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I. INTRODUCTION

1.1 Scope und Objectives

The scope of the present study is to support the NRC's effort to respond
to & request by the Pacific Gas and Electric Co. (PG&E) to modify the
Technical Specifications for Allowed Outage Time (AOT) for the Diesel
Generators (DGs) presently operating and an additional one to be installed at
its Diablo Canyon Nuclear Power Plant.

The direct objectives of this report are:

e To review the approaches applied in a supporting study, attached to the
request, which analyzes the impact of the system and AOT modifications
to the core damage frequency (CDF).

e To provide and to compare the results of auditing or validating
calculations performed at BNL with those obtained in the PG&E study and

to comment on them.

1.2 RBackground .

The PG&E request is supported by detailed analysis of the
unavailabilities of system configurations consisting of five and six DGs under
various redundancy and AOT conditions as well as an evaluation of the impacts
of the modified system and AOT conditions to the CDF.

The document entitled, *Diablo Canyon Power Plant, Diesel Generator
Allowed Outage Time Study,"' contains the description of the approaches used
and the results of the calculations. The study extensively uses, "The Diablo
Canyon Probabilistic Risk Assessment (DCPRA)"? presently under review at BNL.
Additional information on the AOT study was provided by PG&E in a presentation
at the NRC (June 1989) and in two letters®* sent to BNL in regard to various

review questions,
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1.3 organizatiop of the Report

The first part (Part 1) of the present report summarizes the results
obtained by BNL in reviewing the methodology and calculations described in the
AOT study.! The second part (Part 2) contains the detailed descriptions of
the Diablo Canyon diesel generator, the diesel fuel transfer systems, and
their PRA unavailability models.? This latter part also contains the results

of a comprehensive review of the models performed recently at BNL and targeted

to AOT-related aspects of the system's analysis.

Part 1 is organized as follows: Section 1 presents the proposed
relaxation of Technical Specifications and briefly discusses PG&E's
methodology and the results of the justification analyses. Section 2 comments
on PC&E's approaches and maintenance data used. It compares the results of
BNL's calculations on diesel unavailabilities (top event split fractions)
obtained under various AOT conditions for both seismic and nonseismic accident
sequences with those given in the AOT study. Section 3 describes the results
of BN.'s audit and sensitivity calculations performed by scrutinizing the CDF
dmpact and risk ratio analyses of the ACT study. Section 4 summarizes the
findings and the main conclusions of the BNL review. . Appendix 1 contains the
prior maintenance duration distribution used in the AOT study and maintenance
durstion and failure rate data for various diesel generator subsystems and

components.

Part 2 is essentially represented by "Letter Report-07" on the DCPRA
review vhich is entitled, "A Review of System Analysis in the DCPRA: Diesel
Cenerator and Diesel Fuel Trensfer Systems." The description of its
organization can be fourd in its introductory Section 1.2. Ve note that some
of the review findings include open issues at this time, however, we do not
believe the resolution of these items will have an appreciable effect upon the

overall PRA results and conclusions.
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1. JUSTIFICATION ARALYSES FOR RELAXYED TECENICAL SPECIFICATIONS FOR DIESEL
GENERATORS

For the sake of clear understanding and reader convenience, this section
reiterates the Technical Specification relaxation issues requested by PCA&E and
provides a brief summary of the methodology and results of their justification

analyses.

1.1 FProposed Relaxstion of Technical Specifications for Diesel Cenerators

Currently, five DGs constitute the emergency DC system at the DCPP Units
1 and 2: two DCs dedicated to Unit 1, two DCGs dedicated to Unit 2, and one, a
"swing diesel” is shared between the two units. The swing diesel is
physically located in Unit 1.

In order to increase the flexibility of plant operation and diesel
maintenance scheduling efficiency, PG&E committed itself to install a sixth DC
by the fourth refueling outage of Unit 2 (scheduled for October 1991). The
sixth DC will also be an ALCO type DG like the five existing ones. With the
sixth diesel installed and operable, each Diablo Canyon unit will have three
dedicated DGs which will simplify the operation of the plant.

The present DCPP Technical Specifications provide a 72-hour AOT when a
given unit DG is inoperable with that unit in Modes 1 through 4. When a DG
becomes inoperable, the operability of the ac offsite sources must be
demonstrated by performing surveillance tests within one hour and at least
once per eight hours thereafter. If the DG became inoperable due to causes
other than preventive maintenance or testing, the operability of the remaining
DGs must be demonstrated within 24 hours (regardless of when the inoperable DC
is restored to operable status). The inoperable DG must be restored to
operable status within the 72-hour AOT or action must be initiated to place
the unit to cold shutdown (Mode 5), where the subject limiting condition for
operation (LCO) is no longer applicable.
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The relaxstion of the Technical Specificaticens (No.3.8.1.1 Action
Statement b) proposed by PG&E is the following: Increase the AOT fr.u the
gurrent three days (72-hours) to seven days (168 hours), so that ce:rective

(non-scheduled) maintenance, inspection and post-uaintenance operability

testing appropriately and conveniently could be performed.

The proposal relates to both diesel configurations, the current five, as
well as the planned six diesel configuration. Preventive (scheduled)
paintenance (overhauls) of the dedicated DGs would be performed, as in the

past, during the unit's refueling periods.

1.2 Methodology of the Justification Analvses

PG&E claims that the above proposed AOT relaxation is fully supported by
plant experience, training of personnel on advanced diesel maintenance, recent
izprovements of the DGs and by the results of justification analyses described

in Reference 1.

The justification analyses were directed to the assessments of two main

issues:

a. the appropriateness of a seven-day AOT for the purposes of unscheduled
maintenance of the present and planned DG configurations and

b. the safety impact of performing required scheduled maintenance vf the
swing diesel given a seven-day AOT.

Two approaches were used for these assessments. The first was based on
the DCPRA,? thus Reference 1 and consequently the present report refer to it
as the "risk analysis approach.® The second was based on stand-alone fault-
tree models of the current and planned DG configurations. Reference 1 as vell
as the present report refer to this as the "reliability analysis" approach.

The annual and relative risks were evaluated by both of the approaches.
Relative risk was defined® by the ratio of the risk during the AOT to the risk
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during the time interval when no DG is in maintenance or test. This "risk
ratio" (RR) comstrains the duration of the AOT by requiring that the ratio
should be less than unity. In general, "risk" may refer to system
unavailability, core damage frequency or health risks, depending on the
"level” where the effect of the AOT is evalusted. The PGAE AOT study

evaluated "risk® at the core damage frequency level.

The application of the reliability analysis approach by PGAE was intended
to complement the risk analysis approach. A PRA usually calculates time
averaged risk values; time-dependent effects (like testing) on the
availability of the remaining diesels when one DG is in maintenance or
staggered testing are mot taken into account. In addition, the unavailability
modelling of the DGs in a PRA does not usually go "deep” enough, so that
failure modes of the diesel subsystems or support systems are not explicitly
indicated in the model.

The time-dependent unavailability analysis was performed by PGLE on the
fault tree models of the diesel systems by using the FRANTIC-ABC PC computer

code.

1.3 Results of the Justification Analyses

Both of the npproachci. risk and reliability analyses, were used to
calculate the following cases:

e Base Case -- SDC configuration, three-day AOT on all DCs to perform
unscheduled maintenance. The risk analysis approach addressed also
performing scheduled maintenance on the swing diesel during power operation
of one unit with the other unit in refueling. Total scheduled outage was
assumed to be ten days (i.e., several three-day AOT periods) during a
refueling period of 1.5 years. Table 2.1 contains the definitions of the
calculations performed by the risk analysis approach, these calculations are
denoted by 1A and 2.

AOT Study -6- September 11, 1989



o Second Case -+ SDG configuration, seven-day AOT on all DGs to perforn
unscheduled maintenance. The 1tk analysis approsch also addressed
performing scheduled maintenance on the swing diesel. Total scheduled
outage was seven days (no multiple outages) during & refueling period of 1.5
years. In Table 2.1, these calculations are denoted by 1B and 3.

o Thizd Case -+ 6DC configuration, seven-day AOT on ei]l DGs to perforn
unscheduled maintenance. Since there is no swing diesel, scheduled
paintenance can novw be performed vithout affecting the other unit. 1In Table
2.1 this calculation is denoted by &, '

In order to deteruine the relative risk, several support caleculations
vere carried out. Those associated with the risk analysis approach are
denoted by 5 and 6 in Teble 2.1. Caleculation 5 analyzed the condition when no
maintesance (scheduled or unscheduled) is allowed on any of the 5DGs.
Calculation 6 provided the risk (5DC configuration) if the swing diesel were
unavailable for the entire year (i.e., calculated the conditional core damage
frequency). This calculation assumed seven-day AOT for unscheduled
maintenance on other DCs.

For completeness, the results of both of the analyses, risk and
reliability, are reproduced in Table 1.1 from Table 6.1 of Reference 1. Based
on the do*s presented, PGAE concluded that:

e The risk ratio criterion is satis: 1 for all cases by both methods of
analysis. :

e The effect on risk of changing from a three-day to a seven-day AOT is
insignificant; on the order of 1 to 3 percent of the CDF.

¢ The effect on risk of adding the sixth DG is greater than the effect of
changing to & seven-day AOT with an overall decrease of the order of 5
to 15 patcent in CDF. Both of the analysis approaches confirmed the
appropriateness of a seven-day AOT for the purpose of performing
unscheduled waintenance for both the five and six DG configurations.
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o According to the results of the risk analysis approach, 1) there is a
negligible increase in risk associated vith a seven-day AOT over a
three-day AOT with regard to performing scheduled maintenance on the
svwing diesel and 2) the resulting quantitative beneiits of & single
seven-day AOT far outweighs the risk associated with multipie three-day
AOTs .
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Table 1.1
Analytical Results' for Unplanned and Planned Maintenance Activities

Mmm_:mm‘

Reliability Analysis

Lnplenned & Planned (Unplarned)
Relative Relative
Frequency Frequency Ratio® Frequency Ratio’
Base Case
3:-Day AOT/5 LGCs 2.12E-04 2 .0BE-04 0.05 LOOP 2.29E-04 0.06
(10 day Outage)? LOCA/
LO0P 1.10E-09 0.08 -
Case 2
7-Day AOT/5 DGs Z2.15E-04 2.12E-04 0.08 LOOP 2.35E-04 0.08
(7 day Outage)’ LOCA/
L00P 1.10E-09 0.10
Case 2
7-Day AOT/6 DGs 2.02E-04 2.02E-04 0.08 LOCP 2.00E-04 0.05%
(0 aday)? LOCA/
100P 7.43E-10 0.13

‘pRA reflects frequency for Unit 1 only, whereas reliability considers frequency for both units

puration of outage for planned maintenance.
SA0T Risk Level/Non-AOT Risk Level.
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2. REVIEW OF THE RISK ANALYS1S RESULTS

2.1 Genexal

After having invested some preliminary efforts to review the AOT study,
BNL selected the risk analysis approach and its associated calculations and
results to be the focus of our review efforts.

There vere severs]l reasons to choose this particular focused approach.
These are as follows:

1. As vas mentioned in the introduction, the unavailability modelling of
the DG and diesel fuel transfer systems of the DCFRA were slready
under review by FNL (see Part 2) and therefore relevant computer
softvare was already svailsble for further calculations to be carried
out in a timely fashion. A substantial in-depth review of the results
obtained by the reliability snalysis would have required aud:t
caleulations of the diesel fault trees practically starting from
scratch.

2. The reliability analysis assumes four-hour mission times for the 5DC
corfiguration (the PRA model assumes six hours for nonseismic and 24
hours for seismic events) and two hour mission times for the 6DG
configuration. The use of different mission times prevents the direct
comparison of the results obtained for 5DG and 6DC configurations.

3. The reliability analysis did not address seismic effects.

4. The reliability analysis approach did not address or evaluate the risk
impact of the scheduled maintenance on the swing diesel. '

5. The results cf the reliability analysis, although numerically

different from the risk analysis, supperts the same conclusions as the

risk analysis.
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As a first phase, the adequacy of the unavailability modelling of the DGs
and diesel fuel transfer system in the DCPRA was reviewed. This was done
partly in the framework of the general review of the DCPRA. The detailed
results are described in Part 2 of this report., Tso main observations vhich
have to be kept in mind, however are reiterated here:

1. The diesel system analysis in the DCPRA seems to be weak in adequately
representing the potential failure conrributions of diesel subsystems.
(The reliability analysis used & much more detailed diesel wmodel.)

2. The unavailability contributions due to the ovarhauls of the other
unit diesels and the swing diesel vhen one unit is at power were not
taken into account. +(In the case of the swing diesel, that is
precisely the cause that edditional risk calculations had to be
performed in the AOT study.)

As a second phase (Part 1 of this report), the adequacy of the risk (core
danmage frequency) impact caleulations due to changes in AOT and system

redundancy were scrutinized taking into account comments 1 and 2 sbove.

This phase concisted of the following steps:

a. A review of the guantities which determine the total unavailability of
DGs (average total unavailability of DGs due to maintenance duration
and maintenance frequency).

b. Review and sensitivity calculations on non-seismic and seismic top
event split fractions characterizing the unavailabilities of DGs under
various boundary and AOT conditions. “hese tup events appear in the
support system event tree of the plant core damage frequency model.

¢. Audit and sensitivity calculations on the core damage frequencies.

These were performed by propagating the sudited or newly generated top

AOT Study -11- September 11, 1989



events through the dominant sequence PRA model. Table 2.1 lists the
definitions of various core danage frogquency calculations. New
calculations wade to study sensitivity or consistency ¢re denoted by
“BNL's sensi-ivity caleulation.® They will be explained later.

d. Audit of the risk ratio results.

The subsequent subsections and Section 3 describe these steps in detail.

2.9 Maintenance Unavailability of the DGs

In the DCPRA the AOT dependency of the diesel top events appears through
& quantity called total diesel maintenance unavailsbility, Py. The quancity
reflects the conditions that due ro Techricel Specification limitations only
one diesel or o' e Level Control Valve (LCV) of the Fuel 0il Day Tank may be in
maintenance at & time (see also Part 11).

Thus, Py = Py + Piov = P * Prow, vhere Py is the zaintenance
unavailability of the diesel {tself and P oy is the maintenance unavailability
of the LCV. Furthermore, Py, is defined as. Poc = ZMDGSD*ZMDGSF, where ZMLG3SD
« 10.1 hours is the mean duration of the diesel msintenance; and ZMDGSF «
7.74-4 hr'd is the mean fiequency of diesel maintenance.

Sinilarly, Py = ZMDGNIDRZMGNDF, where ZMGN3D = 18.9 hours is the mean
duration of the LCV maintenance; and ZMGNDF = 2.03-5 hr? is the mean
frequency of LCV maintenance. With these values Py = 7.817-3 and Py =
3.837-4, and Py = 8.201-3.

The above mean maintenance duration and frequency data are HOT-dependent
values. They were obtained by updating generic maintenance darction and
frequency values using plant-speci’ic data. These dats were used in ‘he "Base
Case* calculations in the AOT study.

1f one compares this data with those used in the reliability approach,

one can observe some inconsistencies. From Table 5.7 of the AOT study’ one
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can easily obtain, by sssuring a lognormal distribution, the following data
(vithout uplating any priors):

ZMDGSD' Median = 11.63 hours, Mean = 11.90 hours
ZMDGSF' Median = 1.04-3 hr'?, Mean = 1.06.3 hr™
Pio Median = 1.21-2, Mean = 1.26-2

By using the previous value for Fo, one obtains a newv value for the
mean total maintenance unavailability:

P". - ’lﬂ + P,',,’. - 1.198-2

The main ¢.use of the in onsistency is the diesel maintenance frequency
and in a lesser measure the mean maintenance duration.

Consider mow the generic mean priors:
ZMDGSD’ = 17 hours

ZMDCST = 1.03-3 hr?

ZMGN3D' « 13 hours

ZMGNDF® = 2.7-5 hr™?

One can observe that the generic mean prior maintenance frequency almost
exactly coincides with the plant-specific value (w/o update). Its not clear
how the DCPRA arrived at the updated volue: ZMDGSF = 7.74-4 hr'', However,
the essential problem here is that P; seems to be the correct total
unavailability and this should have been used in the "Base Case" celculations.

BNL requested additional information from PGLE about the generic prior
diesel maintenance duration distribution (ZMDGSD). The distribution and its
characteristic parsmeters are reproduced in Table 1.1 of Appendix 1 from
PC4E's ansver.’ The mean value of that prior is: 2ZMDGSD' = 10.5 hours, in
apparent variance with the value given in the DCPRA (see above).

In the *Second” and *Third Csse® calculations, {.e., when ¢ 7-day AOT is
considered, PGA&E increased only the rean maintenance duration of the diesels.

The mean maintenance fregquency of the diesel war taken to be the same, as for
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the A-day AOT. For the increased value of the mean maintenance durstion, PGAE
took ZMDGSD « 16 hourr. The selection of this velue was supported by several
nruslitative arguments. Among others the expert opinions of the waintenance
personnel. The arguments were also repested in Reference 3. The Falisades
diese]l outage data ware quoted as experience values  There was no refeience
to &ny other experience data source.

Also from Table 5.7 of the AOT study, ony can easily obtain the Palisades
values (AOT is 7-days):

ZMDGSD,,, Mean = 11.55 hours, Mean = 11.90 hours
UMDGSF,,, Medien = 1.33.3 hr™', Mear 1.36-3 hr”'

r;;‘ Median = 1.54-2, Mean 1.62:2

Thus, the mean total msintenance unavailability:

Pal -P ¢ ’?al

Py wev * oo

The AOT study ures for the 7-day AOT (ZMDGSD = 16 hours): Py = 1.277-2,
an underestimation of about 308 relative to the valve determined based on the
Palisades data. In order to obtain an independent assessment for a gemeric
mean diesel maintenance durstion, BNL used the diesel subsystem downtimes and
failure rates collected in & recent EPRI study.’ These downtimes are given in
Table 1.2 of Appendix 1 ranked in . easing order. Based on these data and
by assuming & lognormal maintenance duration distribution, an overall mean

- 1.66-2

maintenance duration value was determined (see Appendix I). The value
obtained by BNL is:

ZMDGSG = 20.6 hours

Since it is considerably higher than 16 hours, one can infer that the
above value of Py, Py = 1.277-2 indeed may underestimate the expected mean
maintenance unavailability for a 7-day AOT.

Because of the above ambiguities in the correct values of the mean
maintenance duration and frequencies, it was decided that besides auditing the
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risk calculations of the AOT stu¢ additional sensitivity calculations would
be performed vith & bounding mean diesel maintenance Guration of 24 hours and
the original mean maintenance frequency of 7.74-4 hr?. The cor-esponding
range of total waintenance unavailebility, Fy, extends from quite low values
up to 2.10°%, The exact values are given in Table 2.2. [he table elso shows
that this P, range covers a mean maintenance duration range from 0 hours to
17.5 hours, if for the mean maintenance frequency, the reliability analysis
value, ZMDGSF' = 1.06-3 hr™? is taken. In Table 2.1 these calculations are
denoted by 1C, 3A, 4C, and 6B.

The sensitivity calculations allowed BNL to determine an unambiguous
functionsl relationship betwsen the tutal maintenance unavailability and the
diesel top event split fructions, {.e., through them the core danage
frequency.

2.4 Reviev of Top Event Split Fractions

The DCrRA defines six top events in the electric part of the tupport
systen event tree associated with the unavailability of the diesel generators.
The top event definitions, boundary conditions, success criteiia, their
quantified values fur seismic and noen-seismic sccident sequences, the top
event split fractions, and the main contributors to the top event split
fractions are thoroughly described and discussed in Part 2. For better
understanding and corvenience, however, the designators of the top events and
their relationships with the diesels are also given here:

Top Event GF - Diesel Generator 13 ("Swing diesel’)
Top Event GG - Diesel Generator 12

e Top Event GH - Diesel CGenerator 11
¢ Top Event 2G - Diesel Generator 21
e Top Event 2H - Diesel Senerator 22
e Top Bvent SW - Units alignment of swing diesel, 13,
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For the sudit calculations of the AOT modified top events and for BNL's
own sensitivity calculations, the sane SETS -code® models and locally gencrated
PC softvare were useé wiich had been developed for suditing the DCFRA results,
Tables 2.5 and 2.7 of Part 2 show the detailed comparison of the results of
the audit calculations with those of the DCPRA and the AOT study in the "Base
Case® for (3-day AOT, 10.1 hours wean maintenance duration) nen-seismic and

seismic splic fractions.

The final results of these calculations are also licted in Tables 2.3.A
and 2.1.B of this section for non-seismic and seismic split fractions,
respectively. These tables also contain the results of the audit calculations
for the "Second Case* (7-day AOLS, 1t hour mean paintenance duration) and of
the BNL's sensitivity calculation (7-day AOT, 24 hour mean maintenance
duration). For comparison, the tables conveniently also 1ist the values given
by PGLE in Table 4.3 of the AOT study.}

In order to check the int ‘rnal consistency of the results obtained, the
various split fractions can bte plotted against the Total Maintenance
Unavailability, P,. This functional representation {s convenient because it
allovs us to interpret the results when one ¢ nsiders a mean diesel
maintenance frequency other than the 7.74-4 hr! offered by PG&E.

Figure 2.1 shows such a functional representation for the non-seismic vop
event split fractions GF1, GG3, GH6, 2GA, 2HG. The graph of these split
fractions appears to be & straight lime. Its extrapolation to Py = 0 provides
a quite accurate graphica checking of the corresponding ¥G&E value given for
*Zero Diesel Maintenance® calculations in Table 4.3 of the AOT study.}
(Similar *graphical® spot checking "validated” other "zero maintenance" split
fractions as well.)

The split fractions shown in Figure 2.1 essentially represent the

unavailabi) ity of the individual diesel units in the DCPR#, when 21l the

support systems are aviilable (see Part 11).
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For comparison, the unavailabilities of DG11 and DG13 derermined by the

smore detailec® relisbility analysis calculstions are also plotted as a
function of the maintenance duration. Its not clear why the PRA
unavallsbilities are larger (about a factor of 2) than those obtained vith the
reliability mcdel, vhere the support system unavailadbilities were not taken to

be zero.?

The results of BN''s audit calculation on thuse top event split fractions
(non-seisnic and seismic) which had to be completely requantified to account
for the condition when the swing diesel is unavailable, are shown in Table
2.4, (More specifically, the unscheduled maintenance duration of the other
diesels given the sving diesel is inoperable is set equal to eight hours.

This is based on Technical Specification 3.8.1.1 Action Statement £f.) For
comparison, Table 2.4 also indicates the original PG&E values. One can
observe that there is # general agreement between the two calculations.

Summarizing, (disregarding the discrepancic previously identified
betveen the results of the risk and reliability approaches in Section 2.1 and
the factor of two from just above) one can say that there is an overall
agrcement between the BNL audit results and PGLE split fraction data. The
small inconsistencies appearing here or there are presumably the consequences
of the fact that BNL used point estimates, while PGAE used & Monte-Carlo
approach in the split fraction quantificction,
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MAINTENANCE DURATION

Diesel generator unavailability (Top Event Split Fractions: GF1,
GG3, GH6, 2GA, 2HG in DCPRA) as a function of Total Maintenance
Unsvailability. The dashed lines (DG1l and p313) at the bottom of
the figure and the data point (DG11, DG13) represent the results
obtained from the diesel generator reliability study for the
present (5 DCs) and the planned (6 DG:) Jiesel configurations,
respectively. ,
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Table 2.1
pDefinition of Calculations - Risk Analysis Approach

~Hit
Overhaul
Allowed Mean DG Overhaul Period of
Outage Maintenance Period of DGs of the
Nusber of Nusber Time, AOT Duration, MMD Swing Diesel Other Unit
Calculation of DGs (Days) (Hrs) (Days) (Days) Notes
5 $ e 0 0 0 Audited by BNL,
1A S 3 10.1 0 0 Audited by BNL.
18 ] 7 16 0 0 Audited by BNL.
1C S 7 24 0 0 BNL's sensitivirty
calculation.
2 ¢ 3 10.1 10 0 Audited by BNL.
3 5 7 16 7 0 Audited by BNL.
3A 5 7 24 Y 0 BNL's sensitivity
calculation.
LA 6 L 0 0 0 BNL's sensitivity
calculation,
4B 6 3 10.1 0 0 BNL's sensitivity
calculation.
i 6 7 16 0 0 Audited by BNL.
4C 6 7 24 0 0 BNL's sensitivity
calculation,
6A ] 3 10.1 1 year 0 BNL's sensitivirty
calculation.
6 - 1 16 1 year 0 Audited by BNL.
63 5 7 24 1 year 0 BNL's sensitivity
calculation.
*DCPRA assumptions.
+*No DC maintensnce,
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Table 2.2
Total Maintenance Unavailability, Py

Mean DG Mean DG
Maintenance Py, Vith DC Main- Maintenance P;, With DC Main-
Duration, tenance Fregquency, Duration, tenence Frequency,
ZMDGSD, hr  ZMDGSF = 7.74+4 hr'®  2ZMDGSD' hr  ZMDGSF' « 1.06-3 hr™!
0 5.837-4 0 3.837-4
10.1 8.201-3 . .
16 1.277-2 11.9 1.298-2
24 1.896-2 17.5 1.896-2
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BNL

9.382-2

24 Hours MMD
for all Diesels

PG&E

BNL

for all Diesels
8.810-2

16 Hours MMD

PC&E

......

8.721-2

Table 2.3.B
Seismic Conditional Split Fractions for i‘he Diesel Cenerators

8.385-2

BNL

10.1 Hours MMD
for all Diesels
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Table 2.4
Nonseismic and Seismic Conditional Split Fractions
Scheduled Maintenance on Diesel 13+

Renamed Nonseismic Renamed Seisnic
Top Splic Split Split
Event Fraction Fraction PCAE BNL Fraction PG&E BNL

GF GF1 CFF 1.0 1.0 CFF 1.0 1.0

GG GGl
GG2 GG4 4. 2064-2  4.393.2 GGS 8.114.2 8.216-2
GG3

GH CH1
GH2 GH? 4.324-2 4.377-2 GHA 8.066-2 B.181-
GH3 CHS 4.784-2 4.751-2 CHB 8.685-2 8.
CGH4
CH5 CHY 4. 3642 4.393-2
GHE

26 261
262
2G3 26C 4.631-2 4.599-2 2G1 8.531-2 8.471-2
2G4
2G5
266 2GE 4.3264-2 4.377-2
267
2G8
269
2GA

2H 2H1
2H2
2H3 2H1 4, 585-2
2H4 2H) $.573-2
2H5
2HE
2H7
2HB
2H9
2RA
2HB
2HC
2HD
2HE
2HG

.552-2
.560-2

w

*Renamed zplit fractions were used to evaluate conditional core damage
sequences that involved maintenance of the swing DG. The DG split fractions
not listed for this case were not needed to quantify these sequences.
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3. CORE DAMAGE FREQUERCY AND RISK RATIO CALCULATIONS

3.1 General

Fifty initiating event categories, including six seismic levels are
quantified in the DCPRA. For the AOT study, however, only the leading
sequences (contributing approximately 82% of the total ccre damage frequency)
vere selected to be potential subjects of modification due to changes in the
diesel-releted top event split fractions. This subset of sequences is called
the "Dominant Sequence PRA Model® in the AOT study. The omitted sequences are
taken into account by appropriate correction factors. The model consists of
tvo parts: 1) nen-seismic sequences and 2) seismic sequences. 420 leading
non-seismic sequences constitute "the non-seismic part® and 791 leading
seismic sequences constitute "the seismic part.” The non-seismic and seismic
contributions to the total core damage frequency are 83.2% and 16 .8y,
respectively. Tre 420 non-seismic and the top 200 seismic sequences are
listed in the AOT study. Each leading sequence is represented as the
algebraic product of the frequency ¢f & single initiating event and the
unavailabilities of the plant safety systems under specific boundary
conditions, or "top event split fractions." Where appropriate, sequence-
wpecific recovery actions are also included in the sequence. Normally, the
system success probabilities (availabilities) are very close to unity and
therefore can be consorvativoly omitted. For sequences in which this is not
the case, the system success probabilities were included to avoid over-
conservatism. The DG success probabilities are included in the non-seismic
part. In the seismic part, ell the success probabilities are considered.

3.2 Core Damage Frequencies Without Centribution Dus to Swing Diesel Ov- . haul

For core damage frequency calculations in which there is no scheduled
maintenance performed on the _vwing DG while & unit is at power, bcth non-
scismic and seismic sequences ‘20 and 791 sequences, respectively) were used.
The BNL audit focussed on the non-seismic sequences because for the seismic
failures the DCPRA treated the DGs as completely correlated and because the
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seismic sequences show a practically negligible (order of ~10"7) Aependency on
the change of the total maintenance unavailability of the diesels, i.e., AOT.

The core damage frequency (according to the terminology of the AOT study,
the absolute risk) was evaluated by propagating the top event split fractions
deternined with various mean diesel maintenance times through the dominant
sequence PRA model. This wvas done for both diesel configurations; for 5DC and
6DC systems. To represent the 6DG configuration, the swing diesel wvas
pmodelled as always being aligned to Unit 1. This was sccomplished by setting
the swing diesel alignment top event split fraction SW alwvays to 0. This is
an acceptable modelling approach.

In order for BNL to check the internal consistency of the calculations
and to express the core damage frequency as & function of the total diesel
paintenance unavailability (i.e., AOT), sensitivity and consistency runs were
done, in addition to the audit computations.

The -esults obtained are shown in Table 3.1 along with those obtained by
PG&E. The logically connected calculations are grouped together for the 5DG
and 6DC configurations. (These are: 5DCs-Calculatioms No.5, 1A, 1B, and 1C,
and 6DCs-Calculations No . 4A, 4B, &, and 4C).

Figure 3.1 shows the core damage frequency as a function of the total
maintenance unavailebility, F, for the 5DG and 6DC configurations. One can
observe that the functional correlation between the CDF and the total
maintenance unavailability can be fairly aspproximated by straight lines. The
lines for SDG and 6DG configurations run (almost) parallel, showing that under
any reasonable AOT condition the 6DC configuration alvays provides smaller
risk than the 5DC configuration.
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For the calculations where maintenance of the swing diesel is considered
(Calculations 2, 3, and 3A) the guantification process is different. The
calculations are based on the conditional core damage frequency calculations
vhen the swing diesel is considered to be down for one year; i.e., vhen top
event GF is set to 1.0 (CGFF), and the modified and renamed top events of Table
2.4 are used. (The 1D numbers of these calculations are: 6A, 6, and €B.)
These latter calculations are rather intricate snd complex, especially the
seismic parts. Some nmumerical values and interpretation of the variables were
not provided in the AOT study; BNL received them more recently as supplemental

{nforwation.'

Calculations 2, 3, and 3A essentially contain the sum of two terms; the
first one is the CDF without scheduled maintenance and the second is the
conditional CDF multiplied by the fraction of time the swing diesel is in

scheduled maintenance.

The results obtained from the above calculations are also listed in Table
3.1 along wiuh the original PGALE data. The conditional core damage frequency
{f the swing diesel is down for a year (5DG configuration) is also plotted as
a function of the total maintenance unavailability, P, at the bottom part of

Figure 3.1. The curve reflects a strong linear dependency.

Comparing the results obtained by PG&E and BNL associated with the sving
diesel overhsul (Celculations 2, 3, and 3A) one observes that:

a. By changing the ACT from three to seven days (from Calculations 2 and
3) PG&E calculated a risk increase of about 1.3%, while BNL obtained a
risk increase of 1.4%. These correspond to a mean diesel maintenance
frequency of 7.74-4 hr't.

b. I1f one takes for the dieszl maintenance frequency the value used for
the reliability calculation, i.e., 1.06-3 hr'!, and considers the
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results of BNL's Calculations 3 and 3A which characterize the AOT
change, the risk increase would be less than 2.8%,

3.4 Risk Retio Calculations

This section compares the results of the risk ratios obtained by BNL with
those calculated by PGGE. Since the risk ratios are defined differently for
unscheduled and scheduled maintenances, they are discussed in the folloving

two subsections.

3.4.1 Risk Ratios for Unscheduled Maintenance

The risk ratio for unscheduled maintenances is defined by the formula:
CCDF “

o o
RR, o = BP = CDFOM '

u.m
vhere, MMD is the mean maintenance duration of a DG,
BP is the base period with no DG maintenance (i.e., average interval
between DG outages,

CCDF,, is the conditional core damage frequency when the swing diesel is
assuned to be down for & year (in Table 371, Calculations 6A, 6,
and 6B), and

CDFOM is the core damage frequency when there is no maintenance of any of
the DGs (in Table 3.1, Calculation 5).

The RR values obtained by PG&E for the 5DC and 6DG configurations are
listed in the column PG&E of Table 3.2.A. These values were obtained by using
the same base period for both the 5DC and the 6DG configurations. The base
period was deteruired by the DC maintenance frequency, 7.74-4 hr'?. Per unit
basis, it was assumed that the frequency of one of three DGs being out for
maintenance is three times the individual DG maintenance frequency. The
{nterval between DC maintenance outages is then the inverse of this value.

The ratio CCDF,,/CDFOM was also treated to be the same for 5DCG and 6DC

configurations.

20T Study «27- September 11, 1989



By comparing the PC&E RR values vith each other, one notices that while
there is an increase in the relative risk vhen the AOT changes from three days
to seven days for the 5DC configuration; the relative risk does not decrease
{f one keeps the AOT the same but increases the system redundancy from 5DCs to
6DCs. 1n other words, the PG&LE calculation does not indicate any advantage of

{nstalling the 6th DGC.

According te BNL, the cause of this discrepancy is that PGLE used an
{ncorrect base period for the $DG configuration. BNL presumed that vhenever &
dedicated diesel is put into unscheduled maintenance at Unit 2, the sving
diesel will be assigned to that unit, thue from the point of viev of Unit 1
the sving diesel has an outage. (Both units are assumed to be operating.)
Thus, on a per unit basis, the frequency of one of three DGs being out for
maintenance is five times the {ndividual DG maintenance frequency (the swing
diesel counts three). Of course, in the case of 6DGs (three dedicated DGs per

unit) the PG&E reasoning is correct.

BNL performed two relati - visk calculations. In the first one, the DC
paintenance frequency was assumed to be 7.74-4 hr'? corrected by the
paintenance frequencies of the LCVs. In the second one, the DG maintenance
frequency was calculated by using the Diablo Canyon outage data (Table 5-7 of
the AOT study'). This roughly corresponds to & DG pmaintenance frequency of
1.06-3 hr,

The length of base periods used a&nd the obtained RR results are listed in
the columns "BNL® of Table 3.2.A. The results shovw a risk ratio increase of
about a factor of two higher than the increase obtained by PG&E when the AOT
changes from three days to seven days. For the same time periods, the BNL
results correctly reflect the expected decrease of the risk ratio when the

redundancy of the system increases (5DGs to 6).

In other words, the BNL calculations definitely {ndicate the advantage of
the installation of the 6th DC.
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3.4.2 Risk Ratios for Scheduled Maintensnces
The risk ratio for scheduled maintenance is defined by the formula:

CCDF
_ SCHD 13
R

where, SCHD is the scheduled outage duration (10 days for 3-day AOT and 7 days

for 7-day AOT),
RP is the period between scheduled maintenances of the swing diesel

(i.e., the refueling period, 1.5 years),

CCDF,, is the conditional core damage frequency when the swing diesel is
assumed to be down for a year (in Table 3.1, Calculations 6A, 6,
and 6B), and

CDF is the core damage frequency calculated with various mean
maintenance durations (in Table 3.1, Calculaticns 1A, 1B, and 1C).

The results of the BNL calculations are shown in Table 3.2.B along with
those of PCL&E. There is an overall agreement between the two sets of data.
Notice that the risk ratio for the 6DG configuration is zero. There is no

scheduled maintenance during operation, hence, by definition RR,, = 0.
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TOTAL MAINTENANCE UNAVAILABILITY, P’

Figure 3.1 Core damag~ frequency as & function of total maintenance (diesel
' plus level control valve) unavailsbility for the present (5 DGs)
and the planned (6 DGs) diesel configurations. Bottom curve:
conditional core damage freguency for the present configuration,
if the svwing diesel is down for a year.
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Table 3.1
Core Damage Frequencies
(Based on the Risk Analysis Approach)

Overhaul
Allowed Mean DG Overhaul Period of
Outage Maintenance Period of LGs of the
Number of Nunrber Time, AOT Duration, MMD Swing Diesel Other Unit _CDF (¥r'Y)
Calculation of DGs (Days) (Hrs) (Days) (Days) PG&E BNL
5 5 B 0 0 0 2.062-4 1.971-4
1A 5 3 10.1 0 0 2.078-4 2.080-4
1B 5 7 16 0 0 2.120-64 2.125-4
i 5 7 24 0 0 e 2.186-4
2 - 3 10.1 10 0 2.124-4 2.130-4
3 5 7 16 7 0 2.152-4 2.160-4
3A 5 7 24 7 0 “es 2.221-4
L 6 * 0 0 0 .o 1.898-4
4B é 3 10.1 0 0 “ee 1.990-4
4L 6 7 16 0 0 2.017-4 2.027-4
4 6 7 24 0 0 .- 2.078-4
6A 5 3 10.1 1 year 0 cee 4.812-4
6 5 7 16 1 year 0 4.650-4 4. B57-4
‘B ] 7 24 1 year 0 .o 4.919-4
: DG maintenance,
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Table 3.2.A
Risk Ratio Results
Unscheduled DC Maintenance

Defirition: RR = Risk of Core Damage During Mean Maintensnce Duration/Risk of Core Damage During Base Period With No

Maintenance
PG&E BNL
Mean Length Length Length
DG AOT, Maintenancr of Base of Base of Base
Configuration Days Duration, Hrs Period, Hrs RR, ., Period*, Hrs RR, _  Perlod, Hrs BRR,

5 DGs 3 10.1 448 .¢ .05 245.5 .10 cae sni
11.9 188 15
7 16.0 468.0 .08 265.5 .16 -.- -e-
17.5 184.9 26
7 24.0 .- -.- 245.5 .25 —-- .-
6 DGs 3 10.1 e .- 409.2 .06 .o ses
11.9 .- - .- ce- 312 09
7 16.0 448.0 .08 %09.2 .09 .ee ans
17.5 369.9 12
7 26.90 .- “e- ‘409.2 .15 —-- cee

#Maintenance frequencies of LCVs are included.




Table 3.2.B
Risk Ratio Results

Scheduled DC Maintenance

Definitiou: RR = Risk of Core Damage During Scheduled Outages/Risk of Core Damage
Between Refuelings (1.5 Years)
DG Maintenance
Policy Between
Refuelings
Scheduled
Mean Outage
DG Maintenance Duration, PG&E  BNL
Configuration AOT, Days Duration, Hrs Days RR, . RR,, Remarks
5 DGs 3 101 10 041 042
7 16.0 7 028,029
7 24.0 7 .. 029
6 DCs 7 16.0 .- 0.0 0.0 No scheduled DG
outage is
planned during
unit operation.
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4. CONCLUSIONS

BNL perforwed a thorough review of the PG&E AOT study. The review
focused on the risk analysis approach.

The revievw identified some problematic spots in the analysis:

e The diessl top event split fractions 2C and 2H do not include the
unavailability contribution of the overhauls of Unit 2 diesels
performed with Unit 1 at power. PG&E performed conditional core damage
calculations when the swing diesel is considered to be down and alseo
(as sensitivity calculations) when the dedicated Unit 1 diesels are
down. There are no calculations as to vhat {¢ the conditional core
damage frequency if Unit 2 diesels are down (i.e., when top events 26
or 2H are set to 1).

e The AOT analysis as well as the DCPRA are tacit about the coupling of
the swing diesel vhen & dedicated diese]l undergoes unscheduled
paintenance with both units at power. For Unit 1, the swing diesel is
unavailable if it is coupled to Unit 2 wvhile a dedicated Unit 2 diesel
is in maintenance. .

e The risk analysis uses & low value for the maintenance frequency of the
diesels. This means that the absolute risks are underestimated at &
given AOT. With more realistic msintenance frequencies, the correct
risk values for the present and suggested AOTs lie around the risk
values obtained with the low maintenance frequency and mean maintenance

times of 16 hours and 24 hours, respectively.

The BNL review found an overall agreement betveen the top event split
fraction values obtained by BNL and PG&E. The small inconsistencies appearing
sporadically are presumably due to the fact that BNL used point estimates,
while PGG&E used a Monte Carlo approach in the split fraction quantification.
 There is also an overall agreement between the BNL and PGLE core damage
frequency values (disregarding the *no maintenance” base). There is a slight
tendency that the BNL CDF values lie somewhat higher than those of PG&E.
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BNL concurs with PG&E’'s findings that:

e The risk reduction effect of a adding the sixth DC is greater than the
effect of changing to a seven day AOT. This is demonstrated by Figure
3.1, which shows that the CDF curve for the 6DC configuration always
runs below and almost parallel with the CDF curve for 5 DG
configuration.

e The effect on risk of changing from & three day to a seven day AOT is
insignificant, en the order of 2 to 3%. (The curves in Figure 3.1
provide practical tools to evaluate risk changes for any combinstions
of diesel maintenance duration and frequency values.)

¢ The increase of the risk associated with a sev:n day AOT over a three
day AOT performing scheduled maintenance on the swirg diesel is also
insignificant; less than 2.8%. The risk .a..os determined by PG&E for
this case are in agreement with those cbtained by BNL for both 5DC and
6DG configurations.

BNL found that the risk ratios associated with unscheduled diesel
maintenance are higher by a factor of 2 or 3 in absolute value than the values
determined by PG&E for the 5DG configuration for any AOTs. The risk ratio
increase associated with changing the AOT from three days to seven days was
slso found to be a factor of two higher than that of PG&E.

In contrast with the finding of the AOT study,’ BNL's risk revio

calculations definitely indicate the advantage of the installation of the
sixth DG,
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APPENDIX I
DATA ON MAINTENANCE DURATION OF DGs AND DG SUBSYSTEMS
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Tadble 1.1

Discretized Prior For G.neric Maintenance Duration
Distribution of DGs Having 72 Hour AOT*

Maintenance
Duration Cumulative
(Hours) Probability Probability
2.1540 2.12-1 2.12-1
4, 2440 2.20-1 4.31-1
6.48+40 5.63-2 4.88-1
7.2540 2.54-2 $5.13-1
7.7540 2.37-2 5.37-1
8.25+0 2.22-2 5.56-1
8.75+0 2.07-2 5.80-1
9.1540 1.18-2 5.92-1
9.4540 1.13.2 6.03-1
9.80+40 1.44-2 6.17 1
1.01+1 1,04-2 6.2°-1
1.0441 9.97-3 6..8-1
1.08+1 1.27-2 6.50-1
1.12+1 1.50-2 6.65-1
1.17+1 1.41-2 6.80-1
1 2241 1.33-2 6.93-1
1.27+1 1.25-2 7.05-1
1.4041 4,342 7.49-1
1.6441 4.97-2 7.98-1
2.61+1 2.02-1 1.00+40
JESREEACTI b T ——
Mesn 2th 20th 25th
10.5 hours . 507 6.85 28.7

*From "Supplemental Information to Diesel Generator AOT Study,” PG&E Letter.?
Mosleh, A., et al., "A Datas Base for

Data proviaed to PG&E by PL&C.

Probabilistic Risk Assessment of LWRs," Pickard. Lowe and Garvick, Inc. PLG-

0500, 1987.
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Table 1.2
Diese) Subsystem Downtimes Ranked in
Decreasing Order and Subsystem Failure Rates*

Mean Failure Expected Downtime
Rate x 107? Mean Downtime
Rank, Major Suo- F,(Failuies/ Per Failure F. x D, x 107}
i system Failure Diesel-Mth) D, (Hours) Hrs/Diesel-Mth
1 Engine, Mechanical 1.7 308 530
2 Turbocharger 2.3 82.6 190

Coolant Pumps, Motors

& Assocjated Electrical 1.3 58.4 75.9
“ Lubricating Oil Contamin-
ation, Clogged Filters 1.0 50.3 50.3
5 Generator, Mechanical &
Electrical 3.3 43.5 142
6 Air Motor Mechanical 1.4 26.9 37.7
7 Covlant Leakage 3.1 26 B £3.0
8 Exhaust System 2:1 22.0 24,2
9 0il Leakage 1.9 20.0 38.0
10 Start Ai: Leakage 1.6 18.6 29.8
11 Electric Start .54 17.8 9.6
12 Control & Instrumente-
tion-Switches, Relays
and Wiring 3.2 15.1 48.3
13 Start Air Signal 1.9 13.5 25.7
14 Goveimor Setpoint &
Synchronizing Errors 1.9 12.4 23.6
15 Fuel Leakage 1.8 12.0 21.6
16 Voltage Regulator 3.0 10.8 32.4
17 Lubr.’' cating Oil Miscel-
laneous B 10.8 13.1
18 Protective Trips 2.4 9.5 22.8

19 Start Air - Moisture,

Rust o Contam nation 23 9.4 19.7
20 Governor 0il 1.8 9.3 16.7
21 Injectors, Engine Fuel 1.4 9.3 13.0
22 Governor Sensing &

Centrol 3.2 9.2 34,0
23 0il Pumps, Prelube &

Associated Electrical .63 9.0 8.7
24 Fuel-Water, Air &

Contamination 1.9 8.5 16.2
25 Tachometer 1.9 8.4 12.6
26 Guverner-Hydraulic/Air

Booster, Servomechanism

& Yinkage 2.5 1.5 18.8
27 Coolant-Heat gxchanger,

Radiator 1.0 7.4 7.4
28 Load Sequencing Timers 3.8 6.5 23 .4
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Table 1.2 (Continued)

Mean Failure

Expected Downtime

Rate x 107 Mean Downtime

Rank, Major Sub- F,(Failures/ Per Failure F, x D, x 107
i system Failure Diesel-Mth) D, (Hours} Hrs/Diesel-Mth
29 Start-Air Valve Electri-

cal & Mechanical 2.8 6.5 13.7
30 Start-Air Compressor &

Miscellaneous .63 6.0 3.8
3 Fuel Transfer Pumps &

Associated Instrumnenta-

tivn & Electrical 3.3 5.1 6.6
32 Control Electric Power 1.1 4.8 5.3
33 Cooling-Miscellaneous 1.1 4.3 4.7
34 Output Breaker-Associated

Circuitry & Control 1.9 3.1 5.9
Sums LFy = 63.4 IF,D, = 1607.5

i i
Overall Mean Downtime, 2
Per Failure D= IFD, /IF, = 25.35
i i

assuming lognormel
Rowntime Distxibution
Maximum Likelihood p=2,6203
Maximum Likelihood e = 8137
Overail Mediar Downtime Per Failure 13.74
Overall Mean Downtime Per Fai ure 20.64
Sth Percentile - &
95th Percentile 60.59

*From Driscoli, G.D., et al., "Surveillance, Monitoring, and Diagnostic
Techniques to Improve Diesel Generator Reliability,"® EPRI-KP-5924, July 1988,
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PART 2

REVIEW RESULTS OF THE SYSTEM ANALYSIS IN THE DCPRA:
DIESEL GENERATCR AND DIESEL FUEL TRANSFER SYSTEMS
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1. INTRODUCTION

1.1 Cbientives

The main objective of this letter report is to summarize the results, to
date, of revievwing the unavailability analysis of the Diesel Generator and
Diesel Fuel Transfer Systems described in the DCPRA.? The review was carried
out with special attention to the details of the unavailebility modelling of
the mainterance activities on the DGs. (This particular emphasis was prompted
by a request of the Pacific Cas and Electric Co to change the Allowed Outage
Time (AOT) of the DCs trom the present outage of three days to seven days, and
the fact that the study’ supporting this request derived data on expected core
danage frequency cheanges based mainly on the OCPRA.) This repori re.lects
BNL's current understanding of the subject systems sn. as such must be
considered interim results. Final results will be pro-ided in the NUREG/CR to
be issued at the end of the project. That will reflect, at that time, any
additional supporting input submit ed by PG&E as well as any direct feedback
on these preliminory findings.

1.2 Qrganizatior of the Report

Section 2 provides condensed descriptions about the configurations and
functions c¢f the Diesel Generator and the Diesel Fuel 0il Transfer JSystems.
It also describes the dependency of these systems on suoport equipment, the
surveillance and meintenance conditions, the unavailability modelling in the
DCPRA, and the original PRA results. The purpose of “his approach is to
present the reader stand alone documentaticn to whir the review's findings
can be directly compared. Section 3 contains the results of the BNL review

and presents the current preliminary find'ngs.
For corpleteness, the ranked cut sets of hardware unavailabilities (both

independent and total) obtained by BNL for various diesel configurations are
given in Appendix A.
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2. UNAVAILABILITY MODELLING OF THE DIESEL GENERATOR AND DIESIL FUEL OIL
TRANSFER SYSTEMS

2.1 DPiesel Cene.ator System Description, Configurations and Functions

The Diesel Cenerator System at the Diable Canyon plant consists of five
diesel generators: two dedicated to Unit 1, two dedicated to Urit 2, and one
(a “swing diesel") shared between the two units. According to the DCFSAR,?
the individual diesel generator units are isclated from each other and from
other equipment. The swing diesel i{s physically located in Unit 1. Each
diesel generator supp'.es power to its associated 4. 16kV vital bus (M, G, and
F - Units 1 and 2). 1In the event .z & los» of electrizal power from the main
generator (due to a unit trip, a safeguard signal or a loss of voltage on a
vital bus) the vital 4.16kV buses are automatic.lly disconnected from the main
generator and transferred to the offsite standby source. (The Unit 1 main
generator provides power through auxiliary transformer 12. The standby power
!s provided through startup transformers 11 and 12.) 1If this transfer is
unsuccessful or the standby power is unavailable, the diescl gensrators must
start and provide power to the affected buses. The diesel generators start on
undervcltage signals from their respective buses, load onto those busas (the
output breakers are normally open), initiate reloading of the vital loads and
continue deliverirg power at normal frequency to the buses. A safety
injection actuation signal (SIS) from either Trein A or B of the SSP System
will ulso start the diesels (Train A will start 11 end 13, Train B will start
11 and 12).

The sving diesel (13) may supply power to either Unit 1 or Unit 2 vital
Bus F, It will start with an undervoltage or an SI signal from either unit
(S5PS Train A). Because the output is not shared simultaneour’y by the units,
only one of its two circuit breakers is closed at a time. The breakers have
ind‘vidual sets of control and protection circuits. f one of the units
receives an SI signal (earlier than the other), it is ren priority of using

the swing diesel.
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The DGs are 2750 kW, 18 cylinder, vee configuration, ALCCO made units,
Each unit consists of a seif-conteined diesel engine directly connected to an
alternating current generator Each di:>el has dual train electrical starting
circuits and air system with turbocharger, ventilation, fuel 5il system self-
contained radiator cooled jacket conling water system, lube oil system, and

speed control governor system.

e Each independent starting circuit has its own dc power source /DGll; dec
panels 13, 12. DG12; dc panels 12, 11. DG13; dc panels 11, 13. DG21; dec
panels 22, 21. DG22; dc panels 23, 22). The operating control circuit is
common., Without control power a unit keeps running. A mechanical trip
handle, located in the diesel compartment serves to shut the unit down.

e The air start systew consists of vwo trains. Each train includes a
compressor, a dryer, an air receiver and two air-driven motors. Air from
receivers is fed through regulator valves and up to the starting air system
solenoid valves. Only one wotor 15 needed to start a diesel. Power supply
to the compreszor trains are provided by 480V ac buses: 'DGll; Trains A and
B; 1H, 1G6. DGl2; Trains A and 3; 1G, JF. DG.3; Trains A and B; 1F (backup
2F), 1H (backup 2F). DG21; Trains A and B; 2G, 2F. DG22; Trains A and B;
2H, 2G.) One solenoid centrol valve of an air driven motor in each
compressor train gets its "open" signal from the normal control, the other
solenoid valve receives signil from the backup control. Upon iritiation of
a start, the solencid valves open supplying air to the motors. After
initiation, pressure switches located on the discharge of the jacket water
pump shuts off the air supply. The air start system supplies air to the
Level Control Valves (LCVs) of the diesel fuel oil cday tanks. There is one
ajir supply line per LCV.

e The air start system also includes an air operated turbocharger for quick
starting and load pickup. The associated air subsystem consists >f one
turbo air compre -r, one starting air receiver tank, and an air aryer. Two
solenoid operate . ‘off valves, one on each of the two supply lines,

\
control the air supply to the turbocharger. A solid state speed-loss sensor
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controls the turbo-assist air supply to prevent a critical loss of speed

when a sudden large load {icrease . .urs.

Each diesel has also another air system: the combustion air and exhaust
system (vencilation), containing the intake and exhaust silencers and the

two motor-driven crankcase exhasuster ‘ans.

The engine fuel oil system involves the fuel oil day tank. Fuel oil is
supplied by the Diesel Fuel 0il Trarsfer System (see its description in
Section 2.2). The fuel o.]l level in the day tank is controlled by two
redundant level control valves (LCVs). Each LCV has two 480V ac control
pover sources; a normal supply and a backup supply. The pover sources for
LCVs associnted with the primary fuel oil transfer pump (Train 02) are:
4BOV ac buses 1G and 2C. Power sources for LCVs associated with the
secondary fuel oil transfer pumps (Train 01) are: &BOV ac buses, 2M and 1H.

The valves may be actuated also manually.

The cooling of a diesel unit is provided by a closed loop jacket coolirg
vater system. The jacket water pump takes wvater from the lube oil cooler
and the turbocharger aftercocler. There .s a 50-gallon expansiun tank
connected to the suction side of the pump. The pump discharges water
through the engine block and turbocharger to & common return line. Engine
vater temperature is maintained at 170°F Ly a thermostatically controlied
three-way valve set. Overheated water is sent to a water radiator, where it

is cooled by forced air (engine driven fan) taken from outside the building.

The lubricating oil system consists of an oil reservoir, an engine driven
punp and a heat exchanger. The heat exchanger is cooled by the engine
jacket cooling water system. Lubricaiing oil temperature is
thermostatically controlled. The oil is kept in the range of 90°-110°F
circulated by a small pre-circulation pump even if the generator is idle, to
reduce wear during the engine start period. The diesel automatically stops

if the oil pressure drops below 40 psig.
e
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¢ To contrel the fuel delivery and therefore the engine’s speed nd generator

output frequency to a predetermined value, an engine governor speed control
unit is used., The goveruor hés electrical and mechanical controls; both of
wvhich act through & hydraulic actuator to contro)! the fuel suppl,.

The diesels cannot respond to a start signal under the following

conditions:

1. Shutdown relay tripped.

2. Manual test condition,

3. Lov fuel level in the day tank,

4. Lov pressure in both starting air receivers.
5. Loss of dc control power.
(2

. Voltage regulator on manual.

The <ventual problems of the diesels are annunciated by various alarms

(14 groups of sip: als) in the contrel room.

The load. of the diesels are listed in Table 2.1. Each diesel has enough
capacity *o handle some extra startup load. The loading of the diesels during
the recirculation phase of a LOCA is under the cortrol of the operator.

Each generator compesrtment is provided with an automatic flooding CO, gas
system for fire prot.:tion.

2.2 Diesel Fuel 0il1 Transfer System, Configuration and Function

The diesel fuel oil transfer system maintains a supply of fuel oil to
cach DG day tank from two large underground storage tanks (capacity: 40,000
gallons per tank). It contains two trains (01 and C2), each having a rotary :
screw type positive displacement nump. These pumps are self priming. A
single pump has enough capacity gpm at 50 pslg) to supply all the five
diesels. (The fuel consumption z. . is about 3.2 gpm per DG). Each pump
train has a fuel oil distribution header supplying all five of the DGs.
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Manial crosstie valving between headers allow either transfer pump to deliver
to either header. Also, it is pnssible to pump from either of the storage
tanks.

Local countrols for the system are located at each DG. There are two sets
of controls; one for pump train 01 and another for pump train 02, These are
the LCV switches: a total of 10 (5x2). Each switch starts che transfer pumps
and opens the LCV of {ts respective train. The pump start levels are
different: 252 gallons for train Ol and 271 gallons for train 02. Once a pump
is started it will remain running until shut down by the operator. 1I1f all the
LCVs are closed (the day tanks are full) the fuel oil will recirculate back to
the main storage tank.

The motors that drive the pumps ave powered by 4BOV vital ac buses (pump
train 01 by eithei bt is 1H or 2H, from Units 1 and 2 respectively, and pump
train 02 by either bus 1C or 2G). A manual transfer switch determines the
alignment, the only criterion for alignment is that the pumps should be

powered by different units.

The operation of the oil fuel transfer system is made on a demand basis:
when one of the day tanks reaches a low level set point, the fuel transfer
pumps start and remain running until all diesels have been shut down. For the
six hour mission time (24 hours for seismic events) of the diesels, the fuel
transfer system must remain functioning to replenish the fuel supply to earh
running diesel. The minimum total storage in the storage tanks is sufficient

for seven Jays of power gereration.

The importance of the operability of the fuel oil transfer system for the
plant safety is obvious: if the fuel transfer system is unavailable, it
results in failure of all the DCs of both units, Unit 1 and Unit 2. For
events when both ac powered fuel transfer pumps might become unavailesvle, a
d.dicated portable fuel oil driven pump is Lept at hand. This pump tLakes

suction directly from the main storage tank and connects to one of the fuel
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delivery headers. Flexible hoses are used to make the appropriate

connections,

2.3 Top Event Definitions, Success Criteris

Asscciated with the unavailability of the diesel generators, the DCPRA
defines six top events in the electric part of the support system event tree.
The designators of these top events and their relationships with the diesels

are:

Top Event GF - Diesel Generator 13 ("swing diesel®)
e Top Event GG - Diesel Generator 12

Top Event GH - Diesel Generator 11
Top Event 2G - Diesel Gensrator 21
e Top Event 2H - Diesel Gonerator 22

Top Event SW - Units alignment of the swing diesel, 13

1{ the offsite grid is available (top event 0C in the support system
event tree is successful) only the "C" events (GF, GG, GH) are questioned in
the support systems event .ree, 1f the offsite grid fails, all the five top
events are questioned. The boundary conditions of these top events depend on
the status of the preceding diesel generators in the event tree. Thus, top
event CF has only one boundary condition (GF1) corresponding to the case when
all support is avaijlable. GG has three boundary conditions (GGl, when GF
succeeded; GG2, when CF failed; and GG3, when GF was bypassed, i.e., not
demanded). Similarly CH has 6, 2C nas 10, and 2H has 15 boundary conditions.
Top event SW has four boundary conditions: one for LOCAs; one for LOOPs, wvhen
an equal number of diesels are operating at Unit 1 and Unit 2; and two for

LOOPs, when an unequal number of diesels are oprrating at the two units.
Only one top event is defined in the DCPRA for the support system event

tree associated with the diesel fuel oil transfer system . The designator of
this top event is: LO. It is evaluated for six boundary conditions, depending
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oﬁ the availability of 4B0OV ac buses at both of the units (i.e., 16, 2H, 206,
and 14).

The success criteria of the above top events are described in Table 2.1,
The Technical Specification requirements with respect to the operability of

the associated systems are «lso indizated.

2.4 Logic Model of the Diesels snd Diesel Fuel 04l Transfer System Dependency
en Other Support Systems

The generic reliability block diagram for the diesel generators is shown
in Figure 2.1. The diagram is constructed from blocks (supercomponents) of
the DC system. The boundaries of the supercomponents (for instance: GH-1, GH-
2A, CH-2B) are indicated in Figures 2.2 through 2.9. Notice, that the
equipment boundaries for each of the diesels start with the diesel generator
and include the output breaker, the fuel oil day tank, the day tank level
control valves. and the undervoltage and transfer control relays. The diesel
starting air system wus not modelled separately because it was included as

part of th: diesel start failure data.

The reliability block diagram shows the dependencies on the super-
components of the plant (ac and dc) electrical systems.

The reliability block diagram for the diesel fuel oil transfer system
(Tcp Event, FO) is presented in Figure 2.10. The boundaries of the pump train
blocks are indicated in Figure 2.11. The reliability Flock diagram shows also
the system dependencies on other supercomponents of the plant (ac and de)

electrical systems.

2.5 Guantification of Top Event Split Fractions

The definitions of tlie boundary conditions and the associated split

fractions for top events associated with the DG system are listed in Table
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2:3. Table 2.4 presents a similar list for the diesel fuel oil transfer
system (Top Event, LO).

Table 2.5 presents the values of diesel generator related top event split
fraction values quantified by PG&E. Notice, that to provide better train-wisc
dependenty tracking in the event tree model, the split fractions are expressed
in terms of unavailabilities of various diesel state combinations (conditional
split fractions, CSF). The arithmetic is explained in the DCPRA, Chapter
D.2.1.5. The table presencs also the total unavailability value (TTL) used in
the calculation of each CSF, along with the main contributors to the total
unavailabilities, such as hardvare (HW), maintenance (MN), test (TS), and
human error (HE). At a given boundary condition the hardware contribution
relates to the normal alignment, when no test or maintenance activities are
being performed. To provide complete information, the table also indicates
the two constituent parts of the hardware contribution to the unavailability:
the independent (HWI) and the dependent (HWD) (i.e., common cause) failures of
the supercomponents of the diesels.

The maintenance contribution is & sigaificant contributor to the total
unavailability. 7The DCPRA assumes that, due to Tecanical Specification
limitations, only one diesel or level control valve may be in maintenance at a
time. The folloving relevant quantities are used in the maintenance

unavailability quantification:

Diesel maintenance frequency, ZMDGSF: 7.74-4/hr (Mean Value)., Variance
= 2.33-8, 5th Percentile = £.25-4, Meulan = 7.52-4, 95th Percentile = y.66-4.

Diesel maintenance duration, ZMGSD: 1.01+41 hr (Mean Value)., Variance =
3.99, 5th Percent:.le = 6.65, Median = 9,74, 95th Percentile « 13.3,

lcvel control valve maintenance frequency, ZMGNDF: 2.03-5/hr (Mean

Value). Variance = 3.52-11, 5th Percentile = 1,14-5, Median = 1.91-5, 95th
Percentile = 2.97-5,
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Level control valve maintenance duration, ZMCN3D: 1.89+1 hr (Mean
Value). Variance = 597.0, Sth Pe.centile = 1.54, Median = 10.7, 95th
Percentile = 51.3,

Notice that the total maintenance unavailability of a diesel unit is
determined by the diesel (az defined in DCPRA) maintenance unavailability plus
the LCV maintenance unavailability. When a diesel is unavailable (not for
reason of preventive maintenance) the other diesels must be surveillance
tested once within 24 hours to verify operability. The DCPRA includes the
unavailability contribution due to this type of test in the maintenance
unavailability (MN).

The test contribution to the total unavailability i{s modelled in the
DCPRA as to be due to the ucheduled monthly surveillance tests, which include
the manual test of the fuel transfer s)stem to the diesels and the quarter'y

stroke test of the LCVs.

There is mo explicit human error contribution to the total
unavailability, because human errors occurring after maintensnces and tests
due to leaving diesel components in misalignment are .included in the

maintenance and test contributions.

Table 2.6 1lists the split fraction values for the various boundary
conditions of the FO top event. The table, as the previous one, details the
hardvare (independent and dependent components), maintenance test and human
error contributions to the total unavailability values. Notice there are no
explicit test or human error contributions. All the tests on fuel oil
transfer system can be performed without making the system inoperabl:, human
errors occurring leaving a fuel oi! transfer train in misalignment after

maintenance are included in unavailability values due to maintenance.
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"2.6 Quantification of Seismic Split Fractions for DG Top Svents

The basis for detailing the seiswic split fraction quantification for the
DG top events is to provide insight into how the maintenance unavailability
(and through it, the AOT) affects the reismic ton events and consequently the
seismic contiibution to the core damage frequency. (This particular
investigation was done as part of the parallel BNL DC AOT review as discussed
in Section 1.)

All diesel generator components susceptible to failures by seismic events
contribute to the diesel unavailability. The components considered to be the
most vulnerable to seismic effects are the following:

Component ~ [Eragility Designator
DG Control Panel ZDGCPN
DG Excitation Panel ZDGEXC
DC Radiator/Water Pump ZDGRWP
Diesel Cenerator Itself ZDGSLGON

By using the conditional seismic failure probabilities ("fragilities"),
the DCPRA combines them into a "seismic term" denoted by SEIST. SEIST has
seven values corresponding to the seven seismic levels (i.e., spectral
acceleration vanges) defined in the DCPRA. The sever. SEIST values wvere
determined by the mean fragilities of the diesel components listed in Table 6-
44 on p.6-175 of Reference 1.

In order to calculate seismic split fractions, the DCPRA combines the
SEIST values with the total unavailability valucs (TTL) coming from the
conventional hardware, maintenance, test and human failures. In the case of
seismic events, however, the DCPRA (correctly and innovatively) treats many
human failures as seismic level-c2pendent; that i{s, the human factor

probabjilities are also dependent upon the seismic level.
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To be more specific, the human failure which affects the TTL

unavailabilities is the *failure to reestablish fuel oil transfer to day tanks
by aligning a portable fuel oil transfer pump (see also Figure 2.10) and by
controlling the day tank LCVs manually;" its designator is ZHEF06. For
numerical values as a function of seismic level, see Appendix G of the DCPRA
Table G.1-2, transmitted recently to BNL by PG&E.*

By using the resultant unavailabilities (SEIST + seismic level dependent
TTL) the conditional seismic split fractions were determinec for each diesel
top events according to the rules of the sequential diesel failure model.
These split fractions ar. listed as a function of the seismic level in Table
2.7. Each value of the :able has a slight AOT dependence through the
maintenance contribution to the TTL component of the unavailability.
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THE BACKUPS ARE 2G AND \H RESPECTIVELY

Figure 2.1. Reliability block diagram for the diesel generators.
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PUMP TRAIN 01

PUMP TRAIN 02 S—

PORTABLE FUEL
Ol TRANSFER
SYSTEM**

* BACKUP POWER SOURCE
** ThE PORTABLE FUEL Ol TRANSFER SYSTEM IS EVALUATED
IN THE ELECTRIC POWER RECOVE Y MODEL

Figure 2.10. Reliability block diagram for the diesel fuel oil
transfer system (Top Event, FO).
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Table 2.1

DG

Vita)l Safety-Related Loads

1-3 (Sving)

1-2 (2-1)

1-1 (2-2)

Centrifugal Charging Pump No.l
Safety Injection Pump No.l
Containment Fan Cooler Unit No.2
Containment Fan Cooler Unit No.l
Component Cooling Water Pump No.1l
Auxiliary Saltwater Pump No.l
Auxiliary Feedwater Pump No.3

Centrifugal Charging Pump No.2
Residual Hest Removal Pump No.l
Containment Fan Cooler Unit No.3
Containment Fan Cooler Unit No.5
Component Cooling Wat:r Pump No.2
Auxiliary Saltvater Pump No.2
Containment Spray Pump No.l

safety Inje cion Pump No.?2
Residual Heat Removal Pump No.2
Contairment Fan Cooler Unit No.4
Component Cooling Water Pump No.3
Auxiliary Feedvater Pump No.2
Containment Spray Pump No.2

TR
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Table 2.2
Tcp Event Definition and Succoss Crateria
Diesel Generator and Diesel Frel Transfer Systems

Top Event
Designator Top Evert Definition Top Event Success Criteria
GF DG13 provides powver for F, , Each top eveut is successful
GG DG12 € hours 724 hours ¢, {f the corresponding DG starts
CH DG1) for seismic events) H, on undervoltage signal from
26 DG21 to 4.16kV ac buses C, its bus, takes bus loads and
2K DG22 H, continues powering loads for
the appropriate mission times
(Bus index numbers indicate (6 hours or 24 hours).
plant Unit Neo.)
sW Swing diesel alignment,. The value of SW determines
DG13 is normally aligned to vhether DG13 goes to Unit 2,
Unit 1. A value of 0 indicates it does
not, a value between D and 1
represents the probability
that it does.
FO Diesel fuel oil transfer One ¢f two pumps starts on low

system provides fuel oil for
each of the DGs for six hours
(24 hours for seismic events).

day *ank level and refills
each day tank for the period
that sach diesel operates.

ESAR Success Criterds:

Any two of three DCs and their associated buses are adequate to serve the
vital loads necessary for safe shutdown of a single unit (although one DG may
supply power to tws wital buses at the same time, no credit is currently given
this mode of operation).

The diesel fuel oil transfer system must remain operable and deliver fuel to
each of the DGc for ths time the DGs are requirnd to operate. There must be
enough fuei in storage tanks for seven days of power generation.

Technical Specifications:

Vith a single DG inoperable, demonstrate the operability of the remaining ac
sources within 24 hours. Restore the diesel within 72 hours.

Vith two DGs inoperable, demonstrate the operability of the two offsite ac
circuits (one 230kV and one 500kV line) within ore hour and at least once
every cight hours. Restore at least two of the inoperable diesels within two
hours.

+25- August 2, 1989



Table 2.3
Boundary Condition and Split Fraction ldentifications
for Top Events CF, GG, GH, 26, 2N, and SV

Top Diesel Conditions
Event Case 13 i 3 N..» Comment*s

CF = Unavailability of DC13 under the following conditions:

GFl All support available.

GG = Unavailability of DG12 under the following conditions:

GC1 0 Offsite grid succeeded, GF
succeeded,

GGz 1 Offsite grid succecded, GF fuiled,

GG3 . Offsite grid succeeded, GF bypassed

(not demanded)

CH = Unavailability of DC11l under the following conditions:

CH1 0 0 Offsite grid succeeded, both GF, GC
succeeded.

CH2 0 1 Offsite grid succeeded, ZF-$/F, GG-
F/§ (two possible combinations)

GH3 1 1 Offsite grid succeeded, both GF, GG
failed.

GH4 0 . Offsite grid succeeded, GF-S/B, GG-
B/S (tvo possible combirations).

GHS5 ) . Offsive grid succeeded, GF-F/B, GG-
B/F (tv~ possible combinations).

GHE . . Offsirs grid succeeded, both CF, GG
bypassed.

2G = Unavailability of DG21 under the following conditions:

261 0 0 0 Offsite grid failed, all GF, 4G,
and CH succeeded.
262 0 0 1 Offsite grid failed, two of GF, GG,

and GH succeeded, the third failed
(three possible combinations).

2G5 0 1 1 Uffsite grid failed, two of GF, GG,
CH failed, the third succeeded
{three possible combinations).

2G4 ! 1 1 Offsite grid failed, all GF, GG, GH
failed.
265 0 0 Offsite grid failed, two of CF, GC,

CH succeeded, the third bypassed
(three possible combinations).
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Table 2.3 (Continued)

Top
Event Case

Diesel Conditions

13

12

|

21

22

Comments

266

267

2G8

269

2H = Unavailability of DG22

2H1
2H2

2H3

7H4

2H5

2H6

2H7

2H8

0
1

-,

0
0

0
0

Cffsite grid failed, one of GF, GG,
G succeeded, one faile. the third
bypassed (six possible
combinations).

Offsite . *1d failed, two of GF, GG,
CH failed, the third bypassed
(three possible combinations).
Offsite grid failed, one of GF, GG,
GH succeeded, the other two
bypassed (three possible
couwbinations).

Offsite grid failed, one of GF, CG,
CH failed, the other two bypassed
(three possible combinations). 2CA--
-Offsite grid failed, all cf CF,
GG, GF bypassed.

under the following conditions:

0
0

«27.

Offsite rrid failed, all of GF, GG,
CH, 2C succeeded.

Offsite grid failed, one of GF, GG,
GH, 2C failed, the other three
succeeded (four possible
combinations).

Offsite grid failed, two of GF, GG,
GH, 2C failed, the other two
succeeded (six possible
combinations).

Offsite grid failed, three of CF,
GG, GH, 2C failed, the fourth
succeeded (four possible
combinations).

Offsite grid failed, all of GF, GG,
CH, 2C failed.

Offsite grid failed, rhree of GCF,
CG, GH, 2CG succeeded, the fourth
bypassed (four possible
combinations),

Offsice grid failed, two of GF, GG,
GH, 2C succeeded, one failed, the
fourth bypassed (12 possible
combinations).

Offsite grid failed, two of GF, GG,
CH, 2C failed, one succeeded, tle
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Tavle 2.3 (Contirmued)

DPiesel Conditions
13 22 . N 2 2N Comments

fourth bypassed (12 possible
combinations).

2HY | 1 1 . fsite grid failed, three of CF,
G, GH, 2C failed, the fourth
bypsssed (four possible
combinations).

2HA 0 0 . . Offsite grid failed, two of GF, GG,
GH, 2C succeeded, the olther two
bypassed (six possible
combinations).

2HB . . 1 0 Offsite grid f..ied, tvo of GF, GG,
GH, 2C Lypassed, one failed, the
fourth succeeded (12 possible
combinations).

2HC . . 1 1 Offsite grid failed, two of JF, GG,
GH, 2C bypassed, the other two
failed (six possible combinat ous).

ZHD . . . 0 Offsite giid failed, three of CF,
GG, GH, 2G bypassed, the fourth
succeeded (four possibie
combinations),

<HE . . . 1 Offsite grid failed, three of CF,
GG, GH, 2C bypassed, the fourth
failed (four possible

combinations).

26 . - . . . Offsite grid failed, all of GF, GG,

GH, 25 bypassed.
sw sW0 LOCA, the swing diesel locked to

the Unit 1,

sw1 LOSP, with equal chance for swing
diesel to operate on each unit.

sw2 LOSP, with more DGs aligned to Unit
2 than Unit 1,

w3 LOSP, with more DCs aligned to Unit
1 then Unit 2.

Notes: O = Succeeded
1 = Failed
« = Bypassed
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' . Table 2.4
Plese)l Fuel Cil Trarsfer System Boundary
Conditions for Top Event, LO

$plit Fraction 1D

FO1 All support available.
FO2 Support available to one train only.
FO3 1/2 normal support available;, recovei support to tne

ocher train by reslignment to backup support.

FO4 2/2 normal support unavailoble; recover supports by
realignment to backups.

FO5 2/¢ normal supports unavailable; recover orly 1/2
backup support by realignment.

FO6 All support unavailable (guaranteed failure).
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Table 2.5
Unavailability Values (Conditional Split Frictions) for the

Diesel Cenerator System

Comment

Top

HV1 TS

Cale. (33 g v

tvent Case

CFl

~

6.477-2 &.556-2
4. 527-2 4. 6732 48 COF1

PC&E
BNL

Gel

o6

2
g A8 CF1

«2 4. 554
<2 4.603-

"o
o~ o~
oy N

<3

PG&E
BNL

GGC3

2
2) as GF'

2 4. 554
2 4L.603

-
.

6
0

~” o
<3

3 3

PG&E

BNL

CH1

) as GG2

-2 2.702-3
2 2.540-3

@w o4
O o~
g™
i N

PGGE
ENL

CH2

Cul

2
2) as CFl

2 4.554
603

4. 477~
“.527-2 4.

PG&E
BNL

CH&4

) as CG2

02-3
40-3

PCSE  4.523-2 4.554-2
BNL  4.571-2 &.603-2' &% CF1

CHé

) as CFl

4.554-2
4.603-2

396-2
&53-2

4
4

2C1 PG&E
BNL

G

3
3) as GG2

$.364-2 2.702-
$.271-2 2.540-

PG&E
BNL

262

PC&E
BNL

203
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2.5 (Lontinued)

Tabl

Comment

Hvl 15

CSF

Calc.

fvent Case

“€) as GF1

4.554-2
4.603-2

o~ N
.

- o
~” o

a3

265

206

) as GHS

3
3) as GG2

2.702-
2.540-

PGLE  5.561-2
$.4746-2

BNL

209

2CA

2
2) as GF1

2 4.554
<2 &.603

6-
7

) o
- 3

3 3

ZHl PG&E
BNL

-3
.3 a8 GG2

2.702
2.540

2K2

mw
“
-
3 3
- .
oo
™ O
- O
o~ o
o~ o
. »
o o
o o
o5
o o
“

SE
]

2H3

5
S’ as 264

6.369-
5.995-

2
2

922
.003

PG&E 6.
BNL 7

2hé

2 4.554-2
.2 ‘.603'2, as CFl

o ™
- 3
= 3

BNL

2H6

-2 2.702-3' as GG2

2 2.540-3

5.364
s.2Nn

PCG&E
BNL

2H7

) as GH3

9-4
6-4

2 2.33
2 2.06

. 250
246

6
6.

PG&E
BNL

2118

1989

Aupust 2,
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Table 2.5 (Continued)

T Comment
cwent  Cas. cale “SF 7L 344 W1 MN HE &

MA POBE  4.436-2 4.554.7

BNL  4.490-2 4 603.2' 4% GF
M3  POGE 5.408-2 2.702-3

BNL  5.322-2 2.540.3' s 662
2HC  PGRE  B.265-2 2.339.4

BNL 2 098-2 2.066.4' %5 OH3
2HD  PGAE  4.477-2 4.55G-2

BNL  4.527-2 4.603.2' %% CF1
2HE  PGEE  5.561-2 2.702-3

BNL  5.474-2 2.540.3' &% 062
W6 POBE  4.523-2 &.554-2

BNL  4.571-2 4&.603.2' % OF1
$50  POSE 0.000

BNL 0.000
$¥1  POGE $.000-1

BAL $.000-1
SW2  PGSE 1.767-3

BNL 1.770-3
SW3  PGAE 9.981-1

BNL 9 9621

«32-
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Table 2.6

Unaveilability Values (Split Fractions) for the
Diesel Fuel Transfer System

HE

T8

HW1

Cale.

Case

Fol

Top bvent

TTL

Yo

oo
oo

™™
O
oo
oo

1.176-5 1.802-4

8.533-6 1.763-4

0.0224
0.0223

2.445-5
2.647-5

0.0224
0.0223

3.930-3
951-3

-~

L

PG&E
ENL

FOF

August 2, 1989
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Conditional Split Fractions for DG Top Events

Table 7.7a

as a Function of Seismic Level

TCAE

el Selsmle Level (spoctral sccelerstion, g )

Frection

" 0.0-8.2  0.2-0.2%  2.25-1.98 1.75-2.0 2.0-2.3  2.8:3.0  3.0-4.0

—e § 100001 8. 51008-02 8 5660103 93020087 3,USSOL-01 1.70008-01 2.8270E-01

1 8.0.700-02 B.41708 02 §.41700-02 8.76705-0z §.76708-03 1.05600-01 1.0560E-03
€62 9.50208-02 9.50200-02 1.0350E-01 1.45100-01 2.3700E-01 4.8460E-01 7.3230E-0 '
S  8.3100E-03 §.3100E-1  8.566CE-02 9.30200-0° 1.0350E-01 1.7000L-03 2.8270E-0)
C8Y  9.33490-"2 §.3340KE-02 §.3340E-02 8 67001  9.6700E-02 1.0430E-01 3.0430E-01
GRS®  9.3390E-02 9.3290E-02 9.32900-02 9. 78300-02 9.78108-02 1.1630K-0) 3.36308-0)
L83:  1.01808-01 3.3130E<01 1.7450E01 &.23801-01 7.3 20E-01 .7630E-01 §.8750E-0i
€8¢ 8.41708-62 B§.4170E-03 §.4170E-03 §.76700-02 8.7670E-02 1.0360E-01 .0360L-0)
tAS 9. 5036E-03 9.50208-02 1.0330E-ui 1.43308-01 2.5700E-01 4.8460E-01 7.32307-01
cbe 8 3100E-02 §.5100E<02 8.5660E-02 9.30200-02 1.0350E-01 1.7000E-01 2.8270K-01
61 8.25108-03 8.2510E-02 §.2330-02 8.57400-02 8.87400-02 1.0310E-01 3.0310K-0)
52 9.2040E-02 9.2440K-D1 9.2040E-02 9.67700-02 9.67700-02 1.1490E-01 1.3490E-0
t53.  3.8360E-01 3.0060E-03 3.0360E-01 1.0740E-0) 1 €740E-01 1.2630E-01 1.3630E-01
e 1 9830K-01 1.9030E-0) §.2950E-03 8.5400E-01 9.5770E-01 9.8210E-01 9. 9440E-01
ts  §.39000-02 §.3340E-02 §.3340<02 §.6700E-02 8.6700E-07 1.0430E-01 1.0430E-01
ie 9 32908-02 9.3290E-02 §.3300E-02 ¥.7830L-02 9.7830E-02 1.1630E-0) 1.1630F-01
57 1.33508-01 1.33800-01 1,7480£-0) 4.23800-01 7.1720E-01 8.76308-01 §.3750E-01
1te 8 6ATCE-D2 84170082 8. 4370-32 8.76700<02 8.7670E-02 1.0360E-01 1.0360K-01
69 9.50200-02 9 S020E-02 1.0150E-01 1. 4S10E<01 2.5700K-01 4. 8460K-C1 7.32308-0)
Tt 8.5100L-0. B.5300E-62 §.5660E-02 9.3020E-02 3.08350E-01 1.7000E-01 2.8270E-01
81 8.1690F 03 8.1690E-02 §.1690L-02 8.4800L-02 §.ABO0E-02 1.0190E-01 1.0190E-01
T8 9.16200-02 9.16305-03 9.3620£-02 9.5780L-02 9.5780E-02 1.1360E-01 1.1360E-0)
83 1.0030E-0 3.00S0E-01 3.0030E-C. 3.0600E-D1 3.0600E-01 1.24708-01 1.2470E-01
8¢ 2.20300-0) 3.33208-03 1.3320E-03 3.3890K-01 3.3890E-01 1.39308-01 1.3930L-01
93 5. 290-01 5 2690C-01 §,9730E-01 9.7970E-00 9.9470E<01 9.9750E-01 9.9920E-01
186 8.23100-02 §.233CE-02 8.2510F-02 8.5740L-02 8.5740E-02 1.0310E-01 1.0310L-0d
T80 9.20600-02 9.20A0E-02 9.2040-02 9.67701-02 9.6770E-02 1.3490E-01 1.14901-01
: 3 0160E-01 3.0160F-03 1.0160E<01 1.0740E-01 1.0740E-01 1.26303-01 3.2630E-01
299 1.90300-03 1.9030E-01 $.1950E-01 8.34000-01 9.57705-01 9.8210E-01 §.94400-0)
: 8 33400-02 8.33405-62 3340002 .6700i-03 8. 6700E-02 1.04300-01 1.0430E-0
SEB 9.32900-02 9.32900-02 v 280E-02 9.70398-02 9.7810E-01 1.3630E-01 1.1630£-0)
€ 1.3150E-03 3.31808-01 1 74S0E-01 4.23800-01 7.1720E-01 8.7630E-01 9.8730E-01
S £.41705-02 8.43700-02 8.4370E-02 8.7670E<02 8.76708-02 1.0560E-¢i 1.0860E-01
SN 9.3020£-02 9.50205-02 1.0350E-01 1.43100-01 2.5700E-01 4.8460E-01 7.3310K-01
388 9.51008-02 8. S1008-02 §.5660E-062 9.30208-02 13.0350E-01 1.7000L-01 2.8270£-0)
teo  ©.0000L-01 ©.0000L-03 O .OOUOE-0) ©.0000E-01 ©.0000E<0) ©.0000E-01 ©.0000E-01
twi 5 0000i-05 $5.0000E-01 $,0CO0E-01 3.0000E-01 5.0000E-01 5.0000E-01 3.0000F-01
w3 1.7300E-03 1.7300E-wd 1.7300E-03 J.0000E<02 1.00008-02 $.0000L-02 $.0000K-02
tvs 9. 98208-01 9.9820E<1 9.1320E-01 9.9000£-01 9.9000E-01 9.3000E-01 9.3000£-01
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Tahle 2.7
Conditional Split Fractions for DG Top Events
&8s a Funciion Seismic Level

aNL
Splie Seterie Level (spoctral averlerstion, g )
Teoction
) 6.00.2 0.2-3.28  1.23-1.78 1.9 «.0  2.0-2.% -......f;f:fif.....f;f:“
_— - R e
BFie 2,700 D.T2WOT 4. AQSE-02 FASTE~W2 1. 0804E~0) 1L6WE-0)  2.01%8-0)
ESls  L.O000-02  9.7050-02 &, SSCe0D B.687E~02  B.OETE~UD  1.0DAE-01 G R
Lo 9..3%L~02  9.(A%-02 9, JAUE-02 1. 01%E~01  2.0%1€6-01 &,.8218-01) 7. 30%E=01
fwoe TOVESUD 0, E-02  B.AASE-0Y 9. 10RE-00 1., 00AE-0) LaewaE~01 2.0158~
il D.07LE~02 D.277E-02  B.372C-0n B.LI0E~02  B.CGI0E-O2  |.UA4E~0) 1. GAAE~G)
($iZs E.RITE-O2  B.VITE~02 E.VI3C-00 9. ATE~0O2 . 417E-02 1, 148E-0) 1,095 =0y
UM Te 1,000 «01 3, 000E-0) L7A%E~01 | A,306E~01 . 7.280E~0). . B.774E-01 9. L70E~01
sHAs B, IDLE~CD 8, TDUE-0D SSDESO2  B.687C6-02  B.6B7E-02 3. OLAE~01  3,0%4E-0)
LW 9, 0D3E~0T 9, 0B7€-02 9. 74%E-02 1.A19€-01  2.0818-01 4,8 .6~0) .7.308C-01 .
fMen  ©.789€~02  ©.309C-02 §.A4LE-02 9 AE-02 1, 0ARE-() 1, 694601  2.8105E-0)
shie 2. 201C-00  3.0016-02  §.201C-0. 8.053~02 B0.08TE-02  1,024C-0L 1.0%4E~01
SIS B.EUTC-02  B.BT7E~02 B, BDTE-O5 9. 306602  9.306E-02  §,130E-0) 1.170E~0)
SLls 0. 7%AE-02 W, THOE-02  9.794C~02  1.048E~C1_  1,0ALE~0) 1. 264E-00 . 1, 28E~01
20 3. Q0RE-0) 1.929E=01" S.370E~01  B.614E~01 9, 803E-01 S.OLTE~C1 9, 940E-0)
el  P.ITIE-02 E.273E-02 A 2727 2 BLe1BE~02 0. 61BE-02 1 ORE~0L, . 1, 084E~01
Thév D.PITE-02  B.9INE-02  E.913E-. 9. 417E-02 9. 817602 31, 1a%E-01) 1., 308E~0)
TaTe L CQ0E~0) 1. 082E~01 1.747C~0) 4.3 101 7.200E-01  B.774C~0i__9,L78E-01
TI0e «TETESOZ  B.IDTE~02  B.IDNE-02  B.6076-02 B, CE7E~02 [ ONAE-01 1, 08AE=01
s27% 0.008C.02  9.00TE-U2  9,748E-02  3.419E-0) . SWSSIE-O1 A.BIE-01 _ 7. 309E~01 .
TR BLTOOE-02  RLTPVE-OD 9. 440E-02 ©ISTE~02 ' 3., 048E-0) 1. ¢90E~01 2,B1%E-01
o i :‘. .-’!’2-0’ . .0 l’u-(’: .o ""E"(‘: .- ":"’(‘: .o ":t"o: ‘DO:Qt-o‘ i.(‘:‘!"(ﬁl
THTS BLTAAESOD B TAME~O2 D.744E-02 9. SOUE-0X  9.200E-02  1,118E~0) 3, 311%E-01
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3. RESULTS OF THE BNL REVIEV

3.1 General

The unavailability modelling of the Diese! Ce.erators and the Dizsel Fuel

Transfer System in the DCPRA were reviewed by BNL with special emphasis
because of the following:

a. The DGs are the most important support systems; impacting the saifety
of the majority of plant operations, including cold shutdown.

b. As discussed in Section 1, & request for changing the Allowed Outage
Time (AOT) of .he Diesel CGenerators was submitted to the NRC by PGGE
and the study’ supporting the request is based mainly on the DCPRA.
BNL is revieving this study in a parailel effort to this review.

Therefore, to check the adecuacy of the DCPRA modelling for "system-
specific*® effects which may also influence granting permission for AOT
changes, BNL used the following approach: BNL .ompared the vendor-specific
(ALCO) diesel failure events with those obtained from generic diesel data.
This was done to see how well the DCPRA model reflects the vendor-spicific
*experi-nce” and to estimate the expected downtime distribution of the
diesels. The evalustion was carried out by reviewing the failure modes and
saintenance unavailabilities involved in the diesel model. In order to check
for calculational inconsistencies, all of the split fractions were

recalculated (seismic inclusive).

3.2 Comparison of ALCO Type LG Faflures With All Types of DG Fallures

In order to cee whether the ALCD.type DGs used at the Diablo Canyon power
plant have some subsyztem- or component-specific failure modes (and thus, some

subsystem or component specific expected downtimes) BNL compared the lead'ng

frilure contributions of rubsystems and components of ALCO diesels with those
of all other types of DGu. The asta were taken from a rucent study performed

at Bat:ielle on aging of diesel compotents.® Table 3.1 presents the results.
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One can see that the Instruments and Control System's (and within it the

1. enor's) fellures are the main contributors to the generic failures of ALCO
« els. Also vwith ALCO diesels, the Cooling System and to a lesser extent
the Lubrication System seem to be more prone to failures than in the * tal
generic DG population. A positive feature of the ALCU diesels i{s that the
startirg system appears to be less vulnerable to failure than the generic DG
population. Finally, the ALCO fuel system does nct seem to be any wore prone
to failures than the generic one.

3.3 Remarks on the Unavallecility Modellding of the Diesels end Fuel 041
Iransfer System in the DCPRA

a. The systew modelling of the DGs in the DCPRA represents an elaborate
sequential unaveilability analysis of a 'five train" system, where one
train (the swing diesel) is plaving a special role. There is no question
that the approach used is mathe otically appealing because it uses the
symuetry aspects of the diesel configuration and rende.s the r ults of the
analysis very suitable for integration into the DCPRA. The comnlexity of
the calculation, hovever, for casual readern is diflicult and for eventual

uses (e.g., change of ANT) is rather cumbersome.

b. In contrast with the systems modelling, the unavailability modelling nf (ae
individual diesels (the favlt tree modelling) was kept simplistic by using
the standard "diesel fails to start ai* run® failure modes. The diesel
starting air system (i.e., air compressors, receivers, etc.) were not
modelled separately becaus~ they were considered to be included as part of
the diesel start failure data. An attempt was made to display some
cruponents of the diesel subsystems in the model. This effcrt, however,
tended to te inconsistent in that only some support failures were modelled
and inconsequential in that the modelled failures were of such low
probability. For example, each supercomponent "2A* and ‘2B" contains the
failure rates: *DG Air Receiver - Rupture During Operation: ZTTK1B = 2 .66-
8/hr,* *Air Check Valve - Transfer Closed During Operation: ZTVCOP =« 1.04.
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B/hr,* ete. The failure contribution of the turbocharger, hovever, with an
estimeted’ failure probability of 2.73-4/d was negiected.

Another example: while the diesel supercomponent boundaries indicate
several subsysiems as part of ihe supercomponents (see Figures 2.6, 2.8,
and 2.9), one cannot find any representative component failure rate
contributing to tha combined unavailability of those supercomponents. Such
subsystems are: the cooling, the lubrication aud the combuscion air
systews. Tabtle 3.1 shows that the cooling system is the second largest
contributor to the failure of the ALCO type diesels.

¢. The following remark also has relevance in connection wilh the AOT study?

and concerns the exnected downtime distribution of the Jiesel systems. The
DCPRA models the maintenance frequency and duration of the LCVs as lobnrato
quantities from those of the dieseir. If the day tank and other fuel
system somponents are included in .he maintenance data of the diesel, it is
not clear why the LCV ic treated separately. Civen that it is treated
separately, the mean and 95th percentile of the "effective®” downtime
distribution of the diesel systew would be Getermined by the combination of
the diesel and the LCV maintenance duraticn distributiors (the $sth
percentile value of the LCV maintensnce durations is 51.3 hours).

. Tone DCPRA considers only unscheduled maintenances performed on Unit 2
diesels as contributing to the unavailabilities of tha associated top
events, *"2C" and "2H." Unavailabilities due to large overhauls lasting
over a protracted period of time performed when Unit 1 is operating and
Unit 2 is in refueling (or cold shutdown) (say two times 10 to 16 days
each) wvere not included in .he model.

. In Table 2.6 the PGLE total spiit fraction value, FO5 seems to be in

variance with that obtained by BNL. The probable cause of the discrepancy
is that the human error contribution was double counted in the DCFRA. The
PGGE value is seemingly also in contradiction with the PCGSE seismic values
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given at the lrvest three seismic levels in laole 6.46 (p.€-182) of
Reference 1.

f. The detailed analysis of the Fuel Oil Transfer System (sce Figure D.2.1.3
fraat 3 of 4) contains the following item (Item No.12): "In an emergency
vhere it is necessary to get into cthe fuel oil pump vault to manipulate
valves, it may take several hours to get security to open the vault.* This
ites renders quistionable the estimates of the human factors (among others
the value of ZHEFO6 used in the diesel analysis) considered for recovery of
the Fuel Uil Transfer System and through it, the recovery of electrical

power.

g. Among the DG failure related LERs filed by the Diablo Canyon pow.r plant,®
thiere was one failure in the Fuel 0il Transfer System which would affect
all the DGs. This commen cause failure involved the degr. ation of the
diesel oil in the underground reserve tanks caused by fungi. According to
PC&E, the prollem does not exist any more. However because of its

peculiarity and importance it i{s quoted here:

LER B8-14. This report is being voluntarily submitted €or
information purposes only as describded in Item i9 of Supplement No.l
to NUREC -1022. On May &, 1988, during performance of surveillance
test procedure (SRP) M-96, "diesel generator 24 hour load cest," the
diesel geneiator (DG) 1-1 load decreased below the value specified
in the SRP acceprance criteria. An investigation showed that a high
differential pressure existed across the primary fuel oil filter.
Avter switching to the standby primary fuel oil filter, the load
returned to the required value. An investigation delermined . .at
the DG day tank contained & fungus and that the first primas llter
was clogged by fungus. The other DG day tanks also contaived a
fungus and fungus spores were found in the main storage tanks. The
fuel oil in the day tanks vas diocided and filtered uatil the fuel
oi] met the criteria of STP M-108, "di-sel fuel oil analysis," for
particulate contamination, flash point, APl gravity and viscosity.
The day tanks were drained, inspected and cleaned. The bottom of
main storage tanks 0-1 and 0-2 were suctioned out and & biocide vas
added. A biocide program will be developed and iuplemented to
inhibit the growth of fungus in the DC fuel oil storage system,
Also, & sarpling and inspection program for the DC day tanks will be
developed. Both will be incorporated into plant procedures.

Rpt.07/Rev.1 +39- September 11, 1989



h.+1t s not clear how the fire suppression (CO;) system in the DI rooms
responds to various levels of scismic event. The safety concern is that if
an earthquake fails the diesel units without causing fire, ene or more DG
roons might be flooded with CO,;, and therefore rescue personnel may not be
sble to recover the DGs within proper time intervals.

3.4 andit Ce.culations

In order wo scrutinize the quuntified split fractions chemseives, BN]
performed audit caleculations for each of the split fractions associated with
each of tie boundary conditions. The calculations were extended for both non.
seismic (n'ssion time: & hours) and seismic (mission time: 24 hours) cases.
Leismic calculations weve not performed for the Fuel 0il Transfer System. In
these audit ca.culations the same assumptions, input data, maintenance and
test frequency and duration, as well as mean fragility and human factor values
vere used as in the DCPRA. The SETS code’ and locally generated PC softvare
vere us~d for the computations. The use of the SETS code alloved the
fdent. ficn.i0. of the most important cut sets contributing to the hardware
unavailabilities. These cut sets are not readily accessible for direct review
{n the NCPRA. Appendix A lists the ranked cut sets for single, double,
triple. quadruple and quintuple diesel failures. The definition of the basic
events appearing in the cut sets are identical to those given in Chapter
D.2.1.5 of the DCTRA.

The results obtained by the avdit calculations are presented in Tables
2.6 and 2.7.b for the DGs and for the Fuel 0il Transfer System, vespectively.
They are denoted by *BNL* to be compared with the values given in the DCPRA
(denoted by "PGA&E"). It has to be emphasized, that if the review of the
fragilities would identify incorrect values characterizing diesel components
or the use of incoirect human failure rates would be detected during the
reviev of the human factore, complete requantification of the Table 2.7.b
split fractions would be necessary.
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By comparing the PCAE and BNL results one can see that there is an
overal)l agreement between the data. The agreement {s even better, if one
takes into account that BNL used point estimates, vhile PCAE mainly used a
Monte-Carle approach in the split fraction quantification.

3.5 Conclusions

The BNL revievw identified several inconsistencies and neglection of
failures of diesel subsystems in the unavailability modelling of diesel
generators in che DCPRA end the omission of the unavailability contribution
from Unit 2 (and swing) diesels overhauls. The combined effect of these
neglections way result in undersstimation of the associated top event split

fractions and through them the expected ccre damage frequency value of Unit 1.

The above remarks made in connection with the DCPRA simultaneously
represent preliminary results concerning the verification of the Diesel
Generator AOT study. In fact, the results of the sudit calculations can also
be considered as verification of the "base case" (i.e., present AOT
conditions) in the PGS&E diesel AOT study.?
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Table 3.1

Systews and Components Contributing Most to Failures

4t All Types of DOs and at ALCO Type DCs

Systems and Components

Percent of
All Failures

at

Percent of Failures

ALCO DCs

Instrument and Controls System

Governor

Sensors

Relays

Startup Components

Fuel Systenm
Piping on Engine

Injector Pumps
Fuel 011 Pumps

Starting Systen
Controls
Starting Air Valve
Starting Motors
Alr Compressor

Svitchgear Systenm
Breakers
Relays
Instrument and Controls

Cooling Systen
Pumps
Heat Exchavgers
Piping

Lubrication System
Heat Exchangers
Pumps
Lube 011l

Other Systems

25

11

10

10

28

L

N Ll * L ™ oW

Ll

26

10

10

14

26

— Ll o - L ™ B

w w

Date Base: 1984 failure event recorded between 1974 and 1984 in Reference 5.
Nuclear plants where ALCO Diesel Generators have been used in 198 :

Indian Point 1 and 2, Power Authority of the State of NY
Salem 1 and 2, Public Service Electric and Gas Company

Palisades, Ccnsumers' Power Company

Pilgrim 1, Boston Edison

Cinna, Rochester Gas and Electric
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APPENDIX A

HARDWARE UNAVAILABILITY CUT SETS FOR THE
DIESEL GENERATORS
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lu.uvau Unavailability Cutsets in Case of One DC
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A 3.6 v¢re02 F1oyF o LLETIRTaLY FIDLF o

—-——

?
- B3 Make 2N
(SR PE L A28 PR

|
2.a038Ea0s WiV S Frvaf_s T fanees Y Ve

.- — —— " o———— - —

i w0 TR 00 290
—t 1A Ras. _ DOR
2 L JIivens  gre
RN T YOO 2 LI LT
oS deEelTIe__tOC o
SR PO LTS "
il o L0841 et} 108 ¢

w12 _ Aa0e17EeRE__ TO% o
——t? 88Tt YN

LR TR 1 L0 L TR 17 L -
el e Do 2ATOL: LD _MEy_ . Oya_
Y JRNS P T 712 TN—T T
S LGRS WL F 4 LR I T T —_—
« 4% S 060" AEN_ S VR e

o dB ik s A0S TADY o MO M e
o L R S E L LS 14 MEy & TyE e

July 25, 1989



O ———— - ——. — A&

. .

Hardware Unavailability Cutsets in cCase of Two DCs
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Hardvare Unavailability Cutsets in Case of Three DGs

Total Hardware, HV =

Independent Hardware, HV] «
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Hardvare Unavailability Cutsets in Case of Four DGs

Total Hardvare, HV =« Independent Hardware, MW «
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| HeYdware Unavailability Cutsets in Case of Five DGs

Total Harowvare, HV «
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