-acceptable test
intervals balance these risks in an attempt to achieve an
acceptable low, overall risk.

Risk and reliability approaches are presented which allow
risk-acceptable test intervals to be determined for any
component. To provide focus for the approaches, diesels are
specifically evaluated, however, the approaches can be applied
not only to diesels, but to any component with suitable data.
Incorporation of the approaches in personal computer (PC)
software is discussed, which can provide tools for the regulator
or plant personnel for determining acceptable diesel test
intervals for any plant specific or generic application. The
FRANTIC III computer code was run to validate the approaches and
to evaluate specific issues associated with determining risk
effective test intervals for diesels.

Using the approaches presented, diesel accident
unavailability can be more effectively monitored and be
controlled on a plant-specific or generic basis. Test intervals
can be made more risk effective than they are now, producing more
acceptable accident unavailabilities. The methods presented are
one step toward performance-based technical specifications, which
more directly control risks.
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1. THE BASIC CONCEPTS IN EVALUATING UNAVAILABILITY AND
EFFECTS OF TEST INTERVALS

The following sections describe the basic concepts that are
involved in accurately quantifying component unavailability and
the effects of surveillance test intervals on component
unavailability. To be specific, diesel unavailability is focused
upon, however the same concepts and the same models can be
applied to any other component with the appropriate data. The
succeeding sections describe how the accident unavailability of a
component can be quite different from the test unavailability of
the component. The effects of changing surveillance test
intervals can furthermore have opposite effects on these two
different unavailabilities. Specific models are presented for
calculating the detailed contributions to these unavailabilities
and applications of the models are presented. Further details of
the approaches, models, and applications are given in Reference
1 .

1.1 The Basic Definition of Diesel Unavailability

This section present the basic definitions of test
unavailability and accident unavailability. The basic
contributions to the unavailabilities are identified and the
effects on the contributions from changing test intervals are
described.

Diesel unavailability is the probability that the diesel
will fail to perform its function, which is to start and assume
electrical loads in some time period, and then to continue
running to supply power for a required time. Regulatory Guide
1.108(2) describes the function of the diesel in more detail.

In all the probabilistic risk analyses (PRAs) which have
been performed, diesel unavailability is generally an important
risk contributor and, in fact, is often a dominant contributor to
core melt frequency and public health risk (3-5). The diesel
accident unavailability is the probability that the diesel will
fail to perform its function in an accident and is the
contributor to core melt frequency and public risks.

When the diesel generator is tested in a surveillance test,
it is started and loaded as specified in the test. Regulatory
Guide 1.108(2), or plant specific technical specifications,
describe the steps to be carried out. The diesel test
unavailability is the probability that the diesel will fail to
carry out the test successfully.

The diesel accident unavailability, which is a key risk
contributor, is not in general the same as the diesel test
unavailability which is measured in a surveillance test. The
accident unavailability, in fact, is generally larger than the
test unavailability and can be significantly larger. This is
because it contains contributions which are not included in the
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test unavailability. These extra contributions go beyond the
adequacy of the test simulating accident conditions and pertain
to the test's not including maintenance downtime contributions
and test-caused downtime contributions.

In general the diesel test unavailability or the di^sel
accident unavailability can be expressed as the sum of two
contributions, the probability of failure to start plus the
probability of failure to run for a required time period:

Diesel = Probability of + Probability of (1)
unavailability failure to start failure to run

The probability of failure to run is conditioned on the
probability that the diesel starts successfully.

Surveillance test intervals and allowed outage times affect
the probability of failure to start but do not basically affect
the probability of failure to run. The reason for this is that
the failure to start contribution is determined by failures and
downtimes which occur while the diesel is in standby. The
failure-to-run contribution is basically determined by the
inherent reliability of the diesel to run for a given period
under load.

1.2 The Contributions to Diesel Failure to Start in a
Surveillance Test and Diesel Failure to Start in an Accident

Table 1 compares the contributions to diesel failure to
start in a test versus the contributions to failure to start in
an accident. The respective contributions are summed to give the
total probability of the diesel failing to start in a test or an
accident. The failure to run contributions, which are not shown,
would be added to give the total unavailability. The failure to
run contribution is not affected by changes in the test interval
as previously stated and furthermore, is generally small compared
to the fail-to-start unavailability.

The first contribution in Table 1 is the failure of the
diesel to start because an undetected fault occurred while on
standby. The second contribution is the failure of the diesel to
start because it failed on demand where the stress associated
with starting (cycling) was the cause. The last three
contributions in Table 1 are the extra contributions to the
failure to start in an accident due to the diesel being down for
corrective maintenance or repair.
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Table 1. Side-by-Side Comparisions of the Contributions to
Diesel Failure to Start in a Test and in an Accident

Diesel Fails to Start in Effect of In-
Failure to Start due to a test an Accident creasing the

Test Interval

an undetected failure before X X Increases

the demand

a failure caused by the demand X X Not Affected

being down for repair or
maintenance of a failure or
degradation occurring between
tests X X Not Affected
being down for repair or
maintenance of a demand-
caused failure or degradation X Decreases

being down for repair or
maintenance of a failure or
degradation from running the
diesel in a test X Decreases

2. BASIC MODELS FOR EVALUATING DIESEL TEST UNAVAILABILITY
AND DIESEL ACCIDENT UNAVAILABILITY

From basic reliability theory the contributions to the
diesel unavailability to start (probability of failure to start)
can be modeled by the formulas shown in Table 2. The diesel test
unavailability and the diesel accident unavailability are the
sums of the respective contributions. The formulas are based on
standard first order approximations which are valid to at least
10% relative precision (one to two significant figures) when the
unavailability contributions are less than 0.1. The slight
errors are on the conservative side. In practical applications,
the unavailabilities are truncated at unity. Reference 1 also'
gives more exact formulas for the contributions which can be used
for those cases where greater accuracy is desired. The
parameters in Table 2 are defined in Table 3 which divides the
parameters into failure and maintenance parameters, technical
specification related variables, and averaging constants.
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Table 2. First Order Formulas for the Contributions to Diesel
Failure to Start (Unavailability to Start)

Diesel Fails to Diesel Fails to
Start in a Test Start in an Accident

Failure to start due to a-j A T a2* T

an undetected failure
before the demand

Failure to start due to p p
a failure caused by demand

Failure to start due to wd
being down for repair
or maintenance of a failure
or degradation occurring
between tests

Failure to start due to cd_
being down for repair T
or maintenance of a demand
caused failure or degradation

Failure to start due to ^otod-
being down for repair T
or maintenance of a failure
or degradation from running
the diesel in a test
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Table 3. Basic Parameters in the Unavailability Formulas

Failure and Maintenance Parameters

A = the standby failure rate (per hour) for failures
occurring between surveillance tests

p = the failure probability for demand caused (test caused)
failures

w = the maintenance frequency (per hour) for correcting
failures or degradations occurring between surveillance
tests

c = the probability of maintenance being performed after a
test for test caused failures or degradations

f = the fraction of maintenances between tests that repair
failures as opposed to degradations

Xo = the operating failure rate (per hour) for failures
occurring while the diesel is running

Technical Specification Related Variables

T = interval between surveillance tests

d = the downtime per repair or maintenance, controlled by
the allowed outage time

tQ = the average time the diesel is run in a surveillance
test

Constants

a-j = 1/2 if the average probability from undetected
failures is to be included in the test unavailability

= 1 if the maximum probability from undetected failures
is to be included in the test unavailability*

a2 = 1/2 if the average probability from undetected failures
is to be included in the accident unavailability

=1 if the maximum probability from undetected failures
is to be included in the accident unavailability*

*The maximum probability corresponds to the probability at the
end of the test interval while the average probability
approximately orresponds to the probability of the midpoint of
the interval.
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The formulas in the table are simple enough that they can be
straightforwardly programmed into personal computer (PC) software
to allow automatic evaluations to be performed. Using such PC
software, for any given diesel, the diesel unavailability versus
test interval can be simply obtained. Risk acceptable test
intervals which produce acceptable accident unavailabilities and
acceptable risks can thereby be determined. Also optimal test
interval regions can be determined which give minimal diesel
accident unavailabilities. Where optimal test intervals still do
not provide acceptable unavailabilities the contributions can be
identified which are causing the problem. Furthermore by
interfacing the software with diesel data collection programs,
the diesel parameters can be updated and the diesel unavail-
ability can be continually monitored.
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3. UTILIZATION OP THE DIESEL UNAVAILABILITY MODELS
IN SYSTEM AND PLANT MODELS

In addition to serving as stand-alone models, the diesel
unavailability models in the previous section can also be
incorporated in system unavailability and plant risk models. For
example, when there are two redundant diesels in the plant, then
the individual diesel accident unavailabilities can be combined
(multiplied) to give the unavailability of the redundant diesel
system. This system unavailability would be the probability that
both diesels in the redundant system fail to start when required.
More generally the diesel system unavailability takes into
account the number of redundant diesels and is the quantity which
directly contributes to core melt frequency and public risks.

The diesel models can be substituted into system and plant
risk models which express the system unavailability or risk in
terms of the individual diesel unavailabilities. The individual
diesel unavailability is given as the sum of the different
contributions and this sum, for each different diesel, can be
substituted into the appropriate system or risk equation and can
be expanded as appropriate.

Generally, in substituting and expanding the diesel
unavailability contributions, modifications may need to be
introduced into the cross product terms based on the following
considerations:

1. Exclusions defined by technical specifications,

2. Effects of common cause failures,
and

3. Effects of sequential or staggered testing.

Technical specifications generally exclude multiple diesels
being down for maintenance or repair. This implies that any
cross product of unavailability contributions involving two or
more diesels being down for maintenance or repair should be
deleted. Consequently cross products involving more than one
factor of wd, cd/T, or \otQd/T should be deleted from the system
or plant equation.

Common cause failures are failures of multiple diesels due
to a common cause. When individual diesel unavailabilities are
simply multiplied together, then independent failures of the
diesels are implied. To include common cause failure
contributions using the beta factor approach (6), the following
procedure can be util-zed:

A. Whenever a crc -s p .'oduct is obtained involving p2 or a
higher power U p ,etc.), a common cause contribution
should also be at ad in which the term involving p2 or
higher power is replaced by p (3 where /3 is the
appropriate beta factor,

and
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B. Whenever a cross product is obtained involving (a A T ) 2

or a higher power, a common cause contribution should
also be added in which the term involving (a A T ) 2 or
higher power is replaced by a A T (B where /3 is the
appropriate beta factor.

In B, the constant a can either be a1 or a2«

Finally, when multiplying the undetected failure
contributions (a AT) for two or more diesels, the constants
may be modified to reflect particular testing strategies.

4. ILLUSTRATIONS OF THE EFFECTS OF CHANGING TEST INTERVALS OH
DIESEL TEST UNAVAILABILITY AND DIESEL ACCIDENT UNAVAILABILITY

To illustrate the results which are obtainable from the
models which have been presented, Figures 1 and 2 show the
unavailability effects of changing surveillance test intervals.
The results were obtained from a PC program that was constructed
to allow easy applications of the models. These figures plot
diesel accident unavailability to start versus surveillance test
interval for specific diesel parameters that are representative
of current diesels. The plots show the log (to the base 10) of
the unavailability to start versus the test interval: the
corresponding values are shown in parentheses beside the log
values. "Accident" denotes the diesel accident unavailability and
"test" denotes the test unavailability.

The figures show similar behaviors. The diesel accident
unavailability is higher than the test unavailability and
significantly departs from the test unavailability as the test
interval decreases. The diesel test unavailability always
decreases with decreasing test interval, although the change in
unavailability becomes slight as test intervals become small.
The diesel accident unavailability on the other hand has a clear
optimal region.

The models allow optimal test intervals to be simply
determined for any set of diesel parameters. Figure 3 shows the
optimal test interval (days) versus diesel standby failure rate
( A ) for different downtimes d (in hours). The figure plots the
log of the test interval (in hours) versus the log of the standby
failure rate. The corresponding optimal interval and standby
failure rate are shown in parentheses beside the log of the
value.
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5.0 APPLICATION OP THE FRANTIC III COMPUTER CODE IN
EVALUATING DIESEL TEST INTERVALS

The FRANTIC III mainframe computer code(7) can be used to
supplement the previous models where necessary. FRANTIC III can
compute not only time-averaged unavailabilities, but also
pointwise, time-dependent unavailabilities. In addition to the
unavailability contributions which are considered in Section 2.0,
FRANTIC can also consider the effects of test degradations where
the test causes the diesel failure rate to increase. Because
FRANTIC is a general time dependent code, it is a more involved
code to run and is therefore usually run on selected problems to
supplement the baseline calculations.

To supplement the evaluations performed, FRANTIC III was run
to evaluate the unavailability of a 2 redundant diesel system (2
diesels in parallel) versus diesel test interval, addressing the
following issues:

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

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

and
3) the effect of test-caused degradations on associated

unavailability contributions.

A 2-diesel system was chosen since it a common arrangement in
plants and shows the effect of test intervals on system
unavailability. Time-averaged unavailabilities, as calculated in
the previous approaches were obtained since wear-out and time-
dependent effects were not of principal concern.

5.1 Data Used and Results Calculated

Table 4 summarizes the basic data that was used for the
FRANTIC III evaluations. Except where specific data parameters
were changed for a particular case, which will be identified, the
same data was used for all assessments. For each evaluation, the
system unavailability was calculated, which is the probability
that neither diesel will perform its function in an accident.
The system unavailability was calculated as the product of the
individual diesel accident unavailabilities with the maintenance
and repair downtime cross products removed. No common cause
contributions were added.
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Table 4. Diesel

PARAMETER

Parameters Used in FRANTIC III Evaluations

BASE CASE VALUE

Standby failure rate A 6.05 E-5/hr

Maintenance frequency (standby failures) 5.24 E-4/hr

Failure probability per demand p 9.88 E-3

Probability of maintenance (demand failures c) 8.64 E-2

Operating failure rate Ao 8.05 E-3/hr

Average downtime d 15 hrs

Average test time tQ 3 hrs

System mission time, T 3 hrs :

5.2 Effect of Testing Strategy

Two testing strategies are evaluated, sequential testing and
staggered testing, to investigate their effect on the 2-diesel
system unavailability. In staggered testing, one
diesel is tested at the midpoint of the other diesel's test
interval. In sequential testing, one diesol is tested
immediately after the other.

Figure 4 shows that staggered testing produces approximately
a factor of 1.6 lower unavailability than sequential testing for
the same test interval. Equivalently, if sequential testing was
being performed, the test interval for each diesel could be
increased by 26% and the same system unavailability achieved if
staggered testing was performed instead. Staggered testing and
sequential testing represent the most and least effective testing
strategies respectively, when diesels are not allowed to be down
at the same time.
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Figure 4 . Effect of sequential vs staggered testing schemes

The curves in Figure 4 do not show the same pronounced
optimal regions as did some of the earlier figures. This is due
to the particular parameter values of Table 4; the average
downtime in particular is not as large as in the previous
applications. For all the further cases, staggered testing of the
diesels will be utilized.

5.3 Effect of Demand Versus Standby Failure Contributions

One of the factors determining the impacts of different test
intervals on the unavailability is the relative contributions
from failures which occur at demand versus those which occur
between tests while the diesel is on standby. The diesel
accident unavailability of the 2-diesel unit system was analyzed
for four different mixtures of demand versus standby failure
contributions (Figure 5). The base case represents the
separation of demand and time related failures as presently
experienced by the diesels and given in Table 4. The equal
separation case means the failures were categorized into an equal
number of demand and standby related failures. The last two
cases (3 and 4) are situations where all failures are related to
demand and where all failures are related to standby.
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Figure 5. Relative effects of time and demand failures

The results show that the unavailability is most sensitive
to test intervals when essentially all failures are standby
related (case 4). Increasing or decreasing the test intervals by
a given factor increases or decreases by the square of the
factor, respectively, the contribution from standby related
failures. The effect on the overall system unavailability will
depend on the relative importance of the standby related failure
contribution.

5.4 Effect of Test-Caused Degradation

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

Since no data were available to identify such degradations,
sensitivity studies were performed. The degradation model
consisted of the test causing a percentage increase in the
standby failure rate and the demand failure probability after
each test. Two different cases representing a 2% and 5% increase
were evaluated. A 2% increase implies that both the standby
failure rate and the demand failure probability will be doubled
in approximately 35 tests and in approximately 15 tests for a 5%
increase.

Figure 6 shows that reduction in test intervals when degrad-
ations are present will have an adverse impact on accident
unavailability. The diesel accident unavailability also has an
optimal test region at higher test intervals than when there is
no degradation. Thus, if there is any chance of test caused-
degradation, larger test intervals in the optimal or acceptable
region should be used.
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6. RECOMMENDATION FOR IMPLEMENTING THE APPROACHES IN THIS REPORT

The approaches in this report can be implemented in the
following ways:

1. Present test intervals can be evaluated to determine
whether they are too small or far removed from the
optimal test interval region. The plants focused upon
can be those with significantly higher unavailabilities
than the rest.

2. The approaches and models in this report can be used to
establish more risk-based technical specifications for
diesels. Plant representative organizations can be
requested to utilize the approaches in this report to
determine test intervals which satisfy the goals.

3. Since maintenance activities can have a significant
impact on the diesel accident unavailability and the
acceptability of given test intervals, the maintenance
activities on the diesel need to be monitored. If the
maintenance downtimes are dominant contributors to the
diesel accident unavailability and unavailability is at
a relatively high level, then maintenance activities
need to be reduced. This can be a function of a
reliability program.

and

4. The models and approaches in this report can be used to
monitor diesel accident unavailabilities on a plant
specific and generic basis. Evaluations can be per-
formed on a periodic basis to report the diesel
accident unavailabilities and their respective
contributions.
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