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This report details the review of the Diablo Canyon Probabilistic Risk Assessment (DCPRA).
e study was performed under contract from the Probabilistic Risk Analysis Branch, OfQce of Nuclear

Reactor Research, USNRC by Brookhaven National Laboratory. Me DCPRA is a full scope Level 1

effort and although the review touched on all aspects of the PRA, the internal events and seismic events
received the vast majority of the review effort. The report includes a number of independent systems
analyses, sensitivity studies, importance analyses as well as conclusions on the adequacy of the DCPRA for
use in the Diablo Canyon Long Term Seismic Program.





TABLEOF CONTENTS

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Page

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ iil
COYIZNTS ...........
LISI'FFIGURES
LIST OF TABLES
EXECUTIVESUMMARY
ACKNOWLEDGEMENTS

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ zv
xxl

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
'

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ v
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ lx

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Zl

1. INTRODUCTION.....................
1.1 Background ..................
1.2 Objectives and Scope of the Review
1.3 Organization of the Report.......
1.4 Contributors .

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 1

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 1

1-2
~ ~ ~ ~ ~

'

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 2
1-2

CI

2, OVERVIEW OF THE DCPRA APPROACH AND RESULTS .
2,1 Introduction ................ ~................

2.1.1 Background .................,,......,
2,1,2 General..........

2.2 Overall DCPRA Approach for Internal Events .......
2.2.1 Methodology .....................
2.2.2 Advanced and Novel Features of the DCPRA

2.3 Overall DCPRA Approach for Seismic Events
2.4 Summary of DCPRA Results,...................

2.4.1 Internal Events ...,.......
2.4.2 Seismic Events
2.4.3 Other External Events ........... ~...., .

2.5 Presentation of the DCPRA for NRC Review ..

2-1
2-1
2-1

... 2-2
2-5
2-5
2-5
2-7
2-8
2-8
2-8

2-10
... 2-22

REVIEW OF THE INTERNALEVENTS ANALYSIS
3.1 Introduction ........
3.2 Description of the Internal Events Review Approach
3.3 Plant Description and Modelling.......

33.1 Safety Functions and Corresponding Frontline Systems ........
3.3.2 Support Systems .

3.33 Success Criteria
3.4 InitiatingEvents ...,.

3 .4.1 General............
3.4.2 InitiatingEvent Selection in the DCPRA.... ~....,...
3.4.3 Quantification of the "Internal Initiating Events" in the DCPRA .
3.4.4 Review of the Initiating Event Analysis

3.4.4.1 Completeness
3.4.4.2 InitiatingEvent Frequencies .

3.45 Selection of Generic InitiatingEvent Frequencies for the DCPRA
3 .4.6 References................... ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

3.~5 EventTrees . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

3.6 Fault Trees
3.7 Failure Data .

3.8 Human ReliabilityAnalysis (HRA) Methodology
3.8.1 Scope of the HRA Methodology Review

.'.8.2Overviewof the HRA ...............................,.
3.8.3 Summary of Findings............,......

3.8.3.1 Positive Findings....

3-1
3-1
3-1
3-5
3-5
3-6

~ ~ 3 7
3-8
3-8
3-8
3-9

3-10
.. 3-10

3-11
.. 3-17
.. 3-18
.. 3-25

3-25
3-25

.. 3-26

.. 3-26

.. 3-27

.. 3-27

.. 3-27



TABLEOF COKIZNTS (continued)
Page

.. 3-28

.. 3-28

.. 3-28
3-29

.. 3-29

.. 3-29

.. 3-29

.. 3-30

.. 3-30
3-30

., 3-30

.. 3-31

.. 3-31
. 3-31

.. 3-32

.. 3-35

.. 3-36

.. 3-36
3-36

3.9

.. 3-37
~ 3-38

.. 3-39
3M

. 3-41

.. 341

.. 342
3-733.1

3.8.3,2 Negative Findings.................... ~ ~ ~ ~ ~ ~ ~

3.8.4 Discussion of each Finding Vis-A-VisReview Guidelines ...............
3.8.4.1 HRA Team Members........
3.8.4.2 Human Systems Analysis Performed ...........
3.8.43 Types of Human Task Actions Analyzed....................
3.8.4.4 Performance Shaping Factors Evaluated ~...................
3.8.4,5 Quantification Methods Used to Estimate Human Error Rates...
3.8.4.6 Generic Human Error Data Sources .......................
3.8.4.7 Sensitivity Modeling Approach ..........
3,8.4.8 Insights Gained from the Analyses ................
3.8.4,9 Adequacy of Documentation......

3.8.5 Summary of the HRA Methodology Review............,............
Accident Sequence Quantification...............................

3.9.1 The Event Sequence Model of the DCPRA ........,.............
3.9.2 Some Technical Aspects of the Internal Event Sequence Quantification, .
3.93 Internal Event Sequence Characteristics .

3.9.3.1 Introductory Comments ...
3.9.3.2 Non-Seismic Core Damage Frequencies; Initiator Importances ...
3.9.3.3 Characteristics of Internal Event Sequences ......
3.9.3.4 Comparison of the Characteristics of Certain Internal Event .

Sequence Groups With Those of Other Plants
3.9.3.5 Leading Non-Seismic Event Scenarios.........
3.9.3.6 Special Issues of Interest to PRA
3.9.3.7 System Level/Operator Action Importances .
3.9.3.8 Individual Split Fraction Importances ....,....... ~ .. ~.......
3.9.3.9 System Importances in Accident Sequences Induced by Various

I '
nitiators ......,......,........... ~ ~ ~ ~ ~ ~ ~ ~

3.9.3.10 Importances of System/I'op Event Split Fraction Pairs .........
0 Summary and Analysis of Review Results ........................., ..

4. REVIEW OF SEISMIC PRA
4.1 Introduction
4.2 Detailed Description of DCPRA Approach Used in the Seismic Analysis
4.3 Detailed Description of Review Approach
4.4 Seismic Hazard Analysis ...........,........

4.4.1 Introduction
4.4.2 Seismic Hazard Analysis Methodology .

4.5 Hazard/Fragility Interface
4.6 Fragility and Building Response Analysis Review

4.6.1 Fragility and Building Response Analysis Methodology
4.6.2 Fragility Analysis Review Procedure
4.6.3 Structure Response and Fragility Review

4.6.3.1 Benchmarking ofAuxiliaryBuilding Response and VariabilityStudy
~ ~ ~ ~ ~

4.6.3.2 Structural Fragility Review
4.6.4 Equipment Fragility Review

4.6.4.1 Failure Modes and Issues Reviewed .
4.6.4.2 Audit of Equipment Seismic Fragilities
4.6.4.3 Review of Important Low Capacity Equipment
4.6.4.4 Conclusions of Fragility Review .

4.6.5 References
4.7 Systems Analysis and Risk Quantification

4-1
4-1
4-2
4-3
4-5
4-5
4-5
4-8
4-8
4-8
4-9

4-10

. 4-10
.. 4-10
.. 4-14
.. 4-15
.. 4-16
.. 4-20
.. 4-21
.. 4-21
.. 4-56

vl



TABLEOF CON'IKN'IS (continued)

4.7.1 Systems Analysis ............
4.7.2 Mean Point Estimate Evaluation
4.73 Uncertainty Analysis .........
4.7.4 Sensitivity Studies ...........

4,8 Summary and Conclusions ............
4.7.6 References

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Page

. 4-56

. 4-58

. 4-61

. 4-63

. 4-66

. 4-68

5. OTHER EXTERNALEVENTS..... c ~ ~... ~ ~ .. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

5 F~0.1 Fire \ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

5.1.1 Introduction
5.1.2 Methodology ...........................
5.13 Turbine Building Fire Scenarios.............., ..
5.1.4 Requantification of Two Control Room Fire Scenarios
5.1.5 Cable Spreading Room Fires
5.1.6 Summary of Analysis of Review Results...

5.2 Non-Seismic/Non-Fire External Events

5-1
5-1
5-1
5-1
5-1
5-2
54
5-5
5-7

i

Results and Conclusions
6.1 Summary of Results... ~...,....
6.2 Conclusions

6.2.1 General
6.2.2 Internal Events Analysis
6.2.3 Seismic Events Analysis

6.3 Suggested Enhancements for Future
6.4 Final Remarks

DCPRA Use ....

6-1
6-1
64

6-5
6-6
6-7

APPENDIX A System Analyses for Selected Frontline Systems

A1: High Pressure Injection System
A2: Low Pressure Injection System
A3: AuxiliaryFeedwater System

APPENDIX B System Analyses for Selected Support Systems

Bl: Diesel Generator & Diesel Fuel Transfer Systems
B2: Electrical Power Systems
B3: AuxiliarySaltwater System
B4: Component Cooling Water System
B5: Solid State Protection/Reactor Protection Systems

APPENDIX C DCPRA BASIC EVENT DATADISTRIBUTIONS
C.1: Basic Event Definitions
C.2: Basic Event Distributions



TABLEOF CONTENTS (continued)

APPENDIX D DCPRA DOMINANTACCIDENTSEQUENCE MODEL

D1; Description of the Diablo Canyon Reduced Core Damage
Frequency Model

D2: Pair Importance Calculations by Conditional Split Fractions



LIST OF FIGURES

FIGURE NO. PAGE NO.

2A-I Contribution of each earthquake range to the seismic
core damage frequency (Figure 649 of DCPRA).......................... 2-11

3.4-1

3.9-1
3.9-2

Annual exceedance frequency vs. leak rate for Westinghouse
plants with four RCPs gower bound, best estimate,
upper bound) (figure is taken from Reference 20).......
The four-part event sequence model....................
Probability distributions for total core damage frequencies
due to various groups of initiating events. The leading
sequences of internal and external events constitute the
Dominant Sequence Model (DSM),...,,...............

~ ~ ~ ~ ~ ~ ~ 3 20
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t 34

345

~ 4 4-1

4.6-1
4.6-2

4.6-3

4.64

4.6-5

4.6-6

4.6-7

4.6-8

4.6-9

4.6-10

4.6-11

4.6-12

4.6-13

4.6-14

4.6-15

4.6-16

4.7-1
4.7-2
4,7-3

4-7
4-22

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 4 24
AuxiliaryBuilding

. 4-25

4-26

.. 4-27

~ ~ ~ ~ ~ ~ ~ 4 28

4-29

4-30

4-31

.. 4-32

... 4-33

. 4-34

. 4-35

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 4 36
AuxiliaryBuilding

. 4-37

. 4-69

. 4-70

. 4-73

Total Aggregate Hazard Curves
(Figure 6-7 of the PRA) ...
Configuration of the Simplified AuxiliaryBuilding ModeL,...
Rigid rectangular foundation geometry for the Simplified
AuxiliaryBuilding Model
Comparison of median in-structure response for the Diablo
Canyon AuxiliaryBuildingwest core el, 140'-S Dir...............
Comparison of84th percentile in-structure response for the Diablo Canyon
west core el. 140'-S Dir.................,...........
Comparison of median in-structure response for the Diablo
Canyon AuxiliaryBuildingwest core eL 140'-W Dir.
Comparison of 84th percentile in-structure response for the
Diablo Canyon AuxiliaryBuilding west core el. 140'-W Dir..
Diablo Canyon AuxiliaryBuilding benchmark analysis
in-structure response core west el. 164'-S Dir..
Diablo Canyon AuxiliaryBuilding benchmark anaQis
in-structure response core west el. 164'-W Dir........
Diablo Canyon AuxiliatyBuilding benchmark analysis
in-structure response core west el. 128'-S.
Diablo Canyon AuxiliaryBuilding benchmark analysis
in-structure response core west el. 128'-W,,..........., .

Diablo Canyon AuxiliaryBuilding benchmark analysis
in-structure response core west el. 115'-S...........
Diablo Canyon AuxiliaryBuilding benchmark analysis
in-structure response core west el. 115'-W..
Comparison of median in-structure response for the Diablo
Canyon AuxiliaryBuildingwest core el. 140'-S Dir........
Comparison of 84th percentile in-structure response for
Diablo Canyon AuxiliaryBuildingwork
core eL 140'-S Dir.
Comparison of Median in-structure response for the
Diablo Canyon AuxiliaryBuildingwest core
elev. 140'=W Dir..... ~..........,......
Comparison of 84th percentile in-structure response for Diablo Canyon
west core elev. 140'-W Dir..........................
Seismic Early Frontline Tree (Figure W7 of DCPRA) ......
DCPRA Electrical Support Tree (Figure 6M of DCPRA)
DCPRA Actuation and Mechanical Support Tree
(Figure 645 of DCPRA)



LIST OF FIGURES (continued)

FIGURE NO. PAGE NO.

4.7-4
4.7-5
4.7-6
4,7-7

4.7-8
4,7-9

Sample Sheet of DCPRA Table W6....'...
Partial Event Tree for Electric Power ..
Simplified Logic Block Diagram for DCPRA...........
Contribution of Each Earthquake Range to the
Seismic Core Damage Frequency (DPD Versus Monte Carlo)
Plant Total Mean Fragility Curve
Sensitivity Study on 230Kv Fragility Median .........., ..

~ ~ ~ ~ ~ ~ ~ ~ ~ 4 74
4-75

~ ~ ~ ~ ~ ~ ~ ~ ~ 4 76

. 4-77
~ ~ ~ ~ ~ ~ ~ ~ ~ 4 78
~ ~ ~ ~ ~ ~ ~ ~ ~ 4 79



TABLENO.

LIST OF TABLES

TITLE PAGE NO.

E.i Overall DCRPA Mean CDF Estimates...

2.1.1
2,1.2
2.4.1

2.4.2

2.4.3

2.4.4

2.4.5

2.4.6

2.4.7

2.4.8

3.4.1~ ~

3.4.2a

3.4.2b

3.9.1a

3.9.1b

3.9.2a

3.9.2b

3.9.3

3.9.4
3.9.5

3.9.6

3.9.7

3.9.8

2-3
2-4

. 2-12

...... 2-14

.. 2-15

. 2-16

. 2-18

.. 2-19

~ ~ ~ ~ ~ ~, ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 2 20

2-2l

3-21

.. 3-23

3-24

3-46

.. 3-48

.. 3-49

.. 3-51

.. 3-52
3-57

.. 3-58

.. 3-62

3-66

.. 3-70

(Table 6-34 of DCPRA) (2-7) ......... ~ ..
(Table 6-35 of DCPRA) (2-8) .

Initiating Event Categories Selected for Quantification
'f

the Diablo Station Risk Model
(Table 6-26 of DCPRA) (2-19) .. ~ .. ~..........
Contributions of Mean Core Damage Frequency
(Table 6-55 of DCPRA) (2-21) .

Internal Initiating Event Contribution to Core Damage
Frequency (Table 6-59 of DCPRA) (2-22) .... ~ ..
Functional Internal Event Scenarios Contributing to Core
Damage (Table 6-60 of DCPRA) (2-23)
Diablo Canyon Probabilistic Risk Assessment
Summary Statistics (Table 6-54 of DCPRA)
Seismic Failures of Components Contributing to Core Damage
(Table 6-58 of DCPRA) ............
Core Damage Sequences Initiated by Fires and Floods
(Table 6-61 of DCPRA) (2-27) .

Other External Events Contributing to Core Damage
(Table 6-62 of DCPRA) (2-28)

Initiating Event Categories Selected for Quantification
of the Diablo Station Risk Model
(Table 6-26 of DCPRA) .

Initiating Events and Their Mean Frequencies/year
in the Reduced Model
Initiating Events and Their Mean Frequencies/year
Not Included in the Reduced Model
Initiating Event Contributions to Non-Seismic
Core Damage Frequency Dominant Sequence Model
Initiating Event Contributions to Internal Event Core
Damage Frequency Initiating Events Not Included in the
Dominant Sequence Model
Comparison of Core Damage Frequency (CDF) Contribution by
Initiating Event Group .

Comparison of Conditional Core Damage Probabilities by
Initiating Event Groups
Event Scenarios Ranked According to Non-Seismic CDF
Contribution Dominant Sequence Model
Special Issues Importance Summary
System/Operator Action Importances for Non-Seismic
Core Damage Frequency Ranking According
to System/Operator Action Importances
Top Event Importanccs - Conditional Split Fractions
(Ranking According to Fussel-Vcsely Importance)
Unnormalized'System/Operator Action Importances for
Internal Event Initiators Dominant Sequence Model
(Sheet 1 of 4) .

Unnormalized System/Operator Action Importances for
Fire/Flood Scenarios Dominant Sequence Model

xi



LIST OF TABLES

TABLENO. PAGE NO.

3.9.9

3.9.10

3.10.1
3.10.2

3.10.3

3.10.4A

3.10.4B

3.10.4C

Unnormalized Fussel-Vesely Importances of Support System
- Support System Pairs .

Unnormalized Fussel-Vesely Importances of Frontline System
- Support System Pairs
Major Elements of Alternative Review Quantification .

Overall Internal Event CDF Estimates vs Review
Assumptions:.... ~ ~

Comparison of Internal Event Contributions to Core
Damage Frequency (Ranking of Top Ten Internal Event
Contributors) .

Ranking of Support Systems Importance
Internal Events-Case 4
Ranking of Front-Line Systems Importance
Internal Events-Case 4
Ranking of Operator/Recovery Actions Importance
Internal Events-Case 4

3-71

3-72
3-75

3-76

3-77

3-78

3-79

3-80

4.6.1
4.6.2

4.63

4.6.4

4.6.5
4.6.6
4.6.7
4.6.8

4.6.9

4.6.10

4.6.11
4.6.12
4.6.13
4.6.14

,

4.6.15

4.6.16

4.7.1

4.7.2
4.7,3

DCPRA Seismic Fragilities .

Earthquake Records Used to Develop Time Histories
for Fragility
Fault Models Used to Generate Simulated Time Histories
For Fragility Studies
Fixed Base AuxiliaryBuilding Model Frequencies and Mass
Participatioit
Foundation lock Profile and Properties
Building Impedance Function Embedment Factors ..
Impedance Function Value Comparison at 8 hz
Log Normal Standard Deviations for Auxiliary
Building Model Parameters
Model Parameter Values and Scaling Factors
for the Empirical Records
Model Parameter Values and Scaling Factors for the
Numerical Records
Comparison of PG&E and Bechnmark Analysis Attributes
Comparison of PG&E and Independent Analysis Attributes .

North-South Response Combined Variability(Bc) .

East-West Response Combined Variability(Bc)
North-South Response Combined Variability,Variability
Due to Ground Motion Only, and VariabilityDue to
SSI/Structure Uncertainties Only ..
East-West Response Combined Variability,VariabilityDue to
Ground Motion Only, and VariabilityDue to
SSI/Structure Uncertainties Only ..
Descriptions of Top Events on Seismic Early Frontline
Tree (from Chapter 6 of ACPRA)
Definitions of Basic Events on Electric Power Support Tree .

Deninitions of Basic Events in Actuation and Mechanical
Support Tree .

xii

. 4-38

.441

. 442 ~

. 4-43

. 4-44

. 4-45

. 4-46

. 4-47

. 4-48

. 4-49

. 4-50

. 4-51

. 4-52

. 4-53

. 4-54

. 4-55

. 4-80

. 4-83

0



LIST OF TABLES

TABLENO. PAGE NO.

4.7.4

4.75
4.7.6
4.7.7
4,7.8

4.7-9

4.7-10

4.7-11

Boolean Expressions for Failure Events
(Derived from Table &43 of DCPRA)
Top Ten Point Estimate Accident Sequences....
Top Ten Point Estimate Accident Sequences- Grouped .
Description of Logical Blocks as Provided by PG&E, .

Comparison of DCPRA Seismic Core Damage Frequency
Percentiles with Monte Carlo Results
Ranking of Block Model Accident Sequences from Monte Carlo
Uncertainty Analysis............
Accident Sequence Mean Frequency Increments for Intervals
on the Hazard Curve
Component Risk Reduction Potentials as Given in the DCPRA
and as Computed by Monte Carlo Approach ..

4-85
4-SS
4-89

~ ~ ~ ~ ~ 4 90

..... 4-93

4-94

4-95

. 4-96

5.1.1

6.1.1

Fire Scenario Core Damage Frequencies
'I

Overall DCPRA Mean CDF Estimates .

5-6

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 6 3





EXECUTIVESUMMARY

n February 23, 1984, the U.S. Nuclear Regulatory Commission (NRC) staff proposed a license condition
~

~

~ ~

for the Diablo Canyon Power Plant (DCPP) based in part on the Advisory Committee on Reactor
Safeguards'ACRS) letter of July 14, 1978, which recommended that "...the seismic design of Diablo
Canyon be reevaluated in about 10 years taking into account applicable new information." The
Commission adopted the staff recommendation and a license condition, consisting of four parts, was added

to the operating license for DCPP. In part, this Hcense condition required that the licensee (Pacific Gas

and Electric Co. or PG&E) assess the significance of conclusions drawn from the seismic reevaluation
studies (as required by other parts of the House condition) utilizinga probabilistic risk analysis and

deterministic studies, as necessary, to assure the adequacy of seismic margins. In order to comply with the
Hcense condition, PG&E developed a Long Term Seismic Program (LTSP). As a part of this LTSP,
PG&E performed a Level 1 Probabilistic Risk Assessment (PRA) including both internal and external
events.

This report documents the results of the review of the Diablo Canyon PRA (DCPRA). Brookhaven
National Laboratory (BNL) was selected by the NRC to assume lead technical responsibility for the review
and the Probabilistic Risk Analysis Branch, Division of Systems Research, Office of Nuclear Reactor
Research (ORES) was assigned the programmatic responsibility for the PRA review.

The overall objective of the review was to provide assurance that the DCPRA was sufaciently complete in
scope, accurate in modelling and data, and detailed such that the findings derived from it within the LTSP
(and beyond) had a sound basis for acceptance.

Given that the driving force (from a regulatoiy perspective) for the PRA came from seismic concerns, the

pe of the review was dominated by an internal events review and a seismic events review. Other
external events were also reviewed but to a lower level of effort. The internal events review concentrated
on the traditional major elements of a PRA (i.e„ initiatingevents, event trees, fault trees, data analysis
and reduction, human reliabilityanalysis, and leading accident sequences as well as independent sensitivity
studies, importance analyses and requantification). Ihe seismic events review concentrated on fragilities,
hazards, structural analyses and uncertainty.

The DCPRA reflects the plant as it existed in the summer:of 1988, including the changes in hardware and
procedures that resulted from the early phases of the Long Term Seismic Program (LTSP). PG&E
identifled the following modifications that were either completed or committed to by April 1988. These
modifications were in response to issues identified by preliminary versions of the DCPRA and were
included in the final DCPRA model submitted for review.

Diesel Generator Fuel-Oil Transfer System. Constant recirculation paths were designed
to eliminate multiple pump starts. Connections for a backup portable fuel oil pump were
also added.
Charging Pump Backup Cooling. Hose connections were added to allovti use of the
firewater system for emergency cooling in the event of a total loss of component cooling
water.
Substation Spare Parts. Dedicated spare parts willbe stored at the 230kV substation to
aHow rapid recovery of offsite power in the event of a substation failures.
Valve Control Switch Replacement. The modification consisted of replacing three-
position valve switches with two-position valve control switches to prevent valve positions



from changing in response to relay chatter during an earthquake.

The DCPRA relates to Unit 1 only. However, it also models interactions between the two units at the

site, such as the possibility that the swing diesel generator may go to Unit 2 and the ability to crosstie

auxiliary saltwater cooling capability across units.

The DCPRA was given a detailed and broad-scoped review. The basis for such a comprehensive review

originated with the license condition discussed above that required a full reevaluation of the seismic risk of
the plant. The seismic portion of the PRA, therefore, required special review attention. In order to

provide a base from which to develop a seismic or other external event PRA model, the internal events

PRA including all the systems analyses must first be formulated. Therefore, the internal event portion of
the PRA was also given an indepth review. As fire-related initiatingevents contributed a significant

fraction of the overall CDF, these too were included in the review.

The primary reason for the difference in internal event quantification presented in Table E.1 between the

PGEcE and BNL results is the alternate conditional split fractions quantified for the auxiliary saltwater,

system and a higher initiating frequency for the LOOP event, Overall, requantification has not

significantly changed insights regarding which initiatingevents are the major contributors to the core

damage frequency.

As seen from Table E.1, the review did not propose alternative results for the seismic-induced CDF as the

review found that there were no significant disagreements in the hazard and fragilityestimates used in the

DCPRA. In past PRA reviews, alternative estimates of these two parameters have been generally the

cause of different CDF estimates. Partly, this is the result of the interactive mode in which this review was

conducted. This mode of review identified several issues and offered a number of sensitivity studies early

in the review such that the resolutions were incorporated in the final analysis or issues were shown to be

not important. However, the main reason'for the fewer disagreements is the very rigorous and detailed

plant/site-specific analyses performed for both the hazard and fragilityestimates in the DCPRA by PG8cE.

Sensitivity studies in the seismic analysis were performed as part of the review to verify the DCPRA
analyses and draw additional insights.

A number of the fire sequences were also requantified. The reasons for the higher fire-induced CDF
estimated by the review are two fold: 1) higher estimate of frequency of the turbine deck fires; and 2) less

credit to several operator actions used in the DCPRA to mitigate the fire scenarios.

From an overall perspective, (in the context of the license condition and the LTSP program) the seismic

events are not dominant contributors to the CDF estimates for the Diablo Canyon plant. The overall

seismic contribution in percentages varies from about 10 percent (review) to about 20 percent (DCPRA).
Both the internal events and fire events contribute more to the CDF estimates than the seismic events

based upon the results of this review.

A comparative analysis of the overall results of the DCPRA with those of nine other PRAs was also

conducted. The estimated CDFs for the Diablo Canyon plant were found to be similar to those computed

for other comparable PWRs.

The following are considered the major insights from the internal events review:
~ The internal events are the major contributors to the total core damage frequency

(roughly 65%).
~ The Loss of Offsite Power (LOOP) initiator is by far the greatest contributor to the



internal event core damage frequency (roughly 1/3 to 1/2) and in the number of leading
sequences. About 3/4 of the LOOP-induced core damage is associated with extended unit
blackout.
Initiators representing support system (common cause) failures other than LOOP (i.e.,
Loss of one dc bus (L1DC), Total loss of auxiTiary saltwater (LOSW), Total loss of
component cooling water (LPCC), Loss of 480V switchgear ventilation (LOSWV), Loss of
control room ventilation (LOCV)) contribute in the range of 9-11 percent to the internal
event core damage frequency.
Transients (other than LOOP) contribute between 25 and 40 percent to the internal event
core damage frequency,
The total contribution to the internal event core damage frequency of initiators belonging
to the Loss of Coolant Inventory group is small, about 5 to 10 percent.
By examining the sequences, the followingobservation can be made regarding the leading
individual sequences. No single'internal event sequence contributes more than 3 percent
to the non-seismic CDF.
Among the operational failures of the plant, loss of feed and bleed cooling, loss of the
auxiliary feed water system, and the occurrence of RCP seal LOCA are the most frequent.
The following scenarios and their contribution to the non-seismic CDF are: Station
Blackout (18%); RCP Seal LOCA (with and without station blackout - 31%); Primary
Relief Valve Opens and Fails to Reclose (12%); Bleed and'Feed Cooling (12%); and
Pressurized Thermal Shock (4%).
The most important frontline systems were the auxiliary feedwater system and primary
system pressure relief.
The most important support systems were the diesel generator systems, the 125V dc
power systems and the auxiliary saltwater system.
Based upon the review requantification, operator failure to actuate SSPS (upon failure to
automatically actuate) went from one of the less important operator actions to the most
important.

The following are considered to be the major insights from the seismic events review
The overall seismic CDF profile is dominated by accident sequences leading to station
blackout (79%). These may be due to loss of offsite power (LOOP) in conjunction with
failures in the emergency diesel generator system, or due to failures of buildings (i.e.,
Turbine Building) or components (e.g., 4kV switchgear or 4kV/480V transformers) which
can lead to station blackout with or without loss of offsite power. Of these blackout
sequences, 53 percent do not directly fail the auxiliary feedwater system, but lead to
reactor coolant pump seal failures, and hence, small LOCAs. Direct failures of the
AFWS account for 22 percent of the station blackout sequence contributions.
The single greatest contributor is the failure of the turbine building, followed by the loss
of 230kV offsite power. There appear to be no overwhelmingly weak links in the plant.

~ The seismic hazard analysis provided a reasonable probabilistic representation of the
earthquake ground motions at the site considering the information developed in the LTSP
program. The Hosgri fault zone was found to dominate the seismic hazard at the site
The Los Osos and San Luis Bay faults each contribute only a few percent to the ', .

hazard. Relative contributions to the total hazard from t!. ~+~ ". faults is insignificant
Sensitivity studies showed the important parameters are slip rate, maximum magnitude,
and ground motion attenuation. The spectral shape and uncertainties used in the fragility
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analysis are thought to be a reasonable estimate and consistent, in most part, with the
detailed ground motion studies carried out in the LTSP.
The fragilityparameters for the structures and equipment were found to be reasonable.

The level of effort in developing the seismic fragilities for equipment went well beyond
those expended on previous seismic PRAs. A review of the identified and analyzed

modes found that the appropriate failure modes have been considered.
Based on the systems review, it appears that the sequence of scenarios and events which
can be portrayed by the early front Hne tree represents a reasonable and complete
approach to modeling the Diablo Canyon seismic scenarios.

Using the results of the seismic PRA, the component and plant seismic margins were
derived, and the margin against the 84 percent site-specific ground motion was calculated.
It can be seen that all components whose'ailure willlead to seismic core damage have at
least 40 percent margin oyer the site-specific ground motion. The median capacities were
shown to be much higher.
The largest contribution to the seismic-induced CDF comes from earthquakeswith
average spectral accelerations in the 2g to 3g range. This provides an important insight
that for the high seismic sites, the seismic CDF estimates appear to be governed by
seismic levels at or near the HCLPF value.

In conclusion, there were two primary goals associated with the review of the DCPRA. The first was to
ensure that the DCPRA was sufficiently complete and accurate to provide a reasonable foundation upon
which the necessary elements of the Diablo Canyon Long Term Seismic Program (LTSP) could be based.
The second was to provide quality feedback, where appropriate, so that the DCPRA might become an
even more useful tool in any future applications. It is believed that both goals were met. The review was
sufficiently rigorous and broad enough in scope to conclude with a high degree of confidence that the
DCPRA does indeed provide a reasonable foundation to support the LTSP. Feedback was also provided
such that some elements of the DCPRA were modified during the review. Finally, other elements have
been identified by PG&E for future revisions as a result of the review.
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Table E.1 Overall DCRPA Mean CDF Estimates.

Internal Events

Seismic Events

Fire Events

Other External
Events (e.g.
Hoods)

Total

InitialDCPRA
Submittal

13'65%)
3.7E-5

(19%)'.8E-S

(14%)

6.9E-6 (3%)

2.0EP

Updated DCPRA
(Based Upon Review

Feedback)

1.3EQ (62%)

3.7E-S (18%)

3.5E-S (17%)

6.9E-6 (3%)

2.1'lternative
Results

Offered by the Review

2.1'63%)
3.7E-S (11%)

8.0E-S (24%)

6.9E-6 (2%)

3.3~
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1 INTRODUCTION

1.1 Background

On February 23, 1984, the U. S. Nuclear Regulatory Commission (NRC) staff proposed a license condition
for the Diablo Canyon Power Plant (DCPP) based in part on the Advisory Committee on Reactor

Safeguards'ACRS)

letter of July 14, 1978, which recommended that "...the seismic design of Diablo Canyon be
reevaluated in about 10 years taking into account applicable new information." The commission adopted the
staff recommendation and a license condition, consisting of four parts, was added to the operating license for
DCPP. In part, this license condition required that the licensee (Pacioc Gas and Electric Co. or PG&E)
assess the significance of conclusions drawn from the seismic reevaluation studies (as required by other parts
of the license condition) utilizinga probabilistic risk analysis and deterministicstudies, as necessary, to assure

the adequacy of seismic margins.

The license condition concerning the Seismic Design Bases Reevaluation Program read as follows:

"PG&E shall develop and implement a program to reevaluate the seismic design bases used for the
Diablo Canyon Nuclear Power Plant. The program shall include the following elements:

1. PG&E shaH identify, examine, and evaluate aH relevant geologic and seismic data, information, and
interpretations that have become available since the 1979 ASLB hearing in order to update the
geology, seismology and tectonics in the region of the Diablo Canyon Nuclear Power Plant. If
needed to define the earthquake potential of the region as itaffects the Diablo Canyon Plant, PG&E

~ ~

~

~

wiH also reevaluate the earher information and acquire additional new data.

2. PG&E shall reevaluate the magnitude of the earthquake used to determine the seismic basis of the
Diablo Canyon Nuclear Plant using the information from Element 1,

3. PG&E shall reevaluate the ground motion at the site based on the results obtained from Element
2 with full consideration of site and other relevant effects.

4. PG&E shall assess the significance of conclusions drawn from the seismic reevaluation studies in
Elements 1, 2, and 3, utilizing a probabilistic risk analysis and deterministic studies, as necessary, to
assure adequacy of seismic margins."

In order to comply with the license condition, PG&E developed a Long Term Seismic Program (LTSP)
consisting of three phases. Phase I was the development of a detailed program plan to address the license
condition. This plan was submitted for NRC staff review on January 30; 1985. Phase IIconsisted of a scoping
study to refine the scope of work for Phase III and associated schedules. A report describing Phase II
activities and conclusions was submitted to the NRC staff on January 30, 1986. Phase IIIrepresented the
actual detailed studies and the Qual report was submitted in July 1988. 'As a part of this LTSP, PG&E
performed a Level 1 Probabilistic Risk Assessment (PRA) including both internal and external events.

This report documents the results of the review of the Diablo Canyon PRA (DCPRA). Brookhaven National
Laboratory (BNL) was selected by the NRC to assume lead technical responsibility for the review and the
Probabilistic Risk Analysis Branch, DivisionofSystems Research, OfficeofNuclear Reactor Research (ORES)
was assigned the programmatic responsibility for the PRA review.

NUREG/CR-5726



1 Introduction

Probabilistic Risk Analysis Branch, DivisionofSystems Research, OfficeofNuclear Reactor Research (ORES)

was assigned the programmatic responsibility for the PRA review.

1.2 Objectives and Scope of the Review

The overall objective of the review was to provide assurance that the DCPRA was sufficiently complete in

scope, accurate in modelling and data, and detailed such that the findings derived from it within the LTSP

(and beyond) had a sound basis for acceptance.

Given that the driving force (from a regulatory perspective) for the PRA came from seismic concerns, the

scope of the review was dominated by an internal events review and a seismic events review. Other external

events werc also reviewed but to a lower level of effort. The internal event review concentrated on the

traditional major elements of a PRA (i.e., initiatingevents, event trees, fault trees, data analysis and reduction,

human reliabilityanalysis, and leading accident sequences as well as independent sensitivity studies, importance

analyses and requantification). The seismic events review concentrated on fragilities, hazards, structural

analyses and uncertainty. Detailed descriptions of the review for internal and seismic events can be found in

Sections 3 and 4 respectively.

1.3 Organization of the Report

Section 2 provides a description of the approach used by PG8cE to develop the DCPRA as well as a summary

of the DCPRA results. Section 3 concentrates on the internal events review and its findings but also includes

the remaining dominant non-seismic initiators in the quantification offered in Sections 3.9, 3.10 and Appendix

D. Section 4 addresses the seismic-relatedreview and its findings. Section 5 addresses the other (non-seismic)

external events review with an emphasis on the fire-related portions of the DCPRA. Section 6 provides the

overall summary and conclusions of the DCPRA review.

1.4 Contributors

Thc review of the DCPRA was a collegial effort involving a number of people and organizations. The NRC

Program Manager charged with the overall responsibility for the review was N. Chokshi. The BNLPrincipal

Investigator was R. G. Fitzpatrick and the Technical Leader of the review was G. Bozoki. Also participating

on the BNL rcvicw team was M. Sabek. The Technical Leader for the seismic review was M. Bohn of Sandia

National Laboratory (SNL) under sub-contract to BNL. Also participating in the seismic review were M.

Ravindra and J. Johnson of EQE Engineering. Other contributors from the NRC include T. Ryan (HRA
methodology), A. Buslik (fire analysis) and P. Sobel (hazards).
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2 OVERVIEWOF THE DCPRA APPROACH AND RESULTS

2.1 Introduction

2.1.1 Background

This section of the report is intended to provide a brief synopsis of the DCPRA including a general plant
description, a discussion of methodological approaches (especially novel features) and a condensed summary
of the DCPRA results. SpeciTic review results/findings are discussed throughout the remaining sections of the
report and comparisons to the DCPRA results are made in those sections.

Diablo Canyon is a twin unit reactor site located on the California coast approximately midway between San
Francisco and Los Angeles. Each unit employs a four-loop pressurized water reactor nuclear steam supply
system (NSSS) furnished by Westinghouse Electric Corporation. The NSSS for each unit is contained within
a steel-lined reinforced concrete structure that is capable ofwithstanding the pressure that might be developed
as a result of the most severe design basis loss of coolant accident (LOCA).

The following paragraphs, extracted from the DCPRA, highlight some of the more important plant-specific
features.

The vital 4 kV, 480 V, and dc systems are arranged to provide three redundancies, except for the instrument
ac system which has four trains and six inverters. Emergency power for the two units is supplied by five diesel
generators. One of these generators is a "swing" unit that is automatically transferred to the unit with the first~

~

need. The diesel generators have self-contained automotive-style radiators that do not require plant cooling
water. For long-term operation, the fuel to the day tanks is replenished by two redundant fuel oil transfer
pump trains supplied from underground fuel oil storage tanks.

Two redundant auxiliary saltwater system pumps at the intake structure pump seawater to the component
cooling water heat exchangers. Three redundant component cooling water pumps are crosstied to the two
component cooling water heat exchangers which in turn feed three headers. The three headers provide
component cooling water to the fan coolers, reactor coolant pump seals, charging pumps, and other systems
requiringheat removal. The auxiliarysaltwatersystem and component cooling water systems may be crosstied
between units ifnecessary.

The instrument air and nitrogen systems are classified as non-vital and for modelling purposes were assumed
to fail; therefore, vital air-operated equipment that must operate is furnished with backup air bottles. These
systems were analyzed to determine the amount of time that the operator could use the equipment before the
backup air was exhausted. The recovery action modelled for these systems was manual operation of a valve
or replenishment of the backup air.

The reactor charging system is important because it provides seal water to the reactor coolant pumps (RCPs).
Loss of seal water will lead to failure of the seals and a resulting RCP seal LOCA. The charging system is
dependent on component cooling water for pump cooling. However, the dependence on component cooling
water may be mitigated by an emergency pump cooling system fed from the fire mains.

For completeness, Tables 2.1;1 and 2.1.2 have been included herein to provide simplified dependency tables
of support systems to support systems and support systems to mainline(frontline) systems, resp'ectively. These
tables were taken directly from the DCPRA (Tables 6-34 and 6-35).
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2 Overview of the DCPRA Approach and Results

2.1.2 General

The Diablo Canyon Nuclear Power Plant Unit 1 Probabilistic Risk Assessment (DCPRA) is a fullscope, level
1 PRA. It utilizes a scenario-based approach to risk analysis, as any other PRA. The scenarios represent the
plant and personnel responses to any initiatingevent that causes the plant to depart from its otherwise normal
state of operation. The scenarios are chains of events leading to a variety of- end states, including
restablization of the plant or various levels of plant damage up to and including core damage. The objective
of the DCPRA was to determine the probable frequency of having reactor core damage due to "all reasonably
conceivable" accident initiatingevents, with an emphasis on seismically initiated scenarios. It was developed
over several years by a large team of PRA specialists from Pickard, Lowe and Garrick (PLG) with the active
help of a number of Pacific Gas and Electric Co. (PG&E) personnel.

The DCPRA reQects the plant as it existed in the summer of 1988, including the changes in hardware and
procedures that resulted from the prior phases of the Long Term Seismic Program (LTSP). PG&E identified
the following modifications that were either completed or committed to by April 1988. These modiQcations
were in response to issues identified by earlier versions of the DCPRA and were included in the Qnal DCPRA
model submitted for review.

~ Diesel Generator Fuel-Oil Transfer System. Constant recirculation paths were designed to eliminate
multiple pump starts. Connections for a backup portable fuel oil pump were also added,

~ Charging Pump Backup Cooling. Hose connections were added to allow use of the firewater system
for emergency cooling in the event of a total loss of component cooling water.

~ Substation Spare Parts. Dedicated spare parts willbe stored at the 230 kV substation to allow rapid
recovery of off-site power in the event of a substation failures.

~ Valve Control Switch Replacement. The modification consisted of replacing three-position valve
switches with two-position valve control switches to prevent valve positions from changing in response
to relay chatter during an earthquake.

In addition to identifying a number of design/procedural changes from which the plant could benefit, the
DCPRA has also been used to demonstrate the viabilityof Technical Specification changes. For example,
during this review, PG&E submitted a Technical Specification Change Request to NRC concerning the diesel
generators and based upon th'e DCPRA. As BNLwas already deeply involved in the review of the PRA and
the diesel systems, NRC contracted BNLto review the PG&E submittal. This review is documented in a BNL
letter report from R. G. Fitzpatrick to N. Chokshi, dated September 11, 1989. Favorable findings were
forthcoming from the review and NRC approved changes to the Diablo Canyon Technical Specifications.

The DCPRA relates to Unit 1 only. However, it also models interactions between the two units at the site,
such as the possibility that the swing diesel generator may go to Unit 2 and the ability to crosstie auxiliary
saltwater cooling capability across units.
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2 Overview of the DCPRA Approach and Results

.2 Overall DCPRA Approach for Internal Events

2.2.1 Methodology

The overall methodology of constructing the PRA model, i.e., of describing the accideat scenarios due to
various initiatingevents and rendering them amenable for quantification, is the "large eveat tree, small fault
tree" approach. This methodology is the same as it was when introduced by PLG a decade ago, but is aow
incomparably reoned. The refinements incorporate PLG's experience of preparing more than 20 prior PRAs.
In addition, the DCPRA itself includes some other novel features compelliag the reviewers t'o classify it as

an "advanced statewf-the-art".PRA.

2.2.2 Advanced and Novel Features of the DCPRA

Initiating Events - In most of the previous PRAs, the aumber of initiating events were classified into 15-25

initiator categories. The DCPRA considers 50 initiatingcategories falling into six major groups such as:

1. LOCA$ (9),
2. Traasients (14),
3. Support System Faults (6),
4. Seismic Events (6),
5. Fire and Smoke (12), and
6. Flood, Jets and Sprays (3).

Groups 3 through 6 represent essentially Common Cause Initiating Events.)
t

Extensive Application of Event Sequence Diagrams - The central element of the DCPRA is the plant event
sequence model (see further explanation and a schematic diagram in Section 3.9.1) derived from so~lied
Event Sequence Diagrams, ESDs. The ESDs represent the flow charts of the unfolding accident scenarios
in the plant, They were developed according to detailed operational analyses, which included specific steps
in the Diablo Canyon emergency procedures, available control room indications and alarms and realistic
training simulator experiences. The development requir'ed very strong collaboration of the PLG analysts with
the licensed operators, the training personnel and the PRA team of the utility. The application of ESDs is
a relatively new feature of state-of-the-art PRAs and represents a major advance in PRA methodology.

Preparation of Large Event Trees of Still Manageable Size from the ESDs - The plant event sequence model
consists of large event trees. The large event trees were abstracted from the ESDs. In the ESDs, states
(failure/success) of plant equipmcnt, automatically or manually actuated "actions" or passive processes were
grouped to define event tree top events. Sometimes a top event included more than one system or parts of
a system. In order to keep the size of the event trees to stillmanageable size, the DCPRA used a modularized
event tree technique. This technique provided successive event tree modules instead of super large event trees.
The event tree modules facilitated the construction of the event sequence model and kept the model tractable
for quantification. The technique exploited the functional and shared intersystem (support systems - support
systems and support systems - frontline systems) dependences. It was developed from the realization that a)
given an initiating event, various outcomes of the support system event trees (support system states) had
identical impact on the frontline systems and b) numerous frontline system event tree scenarios ended up with
identical final event sequences (i.e., each main tree scenario did not require its own unique long term subtree).
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2 Overview of the DCPRA Approach and Results

The event sequence model of the DCPRA is based upon a network of 13 event tree modules each consisting
of numerous top events. These modules include:

a. Svo

support

syste event tree modules: an electrical event tree with 21 top events and a mechanical
event tree with 13 top events.

b. Seven early fionrIiiMevent rrse moduks, such as: general transient event tree with 14 top events, large
LOCA event tree with 17 top events, steam generator tube rupture event tree with 14 main and 12

auxiliary top events, interfacing systems LOCAevent tree with 17 top events, seismic event tree with
13 top events, a transients without trip (A~event tree with 14 top events, and a medium LOCA
event tree with 18 top events.

c. Four long tenn (L17fronrline event tree moduks, such as: LT1 with 16 top events, LT2 with 5 top
events, LT3 with 15 top events, and LT4 with 12 top events.

Note that each event tree module represents a sizeable event tree and the associated computational complexity
for its quantification is remarkable compared with those of earlier PRAs when a support state event tree
contained only 5-6 top events and a frontline event tree had only 10-15 top events.

The modularized format of the event trees has the great advantage that it makes more efficient the
quantification process and facilitates easier requantiiflication of the entire risk model ifit becomes necessary

due to extensive changes. (The quantification of the event tree modules and the individual scenarios are
described in Section 3.9.)

1

Enhanced Human Action Analysis - In order to make the risk model as realistic as possible, a large number
of human actions (more than 70) were incorporated into the PRA in the following three levels: 1) below the
event tree top event level, in the unavailability models of the systems (e.g., leaving a train in misalignment
after test or maintenance);2) at the event tree top event level (e.g., manual initiationofa system or switchover
from injection to recirculation) and in the recovery actions. The human actions themselves were subjected
to very extensive analysis by means of an interactive six step process. The quantification for many of the
actions was also made earthquake-level-dependent. (For more aspects of the DCPRA's human action analysis,

see Section 3.8.) No previous PRA has applied human factors in such a versatile way in its risk model.

Treatment and Documentation of Internal Events - The event tree top event quantiiflication(system models),
the evaluation of accident scenarios to calculate the core damage frequency together with its uncertainty; i.e.,
the treatment of internal events, is highly sophisticated. Computers were used in somewhat novel ways to
integrate model development and model documentation. The system analysis descriptions and presentation
of the results are completely different from previous PRAs. They reflect a homogenized "assembly line" type
analyzing process. Each system and subsystem model was developed in "cause table" format that displays the
contributions to system unavailabilityfrom independent hardware failures, dependent (common cause) failures,

testing, maintenance, inadvertent human errors, and other causes identified by each analyst. This framework
facilitated detailed investigation of many system-level changes without requiring reevaluation of the fullplant

'odel. The system descriptions, given in computer software format, contain some of the most important
documentation and reflect document and quality controls.
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2 Overview of the DCPRA Approach and Results

Defensibility and Scrutability ot iticAnalyses,- The original submittal of the DCPRA (Chapter 6 of the LTSP
finalreport) suffered from inadequate defensibilityand scrutability of the analyses compared with other PRAs.
The adequate defensibility and scrutability of the analyses is at least as important as the results. Most of the
problems encountered during the review process were somehow connected with'he problem of inadequate
presentation/documentation. The systems portion of the documentation that was provided did contain most
of the information for independent scrutiny but in a review-resislaiit and sometimes inaccessibleformat. System
schematics, P8cIDs and electrical one-line drawings had to be requested for the review because the PRA
presented only system reliabilityblock diagrams. Explanations of certain analytical approaches in the system
analyses were missing or found to be incomplete. In many cases significant detailed information was added
to the PRA as the result of the review process; not because the results were incorrect but rather because the
details were necessary for defensibility. The scrutiny of the software associated with each of the reviewed
systems required the creation of additional review software. The reviewers believe that the review would have
gone smoother if PG&E had included as much detail as possible at the start of the review rather than to
expend resources defending its approach afterward.

2.3 Overall DCPRA Approach for Seismic Events

The Seismic Events Analysis of the DCPRA is a natural extension of the internal event analysis. In this
approach, a single initiating event is considered which is the occurrence of the earthquake itself. The
probability of earthquakes of different sizes is specified by a discrete familyof hazard curves. Each curve is
associated with a weight, normalized so that the summation of weights equals unity.

~

~

~

~

~

,I The response of the plant to this earthquake is then identified through a front line event tree which has the
major structures and safety systems as top events (see the Plant Event Sequence Model, Figure 3.9.1). Each
of the accident sequences identified on the front line tree are related to two support trees - one mechanical
support tree and one electrical support tree. These support state trees are used to specify different
combinations of successes or failures of the support systems for use in quantifying the accident sequences
determined on the front line trees. Using the front line tree, a large number of accident sequences can be
identified.

The accident sequences are in terms of basic events or groups of basic events and include both random and
seismically induced failures. The seismic failure probabilities were derived from site specific fragilities, all of
which utilized average spectral ground acceleration as the independent variable. Detailed building response
analyses were carried out for the auxiliary building and the turbine building to determine median responses
and associated variabilities. Fragilities were developed for both buildings and for components.

For the components, both structural and functional failures were considered:

a. For structural failures, the engineering factor of safety approach due to Kennedy, et aL, was utilized.
This approach was benchmarked, in a limited sense, with the detailed non-linear analyses of the
turbine building.

b. For functional failures, seismic qualiTication test data were used with an assumed level of
conservatism to determine the median failure probability.

For the structures, the engineering factor of safety approach was also used. The independent review of the
component and structural fragilitiesis presented in Sections 4.6.3 and 4.6.4.
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2 Overview of the DCPRA Approach and Results

The accident sequences were quantified using mean values for each of the seismic component failure
probabilities, and mean values for all random, failure events, and then the dominant accident sequences were
identified. Note that each different earthquake level yields a different accident sequence from the same

branch on the event tree. From this initialpoint estimate quantification, a total of 791 accident sequences

were identified and studied for the Diablo Canyon Seismic PRA.

Finally, the 791 sequences were used to build a simplifiedblock model for which an uncertainty analysis using
the Discrete Probability Distribution approach could be used to obtain mean core melt frequencies and
uncertainty bands about the distribution of core melt frequency.

2.4 Summa'f DCPRA Results

Table 2.4.1 (Table 6-26 of DCPRA) provides the complete list of all initiating events selected for
quantification in the DCPRA. The overall DCPRA results are summarized in Table 2.4.2 (Table 6-55 of
DCPRA) and show a mean total core damage frequency of 2.02E-4. The followingsubsections provide a brief
description of the various initiator categories.

2.4.1 Internal Events

In the DCPRA, internal events accounted for 63 percent of the overall CDF. Table 2.4.3 (Table 6-59 of
DCPRA) provides the breakdown by individual initiating event. One readily sees that loss of off-site power
(LOOP) represents the single most dominant contribution. Table 2.4.4 (Table 6-60 of DCPRA) presents the
leading functional internal event scenarios leading to core damage. (BNL's review comments are provided
in Section 3.)

I

2.4.2 Seismic Events

This section summarizes the results of the Diablo Canyon Probabilistic Risk Assessment for seismic events
which result in core damage. The total mean core damage frequency due to seismic initiated events is 3.7E-5,
contributing only 18 percent of the total (all events) core damage frequency on a mean basis, as shown in
Table 2.4.5 (Table 6-54 of DCPRA). This table also shows the range of uncertainty associated with the core
damage frequency. The median or 50th percentile is only 6.2E-6, which is a factor of six less than the mean,
as compared to the internal events which had the same median and mean core damage frequency. The 95

percent and 5 percent frequency, for seismic events is L1EA and 9.3E-7 respectively, which gives an error
factor of about 17. This is considerably higher than the error factor for total core damage frequency of about
3. However, it is not uncommon for the uncertainty of seismic events to be this high as demonstrated by the
results of other nuclear power plant seismic PRAs.

The seismic risk assessment model was quantified for six discrete ranges of spectral acceleration within the
range of 0.2 g to 4.0 g. (Average spectral acceleration over the range 3.0 to 8.5 Hertz was used as the
independentparameter for both the hazard curves and the fragilitiesin an effort to reduce overall uncertainty,
as discussed later in Section 4.5. The average spectral acceleration variable can be shown to be 2.34 times

peak ground acceleration). nic interval of each range as well as the contribution to core damage frequency

of each earthquake level is shown in Figure 2.4.1 (Figure 6-49 of the DCPRA). In this figure it can easily be
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2 Overview of the DCPRA Approach and Results

seen that most of the contribution comes form spectral accelerations between 2.0 g and 3.0 g. In fact, 55

percent of the seismic core damage frequency comes from this range, and only 14 percent comes from
earthquakes larger than 3.0 g spectral acceleration.

A total of791 non-negligible accident sequences leading to core damage were determined from the mean point
estimate evaluation of all the accident sequences resulting from the combinations of all the support states and
all the branches of the seismic event tree. These were presented in an appendix (but without inclusion of
complement events}, No detailed discussion of the dominant scenarios was presented.

However, in response to BNL's request to identify which sequences were associated with certain "special
issues" of interest to NRC, the PG&E staff performed an importance study by sorting the point estimate
model sequences into groups (defined by the "special issues" and summing the frequenciesof each group to
determine the relative contribution (see Section 3.9.3.6 and Table 3,9.4 for further details). The results of the
seismic sequences are:

Issue 1 - Station Blackout:

RCP Seal LOCA Sequences

Failure of Secondary Heat Removal Sequences

Failure of PORVs to Open and Reclose

Total

53%

22%%uo

4%
79%

Issue 2 - Failure of Reactor Trip:

Non-Station Blackout Sequences

Station Blackout Sequences

Total

2%
9%

11%

Issue 3 - RCP Seal LOCA:

Non-Station Blackout Sequences

Issue 4 - PORVs Open and Fail to Reclose

Issue 5 - Failure of Operator to Perform Feed and Bleed Cooling
Issue 6 - Pressurized Thermal Shock: Not modelled for seismic.

5%
3%%uo

0%

Note that each issue was examined separately. The contributions of each special issue group are not mutually
exclusive, and should not be combined from different issues.

A component importance study was also included in the seismicportion of the DCPRA. The importance of
each component to core damage was evaluated by setting the seismic failure probability of each component
to zero, which gives a measure of the net reduction in core damage frequency that would occur is that
component was made impervious to an earthquake. Table 2.4.6 shows the reduced core damage frequency
and the percent improvement for all the dominant components. The single greatest contributor is the turbine
building, followed by the loss of 230 kV off-site power. In addition, this table also shows the importance of
key components if they were v'ry weak and guaranteed to fail, and how much the core damage frequency
would increase.
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2 Overview of the DCPRA Approach and Results

Based on the component importance study in the DCPRA and the "special issues" study provided later, the
seismic risk profile could be determined. In summary, the overall picture is a risk profile dominated by
accident sequences leading to station blackout (79%). These may be due to loss of off-site power (LOSP) in
conjunction with failures in the emergency diesel generator system, or due to failures of buildings (i.e., Turbine
Building)or components (e.g.,4 kVswitchgear or 4 kV/480 V transformers) which can lead to station blackout
with or without loss of off-site power.

Of these blackout sequences, 53 percent are those not directly failing the auxiliary feedwater system, but
leading to reactor coolant pump seal cooling failures, and, hence, small LOCAs. Direct failures of the AFWS
account for 22 percent of the station blackout sequence contributions. (As part of the review, the dominant
sequences were determined as described in Section 4.7. Clearly, however, this is one area that was not fully
documented in the DCPRA and resulted in the request for a significantadditionalamount of documentation.)

2.49 Other External Events

The contribution from the non-seismic external events come primarily from fire and flood scenarios arising
within the plant. Altogether, they are responsible for 19 percent of the core damage frequency (16 percent
fires, 3 percent floods). From the large number of potential fire and flood scenarios identified by a spatial
interactions analysis, 17 were judged significant enough to warrant more thorough, analysis and propagation
through the fullDCPRA model. The results for these fire and flood scenarios are summarized in Table 2.4.7
(Table 6-61 of DCPRA).

A number of additional external initiating events were also considered. The results are summarized in Table
2.4.8 (Table 6-62 of DCPRA). None of these events contributed substantially to the core damage frequency.
All these results were reported in the DCPRA as conservative upper bound calculations, except for the
hazardous chemical release for which a somewhat greater depth of study was performed.

0
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Figure 2.4,1 Contribution of Each Earthquake Range to the Seismic Core Damage Frequency
(Figure 6-49 of DCPRA).
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2 Overview of the DCPRA Approach and Results t
Table 2.4.1 Initiating Event Categories Selected for Quantification of the Diablo Station Risk Model

(Table 6-26 of DCPRA)

Group
Initiating Event Categories Selected

for Separate Quantification
Code

'esignator

Loss of Coolant
Inventory

1.
20
34
4.
5.
6.
6a.
6b..
70

Excessive LOCA
Large LOCA
Medium LOCA
Small LOCA. nonisolable
Small LOCA. isolable
Interfacing systems LOCA
At RHR pump suction
At RHR pump discharge
Steam generator tube rupture

ELOCA
LLOCA
MLOCA
SLOCH
SLOCI

VS.

Vg'GTR

Transients 8.
9.
10.
11.
12.
13.
14.
15.
16.

17.
18.
19.

20.
21.

Reactor trip
Turbine trip
Loss of condenser vacuum
Closure of all MSIVs
Steam line break inside containment
Steam line break outside containment
Inadvertent safety injection
Main steam relief valve opening
Total main feedwater loss
(includes feedwater line break)
Partial main feedwater loss
Excessive feedwater
Closure of one main steam
isolation valve (MSIV)
Core power excursion
Loss of primary flow

RT
Tr
LCV
AMSIV
SLBI
SLBO

PLMFW
EXFW
IMSIV

CPEXC
LOPF

Common Cause
Initiating Events

Support System
Faults

22.
23e
24.
25.
26.
27.

Loss of offsite power
Loss of one DC bus
Total loss of auxiliary saltwater
Total loss of component cooling water
Loss of 480-V switchgear ventilation
Loss of control room ventilation

LOSP
LiDC
LOSW
LOCC
LOSWV
LOCV

Seismic Events 28.
29.
30.
31.

'32.
33.

0.2 g to 1.25 g
1.25 g to 1.75 g
1.75 g to 2.0 g
2.0 g to 2.5 g
2.5 g to 3.0 g
3.0 g to 4.0 g

SEIS1
SEIS2
SEIS3
SEIS4
SEIS5
SEIS6
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2 Overview of the DCPRA Approach and Results

Table 2,4.1 (continued)

Group
Initiating Event Categories Selected

for Separate Quantification
Code

Designator

Fire and Smoke 34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
46.
47.

Loss of both motor-driven AFW pumps
Loss of all charging pumps and MSIV closure
Loss of component cooling
Loss of control ventilation
Loss of auxiliary saltwater
Loss of 4-kV buses HF and HG
Loss of 4-kV buses HG and HH
Loss of 4-kV buses HF, HG, and HH
Control room fire at vertical board VB-1
Control room fire at vertical board VB-2
Control room fire at the interface of
vertical boards VB-2 and VB-3.
Control room fire at vertical board VB-4
Cable spreading room fire one
Cable spreading room fire two

Fsi
FS2
FS3
FS4
FS5
FS6
FS7
FS8
CR1
CR2
CR3

CR4
Csi
CS2

Flood, Jets, and
Sprays (pipe
breaks)

48. Loss of all auxiliary feedwater
49. Loss of both motor<riven AFW pumps
50. Loss of auxiliary saltwater

FS9
FS10
FS11
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2 Overview of the DCPRA Approach and Results

Table 2.4.2 Contributions of Mean Core Damage Frequency
(Table 6-55 of DCPRA)

Initiating Event Category
Mean Core Damage

Frequency (Per Year)
Contribu-

tion
ercent

LOCAs

Interfacing system LOCAs

Steam generator tube rupture

Transients

Loss of offsite power

Loss of one DC bus

Loss of auxiliary, saltwater or
component cooling water

Loss of ventilation

TOTAL I~RNALEVENTS

1.1-5

5.6-7

3.0-6

5.3-5

4.1-5

9.2-6

4.3-6

2.7-6

1,3-4

26

20

63

Seismic events

Fires

Floods, jets, and sprays

Chemical hazards

TOTAL EXTERNAL EVENTS

3.7-5

3.2-5

6.6-6

3.5-7

7.6-5

18

16

37

TOTAL 2.02-4 100
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2 Overview of the DCPRA Approach and Results

Table 2.43 Internal Initiating Event Contribution to Core Damage Frequency
(Table 6-59 of DCPRA)

Initiatin Event Cate o

Core Damage
Frequency
(Per Year)

Contribution
(Percent)

1. Excessive LOCA
2. Large LOCA
3. Medium LOCA
4. Small LOCA, nonsolable
5. Small LOCA, isolable
6. Interfacing systems LOCAs

6.a. At RHR pump suction
6.b, At RHR pump discharge

7. Steam generator tube rupture
8. Reactor trip
9. Turbine trip

10. Loss of condenser vacuum
11. Closure of all MSIVs
2. Steamline break inside containment

. Steamline break outside containment
4. Inadvertent safety injection

15. Main steam relief valve opening
16. Total MFW loss
17. Partial MFW loss
18. Excessive feedwater
19. Closure of one main steam isolation valve
20, Core power excursion
21. Loss of primary flow
22. Loss of offsite power
23. Loss of one DC bus
24. Total loss of auxiliary saltwater
25. Total loss of CCW
26. Loss of 480V switchgear ventilation
27. Loss of control room ventflation

207-7
2,5-6
5.8-6
9.0-7
1.7-6

5.0-7
5.8-8
3.0-6
1.6-5
1.4-5
7.0-7
2.4-7
2.3-6
2.7-6
6.0-7
5.0-8
8.0-7
1 ~ 1-5
3.0-6
9,0-7
3.0-7
1.0-6
4. 1-5
9.2-5
1.3-6
3.0»6
1.5-6
1.2-6

0.2
2,0
4.6
0.7
1.4

0.4
<0.1

2.4
12.5
11.2
0.6
0.2
1.8
2.2
0,5

<0.1
0.6
8.8
2.4
0.7
0,2
0.8

32.4
7.3
1.0
2.4
1.2
1.0

TOTAL 1,3-4 100

2-15 NUREG/CR-5726



2 Overview of the DCPRA Approach and Results

Table 2.4.4 Functional Internal Event Scenarios Contributing to Core Damage
(Table 6-60 of DCPRA)

Scanarlo
Frequency
(Por Year)

Contribution
(Percent) Inlrlaror Dlroci Failures

Further'ecovery

Possible
Dependent

Failures

S.36-6

4.96-6

3.53-6

2.28-6

2.13-6

3.1

2.9

2.0

1.3

1.2

RT

PLMFW

MLOCA

LOCC

FaOure to maintain
hot standby

FaOure to maintain hot
standby

FaOure to maintain hot
standby

Manual switchover to
recirculation

FaO to aOgn backup
cooling to charghg pumps
for RCP seal injection

Yes

Yes

Yes

No

No

Unspecified
Operator Errors

Unspecified
Operator Errors

UnspecOIed
Operator Errors

FaOure of
Recirculation

Component
Cooling Water,
Chargl g SI
Pumps, RCP
Seal LOCA

1.72-6

1.71 "6

1,70-6

'.40-6

10 1.27-6

1.0

1.0

1.0

0.8

0.7

LIDC DC power train H,
one AFW motor-driven
pulnps

MLOCA Both RHR pump trains

LIDC 4-kV vital bus HH and
one AFW motor-tlriven
pumps

EXFW Failure to maintain hot
standby

LLOCA Accumulators

Yes

No

Yes

Yes

No

Instnunent
Channels 12,
13, 14; 2 AFW
Pumps; Bleed
and Feed
Cooling

Failure of
Injection

Instnunent
Channels 12,
I4; 2 AFW
Pumps; Bleed
and Feed
Cooling

Unspecified
Operator Errors

FaOure of
Injecuon

1.2S-6 0.7 RT Instrument channel 13,
auxOlary fcedwater, bleed
and feed cooOng

Yes None

12 1.2$ -6 0.7 RT Instrument channel I1,
auxOlary feedwater, bleed
and feed cooOng

Yes None

13 1.24-6 0.7 LOOP Swing dlescl goes to Unit 2,
auxO!ary fecdwater, vessel
integrity fails due to PTS

I
No None

14 1.16-6 0.7 Instrument channel 13,
auxOiary feedwater, bleed
and feed cooling

Yes None
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2 Overview of the DCPRA Approach and Results

Table 2.4,4 (continued)

Scenario
Frequency Contribution
(Per Year) (Percent) Initiator Direct Failures

Further
Recovery
Poimlbla

Dependent
Failures

1S 1.16-6 0.7 TT Instrument channel ll,
auxiHary fecdwater, bleed
and feed cooHng

Yes None

16

'17

1.16-6

1.14-6

0.7

0.7

RT Auxiliary feedwater, bleed
and feed cooHng

AuxHlary feedwater, bleed
and feed cooHng

Yes None

Yes None

18, 1.13«6 0.7 LOOP Diesel for bus HH, PORV
sticks open and is not
Isolated, RHR pump train
A faHs, faHure to recover
AC before recirculation
required

Yes Failure of
Recirculation
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2 Overview of the DCPRA Approach and Results

Table 2.4.$ Diablo Canyon Probnbilistic Risk Assessment Summary Statistics
(Table 6-$4 of DCPRA)

Contributor 5th
Percentile

50th
Percentile Mean

Core Damage Frequency

95th
Percentile

Most Likely
Recurrence

Rate

Seismic Events 9.3 x 10 ~ 6.2 x 10~ (5%) 3.7 x 10 s (18%) 1.1 x 10~ 1 in 160,000
years

Internal Events 5.2x10 s 1t3 x 10 (82%) 1.3 x 10~ (63%) 2.3 x 10~ 1 in 10,000
years

Other External
Events

4.1 x 10~ 1.5 x 10 s (13%) 3.9 x 10 s (19%) 1.0 x 10~ 1 in 65,000
years

TOTAL 7.7 x 10's 1,5 x 10~ (100%) 2.0 x 10~ (100%) 4.0 x 10~ 1 in 7,000 years
I
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2 Overview of the DCPRA Approach and Results

Table 2.4.6 Seismic Failures of Components Contributing to Core Damage
(Table 6-58 of DCPRA)

1mportanc»
impact lfVery Strong,
that ls, lf 1mpervious

to Earthquake

impact lfVery Weak,
that ls, If Guaranteed

to Fall

Component

Does Failure
Guarantee

Core
Darnagcg

Core
Damage

Frequency

Percent(1)
Improvement

In Mean
Seismic Core

Damage
Frequency

Core
Damage

Frequency

Percent(1)
Degredatlon

In Mean
Seismic Core

Damage
Frequency

Original core damage
frequency

Turbine building shcerwaQ

230-hV offsite power

VI!al DC

Fxcesslve LOCA

Diesel generator control Panel

4,160-kV/480V transforxners

Stcam generators

Relay chater (main control,
diesel generator control, 4 'ItV
switchgcar)

BOP piping and supports

Prcssuriscr PORY

Strut for turbine building

Small LOCA (PORV, RCPs,
Impulse lines, BOP piping and
supports)

Human action to recovery
relay'chatter

Centrifugal charghg pump

Ycs

No

No

Yes'o

Yes

Ycs

No

No

No

No

No

No

No

3.7-5

'2
~ 6-$

2.8-$

3.5-$

3.5 5

3,6-$

3.6-$

3.6"5

3.7 5

30.$

24.4

10.0

$ .0

3.4

2,4

2.2

0.7

0.4

3.7-5

1 4-4

1.4%

S.7-$

291

291

173

0.2
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2 Overview of the DCPRA Approach and Results

Table 2.4.7 Core Damage Sequences Initiated by Fires and Floods
(Table 6-61 of DCPRA)

Initiator Fire-Related Failures Inde endent Failures

Sequence
Frequency
(Per Year)

1. CS2
(Cable Spreading
Room Pire)

2. CS1
(Cable Spreading
Room Fire)

3. FSS
(Turbine Building
Fire)

4. CR4
(Control Room Fire)

5. FS11
(Pipe Break in CCW
Pump Room)

6. All Other Fires and
Floods

Pressurizer PORV sticks
open

Auxiliary saltwater and
component cooling water

Fail of all three trains of
vital 4-kV switchgear

Failure of all vital 4-.kV
breakers; 4-kV buses,
HF, HG, and HH
de energized

CCW fails

Operators abandon control
room and fail to isolate
PORV from hot shutdown
panel. No credit for
establishing recirculation
from outside the control
room.

Operators fail to either trip
the RCPs or reestablish
CCW.

Core damage assumed from
resulting RCP seal LOCA.

Operators fail to trip RCPs
or to reestablish vital AC
before core uncovery due
to RCP seal LOCA.

Operators fail to align fire
water cooling to charging
pumps to avoid RCP seal
LOCA,

1.20-5

7.7-6

6,0-6

5.8-6

4,0-6

3.1-6
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2 Overview of the DCPRA Approach and Results

Table 2,4.8 Other External Events Contributing to Core Damage

(Table 6-62 of DCPRA)

Core Dama e
Upper Bound Frequency

of Core Dama e

Aircraft crash and falling objects

Ship impact

External flooding

Hurricane and tornado wind and missile

Hazardous chemical

Turbine missile

External fire

<10

2.1x10 s

21x 10-8

3.2x10 7

35x 10 7

10 7

<10
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2 Overview of the DCPRA Approach and Results

2.5 Presentation of the DCPRA for NRC Review

This section is provided in order to give the reader a clearer understanding ofboth the magnitude and breadth

of the DCPRA as well as to provide a background as to why followingsections in this report discuss problems
associated with a lack of documentation.

The DCPRA was summarized in Chapter 6 of the LTSP final report. Chapter 6 was initiallythe only PRA
information available for review and is approximately one inch thick (single sided). The DCPRA itself is a

multi-volume report that was not submitted in full for review but rather sections of which werc submitted as

requested by the review, Table 2.5.1 presents the table of contents of the actual DCPRA. As can be seen,

the DCPRA is a large and comprehensive document. It is expected that this table will be of benefit in
providing background and perspective as selected sections of the DCPRA are referenced within the remainder
of this rcport.
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3 REVIEW OF THE INTERNALEVENTS ANALYSIS

.1 Introduction

This section describes the overaH review approach applied to the internal events portion of the DCPRA as
well as the major findings in each of the review areas. Section 3.2 provides the details of the review strategy
and bases for its selection. Section 3.3 provides the description of selected plant systems, DCPRA modelling
techniques, and outlines the results of BNL's independent systems analyses. (The detailed system analyses
are found in Appendices A and B.) Section 3;4 addresses initiating event selection as well as a detailed
Bayesian updating of the Loss of Service Water and Loss of Component Cooling Water events performed by
BNL. Section 3.5 provides an overall description of the DCPRA approach to generating event trees. Sections
3.6 and 3.7 address fault trees and the overall DCPRA data base respectively with specific review details found
in Appendices A and B. Section 3.8 provides a focused review of the overall human reliabilityanalysis (HRA)
methodology. Section 3.9 presents the results of the BNL review of the accident sequence quantiTication
including selected sensitivity and importance measure calculations as well as a comparison of the overall
DCPRA results with nine other PRAs. Section 3.10 presents a summary and analysis of the internal events
review results and offers some alternative sets of quantification.

3.2 Description of the Internal Events Review Approach

The major elements and novel features of the DCPRA are outlined in Section 2.2. Given the unprecedented
size and complexity of the PRA, it was determined that a novel approach would be required for the detailed
review and analysis. The review itself was divided into two phases. lite first phase was termed "interactive"

nd was conducted while the PRA was still being developed. The goal of this phase was to both familiarize
e reviewers with the PRA in order to get a head start on the formal review and to provide a potential carly

eedback mechanism to the DCPRA team should something questionable be detected. During this initial
phase, two site'visits to the Diablo Canyon plant were made for familiarization purposes and three PRA
workshops (approximately one-week each) were conducted.,

The second phase was to formally review the final DCPRA report. The review strategy employed had to take
into account thc fact that neither the NRC nor the national laboratories had in-place processing software that„
could directly accept the DCPRA large event tree/small fault tree modeL In addition, the strategy had to
accept the fact that employing a full independent requantification type of PRA review as outlined in the PRA
Review Manual (NUREG/CR-3485) with the use of the large fault tree/small event tree methodology, to,a
level of detail commensurate with that in the DCPRA, would simply be cost-prohibitive and unnecessary.

The resulting DCPRA review strategy, therefore, called for a detailed review of selected portions of each of
the major elements of the DCPRA. These elements essentially conform to the subsection headings of the
remainder of Section 3, As the actual review progressed, some subjects received more attention than others
according to the perceived needs by the reviewers.

BNL developed the following seven point plan as the overall review basis for the DCPRA:
1. The logic for the, primary event trees willbe reviewed to verify consistency and accuracy.

I
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3 Review of the Internal Events Analysis

2. Selected frontline and support systems willundergo an independent fault tree analysis to verify the
DCPRA's approach to unavailability modelling (the systems will be selected based upon perceived
importance). This effortwillinclude requantificationof an appropriate number of top event conditional
split fractions.

3. Selected'failure probabilities and initiating event frequencies willbe reviewed (including the Bayesian

updating process) to verify the DCPRA data analysis. Actual failure data selection willbe determined

by the results of item 2 above,

4. An abbreviated fault model of the entire Diablo Canyon plant willbe developed by incorporating the
leading accident sequences from the DCPRA.

5. Given the fault model from item 4 above, investigation willbe undertaken on the impact of the findings
from items I through 3 above as well as the performance of other analyses such as importance
measures, pair-importance, and sensitivity calculations,

6. In addition to the above overall review plan, two novel aspects of the DCPRA which are: a) the
approach to human reliabilityanalysis and b) the relay chatter analysis wiH receive special attention.

7. The seismic portion of the PRA review willfollow a similar overall methodological approach modified
as necessary to account for the specifics of the seismic analysis.

In terms of item 1 above, BNLchecked for any obvious er'rors/omissions in the DCPRA event tree structures
but none were apparent. The event trees were-not given a rigorously detailed review by BNL as part of the
overall review process. The basis for this was that there was an extremely detailed and comprehensive

methodology applied to the event tree development and, therefore, BNLbelieved that the review effort should
concentrate resources on other areas of the PRA. The DCPRA methodology utilized event sequence diagrams

(ESDs) and stressed the involvement of both PRA analysts and plant operations personnel.

The fault tree analysis portion of the review (item 2 above) was conducted as part of the systems analyses.

The system documentation associated with the DCPRA provided reliabilityblock diagrams (as opposed to
actual fault trees) containing supercomponents covering large portions of the system. BNLconverted these

diagrams into fault trees and used the SETS computer code to solve them. This allowed BNL to display the
leading cut sets for those top events so modelled. Such cut sets are not provided within the DCPRA. In
addition, the fault trees had to be prepared according to the specific requirements of the a-factor common
cause failure methodology.

The quantification of the supercomponents was supplied in algebraic equation form by PG&E. That is, in
order for BNL to supply the value block for input to the SETS code, the algebraic equation for each of the
supercomponents had to be computed as well as broken down to identify its constituent parts. Each equation
represented an expression that combined all the failure modes of each of the elements of the given

supercomponent. BNLalso checked each equation against the plant drawings, test/maintenance procedures,
and Technical Specifications to verify that all major components/failure modes/unavailabilitieswere included.

In order to then verify the various split fractions associated with each fault tree, BNL had to set various
elements to one or zero to define each boundary condition and then solve that version of the fault tree four
times to account for the different postulated sets of system alignment. The methodology of systems analysis
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3 Review of the Internal Events Analysis
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applied in the DCPRA requires that the top event split fraction (associated with a system under a given
boundary condition) should reflect the notion that the system (or its portion) in question is in one of the
followingmutually exclusive alignments: I) normal alignment,2) testing alignment,3) maintenancealignment,
or 4) misalignment. Thus, the contribution to the system unavailabilityfrom a specific alignment is determined

by the conditional system unavailabiTity, given that the system is in that alignment multiplied by the fraction
of time that the system spends in that alignment. The quantification/veriflcationof the conditional split
fractions in most cases provided good agreement with the PG&E results. The difference in the majority of
the cases coming from some modeling errors of minor signiflcance and from the use of Monte Carlo
techniques by PG&E and point estimates by BNL.

The followingsystems/functions were subjected to detailed review/requantification:

High Pressure Injection Function

Low Pressure Injection Function

AuxiliaiyFeedwater System

Diesel Generator & Diesel Fuel Transfer Systems

Electrical Power Systems (AC &DC)
AuxiliarySaltwater System

Component Cooling Water System

Solid State Protection/Reactor Protection Systems

The review of the first three above (frontline systems) is documented in Appendix A. The review of the
~

~

remainder (support systems) is documented in Appendix B.

BNLcarried out the following types of analyses to verify the DCPRA data base. The DCPRA data base was
derived from the PLG proprietary data base and updated using Bayesian techniques to incorporate Diablo
Canyon-specific data/experience. As part of the auxiliary feedwater system review, BNL solved the derived
fault trees first with the DCPRA data and then with an alternate generic data base derived from other recent
PRAs. This was done to see the sensitivityof the model to the different data bases. Thc quantification of
the conditional split fractions was in fairly close agreement; demonstrating little sensitivity to the two data
bases. Had the data bases provided significantly divergent results, further review effort would have been
devoted to this particular area of the review.

'I

In terms of initiating event quantification, BNL checked all of the initiators against other industry sources.

A number of the initiating event frequencies seemed somewhat low. This was attributed to the rather
restrictive criteria applied by PG&E to select some prior event samples for Baycsian updating (mainly
transients). However, use of less restrictive selection criteria in sensitivity studies did not result in large
variations in total core damage frequency. Additionally,BNLselected two initiators for detailed scrutiny. The
loss of auxiliary saltwater (LOSW) and the loss of component cooling (LPCC) were selected for this purpose.
Both of these initiators were quantified by fault tree analyses in the DCPRA and the latter initiator was

basically limited to loss of the CCW pumps (thus LPCC rather than LOCC). BNL's approach was to carry
out a detailed industry-wide LER-type search for all LOSW and LOCC events. BNL then screened this list
for events that, due to design considerations, could not happen at Diablo Canyon and then proceeded to
undertake a Bayesian updating of this data with the Diablo Canyon experience, (i.e., no events in either
category). This effort yielded significantly larger initiatingfrequencies and, therefore, significantly larger core

damage contributions from these two initiators than that presented in the DCPRA. Following meetings with
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the DCPRA team (PaciTiic Gas and Electric, et al.), PG&E submitted new and higher values for both LOSW

and LPCC. The increases were 44 percent and 47 percent respectively. Details of this portion of the review

are provided in Section 3.4 and Appendices B3 and B4.

The abbreviated fault tree model (item 4 above) was originally going to be developed by BNI„however,
PG&E developed a reduced model (Dominant Sequence Model—DSM) for their own purposes and agreed

to share this with BNL. The PGE model contained both internal and the non-seismic external events and

therefore the BNL results based upon this model were termed "non-seismic" results. The leading sequences

and the quantification associated with all of the conditional split fractions and basic event failure probabilities
were provided to BNLon a fioppy disk, BNLhad to modify the DSM in order to convert it into a Boolean

expression and then utilized this model as the basis for the quantification described in Sections 3.9, 3.10 and

Appendix D (i.e., item 5 above). A full description of this model as modified by BNL and all input data can

be found in Appendix D1.

The relay chatter analysis mentioned in item 6 above was audited by BNL in conjunction with a review

meeting held with PG&E in San Francisco. PG&E performed the relay chatter analysis in a truly conservative

fashion. For each relay that was determined to have the potential for chattering, the circuit was reviewed in
detail. PG&E applied the conservative assumption that all relays in a given circuit that could chatter would
indeed chatter together in order to make/break the circuit. This assumption was uniformly applied even ifit
took six, seven or more relays chattering in synchronism to accomplish the event. PG&E then looked at the
consequence of the circuit failing/changingstate and determinedwhat circuits could lead to problems in the
plant. At this point, the results of the relay chatter analysis were not simply input to the DCPRA model but
rather those circuits identified as particularly vulnerable received hardware modifications to prevent the action.

The BNLaudit of the relay chatter analysis therefore focused on methodology, scope, and completeness. BNL
audited a number of the systems (e.g., auxiliary saltwater, electrical power) and concluded that a rigorous and

conservative electrical circuit analysis had been performed. The seismic PRA aspects of the review are

addressed in Section 4.

One of the key elements of the review process turned out to be its interactive nature. As discussed

previously, the first phase of the review was termed the interactive phase, however, the formal review turned
out to be even more interactive. All eight system analysis reviews listed above were documented in letter
reports to the NRC Program Manager as they were accomplished. These reports were forwarded to PG&E
and meetings were held to discuss the preliminary findings. Each meeting typicallycovered two to three letter
reports.

As with any large and complex piece of work such as the DCPRA, it is almost impossible to document every

detail, assumption, success criterion, etc. Therefore, when the meetings were held, much of the open item
material was found to be because of insufficient documentation. Other open items were shown to have merit
with some being dismissed as having very low impact and others accepted in whole or in part as feedback into
the DCPRA.
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3B Plant Description and Modelling

38.1 Safety Functions and Corresponding hntline Systems

The goal of this portion of the.DCPRA review was to select a small number of frontline systems that
supported a number of important safety functions and do a full systems analysis review including
requantification of the associated conditional split fractions where possible. The safety functions/systems
selected for this review were the ECCS high pressure injection function, the ECCS low pressure injection
function, and secondary side heat removal via the AuxiliaryFeedwater System. The complete detailed review
documentation for these system analyses can be found in Appendix A.

The system analyses of the selected frontline systems encompassed validityof the fault trees, level of detail
of the fault trees, support system interaction, success criteria, failure data and requantification of at least a
representative number of conditional split fractions.

The results of BNL's detailed system analysis of the High Pressure Injection (HPI) function can be found in
Appendix A1. BNL reviewed the high pressure injection top event log'c diagrams and corresponding fault
trees along with supporting drawings and other information provided by PG&E. This information included
the Technical Specifications, relevant operating and surveillance test procedures as well as fluid flow and
actuation logic diagrams.

The DCPRA applied the simplifying assumption that the leak would always occur in cold leg number one.
BNLconducted an independent calculation that allowed the leak to occur in any of the four cold legs. The
results of the BNL analysis verified the validity of this assumption. BNL concluded that the HPI function
system analysis in the DCPRA represented a fully adequate characterization.

The results of BNL's system analysis of the Low Pressure Injection (LPI) function can be found in Appendix
A2. This review covered the same scope and depth of the HPI review discussed above as well as an additional
sensitivity analysis on the one-out-of-three (I/3) success criterion (flow to 1/3 of the intact loops) used in the
DCPRA. The sensitivity analysis was performed to see the effect of using a 2/3 success criterion as had other
previous PRAs. Later in the review, PG&E provided additional documentation to support the 1/3 criterion
that was used. Based upon the additional information, BNLwas satisfied with the 1/3 criterion.

The DCPRA also used a simplifyingassumption as to break location for the low pressure case. That is, it was
again assumed that the break would always be in cold leg number one. When BNL recalculated the split
fractions assuming the break could occur in any of the four cold legs, the use of this assumption provided (on
average) higher values. The difference in applicability of the same simplifyingassumption between the HPI
and LPI is the result of differences in the design features of the injection headers. In the case of the RHR
system (LPI), each of two header systems feeds its own two branch lines. In the case of the charging and
safety injection systems (HPI), one header feeds all four branch lines. As a result of the BNL review, certain
LPI function split fractions were requantifiedby PG&E. In the end, the BNLaudit calculations were in good
agreement with those presented by PG&E and the alternative break location assumption produced a negligible
increase in CDF when substituted into the DSM.
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The results of BNL's detailed system analysis of the AuxiliaryFeedwater System can be found in Appendix

A3. BNLperformed a thorough review of the top event logic diagrams and the corresponding fault trees

related to the "lowpressure" boundary conditions. The fault trees related to the "high pressure" boundary

conditions were not reviewed as they pertained to the ATWS sequences which had no measurable impact on

the CDF. During the review, BNL discovered aa anomaly between split fractions AWS, AW7 and AW8.

AW8 represents a more degraded set of boundary coaditions and yet it had a higher quaatified availability

than either AWS or AW7. In the BNLcalculations, this aaomaly did not appear. PG&E respoaded that this

was the result of the way these split fractions went through the truncation process. Recalculation of these split

fractions by PG&E on a point estimate basis came into good agreement with the BNL results. When PG&E

substituted the new values for these split fractioas into their dominant sequence model, they discovered they

had a significant effect on the CDF. (BNLcalculations showed a 38 percent increase in non-seismic CDF over

PG&E's fiaal results when BNL's values for AWS, AW7 and AW8 were used.) PG&E therefore decided to

remove some of the modelling conservatisms present in their original calculations in attaining their final

results. (This is discussed in detail in Appendix A3.) The remainingnumerical differencesbetween the PG&E

and BNLcalculatioas for the AWsplit fractions were attributed to the Monte Carlo vs. mean value approach

used by PG&E and BNI„respectively,

3BZ Support Systems

The goal of this portion of the review was exactly the same as outlined in Section 3.3.1 for the frontline

systems. That is, to perform a full systems analysis review including requantiTication of the associated

conditional split fractioas where possible. The support systems selected for fullreview encompassed all of the

electrical power systems, the diesel generators and fuel oil traasfer system, and the auxiliary saltwater system.

The component cooling water system and the solid state protection/reactor protection systems (SSPS/RPS)

were reviewed to somewhat less detail. The SSPS and RPS reviews were limited to a comparative review

between the DCPRA and previous reviews performed by BNL. The complete detailed review documentation

for these systems can be found in Appendix B.

The results of BNL's detailed system analysis of the diesel generator and diesel fuel'transfer systems can be

found in Appendix B1. The BNL review identified several inconsistencies and neglection of failures of diesel

subsystems in the unavailability modelling of diesel generators in the DCPRA and the omission of the

unavailabilitycontribution from Unit 2 (and swing) diesel overhauls. The combined effect of these neglections

may result in underestimation of the associated top event split fractions and through them the expected core

damage frequency value of Unit 1.

As an overall sensitivity study on the Diesel Generator and Diesel Fuel Transfer Systems, the BNLvalues for

the conditional split fractions foun'd in Tables B1.2.5 and B1.2.6 were substituted into the dominant sequence

model. The overall unnormalized Fussel-Vesely importance of this class of events was 4.30E-OS (PG&E

values) aad 4.12E-OS (BNLvalues), respectively. This demonstrates excellent agreement between BNL and

PG&E.

The results of BNL's detailed system analysis of the entire electrical power system (non-vital electric power,

vital 125 V dc, vital ac, instrument ac, and Unit 2 vital ac and dc) can be found in Appendix B2. The BNL

review identified several inconsistencies and potential omissions in the unavailability modelling of the Diablo

Canyon electrical power systems. These resulted in several questions that were discussed with PG&E and are

highlighted in the appendix. The combined results of the identiTied omissions may result in a slight
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underestimation of the expected core damage frequency of Unit 1. BNL's audit calculations were in close

agreement with those within the DCPRA concerning the electrical power systems.

The results of BNL's detailed system analysis of the auxiliary saltwater system (ASW) can be found in
Appendix B3. As a result of the BNL system analysis review of the AuxiliarySaltwater System,'PG&E
performed a number of additional calculations. One'of the calculations demonstrated that under most
circumstances (but not all as had originallybeen assumed) a single Unit 2 ASW pump could supply both Unit
1 (via the crosstie) and Unit 2 with sufficient ASW flow. This was one of the major concerns of the ASW
review. PG&E then carried out a sensitivity study to determine the impact of this finding on their overall
results. PG&E determined that the change in non-seismic CDF was not appreciable and none of the
conditional split fractions in Table A3.2.3 were changed as a result. BNL also performed an independent
analysis of the loss of auxiliary saltwater (LOSW) initiator frequency. This is described in detail in Section
3.4 and Appendix B3.

The BNL review of the component cooling water system (CCW) can be found in Appendix B4. This review
was not as extensive as the previously described support system reviews. The review was more qualitative in
nature in that none of the split fractions were requantified. BNL found a number of minor
omissions/discrepancies but none were believed to be signiiflicantwith respect to the overall non-seismic CDF.
BNL also performed an independent analysis of the loss of CCW (LOCC) initiator frequency. This is

described in detail in Section 3.4 and Appendix B4.

BNL found that the DCPRA predicted a lower SSPS unreliability for both a single channel and for system
failure (both channels) than the predicted values presented by the Westinghouse Owners Group (WOG) in
support of Technical Specification change requests. This work was reviewed previously by BNL. (A full set
of references is supplied in Appendix B5.). BNLbelieves the reason for this difference is that the WOG effort
represented an unprecedented detailed fault tree review of the system and therefore included more
components and failure modes. As this was a comparative review, BNLdid not attempt to requantify the split
fractions. BNLdid perform a sensitivity study to determine the impact of increasing the applicable conditional
split fractions (as discussed in Appendix B5) and determined that increasing the SA split fractions (single
channel failures) by a factor of 5.0 and the SB split fractions (conditional probability of the second channel
failing given that the first had already failed) by a factor of 2.0 increased the overall non-seismic CDF by
approximately 19 percent. (The WOG work is proprietary in nature-PG&E is a member - and therefore no
quantificationis quoted. The factors of five and two used herein were simply chosen to demonstrate the effect
of a full order of magnitude increase in system unavailability.) The comparative review of the RPS system
analysis with the WOG study/BNL review results showed reasonable agreement and no further review effort
beyond that was considered necessary.

3BB Success Criteria

As part of the BNL system analysis reviews (3 frontline and 5 support systems) documented in Appendices
A and B, all success criteria were reviewed to determine their validity. As part of this process, two specific
success criteria were questioned. The first was associated with the ECCS low pressure injection function
provided by the residual heat removal (RHR) system. In some previous PRAs the success criterion for a four
loop plant was taken to be injection to two out of the three intact loops with no credit for the broken loop.
The DCPRA success criterion for this scenario is only one-out-of-three (1/3) intact loops requires injection.
In response to a BNLquestion, PG&E referenced a study that demonstrated that 1/3 was sufficient for Diablo

anyon (see Appendix A2 for details).
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The other success criterion that BNL questioned dealt with the ability of a single Unit 2 auxiliary saltwater

pump to supply both Unit 2 as well as Unit 1 given the loss of the Unit 1 ASW system. PG8cE supplied the

results of their calculations that demonstrated a nearly equal split of the flow between the two units and

acknowledged that there are certain circumstances in which one pump willnot suffice. PG&E responded with
a sensitivity study that indicated that the overall effect on the non-seismic CDF was negligible. BNL's
calculations showed a measurable impact on the non-seismic CDF (see Appendix B3 for details and Section

3.10 for its integrated impact as part of the review's alternative quantiTication).

3.4 Initiating Events

3.4.1 General

The scope of the initiating events review documentation included herein encompasses the following: a brief
description of the selection and quantiTication of initiating events and the results of the BNL review of the
initiating event analysis of the DCPRA, i.e., the completeness of the set of initiators considered and the

frequency estimate assigned to each.

3.4D Mi6ating Event Seledion in the DCPRA

In order to make the list of initiatingevents as complete as possible, PGScE used three methods for initiating
events identification. These were:

I

1. Master Logic Diagram (MLD)
2. Heat Balance Fault Tree (HBFT)
3. Failure Mode and Effects Analysis (FMEA)

The MLDis similar to a fault tree with "potential release of radioactive material" as the top undesired event.

The diagram reflects the logical hierarchy of the safety functions of the plant systems. Its basic input events

are the initiating events. By using the MLD method the DCPRA team identified most initiating event

categories that were finallyselected for quantification.

The HBFT method was used to enhance completeness. It is a special fault tree, whose undesired top event

is "heat imbalance event occurs." The event is a consequence of a departure from equilibrium of thermal

energy transfer from the reactor core to the environment. The input events of the HBFT are any event that
causes a plant transient condition which challenges the plant control/safety systems to act. The application
of the HBFI'method not only resulted in enhancing completeness, but also proved to be helpful in defining
finer structures for initiating event categories.

The FMEAmethod was used to systematically identifysupport and control system failure modes that give rise

to common cause initiatingevents. (Observe that the FMEAmethod is a "bottom up" approach, in contrast

with the previous two "top down" approaches.) Common cause initiating events also included spatially
dependent physical interactions such as fires and floods, turbine missiles, sprays and pipe whips as well as truly
external events such as earthquakes, aircraft accidents, etc.

The initiating event categories obtained as a result of the above identifying/selecting methods were further
compared and cross-checked with lists of initiators given or analyzed in several reports, such as, the Diablo
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Canyon FSAR (forplant-specificfactors), WASH-1400, EPRI NP-2230, the PSA Procedures Guide, Indian
Point Probabilistic Safety Study, and Seabrook Station Probabilistic Safety Assessment.

The candidate initiating event categories were further screened by the quantiflcation process, i.e., initiating
events with low occurrence frequency and with less relevance to challenge safety systems were omitted.

With this procedure the DCPRA arrived at a rather comprehensive set of initiators consisting of27 "internal"
and 23 "external" initiating events. This set of initiating events is unusually large compared with that of
previous PRAs.

The list of the seven LOCA, 14 transients, six support system (common'cause) failures, 14 fires, three
flood/jet/spray, and six levels of earthquake initiators and their code designators are given in Table 3.4.1.

Allthe non-seismic initiators were analyzed and quantified in the context of the fullDCPRA plant model and
in this sense they were all considered in the core damage frequency analysis as "internal events."

3.4B Quantification of the "Internal Initiating Events" in the DCPRA

The 27 truly internal initiating events of the DCPRA were divided into two groups for quantification. The
first group is composed of those initiators for which it was deemed that generic operating experience was
applicable, The second group included initiators which were deemed to require'plant-specific analysis. The
quantificationprocess for the first group entailed sophisticated Bayesian updating techniques which combined

~

~

~

~

~ ~

generic operating experience with plant-specific 'experience (4.7 years of operation). For the quantification
of the second group, system unavailability calculations were used. Initiators, whose frequencies were
calculated by system unavailability calculations are marked with asterisks in Table 3.4.1.

The quantiTication of the "external" initiatingevents involved a rather complex spacial interaction study and
a detailed impact analysis on plant systems. For flire scenarios (grouped in fire categories designated as FS1
through FS8) individual initiating event frequencies were calculated and they were fed into the plant model
for core damage quantification.

Fire scenarios occurring in the control room (designator: CR) and the cable spreading room (CS) leading to
core damage were not incorporated in the model as initiatingevents, they were modelled separately as direct
core damage frequencies. ~

Flood scenarios were grouped into three initiating event categories: FS9, FS10 and FS11. Their initiator
frequencies were determined individuallyand were fed into the plant model for core damage quantification,
similarly to the FS1-FS8 fire scenario categories.

Seven truly "external" event initiators were also considered (i.e., aircraft impact, ship impact, external floods,
hurricanes and tornadoes, hazardous chemical, turbine missiles, and external fires). Except hazardous
chemical, these events were screened out by the DCPRA team as rather insignificant contributors to the core
damage frequency, thus they were not considered further in the DCPRA (See Table 2.4.8).

Those initiators which were deemed to be signiiflicant contributors to the core damage frequency (i.e., those
which were considered to constitute the risk after truncating, merging and correcting for scenarios with smaH
core damage frequency) were included in the reduced plant model. These initiators are listed in Table 3.4.2a.
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(The reduced plant model is described in detail in Appendix D: DCPRA Dominant Accident Sequence

Model-DSM.)

The table lists the initiating event designators and the corresponding initiatingfrequencies. It also indicates
the mean values of the generic prior distributions applied in the Bayesian updating. Notice that several

initiators were found to provide negligible contribution to the total core damage frequency and therefore were
left out of the reduced plant model. These are:

~ Interfacing Systems LOCA, RHR Discharge Side

~ Closure of AllMSIVs
~ Inadvertent Opening of Main Steam Relief Valve
~ Core Power Excursion
~ Loss of AH Charging Pumps and MSIV Closure (by fire)
~ Loss of Component Cooling (by fire)
~ Loss of Component Ventilation (by fire)
~ Loss of 4kV Buses HG and HH (by fire)

The frequencies of the above initiators are listed in Table 3.4.2b. The external initiating event "hazardous
chemical release" was not a signiTicant contributor, however, it was included in the reduced plant model (see
Table 3.4.2a) based upon a completeness argument. The control room (CR) and the cable spreading room
(CS) core damage frequency contributions were combined in the DSM and were given a common designator:
CRFIRE. Table 3.9.1a provides a breakdown of this set of initiators.

3.4.4 Review of the Initiating Event Analysis

3AA.1 Completeness

As demonstrated in Table 3.4.1 the DCPRA does not suffer from a lack of initiatingevents. The high degree
of completeness is the consequence of applying mutually supplementing initiatingevent selection methods and
a self- checkingsystematiccomparison with other references. However, BNLnoted that the screeningprocess

applied to the final list of initiators dismissed the following:

a. The traditional initiator"Loss of two (or more) 120V AC Instrument Buses" was screened out from the
original list of initiators as an extreme low frequency event. A recent BNL study7 (see also Appendix
B2), however, found that the recent generic rate of reactor trips due to multiple inverter failure alone
is .185 tripsjgjear. From these trips a non negligible fraction might be selected to be applicable for
Diablo Canyon Plant conditions. Each of the applicable events has the potential for impacting safety
because of the additional equipment response and operator actions generally needed to bring the unit
to a safe and controlled condition. In the DCPRA, the reactor trip initiator (RT) and the associated

event tree do not account for events of the above type, since the RT event tree is not conditioned for
simultaneous guaranteed failure of more than one instrument ac channel. Its contribution to the core
damage frequency might be accounted for in the present framework of the DCPRA by being grouped
together with the initiators "Loss of 480V AC Switchgear Ventilation, LOSWV" (or with "Loss of One
DC Bus, L1DC"). The Review of the Millstone 3 PRAs lists a mean value of 6.15E-02 year for the
frequency of the initiator: "Loss of a Pair of Vital 120V AC Buses."

NUREG/CR-5726 3-10



3 Review of the Internal Events Analysis

The review interest in the analysis of the "loss of two (or more) vital 120V ac instrument buses,

stemmedfrom the insights it might provide into plant dependencies, interactions and, therefore, safety."

b. Similarly, another traditional initiatingevent "Loss of Instrument Air"was not quantified and analyzed
as a separate initiator. Instead, the DCPRA assumed that the instrument air system simply fails after
each type of initiatingevent. By this assumption, the DCPRA introduced an unnecessary "conservatism"
which ultimately led to a modelling artifact: instrument air appears to be the most impoitant plant
safety system. In addition, this assumption prevented the realistic assessment of the instrument air
system's importance for safety. Thus, the only useful information about the effect of failures of the
instrument air system at Diablo Canyon plant comes from the original initiatorFMEA. (Results of the
FMEA indicated that at Diablo Canyon the effect of loss of instrument air is somewhat similar to the
effect of loss of main feedwater, TLMFW). BNLbelieves a realistic analysis of the loss of instrument
air initiatorwould be beneficial for any safety insights for the DCPP.

c. BNLsimply notes for completeness that itappears that none of the DCPRA initiatorcategories includes
events classified in category [37] of EPRI-NP-2230:s "Loss of Power to Necessary Plant Systems." The
median frequency of these events was estimated by BNL using the data of NUREG/CR-3862~ to be
2.87E-02 year i. BNL identiTied several events of this'ind during its search for events representing
"Total Loss of Service Water Systems" (see Appendix A3) but did not take them into account in the
calculation of that initiator.

3.4.4D Initiating Event ~nencles

BNL's review of the initiating event frequencies did not include a recalculation of each initiator frequency.
However, to determine potential outliers, all initiatingevent frequencies listed in Tables 3 4 2a and 3 4 2b were
compared with those of other recent PRAs or other data sources. From those initiating frequencies which
were determined in the DCPRA by system analysis (fault trees), two specific initiators were chosen for detailed
audit/requantification. The two initiators were "Loss of Auxiliary Saltwater (LOSW)" and "Loss of
Component Cooling Water (LPCC)."

The objective of this section is to provide the observations gained from this portion of the review. The
observations are made roughly ih the order of the initiator's importance, i.e., the initiator's contribution to the
core damage frequency (for ranking of initiator importance see Table 3.9.1a).
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1. Loss of Offsite Power, LOOP 0
Generic and site-specific information was used in the DCPRA to evaluate the frequency of the loss of offsite
power, LOOP, initiating event. This detailed information was not available for BNL. Neither was the
information about the subdivision of this frequency according to its main sources. That is: 1) frequency of
LOOP events affecting only Unit 1 or Unit 2, 2) frequency ofLOOP events affectingboth units simultaneously
(the DCPRA emphasized that DCPP never experienced a grid-related LOOP during the 4.7 years of
operation included in the study), 3) LOOP events induced by non LOOP transients at Unit 1 and affecting
that unit only (see, e.g., BNL's question on load rejection contribution to the LOOP frequency in the review
of non-vital electric power system, Appendix B2), and 4) LOOP events at Unit 1 induced by non-LOOP
transients at Unit 2 under any operational condition. (As this report was in its final editing stages, DCPP did
experience a LOOP event, however, no attempt at that late stage was made to factor this event into the review
analysis.)

A recent article from the EPRI Journal calls attention to the fact that solar magnetic storms represent a real
threat to power grid integrity during the next 11 year cycle of increased sunspot-activity. The article goes on
to discuss specific examples. This subject would not normally be a concern in a PRA, however, the article
includes a map which shows most all of Californiawithin a "high potential" zone for grid failure and this could
affect the LOOP component 2) mentioned above.

Based upon 1) the electrical system model of Unit 1, which considers the advantages due to the
interconnections between the two units, but is tacit about any disadvantages arising from component 4) above
of the LOOP initiators and 2) the recent EPRI report, BNLsuggested that it would be very useful for PG&E
to reevaluate the derivation of their LOOP initiator frequency and document their findings accordingly.
PG&E did reevaluate the original derivation and concluded no changes were required. As a sensitivity
calculation, BNLapplied the assumption that one such solar event would happen on the PG&E grid over the
next 30 years with a 0.5 probability of causing a loss of offsite power at Diablo Canyon. When this
contribution was added to the PG&E LOOP value and substituted in the dominant sequence model, the non-
seismic CDF increased by just over 4 percent. Subsequent to BNL's surfacing this issue within the DCPPRA
review, the U.S. NRC issued Information Notice No. 9042 (June 19, 1990) advising all licensees of this
potential circumstance.

2. Reactor Trip, RT

The mean generic prior frequency for this initiator, 1.53 yr seems to be small compared with other generic
RT data. This initiator is cross-referenced (see Table Cl-6 and Cl-5 of the DCPRA) with the following
initiatorcategories of the EPRI-NP-2230 report: [38], [39], [40]. The review of the Millstone 3 PRA lists for
these EPRI categories a combined median and a mean value of 2.32 yr'nd 3.03 yr ', respectively (see Table
3.1-3 in NUREG/CR4142). Based on the data in NUREG/CR-3682 and the classification of EPRI-NP-801,
(equivalent with the classiTication of EPRI-NP-2230) BNL obtained a median value of 2.18 yr', near to the
Millstone median. A subset of the data, the "spurious frequency of reactor trips" (due to testing of analog
channels in the Reactor Protection System) alone provides a value of 0.5 yr . This is the value used by the
Westinghouse Owner's Group to request Technical Specification Relaxation for the Reactor Protection
Instrumentation Systems from the NRC (see the Westinghouse reports WCAP-10271 and WCAP-10272-A .

The latter report also contains the NRC's approval of the request).
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In the Seabrook PRA; the mean frequency of the reactor trip initiator is: 3.13 yr'. The Midland PRA'sed
for the same initiator: 6.11 yr'. Both values are "prior dominated" plant-specific values with zero plant
evidence (since the plants had no operating experience).

The analysts preparing the DCPRA used special selection and screening criteria to arrive at their results on
the prior frequency, RT. These are described in Section 3.4.5. The DCPRA mean value for RT was 1.14
events/year. It appears that the screening criteria employed and the blanket fashion in which it was applied
in order to obtain the DCPRA value represents a lower bound mean value. BNLdid not perform a Bayesian

~ updating of the other data sources to obtain an alternative plant-speciTiic mean frequency. However, the
Millstone and BNLmedian values were close and therefore, one can take the Millstone mean value (3.03/yr)
as indicative of long term previous industry experience and then take the specific industry performance for
the years 1988 and 1989 (from the April23, 1990 issue of "Inside NRC" - Volume 12, No. 9, as 2.26/yr and
1.85/yr, respectively) as indicative of the trend to fewer trips per year as the industry matures. The following
sensitivity study (based upon thb dominant sequence model) using these values gives an indication of the effect
of the reactor trip initiator on the non-seismic CDF.

Case

DCPRA

Industry - 1989

Industry - 1988

Long Term Industry Experience

RT
Events/Year

1.14

1.85

2.26

3.03

Unnormallzed
Fussel-Vesely
Importance

1.615-5

2.621-5

3.202-5

4.293-5

Resulting
Non-Seismic

CDF „

1.7728-4

1.87334

1.93144

2.0405-4

la 6 CDF

5.7

15

3. Turbine Trip, TT
I

The mean generic prior frequency of the Tl'initiator, 1.08 yr's also smaller compared with other data. The
DCPRA cross references this initiator with categories [33] and [34] of EPRI-NP-2230. The review of the
Millstone 3 PRA provides for the sum of the EPRI categories a median value of 1.76 yr'see Table 3.1-2a
of Reference 8). Based on the data in NUREG-3682, BNLobtained a median value of: 1.66 yr'. The "prior
dominated" plant-specific mean TT initiator frequencies in the Seabrook and Midland PRAs are the same for
both plants: 1.95 yr'. The Diablo Canyon plant-specific mean TT initiatorvalue was 1.05 yr'. The following
chart demonstrates the sensitivity of the non-seismic CDF to the Tl initiator frequency using the dominant
sequence model.

Case

DCPRA

Alternative

RT
Events/Year

1.05

1.95

Unnormaiized
Fussel-Vesely
Importance

1.477-5

2.743-5

Resulting
Non-Seismic

CDF

1.7728-4

1.8994-4

% dL CDF

7.1
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4. All~nsient Categories

A similar trend that the prior and consequently the posterior mean frequencies used for a given transient are
'maller than those of other PRAs can be observed for practically each of the categories in the transient group
of Table 3.4.1. The trend can be demonstrated by comparing the sums of the mean prior and posterior
frequencies of the initiators of that initiatorgroup with similar values of other PRAs. The sum of the mean
prior frequencies of the group "Transient" in Table 3.4.1 (i.e., RT+TI'+LCV+„.+LOPF)is: 4.53 yr . The
sum of the mean posteriors (Diablo Canyon specific values) is: 3.79 yr (3.71 yr in the dominant sequence
model). Seabrook's sum of posterior means is: 10.80 yr t (the categories are the same as those of the
DCPRA). Midland's sum of posterior means is: 8.98 yr t (Midland categories are: RT, TI', EF, FW). The
Millstone Unit 3 sum of the medians is: 7.71 yr and the sum of the means is: 10.57 yr (the Millstone
values correspond to the categories ofEPRI-NP-2230, cross referenced by using Tables C.1-6 of the DCPRA).
Additionalcomparison with other sums of transient values obtained from PRAs on Westinghouse plants, show
the same discrepancy. The Westinghouse plants analyzed in NUREG-1150's have the following(plant-speciTic)
values:

1. Surry Unit 1 transient categories: T2+ T> = 8.16yr .

2. Zion, as reviewed in Reference 17 see p. 2-8 of that reference) transient categories:
5+6+7+8+9+10+11a+12+13a = 13.97 yr'.

3. Sequoyah transient categories: T2 + T> = 7.80 yr .

BNLoffers the following sensitivity study to place the entire class of transient initiators into perspective for
the Diablo Canyon plant. The previous two subsections addressed RT and Tl individuallyand therefore they
have been removed from the list for this sensitivity study. With the removal of RT and TI':

the DCPRA value becomes (3.79 - 1.14 - 1.05 =) 1.60
yr'he

DSM| value becomes (3.71 - 1.14 - 1.05 =) 1.52
yr'he

Seabrook value becomes (10.8 - 3.13 - 1.95 =) 5.72

yr'aking

the ratio of Seabrook to Diablo Canyon (5.72/1.60 = 3.575) and applying it to the dominant sequence
model yields the following:

Case

DCPRA

'DCPRA) (3.575)

Transient
Events/Year

1.52

5.43

Unnormalized
Fussel-Vesely
Importance

2.348-5

8.395-5

Resulting
Non-Seismic

CDF

1.77284

2.3774-4

'%%uo d CDF

34

5. Total Loss of AuxiliarySaltwater, LOSW

The mean frequency of the LOSW initiatorwas derived in the DCPRA by an unavailabilityanalysis (fault tree
evaluation) of the AS system and not by reflecting appropriately screened industry experience. The analysis
took into consideration the intertie to the parallel AS system of Unit 2. BNL performed a detailed review
of the system analysis (see Appendix B3) and in addition conducted a data search and analysis to check
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whether the failure rates used in the quantification reflect the harsher environmental conditions that might
be expectedwith a saltwater working fluid. The data search was directed also to obtain an industry-experience
based frequency for this initiator. The review showed that the assumptions and failure values-used in the
DCPRA unavailability model to determine the frequency of LOSW were somewhat optimistic.

A sensitivity calculation performed by BNL (see Appendix B3) based on modiTied modelling assumptions but
with the original failure rates resulted in a new point estimate mean initiator frequency BNL2: LOSWo,i, ~
4.56E44 yr'. „

A rough experience-basedBayesian estimate (San Onofre 2 and 3 event) provides the followingvalue for the
mean frequency of this initiator: LOSWz = 2.23E-03 yr'. From the above two estimates, one may
anticipate that the real value of the LOSW initiator frequency lies in the interval: 4.56E-04 yr i S LOSW (
2.23E43

yr'ased

upon BNL's initialfindings, PG&E reevaluated their initiator frequency and offered an updated value
44 percent higher than the original. This represented a less than one percent increase in overall non-seismic
CDF. In turn, in order to factor in an element of expert opinion and to provide an additional data point, BNL
took the geometric mean of the above interval related to LOSW initiator frequency and this provided a 7.64
percent increase in total non-seismic CDF. This is the value used by BNL in section 3.10 (cases 5 and 6)
concerning alternative quantification.

6. Total Loss of Component Cooling Water System, LPCC

~

~

~

~

~

~

~ ~ ~

~

~

~BNL did not requantify the unavailability model of the CCWS which serves the basis for the determination
of this initiator in the DCPRA. Instead a data search and,analysis effort was carried out to provide an
industry-experience-based frequency value (see Appendix B4). BNL's calculation resulted in a mean value
of LPCCnNt = 3.14E-3 yr . BNL considered that a fraction of the initiating events represented "linked"
initiators; e.g., when one of the CCW heat exchangers was in outage and the other heat exchanger was lost
because of a failure of its associated saltwater system train. Depending on the perception of which LER
events should be considered as conceivable priors, and as a result of the BNL review, PG&E estimated a new
mean initiating frequency to be: LPC~>H = 2.88E-04 yr . This was 47 percent higher than. the original
DCPRA value listed in Table 3.4.2a.

Ifone takes the updated PG&E value as a lower bound and the BNLvalue as an upper bound, the geometric
mean derived therefrom would yield a 6.9 percent increase in non-seismic,CDF when substituted into the
dominant sequence model. This is the value used by BNL in Section 3.10 (cases 5 and 6) concerning
alternative quantification.

7. Other Common Cause Initiating Event Frequencies

BNL did not perform a rigorous, detailed review of the remaining initiators belonging to the common cause
group. These are: L1DC, LOSWV and LOCV. The frequencies of these initiators were obtained via plant-
specific systems analysis which seemed to be reasonable.
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8. LOCA Initiators

-The categorization of LOCA events in the DCPRA is based on the analyses of generic Westinghouse plants.
The LOCAs are:

~ Excessive LOCA, ELOCA: AnyLOCAmore severe than the design basis LOCA(beyond the capability
of the ECCS).

~ Large LOCA, LLOCA: Dia > 6 inches (within the capability of the ECCS).
~ Medium LOCA, MLOCA: 2 < Dia s 6 inches.
~ Small LOCA; Isolable, SLOCI: Dia 6 2 inches; results from leaking PORV, Nonisolable, SLOCN: Dia

S 2 inches; break or leak other than from PORV.
~ Steam Generator Tube Rupture, SGTR.
~ Interfacing Systems LOCA; VSI, VDI: LOCAs originating at an interface between RCS and low

pressure systems with a release path bypassing containment; VDI is located on the discharge side of
the RHR pump, and VST is located on the suction side.

BNLconsiders this selection ofLOCAinitiators to be consistent with those of other PRAs. The review found
that the mean frequencies of the majority of the LOCAcategories were comparable with those used in PRAs
for other Westinghouse reactors.

Due to current regulatory interest and insights obtained from ongoing studies, BNL has the following
comments on the frequencies of the "Interfacing LOCA" and "Nonisolable, Small LOCA" initiators:

a. The main frequencies of the interfacing LOCA initiators in the DCPRA were derived along the
approach developed for the Seabrook Emergency Planning Study. The approach involved the
application of: i) "gross reverse leakage" and "failure to reseat on demand" failure modes for the series
of check valves in the RHR injection lines. The frequency of the gross reverse leakage failure mode
was considered to be leak-rate dependent; ii) "Gross reverse leakage," "MOV fails to operate on
demand", and "MOVdisk failing open when indicating closed" failure modes for the series of MOVs
in the RHR suction line. The frequencies of MOVleakage and failure to operate upon demand failure
modes were assumed to be identical with those of the check valves; iii)Averaging of time-dependent
failure rates over the time period between leak testing of the valves. Valve leak tests are performed
at each refueling (T = 1.5 year).

b. The check valve leak failure frequencies play a crucial role in the initiatorfrequency calculation. These
were determined by the authors of the Seabrook study by selecting LER events essentially at the RCS-
ECCS interface (the majority of the events were leakage into the accumulators). To estimate the total
number of checkvalve hours, the analysts considered the total population of check valves in the ECCS
instead of the particular subset of check valves at the interfaces. This resulted in a substantial
overestimate of check valve hours, i,e„underestimation of check valve leak failure rates and thus
underestimation of the frequencies of the interfacing LOCA initiators.

c. The initiator frequency calculation apparently did not consider the number of cold shutdowns between
refuelingperiods, and thus neglected the contribution of"disk fails to reseat after demand" failure mode
to the initiator frequency. Similarly, the human factor contribution through testing and maintenance
was completely neglected.
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d. The check valve failure analysis did not recognize that the frequent occurrence of leakage events into
the accumulator was due to the unusual corrosive environment of boric acid affecting the outlet check
valves of the accumulators. Consequently, itwas not recognized that leakage events to the accumulators
represent "small LOCA precursors" in that preferred direction,

e. The "Nonisolable, Small LOCA"initiatingfrequency seems to be underestimated from the point ofview
that industry-experiencedRCP seal LOCAeventscausedby mechanicalor maintenance-inducedfailures
were neglected from the prior event sample. NUREG/CR~ identified 71 seal leakage events at
Westinghouse RCP pumps up to 1985, with four events in the 25 gpm - 500 gpm leak rate range. Based
on this information, an annual exceedance frequency vs. leak rate curve was constructed for

. Westinghouse plants with four RCPs (see Figure 3.4.1). From this curve the initiator frequency of seal
LOCAs exceeding the makeup capability of a plant can be estimated. Taking the "best estimate" curve,
the RCP seal LOCA initiating frequency, i.e., the frequency of seal leakage events 'exceeding 150 gpm
can be determined. The value is about 8.0E-03 yr . This value, which relates essentially to a subset
of unisolable small LOCA initiating events is still higher than the "updated" DCPRA value, which is
5.83E-03 yr'.

Upon the request of BNL,PG&E provided information about the fractional contribution of RCP seal LOCA
events to the unisolable small LOCA frequency. PG&E considered it to be zero based on a cursory review
of the data in the period 1980-1985. BNL indicated that PG&E may relatively easily correct the above
problematic issues b) through e) by using Reference 18 and a recent BNLstudy on Interfacing Systems LOCA
at PWRs.~ In terms of the overall impact on plant CDF, these issues would not be expected to have a

~

~

~

significant influence. They may, however, be important for the level 2 and 3 portions of the DCPRA when
that effort is undertaken.

3.4$ Selection of Generic Initiating Event Frequencies for the DCPRA

In order to understand the difference in initiatingevent frequency with respect to other PRAs, upon BNL's
request, PG&E submitted the followingclarification of their approach in selecting generic initiatingevents for
the DCPRA. This is reiterated here verbatim.

"The two main sources for the genericplant data used in the development of transient initiatingevent
frequencies were:

an Idaho National Engineering Laboratory (INEL) study of transients at U.S. nuclear power
plants (Reference 9). Events selected from this study were those causing forced shutdowns at
PWR units from 1980 to 1983.
a compilation ofLicensee Event Reports (LERs) by Tennessee ValleyAuthority. PWR transients
from 1984 through July 1987 were considered from this source.

The transient events collected from the above sources covering a period of 7.6 years (from 1980 through
July 1987) were further screened to include only those events that are appropriate for use in a PRA of
a nuclear plant in power operation. The criteria used in the screening process were:

1) Those trip events occurring at or below 25% power were excluded ifthey occurred during power
ascent or during shutdown. Trip events at or below 25% power were included ifthey occurred
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during power descent or during prolonged operatioa at a low power'level. It was assumed that

the decay heat at low power levels during power asceat would not be significant,

2) Trip events occumng between 25% power and 50% power were excluded ifthey occurred during

ascent and were also due to feedwater instability. Feedwater problems are extremely common

duriag power asceat, and itwas judged that these events would not be applicable to normal plant

operating conditions.

Many trip events not appropriate for a PRA of a nuclear plant in power operation were excluded from

the database when the above screeaing criteria were applied. Moreover, by considering PWR transients

from the period 1980 through July 1987 only, trip events occurring during the firstyear of operation for

many PWR units were also excluded from the database. These are PWR units whose first year of
commercial operation is prior to 1980. It is evident from Reference 1 that, in general, nuclear reactors

experienced many more trip events in their first year of operation than in subsequent years.

It is expected that the transient initiatingevent frequencies computed from the above sources would be

less than those values calculated from a PWR transient events database which includes events from all

years of operation for all the PWR units (i.e., iacludes first year of operation). Furthermore, the

screening criteria described above willalso tend to yield lower values for initiatingevent frequencies."

BNL considers the above generic initiating event selection aad screening procedures to be somewhat biased

in an optimistic fashion as noted throughout Section 3.4.
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Figure 3.4.1 Annual Exceedance Frequency vs. Leak Rate for Westinghouse Plants with Four RCPs
gower bound, best estimate, upper bound)

(Figure Taken from Reference 20).
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TaMe 3A.1 Initiating Event Ca+prMa Selected for Quaati6catioa of the Diablo Station Risk Model
(Table 6-26 of DCPRA)

Group
Initiating Event Categor'ies Selected

, for Separate Quantification
Code

De8fgrtator

Loss of Coolant
Inventory

1.
2.
30
4,
5.
6.
6a.
6b.
70

Excessive LOCA
Large LOCA
Medium LOCA
Small LOCA, nonisolable
Small LOCA. isolable
Interfacing systems LOCA
At RHR pump suction
At RHR pump discharge
Steam generator tube rupture

ELOCA
LLOCA
MLOCA
SLOCN
SLOCI

VS
VD
SGTR ..

Transients 8.
9.
10.
11.
12.
13.
14.
15.
16.

17.
18.
19.

20.
21.

Reactor trip
Turbine trip
Loss of condenser vacuum
Closure of all MSIVs
Steam line break inside containment
Steam line break outside containment
Inadvertent safety injection
Main steam relief valve opening
Total main feedwater loss
(includes feedwater line break)
Parual main feedwater loss
Excessive feedwater
Closure of one main steam
isolation valve (MSIV)
Core power excursion
Loss of primary flow

RT
TT
LCV
AMSIV
SLBI
SLBO
ISI
MSRV
TLMFW

PLMFW
EXFW
IMSIV

CPEXC
LOPF

Common Cause
Initiating Events

Support System
Faults

22.
23.
24.
'25.
26.
27.

Loss of offsite power
Loss of one DC bus
Total loss of auxiliary saltwater
Total loss of component cooling water
Loss of 480-V switchgear ventilation
Loss of control room ventilation

LOOP

L1DC
LOSW

'PCC
LOSWV
LOCV

Seismic Events 28.
29.
30.
31.
32.
33.

0.2 g to 1.25 g
1.25 g to 1.75 g
1.75 g to 2.0 g
2.0 g to 2.5 g
2.5 g to 3.0 g
3.0 g to 4.0 g

SEIS1
SEIS2
SEIS3
SEIS4
SEISS
SEIS6
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Table 34.1 (continuad)

Group
Initiating Event Categories Selected

for Separate Quantification
Code

Designator

Fire and Smoke 34,
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
46.
47.

Loss of both motor-driven AFW pumps
Loss of all charging pumps and MSIV closure
Loss of component cooling
Loss of control ventilation
Loss of auxiliary saltwater
Loss of 4-kV buses HF and HG
Loss of 4-kV buses HG and HH
Loss of 4-kV buses HF, HG. and HH
Control room fire at vertical board VB-1
Control room fire at verucal board VB-2
Control room fire at the interface of
vertical boards VB-2 and VB-3
Controi room fire at vertical board VB-4
Cable spreading room fire one
Cable spreading room fire two

Fsi
FS2
FS3
PS4
PS5
PS6
FS7
PS8
CRi
CR2
CR3

CR4
: Csi

CS2

Flood, Jets, and
Sprays (pipe
breaks)

48. Loss of.all auxiliary feedwater
49. Loss of both motor-driven AFW pumps
50. Loss of auxiliary saltwater

FS9
FS10
FS11
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Table 3.42a Initiating Events and Their Mean Fseqnencics/Year in the Reduced Model

Initiating Event
Designator

LOSWV

LIDC
LOOP

SLOCN

FS1

SLBO

RT

FS8

PLMFW

FS11
'PCC

MLOCA

FS9

LOSW

LLOCA

SGTR

LOPF

SLBI

IMSIV

TLMFW

VSI

SLOCI

LCV

LOCV

ISI

FS6

ELOCA

FSS

FS10

HAZCHM

CRFIRE

Mean Frequency

6.29E-OS

2.56E-02

9.10E-02

5.26E-03

2.94E-04

5.53E-03

1.14E+00

1.05E+00

6.18E-06

7.49E-01

3.81E-04

1.96E-04

4.63E-04

1.35E-OS

2.79E-01

9.74E-OS

2.02E-04

1.71E-02

1.21E-01

4.63E-04

1.07E-01

9.98E-02

1.01E-06

1.61E-02

8.73E-02

7.99E-02

7.39E-02

2.41E-OS

2.66E-07

5.26E-OS

1AOE-05

4.39E-04

3.17E-OS

Generic Mean
Frequency

3.35-02

1.40-01

5.83-03

6.04-03

1.53+00

1.08+00

1.13+00

4.65-04

1.71-01

2.03-04

2.88-02

1.66-01

4.65-04

8.43-02

1.'64-01

2.30-02

1.16-01

3.03- JZ

2.66-07
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TaMc 3~ Initiating Events and 'Iheir Mean Ereqnencies/Year Not Included in the Reduced Model

Initiating Event
Designator

VDI

AMSIV

MSRV

CPEXC

FS2

FS3

FS7

Mean Frequency

3.86-06

1.74-02

3.59-03

2.19-02

2.89-03

3.05-06

2.00-03

1.43-05

Generic Mean
Frequency

1.95-02

4.23-03

2.72-02
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3$ Event Trees

The DCPRA event trees were not given a rigorously detailed review by BNL as part of the overall DCPRA
review process. The basis for this was that there was an extremely detailed and comprehensive methodology
applied to the event tree development and, therefore, BNL tried to concentrate resources on other areas of
the PRA.

The applied methodology utilized event sequence diagrams (ESDs) and stressed the involvement of both PRA
analysts and plant operations personnel. BNL did check for any obvious errors in the event tree logic
structure but none were apparent. The following is one of the latest'papers presented on this subject: F.R.
Hubbard III, M.A. Wailer, D.J. Wakefield, "The Use of Event-Sequence Diagrams in Probabilistic Risk
Assessment," Vol. 60, p. 407-408 in Transactions ofthe American Nuclear Society, 1989 Winter Meeting, San
Francisco, California, TANSAO 60 1-792, 1989.

3.6 Fault Trees

The fault tree review was conducted as part of the systems analyses documented in Appendices A and B. The
system documentation associated with the DCPRA provided reliabilityblock diagrams (as opposed to actual
fault trees) containing supercomponents covering large portions of the system. BNLconverted these diagrams
into fault trees and used the SETS computer code to solve them. This allowed BNL to display the leading
cut sets for those top events so modelled. Such cut sets are not provided within the DCPRA.

The quantification of the supercomponcnts was supplied in equation form by PG&E. That is, in order for
BNLto supply the value block for input to the SETS code, the equation for each of the supercomponents had

~

~ ~

~

~

~

to be solved as well as broken down to identify/verify its constituent parts. Each equation represented an
expression that combined all the failure modes of each of the elements of the supercomponents. BNL also
checked the equation agains't the plant drawings to verify that all major components/failure modes were
included.

In order to then verify the various split fractions associated with each fault tree, BNLhad to set various items
to one or zero to define each boundary condition and then solve that version of the fault tree four times to
account for the different postulated sets of system alignment as discussed in Section 3.2.

The BNLquantiTication/verificationof the conditional split fractions in most cases provided good agreement
with the PG&E results. The difference in the majority of the cases coming from the use of Monte Carlo
techniques by PG&E and point estimates by BNL, There were a few notable exceptions as discussed in
Appendices A and B, however,.these were not due to the fault tree/reliabilityblock diagram structure or level
of detail. BNLconcluded that for the fault trees/reliabilityblock diagrams that received detailed review, they
adequately represented the Diablo Canyon Plant.

3.7 Failure Data

The DCPRA data base was devclopcd by updating the proprietary PL&G data base. The PL&G data base
was first screened to exclude failure events that were believed clearly not applicable to the Diablo Canyon
plant. This screened data base then became the source of the "priors" for a Bayesian updating process.
Diablo Canyon-specific data was used where available as the "experience" for updating and the resulting
posterior distributions became the Diablo Canyon data base used in the DCPRA. Appendix H (specifically
Section H.2) of the DCPRA provides a comprehensive treatise on the complete data analysis approach that
was used and is therefore not repeated here.
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Appendix C of this report presents the complete data base as provided to BNLby PG&E and reflects its status
as of July 8, 1988. QuantiTication of the conditional split fractions discussed in Section 3.9 and Appendix D
was based upon this data base.

The BNL review scope in this area was limited to a review of the overall methodology and then was
specifically guided by the results of the systems analysis reviews documented in Appendices A and B. BNL
fullyendorses the Bayesian updating approach used for the DCPRA. Specific comments on individual failure
probabilities are addressed as part of the systems'analysis reviews within Appendices A and B. Specific
comments on initiator quantification are found in Section 3.4.

As part of the systems analysis review of the AuxiliaryFeedwater (AFW) system, BNL substituted generic
failure probabilities into the AFW model to get an idea of how sensitive the results were to the Diablo
Canyon-speciTicdata used in the DCPRA. This analysis is documented in Appendix A3 and showed that the
results were not that sensitive to an alternate data base.

3.8 Human ReliabHity Analysis (HIM) Methodology

3.8.1 Scope of the HRA Methodology Review

The review of the Diablo Canyon Probabilistic Risk Assessment (DCPRA) HRA methodology centered on
Section 3.5 and Appendix G of the main report. Also reviewed werc documents elaborating on the HRA
prepared by PG&E and provided to the NRC in response to questions and solicitations arising from this
review. These latter documents were included in correspondence from PG&E to the Nuclear Regulatory
Commission (NRC) dated January 16, 1989, and December 8, 1989, respectively. The following paragraphs
present questions which guided the HRA review (part of 3.8.1), an overview of the HRA performed as part
of the DCPRA (3.8.2), an overview of the HRA review findings (3.8.3), a detailed discussion of each finding
vis-a-vis questions guiding tho review (3.8.4), and a summary of the HRA review (3.8.5). In addition,
suggested revisions/improvements for Section 3.5 and Appendix G to the DCPRA, mainly for the benefit of
future users, are discussed in Section 6 of this rcport.

No attempt was made to replicate any of the analyses performed by the HRA team. Rather, reasonableness
of results was judged based on the credibility of modeling source data, and human factors assessment
instruments employed. Therein, the review focused on data, methods, and comprehensiveness of analyses
performed to assess involvement of humans as precursors, initiator, and mediators, including recovery, in each
DCPRA accident sequence. More specifically, the following nine questions guided this review.

1. To what degree were human factors profe; sionals used in the DCPRA HRA?
2. What type of human systems analysis was perform~'o support plant model development, and to

identify pertinent human task actions fc r inclusion i;~ the event and fault trees?
3. What types of task actions (both cogniiive and cxe.cution) were analyzed as part of each accident

sequence? And, how were they chosen?
4. What person~ntered (e.g., experience, fatigue, stress), task-centered (e.g., training, procedures), and

environment~ntered (e.g., supervision, team support, organizational support) performance shaping
factors (PSFs) were scaled for human task actions included as precursors, initiators, or mediators in the
event and fault trees? How were they chosen? And, what methods (including rationale for their choice)
were used to scale each PSF?

5. What quantificationmethods (e.g., THERP, HCR, SLIM-MAUD)were used to estimates human errors
on task actions selected for analysis? Why were these quantiTication methods chosen?

6. What were the sources of generic error data from which bounding values were derived for estimating
human errors? Why were these sources selected?

7. What characterization or behavioral model of plant personnel was used to identify multiples and tdividends of the base or point estimates of human error for the sensitivity analysis?
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8. What inferences (insights) are drawn (in line with information developed as part of 2 through 7 above)
regarding the contribution of humaa error on overall plant risk'

9. To what extent were results documented to allow for auditing and/or replicating, or to allow for
combiniag with data'rom other PRAs?

BNLconducted a full set 'of importance analyses for the various human actions/errors that are included ia the
DSM. These can be found in'Section 3.9 and Appendix D. In addition, the quantification of selected actions
was reviewed as part of the system analyses documented ia Appeadices A and B.

3.8.2 Overview of the HRA

The DCPRA HRA was performed by staff of PG&E and PLG, closely supported by Diablo Canyon (DC)
plant personnel. Based on discussions with PG&E representatives, it was concluded that no human factors
specialists were included on the PG&E/PLG HRA team. The HRA segment of the DCPRA followed a

sometimes iterative six step process:

i

~ First, event sequeace diagrams (ESDs) were used as task analysis tools to identify pertinent human
actions that would be analyzed as part of the event and fault trees.

~, Second, humaa task actions identified as pertinent were categorized as skill, rule, or knowledge based
(Rasmusson's topology) using the Electric Power Research Institute's Human Cognitive Reliability
(HCR) criteria.

~ Third, performance shapiag factors (PSFs) were identified by PG&E and PLG HRA team members by
meaas of a nomiaal group technique, for each human task action selected for analysis.,

~ Fourth, some 21 equipment and person centered PSFs, identiTied as part of the previous step, were
evaluated by DC operators using a survey instrument developed and pre-tested by the HRA team.

~ Fifth, error probability, recovery, and uncertainty estimates were calculated employing the Nuclear
Regulatory Commission's Success Likelihood Index Method (SLIM)as the quantification tool, and using
Three Mile Island PEA human error data as bounding values.

~ Sixth, HRA results documentation was guided by precedents established in earlier PRAs especially
Thret Mile ."sland.

3.88 Summary of Findings

389.1 Positive Hadings

The HRAperformed by PG&E/PLG is innovative in form ifnot completely in substance. Efforts were made
to systematically select, analyze and document the effects of 75 different human task action types, primarily
involving potential for errors of omission, as part of some 400 sequence analyses encompassing 12 frontline
and i~ support systems. Calculated human error point estimates ranging from close to 1.0 to 1.6E-3 appear
reasonable based on the scaled PSF values, bounding values, and quantification methods employed.
Uncertainty estimates generally falling between 1-2 magnitudes above and below the point estimates also
appear reasonable. In summary, while the human factors qualificationsof the PG&E/PLG personnel involved
in thc HRA may be at issue, it appears that personnel involved made appropriate use of source data and
quantification methods cited in the DCPRA main report (Section 3.5, Appendix G). Two other innovative
features of the HRA should be noted. First, task analyses were constructed as ESDs relying on interviews,
documentation reviews, and walk-throughs/talk-throughs, rather than relying primarily on normal operating
and emergency operating procedures. This had the effect of producing more accurate and complete
descriptions of what plant personnel actually do during off-normal conditions than can be achieved relying
solely on written procedures. Second, human factors rating scales and plant personnel were used in
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evaluating the 21 PSFs considered in the HRA. This is a significant departure from more commonly used
engineering judgement approaches to PSF scaling. This approach also allowed for better auditing of the
quantitativeanalyses ofhuman error and for gaininginsights into strengths and weaknesses ofperson~ntered,
equipment~ntered, and environment~ntered factors which tend to enhance or exacerbate human
performance.

3JL32 Negative Findings

The followingfindings were derived using the nine questions enumerated under 3.8.1. They should be viewed
as distractions rather than as refutations from the findings summarized under 3.8.3.1.

1. No certified human factors specialists participated as members of the HRA team.
2. The HRA focused primarilyon potential errors of omission rather than commission; likewise it focused

primarily on execution errors rather than on cognitive errors.

3. PSF evaluations, based on ratings by plant personnel, were often done based on single item rating scales.
4. It is not always clear which of the 21 PSFs scaled for the HRAwere associated with each task action,

by type and by analysis.
5. Generic data used for bounding point estimates and uncertainties were derived from the Three Mile

Island PRA rather than from training simulator data collected by the HRA team at Diablo Canyon, or
from an amalgamation of data from the two dozen PRAs that were available at the time.

6. The main report, Section 3.5 and Appendix G, leave the impression that the HCR method was used to
analyze cognitive errors. Later correspondence from PG&E to the NRC indicate that HCR was used
only to categorize task actions (i.e., skill, rule, knowledge).

7. EnvironmentalPSFs (e.g.,habitability, supervision,workingor organizationalclimate) werenot included
in the analysis.

8. The main report (Section 3.5 and Appendix G) leave the impression that a SLIM-MAUD"type"
quantiTication method was used to analyze human error. Later correspondence indicates that the SLIM
methodology, a limited version of SLIM-MAUD,was actually used.

3.8.4 Dismysion of each Hnding Vis-A-Vis Review Guidelines

3'.1 HRl Team Members

The HRA team was comprised of PG8cE and PLG scientists none of which were certified human factors
specialists. While this omission has been the rule in past PRAs, the credibilityof the DCPRA could have been
further enhanced if this type of expertise had been available, especially since a number of innovations were
introduced into the analysis. In this regard, free standing task analyses were done to identify pertinent task
actions and associated PSFs (the latter heavily reliant on behavioral and social science considerations).
Second, rating scales were developed and implemented with plant personnel to evaluate PSFs (a process
heavily reliant on psychometric scaling expertise). Third, the SLIM method, employing a nominal group
approach, was used to derive human error point estimates and to do sensitivity analyses (the latter assuming
a conceptual model of human performance under a wide range of task conditions mediated by the effects of
person, equipment and environmental PSFs). In each of these instances, inclusion of one or more human
factors specialists, bringing behavioral and social science, and psychometric perspectives to the team, would
have contributed to a more complete analysis, would have enhanced the team's ability to gain insights from
the analytic experience, and would have enhanced the team's ability to derived lessons learned for future
analyses such as those to be performed for the Individual Plant Examination (IPE) Program. Greater
involvement of certified human factors specialists would have more fully responded to Negative Finding 1
(3.8.3.2).
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324'uman Systems Analysis Performed

The HRA team did stand-alone task analyses of anticipated accident sequences, employing event sequence
diagrams (ESDs), to identify pertinent task actions and associated PSFs. This innovation (not relying solely
on normal and emergency operating procedures) reflects a conscious attempt by the team to elevate HRA
beyond a peripheral consideration in the DCPRA main report. The ESDs emerging from this process along
with narrative information necessary for the human actions review were not fully documented in the main
PRA report or Appendix G. This omission somewhat limited the reviewers'bility to assess the degree to
which inclusion of certified human factors practitioners on the team could have further exploited the
procedure. As a minimum, such involvement would have sensitized the whole team to a broader mix of
omission, commission, execution, and cognitive errors, therein, responding more completely to Negative
Finding 2'3.8.3.2) ~

3$ .43 Types of Human Task Actions Analyzed

A total of 75 human task types, involving approximately 400 analyses, were included in the HRA. The scope
of the analysis, therefore, compares favorably with other precedent setting HRAs such as those performed for
the Oconee IIIand Arkansas Nuclear 1 PRAs. Limited attention of the HRA to errors of commission and
cognition (e,g., decision making) is unfortunate because the HRA team did had available the HCR method
for analyzing errors of commission; likewise it had available the THERP method described in NUREG/CR-
1278 for analyzing cognitive errors. Greater attention to these type errors would have responded more fully
to Negative Finding 2 (3.8.3.2).

3J3AA Performance Shaping Factors EvaIuated

Some 21 person and equipment centered PSFs were selected by the HRA team using the ESDs discussed
above, and were scaled using a rating scheme with plant personneL These human task actions and PSFs were
subsequently used to analyze the likelihood of error for each of the 75 task actions'types under the
approximate 400 analysis conditions. Regarding PSF selection; the absence of environment centered PSFs
from this constellation, and the potential influences that these environmental factors are believed to have on
performance, may have had a deleterious effect on the accuracy of the HRA results. Closer attention to
environment centered PSFs would have more fullyresponded to Negative Finding 2 (3.8.3.2). Regarding PSF
scaling; the reviewers consider this to be an innovative way of developing such data. In some instances,
however, PSFs were scaled using single items, therefore, potentially reducing intra- and inter-judge reliability.
Inclusion of a human factors practitioner experienced in scale development and interpretation would most
likely have precluded this type of problem, and would have responded morc fully to Negative Findings 3, 4,
and 7 (3.8.3.2).

3AAZ Quantiiication Methods Used to Estimate Human Error Rates

Two state of the knowledge quantification methods were used for the analysis (i.e., HCR, SLIM). 'According
to the main report (Section 3.5 and Appendix G) HCR was used to analyze cognitive errors (diagnosis). Later
correspondence to the NRC (January 16, 1989, and December 8, 1989, however, indicate that HCR was only
used to categorize human task actions using the Rasmusson topologies (skill, rule, knowledge). According
to the main report (Section 3.5, Appendix G) a SLIM-MAUDtype method was used to do the main analyses.
It was determined through subsequent interactions between the reviewers and PG&E staff, that SLIM rather
than SLIM-MAUDwas used for quantifyinghuman error likelihoods. This is an important distinction because
SLIM is implemented differently than SLIM-MAUD,and some of its algorithms differ from SLIM-MAUD.
This distinction is even more important for the DCPRA since SLIMwas employed in a unique way. Instead
of using SLIM as a basis for forming consensus judgements among subject matter experts, its rating and
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weighing inputs were based, in part, on actual field data. In summary, SLIMwas used to quantify the effects
of PSFs human error rates using real plant data rather than solely on judgements of subject matter experts.
A more clear description of the method employed in the analyses, and the manner in which it was employed
(real data rather than solely expert opinion), would have more fullyresponded to Negative Findings 4, 6, and
8 (3.8.3.2).

. 3$AAi Generic Human En'ata Sources

Source data used by the HRA team as bounding values for human error rate point estimation and for
sensitivity testing were taken primarily from the Three Mile Island PRA. Relying solely on those data
ostensibly introduced an unnecessary element of conservatism into the analysis. The team had available to
it data from some two dozen other PRAs, as well as data derived from the plant training simulator. More
stable bounding value data could have been derived from combining these data rather than relying solely on
Three Mile Island data. Consideration of other PRA data as well as training simulator data for this purpose
would have more fully responded to Negative Finding 5 (3.8.3.2).

3$A.7 Sensitivity Modeling Approach

Sensitivity analyses performed using HRA data seem reasonable within the context of the findings presented
above, although neither the main report nor the supplements, provided to the NRC in January and December
1989, made clear what kind of behavioral model was used to guide the analyses. Explication of the model
used would have made the review more straightforward and probably more supportive of the reported results.

3AAS Insights Gained trom the Analyses

Insights gained from the HRA were stated in very general terms in Section 3.5 and Appendix G of the main
rcport. Human error was a "significantcontributor" to bottom line risk. However, more specific delineations
of the particular human task actions, associated PSFs, and qualitative information on these PSFs, would have
enhanced the reader's appreciation of work done, and would have provided guidance to future HRA analysts
for gaining insights into causal factors of human error, and potential remedial actions for overcoming these
errors. Information developed in the HRA (stand-alone task analyses, PSFs scaling, innovative uses of HCR
and SLIM) could have supported a much better delineations of insights gained from the HRA.

3$A8 Adequacy of Documentation

Again, this review of the Diablo Canyon Probabilistic Risk Assessment (DCPRA) HRA centered on Section
3.5 and Appendix G of the main report. Also reviewed were documents elaborating on the HRA prepared
by Pacific Gas and Electric (PL&G) in response to questions and solicitations from the reviewers. These were
included in correspondence from PG&E to the Nuclear Regulatory Commission (NRC) dated January 16,
1989, and December 8, 1989, respectively. The latter two documents were necessitated because information
initiallyprovided in the main report was incomplete. It was concluded as part of this review that the main
report is an incomplete, and sometimes inaccurate (e.g„applications of HCR and SLIM) representation of
what was accomplished in the HRA. Just as important, the main report fails to detail the innovations that
were introduced in the HRA, and the effects of these innovations on the overall results. Finally, as suggested
by the discussions under 3.8.3.4.1 through 3.8.3.4.8, incomplete documentation was probably one contributor
to the negative findings. It is suspected that further interactions between the reviewers and the HRA team
would disclose that some of the negative findings discussed above were influenced by incomplete
documentation on the tasks for which these analyses were carried out.
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3.8$ Summtay of the HRA Methodology Review

This review was conducted using the main report and supplements described in 3.8.4.9 above. Based on these
documents it is concluded that the HRA team conducted a state of the knowledge analysis, and introduced
several innovationsostensibly of interest to the larger HRA/PRAcommunity. These included stand-alone task
analyses using ESDs, systematic scaling of PSFs using plant personnel, and applying real PSF data in
quantification of human error using an otherwise expert judgement SLIM approach. The quantitative results
(point estimates and uncertainty bounds) emerging from this were reasonable when compared with data from
other PRAs. In some instances the main report fails to document completely and accurately the analyses
performed, the techniques employed to gather input data, and the manner in which quantification methods
were used. Negative findings described under 3.8.3 and 3.8.4, while detracting from the HRA, do not
compromise its overall acceptability.

3.9 Accident Sequence QuantiTication

3.9.1 The Event Sequence Model of the DCPRA

The event sequence model of the DCPRA consists of four parts:
1. The electrical support system event tree.

2. The actuation and mechanical support system event tree.

3. The early response frontline system event tree.

4. The long-term response frontline system event tree.

Figure 3.9.1 shows the schematic of the event sequence model. This model served as a basis to evaluate the
~

~

~ ~

plant response to each one of the 50 initiating categories. Depending on various combinations of plant
equipment and operator response success or failure states, an event sequence either was terminated with no
core damage (success) or lead to core damage. Since the plant response to many of the initiating event
categories is quite similar, common event tree modules were developed. They were quantified, however, with
different boundary conditions and different system top event values specific to each initiator. Figure 3.9.1
indicates the essential modules of the event sequence model.

The electrical/actuation-mechanical modules are common to all initiating events. These modules represent
different support system states, i.e.,combinations of support system top event successes and failures that affect
the frontline systems in similar ways. The number of different support system states after a
reduction/combination process became 178 distinct states.

Next are the seven early response frontline system event tree modules. These are:

General Transient: For most initiatingevent categories that require active nuclear shutdown, heat removal
or coolant injection.

Large LOCA: For LOCAs having breaks in the RCS boundary with dia. > 6 inches up to p full guillotine
break of the cold leg piping requiring high capacity makeup.

Steam Generator Tube Rupture: Similar to the general transient, with special requirements for operator
actions to eliminate the fiow of reactor coolant though the ruptured steam generator and thus bypassing
containment.

t
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Interfacing Systems LOCA: For high pressure/low pressure boundary failures whea reactor coolant can

bypass containment and equipmeat needed for control of the LOCA can also be damaged.

Seismic Events: Similar to the general transient module; additional details added to account for
earthquake-induced dependent failures and specially required human actions.

Any Transient 8%bout Trip (ATWT): Covers all the iaitiating events that require trip if the trip was

identified as failed ia the support system model; considers poteatial easuing overpressurizations and special

actions to provide long-term shutdown of the nuclear reaction.

Medium LOCA: For LOCAs haviag breaks in the RCS boundary with diametersin the raage from 2 inches

to 6 inches. Similar to the general traasient module with modified top event success criteria to reflect
conditions imposed by the break flow.

If the event sequeace has not reached a successful conclusion, sequences continue to one of the long-term
event tree modules. Sequences requiring long-term cooling continue into LT1. Essentially, the model for
Diablo Canyon ends here, as the DCPRA is a Level 1 PRA. Figure 3.9.1 shows the geaeric model as it relates

to Level 2 of PRA. In that case sequences that have already reached core damage would branch to L'I2, LT3
or LT4 to be classified into plant damage states depending on the status of the containment safeguards.

In developing the ATWTevent tree module, four initiatingevents were selected as representative of a range
of challenges to the RCS pressure boundary and the plaat safety systems. These were:

1. Loss of AuxiliarySaltwater or Loss of Component Cooling Water

2. Turbine Trip
3. Loss of Offsite Power

4. Loss of Main Feedwater

The loss of main feedwater was taken as rcprescntative for all initiators not mentioned above that are

accompanied by failure of reactor trip, except for small LOCA. The small LOCA was not treated in the

ATWT,because the safety requirements without reactor trip are claimed to be essentially the same as in the

case whea the reactor is successfully tripped.

It has to be emphasized that the event trees associated with the modules appearing in Figure 3.9.1 are

essentially abstracted, simpliTied versions of the underlying event sequence diagram (ESD) models. They were

quantified by using the appropriately selected top event split fractions discussed previously. For the DCPRA
quantiTication, the RISKMANfamily of computer codes was used.

3.92 Some Techxdcal Aspects of the Internal Event Sequence QuantiTication

This sectioa provides information about some technical aspects of the internal event sequence quantiTication

process. Its content was dcvcloped mainly as a result of the review effort as the originallysubmitted DCPRA
documentation did not present significant information in this area. It outlines the calculational approach

followed by PG&E to obtain core damage frequency values for the internal event sequences.
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. Quantification of the Support State Modules

According to the DCPRA, the plant event sequence model was quantified for each initiatingevent and each

support state. Since many of the internal (and seismic) event/support state combinations were extremely
unlikely or physically not realizable, the DCPRA grouped them together, The review requested clarification
about this procedure, The concern was the potential error in the plant response analysis ifcertain support
states were neglected entirely. The response from PG&E is reproduced here to offer some detailed insight
about the early phases of the event sequence quantification:

"In regards to frequency binning of support states, it should be noted that the DCPRA does not
discard any support states; all support states are retained either explicitlyor in a bin. Support states

are binned, iflow enough in frequency, to a support state with the worst possible impacts (on the
frontline systems). The frequency of this support state is added directly to the core damage
frequency (it is not unused). The binning occurs in the following two steps:

The first step evaluates the combination frequency of the electric power event tree end states and
the mechanical/actuationevent tree end states without regard to impacts on frontline systems. If
the combinational frequency of an electric power state (i.e., first stage of the support model) and
a mechanical/actuationstate (i.e.,second stage of the support model) for all initiatorsis low enough
(5.0E-10) then this support state is mapped to the bin support state. This cutoff is primarily used
to filter out the zero frequency states (i.e., those combinations which are logically impossible)
although it is possible that some very low frequency support states are binned in this process.

The second step of binning occurs after the support states have been defined in ternts of their
impacts on the frontline systems. This binning also is done on the electric power/mechanical and
actuation event tree end state combination frequency. Two different cutoffs were used; for the sum
of all non-seismic events, the cutoffwas 5.0E-09 and for the sum of all seismic events the cutoffwas

1.0E48. Again, all support states with frequencies below these cutoffs were mapped to a "bin"
support state with the worst possible impacts."

B. Quantification of the Frontline System lgodules

The support states of the support modules were linked with the sequences of the frontline modules by using
a computer code, SQLINKof the RISKMANfamilyof codes. From the vast amount of sequences which lead
to core damage, SQLINK selected and retained the leading 1999 sequences. In other words, the DCPRA
truncated all sequences whose frequency was below an effective cutoff value of approximately 8.0E-09 yr .

This de minimus value is somewhat higher than the traditional de minimus value used in the Reactor Safety
Study (WASH-1400); 1.0E-09 yr i. For practical purposes, PG&E developed a reduced, Dominant Sequence
Model (DSM) by selecting the leading 420 sequences (representing 88.1 percent of the total non-seismic core
damage frequency). The corresponding effective cutoff value was: 1.1E-07 yr . (A description of the
Dominant Sequence Model can be found in Appendix D.) PG&E claims that after correcting the leading
sequences(manually) for selected successful top events, requantifyingthem by using point estimated initiators
and top event split fractions and renormalizing the total frequency of the 420 sequences to the total frequency
from the SQLINKoutput, the DSM can be taken as an unbiased representative for the full (1999 sequences)
model.

3-33 NUREG/CR-5726



3 Review of the Internal Events Analysis

The final values of the total non-seismic core damage frequencies were determined by multiplying a number
of selected sequences by appropriate sequence recovery factors (for their definition see also Appendix D).

C. Quantification of the Long Term Frontline System Module

The quantification of the Long Term Frontline System Module LT1was also performed by the code SQLINK.
The reviewers noticed, however, that some of the sequences in the reduced model included top event split
fractions associated with certain containment functions seemingly irrelevant to mitigate core damage (e.g.,
containment isolation). Their effect, at first, seemed simply to somewhat reduce the core damage frequency
contribution of those sequences in which they appeared. Upon further review and discussions with PG&E,
itwas determined that the corollary sequences (i.e., those with the failure state) were also in the overall model
but were of too low a value to, in most cases, make the cutoff for the dominant sequence model. The basis
for the inclusion of these top events was to facilitate the Level 2 PRA effort expected to follow.

D. Spechil Methods

Owing to their small core damage frequency, sequences belonging to eight of the initiating event categories
are not representedin the DSM (see their list in Section 3.43 and in Table 3.4.2b). Upon BNL's request for
an explanation, PG&E supplied the following additional information. For three of the internal initiating
events, 1) Closure of all MSIVs, 2) Main Steam Relief Valve Opening, and 3) Core Power Excursion, PG&E
calculated the core damage frequencies by the following special method:

"The conditional core damage frequency for these three initiators was assumed to be equal to the
conditional core damage frequency for reactor trip initiating event after recovery; this assumption
was based on the fact that the quantiflcationof the event tree models for these initiatingevents are
similar. The conditional core damage frequency for the reactor trip event was calculated by dividing
the core damage frequency for reactor trip initiating'event, by the reactor trip initiating event
frequency. This conditional core damage frequency was then multiplied by the initiating event
frequencies for "Closure of AllMSIVs," "Main Steam Relief Valve Opening," and "Core Power
Excursion" to calculate the corresponding core damage frequencies."

The core damage frequency due to interfacingsystems LOCA (RHR pump discharge side) was estimatedusing
a special interfacing LOCA event tree.

E. Uncertainty Analysis of the Total Internal Core Damage Frequency

The uncertainties of the core damage frequencies due to (strictly) internal events and due to the non-seismic
external events (fires, floods, chemical hazards) included in the DSM were determined by Monte Carlo
techniques in the DCPRA. Me associatedprobability distributions are shown in Figure 3.9.2. The figure also
shows the probability distributions for seismic events and for all the initiators combined. The probability
distributions were obtained by using the DSM model (400+ sequences). Although the DCPRA claims that
the uncertainty calculations account for all identifiedsources of uncertainty in the model and the data, it seems

that one aspect of the uncertaintyis missing. There was no clear attempt to quantifyuncertaintiescontributed
by initiating events that were excluded from further analysis by the selection process and the screening
calculations (see Section 3.4.4). A more complete treatment of uncertainties would have included additional
work on the contribution to the core damage frequency of the excluded events. (See Section 4.7.3 for a

description and comments on the seismic uncertainty analysis).
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3.9B latent Event Sequence Characteristics

3$3.1 IatnxIoctoay Commeats

Initialdocumentation of the bCPRA and its results was limited to Chapter 6 of the LTSP Final Report. As

such, a significant amount of information required for this review as well as insights that aught be derived

from the PRA were missing. This review has subsequently surfaced considerably more information and has

sought to independently offer insights where feasible. To this end, BNLperformed detailed 1) initiator,2)
system and 3) top event importance analyses for the whole model, both globally and also for each individual

initiator/conditional split fraction based on the non-seismic Dominant Sequence Model (DSM). The results

of these review efforts are presented in the followingsections, As one would expect, several of the results will
reiterate those of the original PRA, however, others provide some useful additional information,

M

3dlDD Noa-SeIsmk Coae Damage Frequendag Ialtiatoe'mportaaces

The core damage frequency contributions for the non-seismic initiatingevent categories listed in Table 3.4,2a

were calculated by using the DSM (Appendix D). The core damage frequency contribution for each initiator
was calculated as the difference between the total non-seismic core damage frequency, CDFT and the total
non-seismic core damage frequency calculated with the frequency of the initiator of interest, I; set equal to
zero, CDFQI>=0). Expressed in a formula:

CDF(l() ~ CDF~ - CD'I) 0) (I)

It is easy to see that Equation 1 is the numerator in the expression describing the Fussel-Vesely importance~

~

~ ~

of the i-th initiator to core damage:

CDF(I( ) CD'D''(I( 0)
CDF

CD'.e.,

the unnormalized Fussel-Vesely initiator importance.

Table 3.9.1a lists the ranked unnormalized and normalized Fussel-Vesely importances of the initiatingevents

included in the dominant sequence model.

In order to gain insights about the plant non-mitigation probability given the occurrence of an initiatingevent,
another quantity: the conditional core damage probability was also calculated for each initiatingevent. This
quantity was calculated as the difference between the total non-seismic core damage frequencies when the
frequency of initiator of interest (I), set to one, CDFQI;-I) and when it is set to zero, CDFQI;-0).
Expressed in a formula:

CCDP( CDF~(l( 1) —CD'I( ~0) (3)

It is easy to recognize that Eq. (3) represents the partial derivative of the total non-seismic core damage

frequency according to the i-th initiator frequency. This is also called "Birnbaum importance,"
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(3')J~
a(CDF~)

~ CD'.(I(~1) - CD'(I, 0) ~ CCDPi
aI,

From Equations 1 and 3'ne can see that the relationship between the unnormalized Fussel-Vesely and the
Birnbaum importances has the following form:

CDF(I() ~ Ii ~CCDP( Ii«Jq'4)
The Birnbaum importance has the advantage that it is independent of the initiatorfrequency itself (which may
change significantly) but actually measures the plant performance under the condition of the occurrence of
that initiatingevent. Besides the Fussel-Vesely importance, Table 3.9.1a also shows the Birnbaum importances
for each initiator. In order to see the relationship between the importances expressed by Equation 4, the
initiator frequencies are also indicated.

It may also be of specific interest as to how many leading sequences contribute to the core damage frequency
for a given initiator. 'Ibis information is given in the last column of Table 3.9.1a.

Table 3.9.1b shows the core damage frequency contributions to the internal event core damage frequency due
to initiatingevents not included in the DSM. Their total estimated contributions seem to be indeed negligible.

38DD Chaxacteristks of Internal Event Sciences

Based on the data given in Table 3.9.1a one can make the followingobservations about the characteristics of
the internal event sequences:

~ The majority (73%) of the non-seismic core damage frequency is due to internal events.
~ The LOOP initiator is by far the greatest contributor to the non-seismic core damage (24%), in

magnitude and in number of leading sequences. About 3/4 of the LOOP induced core damage (i.e.,
175%) is associated with extended unit blackout (for additional details see the Special Issues
Importance Summaiy, Table 3.9.4).

~ Initiators representing (common cause) support system failures other than LOOP (i.e., L1DC, LOSW,
LPCC, LOSWV, LOCV) contribute about 9.6 percent to the non-seismic core damage frequency.
Including LOOP, this initiator group causes 1/3 of core damage, more than aH the "externals" (fire,
flood, etc.) combined. The plant mitigating capability against these initiators is varied (see the
conditional core damage probabilities, i.e., Birnbaum importances); the worst is for the initiatingevent,
Loss of 480V Switchgear Ventilation, LOSWV. This is followed by the Loss of Component Cooling
Water, LPCC, and the Loss of AuxiliarySaltwater, LOSW. Then LOOP, L1DC, and LOCV. (One
should keep in mind that the ranking of the plant mitigating capability might be somewhat biased
because many of the LOOP sequences were subjected to "sequence recovery" considerations, while
others were not.) The average conditional core damage probability for this group of initiators is: 2.98-
04.

~ Transients contribute to the non-seismic core damage frequency almost in the same proportion as the
support system failures: 31 percent. Reactor trips, turbine trips, feedwater losses etc. are rather
frequent initiatingevents. Their large occurrence frequency represents a challenge to the plant's safety
systems but their nature seems to be mild. The average conditional core damage probability for this
group is one order of magnitude smaller than that of the group associated with support system failures:
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2,9945. Among the transients, the initiating event with the highest conditional probability of core
damage is the steam line break accident, particularly ifthe break is inside the containment. The plant's
conditional probability of failure to mitigate (Birnbaum importances) against the initiating events

belonging to this group rank as follows: SLBI, SLBO, PLMFW, RT, Tl; EXFW, LOPF, IMSIV,
TLMFW,LCV, and ISI.

~ The total contribution of initiators belonging to the Loss ofCoolant Inventory group to the non-seismic
core damage frequency is small: about 9 percent. However, the nature of these accidents is quite
significant: the plant safety systems have the most trouble mitigating the excessive LOCA, and
interfacing systems LOCA events. The conditional core damage probability (Birnbaum importance)
ranking of the LOCAs is as follows: ELOCA, VSI (SS), LLOCA, MLOCA,SGTR, SLOCN, SLOCI.

'Ihose of Other Plants
of Certaha Iateaaal Exeat Seclueace Groups With

In order to compare the Diablo Canyon plant responses for various types of internal event sequences with
those of other PWRs, nine PRAs were selected, the majority of them representing Westinghouse plants.
These were; Seabrook, Zion, Sequoyah, Surry, Millstone 3, Indian Point 2 and 3, Oconee, and Yankee Rowe
PRAs. It must be noted that all of these PRAs were done on different bases for different utilitiesby different
analysts. Therefore, the followinginsights are provided to yield an enhanced perspective of the Diablo Canyon
plant and not to provide a comprehensive and rigorous basis for direct numerical comparisons.

To make the task ofcomparison tractable and meaningful, the average characteristicsof certain initiatingevent

~
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~
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groups were compared. The grouping followed the traditional way of grouping, to allow the use of somewhat
older data, as well. Thus, the LOCA initiators were categorized as large, intermediate, small, and interfacing
LOCAs. (The large LOCAs include the excessive LOCAand reactor vessel rupture initiatingevents, as well.)
The transient group included the common cause initiators associated with support system failures and the
SGTR initiator.

Table 3,9.2a compares the core damage frequency contributions for these groups to the total internal core
damage frequency. Table 3.9.2b compares the corresponding conditional core damage probabilities (except
for interfacing systems LOCA, for which the conditional core damage probability is one or near one).

From Table 3.9.2a it can be seen that at six plants out of nine, transients contribute more to the internal core
damage frequency, than the LOCAs. At three plants (Diablo Canyon I, Seabrook, and Zion) the dominance
of the transients is overwhelming. The dominance of the transients were pointed out only by recent PRAs,
where common cause initiators due to support system failures such as loss of component cooling water, loss
of service water etc. were analyzed more seriously. The other observation is that Yankee Rowe and Diablo
Canyon have the smallest frequency for transient initiators. The PRAs for both plants utilized very similar
screening criteria for generic data selection (see the discussion of the selection criteria for the DCPRA in
Section 3.4).

Because of the broad variability in the data of Table 3.9.2a, the less fluctuating data of Table 3.9.2b are
discussed further. By using this data, the conditional core damage probabilities; i,e., the non-mitigating
probabilities of the plants are compared.,From this comparison one can infer, that given a large LOCA,
among all the plants, the Diablo Canyon plant can mitigate this initiating event the most ineffectively.
Apparently, there is a similar situation with the intermediate LOCA. As concerns small LOCA, the resilience

~ ~ ~ ~ ~
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of Diablo Canyon seems to be the best. For transients, the Diablo Canyon again plant seems to provide the
least mitigating capability compared to the other plants,

BNLbelieves that these differences are driven predominantly by some of the event tree modelling assumptions
of the DCPRA rather than inherent deficiencies in the Diablo Canyon design. A typical example of this is
the use of the split fraction HS1. The reader should refer to the following sequences in Table 3.9.3: 3, 4, 6,

13, 64, 74, 78, 93, and 111. AH of these sequences involve a transient and then the only legitimate other
failure is HS1 (operator fails to maintain the plant in a safe and stable hot standby condition). If these
sequences were to be removed from the model, Diablo Canyon would not appear to handle transients less

efficiently than the other plants in the comparison.

3BBE Leading Nori~ismic Everit Scenarios

Individual scenarios having core damage frequency ? 1.0E-06 yr i selected from the Dominant Sequence
Model are listed in Part Aof Table 3.9.3. The listing follows the ranking of the individual scenarios according
to the contribution to the non-seismic core damage frequency. Besides the individual ranking the listing also
provides information about the sequenceranking ofappearanceof the leading sequenceof each given initiator.

In order to make the latter information more complete, in Part B of Table 3.9.3 the ranking of the leading
sequences associated with initiators not listed in Part A are also presented.

In contrast with Table 6-60 of the DCPRA, the scenarios listed in Table 3.9.3 are shown in their entirety, i.e.,
each constituent top event split fraction is indicated. For convenience, the definitions of all the top event split
fractions included in the table are also given in the note section of the same table. The definitions of the
initiating events are provided in Table 3.9.1a.

By examining the table one can make several observations:

~ Except for the block of control room/cable spreading room fire sequences, CRFIRE, there is no
scenario which contributes more than 3 percent to the non-seismic core damage frequency.

~ In spite of'the fact that the initiating event LOOP is the main contributor to the non-seismic core
damage frequency, only two LOOP sequences appear among the leading 23 scenarios and the rank of
the first one is 17th.

~ External scenarios tend to have higher rank than internal scenarios.
~ Transients (mainly RT,.TI; PLMFW initiators) appear predominately among the leading internal

sequences as opposed to LOCAs.
~ Among the initiators associated with support system failures, a Loss of Component Cooling Water

(LPCC) sequence has the highest rank.
~ Among the operational failures of the plant, loss of feed and bleed cooling (top event OB), loss of

auxiliary feedwater system (top event AW), and occurrence of RCP seal LOCA (top events SE) are the
most frequent.

The first observation implies that the present ranking of the leading sequences is not robust, i.e., very small
changes in the sequence variables (i.e., initiator frequency, top event split fractions, recovery actions) may
change the ranking signiTicantly. Change in the ranking is fairly conceivable because recovery actions were
not applied to a great many of the internal event sequences and the DCPRA considers the potential for
additional recovery actions for numerous scenarios where recovery actions already were applied.
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The first observation has also a technical impact to the review process. The significanceof changes or errors
~ ~ ~ ~
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~ ~

in the initiatingevent frequencies, top event split fractions, etc. cannot be estimatedby simply changing several

variables in a small group of leading sequences with high frequency as was the case in the majority of older

PRAs. In the case of the DCPRA, where a relatively large number of sequences contribute almost uniformly
to the core damage frequency, sensitivity calculations have to be carried out by performing more sophisticated

importance analyses such as those done by BNL in this review.

3BBJ5 Special Issues of Interest to PRE

This section presents the results obtained by PG&E concerning several issues of special interest to PRAs that

were identified in the DCPRA, but somehow were not presented in the original version of the final report.

They were recently submitted to BNLas a consequence of the review effort. The nature of the issues involves

both the non-seismic and seismic initiating events, therefore the scope of the following presentation goes

beyond the non-seismic scenario analysis. The presentation roughly follows the text of the PG&E submittal.

There are six issues of special interest to PRAs identified in the DCPRA:

1. Station Blackout

2. Failure to Trip the Reactor (ATWT)
3. Reactor Coolant Pump Seal LOCA
4. Primary Relief Valves Open and Fail to Reclose

5. Feed and Bleed Cooling

6. PWR Pressurized Thermal Shock (PTS)

These issues are of interest because they are unresolved safety issues or have been shown to be significant
contributors to risk in other PRAs.

The core damage frequency and percent contribution to core damage frequency of each of these categories

(i.e., unnormalized and normalized Fussel-Vesely importances) are presented in Table 3.9.4. These quantities
are provided for both non-seismic and seismic initiators.

The contributions to core damage frequency associated with non-seismic initiators were computed from the
DSM by PG&E. The scenarios in the DSM were sorted into special scenario groups indicated in the table
and the frequencies of each group summed to determine contribution to each of the categories.

The scenarios associated with ATWTevents in the DSM were supplemented with additional ATWTevent

sequences identified from a larger list of key sequences i.e., including sequences which were too low in
frequency to be included in,the DSM.

To normalize the unnormalized non-seismic Fussel-Vesely importanccs, the total non-seismic core damage

frequency gable 3.9.1a) was used.

For seismic initiators, the contributions to core damage frequency were obtained by PG&E from the DCPRA
seismic key event sequence list, not the seismic uncertainty model. The key sequence list (the top 791 core

damage sequences) accounts for approximately 82 percent of the total seismic core damage frequency. It was

assumed that the remaining 18 percent contribution to the seismic core damage is distributed proportionally
among each of the scenario groups of interest. The contributions from each of the'scenario groups in the key
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event sequence list were therefore scaled up. The point estimate seismic core damage frequency from the key
sequences is 3.43E-5 yr i. This is the normalization value for the associated importances. The contributions
from the scenario groups of interest shown in Table 3.9.4 are not mutually exclusive. Therefore, care must
be taken when combining different scenario groups. For example, it would be incorrect to add the seismic-
initiated station blackout "ATWT"contribution to the "total" seismic- initiated station blackout contribution
since the "total"already contains the "ATWT"contribution. Notes to the table indicate the type of sequences
that each of the groups contain.

The total core damage frequency (point estimate) according to PG&E is: 2.12E-04 yr . This is the
normalization value for the "total" importances calculated by BNI

From Table 3.9.4 one can obtain perhaps one of most important insights of the whole DCPRA: the
vulnerability ranking of the Diablo Canyon plant for these special failure categories (ranking is according to
the "total importance):

Spedal Failure Category Fussel-Vesely Importsaces (%)

Non-Seismic Seismic Total

1. RCP Seal LOCA (With and Without Station Blackout) 31 58 35

2, Station Blackout

3. Priimuy Relief Vahre Open and Fail to Reclose

4. Bleed and Feed Cooling

5. Pressiirized Thermal Shock

18

12

79

17

10

6. Failure of Reactor Trip (ATWT) .8 11

It is noted here for completeness that the very low ATWTcontribution reflects the fact that, Diablo Canyon
has made modifications to the protection system in accordance with the NRC's ATWTrule.

3dl8.7 System ~Operator Actioa 1mportances

In order to gain insights into the vulnerabilityof the Diablo Canyon plant with respect to system level failures,
a system level importance analysis was performed at BNL by using the Dominant Sequence ModeL The
analysis was separately carried out for support systems and frontline systems as well as importance calculations
foroperator and recovery action failures explicitlyappearing in the event sequences as top event split fractions.
The analysis was global, in that sense, that it did not distinguish between the various initiatingevents. In the
analyses each system/operator action importance was determined by calculating the importance of its
associated top event or an aggregate of top events appearing in the DSM.

Table 3.9.5 presents the unnormalized Fussel-Vesely importances for both the overall systems safety functions
as well as the constituent top events. Part A lists the support system, Part B the frontline system and Part C
the operator/recovery action importances. The system/operator action importances are given in ranked order.

The most important support systems are: 1) the diesel generator systems and 2) the Unit 1 125 V dc power
system. The most important frontline systems are: 1) the auxiliary feedwater, and 2) the primary pressure
relief systems. The most important operator action is: to maintain hot-standby given a transient.
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EBS Iadividmil Split Pasctioa Importauces

In order to gain insights into the importances of the individual top event split fractions, BNL performed a
dedicated top event split fraction importance analysis. The results of that analysis are presented in Table 3.9.6.
Following the structure of Table 3.9.5, parts A and B of Table 3,9.6 list the ranked top event split fraction
importances for support systems and frontline systems respectively. Part C shows the ranked importances of
the operator/recovery action top event split fractions. The ranking was done according to the unnormalized
Fussel-Vesely importance values. For additional information, the table also indicates the number of
occurrences of each top event split fraction within the DSM (i,e., the number of sequences in which it occurs).

To facilitate sensitivity analysis on the individual top event split fractions, the Birnbaum importance is also
shown. A complete list of top event split fractions ranked according to their Birnbaum importance is given
in Table D2.10 of Appendix D2.

The overall ranking of the leading top event split fraction (CSF) importances is as follows:

1. Operator inabiTity to maintain hot standby (evehing available).

2, Loss of primary pressure relief (hss of PORV operability fqr feed
and bleed. No instrument air.)

3. Loss of primary pressure relief (for LOOP/SGTR, failure of 1/2
PORVs or 1/3 SRVs).

4. Loss of DG13 (after hss of 4.15 kV bus HF).
5. Failure to trip RCP, after hss of CCWS to prevent seal LOCA.
6. Loss of DG12 (DG13 is successful).

CSF

HS1

OB1

PRD

GF1

Normalized
Fussel-Vesely+(%)

9.9

9.1

8.6

6.8

+For normalization, the total non-seismic core damage frequency was used.

3BD8 System Importaaccs iu hecident Sequences Induced by Various Iuitiators

It is rather reassuring to be able to give quantitative answers to questions posed frequently in connection with
nuclear plant safety: Given an initiating event of a certain type, which are those safety systems/operator
actions whose unavailabilitiesdominate the failure to mitigate the variety of event scenarios that may follow
that initiator2 Or, to answer assertively to question formulated as follows: Given a safety system or operator
action with its characteristic unavailability, which are those initiating events where this unavailability
contributes most to the core damage frequency2

In order to gain such knowledge about the Diablo Canyon plant, BNL extended its system's importance
analysis to individual initiating events. An analysis was performed for each of the initiating events of the
Dominant Sequence Model by subsequently setting to zero all the initiating events in the DSM but the one
of interest and setting that one to a value of 1.0.
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Tables 3,9.7 and 3.9,8 present the results of these analyses for the internal and external (fire/flood scenarios)
initiators, respectively. For each initiator, the unnormalized Fussel-Vesely importances of system/operator
actions and associated top events were calculated.

Table 3.9.7 is rather large; it spreads over four sheets. When one scans the data column below a given
initiator (put sheets 1, 2, or 3, 4 together vertically) one can read off the answer to a question of the first type
above. When one scans the data row belonging to a system/operator action (put sheets 1, 3, or 2, 4 together,
horizontally) one can get an answer to a question of the second type.

Thus, given the initiatingevent, RT; the ranking of system/operator action importances is:

1. AuxiliaryFeedwater System

2. Maintain Control for Hot Standby

3. Primary RCS Pressure Relief (feed and bleed)

4. Instrument AC Power, etc.

Or, given the AuxiliarySaltwater System, the ranking of the initiating event importances is:

1. Loss of One 125 V DC Bus, L1DC
2. Loss of Offsite Power, LOOP

3RD.10 Importsnces of System/1'op Event Split Fraction hrs

Individual system/top event split fraction pair importances provide information that can be used to identify
system/human action unavailabilities,whose simultaneous occurrence are critical with regard to the core
damage frequency. The identificationof these pairs is more relevant for plant safety from an operationalpoint
of view; it guides the personnel, e.g„ to assess the advisability of permitting simultaneous activities
(maintenances, tests) on two systems that may not be prohibited by the Technical Specifications.

I

Mathematically the definition of the pair importances is analogous to the single event importances, e.g., the
definition of the Birnbaum pair importance of two top event split fractions, T, and Tj with respect to the non-
seismic core damage frequency, CDF> is given by the formula:

D;
"

CDF~(T) T. 1) - CDFT (T) T. 0),
8(CDF)„

~j g(T7 )
T l j T I j (5)

The corresponding unnormalized pair-wise Fussel-Vesely importance is:

(6)

This importance characterizes the contribution of the "intersection" of the pair (T<T) to the total core damage
frequency.

To obtain normalized pair-wise Fussel-Vesely importances, the above expression should be divided by the
normalization constant; in this case the total non-seismic core damage frequency.
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The pair-wise system importances represent a generalization of the above concepts. They are determined by
calculating the importances of the intersection between two aggregates of top event split fractions, where each

aggregate contains the top event split fractions associated with a given system. The unnormalized Fussel-

Vesely importances of support system pairs, as well as those of frontline system-support system pairs are
tabulated in matrix form in Tables 3.9.9 and 3.9.10, respectively. Similar values in the tables express strongly
correlated top events in the support system event tree module.

From Table 3.9.9 the overall ranking of the top five support system-support system pair importances is as

follows:

1. Component Cooling Water - Diesel Generator Systems

2. Component Cooling Water - Vital 125 V, DC Systems

3. Diesel Generator Systems - Vital 125 V DC Systems

4. Control Room Ventilation - Diesel Generator Systems

5. 480 V Switchgear Ventilation - Diesel Generator Systems

From Table 3,9.10 the overall ranking of the top five frontline system-support system pair importances is as

follows:

1. Primary RCS Pressure Relief - Diesel Generator Systems

2. AuxiliaryFeedwater System - Diesel Generator Systems

3. Primary RCS Pressure Relief - Instrument AC Power

4. AuxiliaryFeedwater System - Instrument AC Power

5. AuxiliaryFeedwater System - Vital 125 V DC Systems

The pair importances presented in this section reflect aggregated split fractions and in some cases aggregated
top events to represent the system/function level. Unnormalized Fussel-Vesely importances as well as the
associated Birnbaum importances were also calculated for a variety of combinations of all top event individual
split fractions of the DSM. These are listed in ranked form (according to the unnormalized Fussel-Vesely
importance) in nine tables (Tables D2.1 through D2.9) of Appendix D2. Each of the tables provides some
additional insight into the plant safety. Among them, maybe the most enlightening are those pair importances
which describe support system-operator/recovery actions (Table D2.8), frontline system-operator/recovery
actions (Table D2.6) and operator/recovery-operator/recovery actions (Table D2.9) top event split fraction
pairs.

3-43 NUREG/CR-5726



3 Review of the Internal Events Analysis

GENERAL
TRANSIENT

'VENTTREE
(EARLY)

LARGE LOCA
EVENT TREE
(EARLY)

LONG TERM
FRONTLINE
EVENT TREE
LT1

SVCCESS

DAMAGE

ELECTRICAL
SUPPORT
SYSTEM
EVENT TREE

MECHANICAL
SUPPORT
SYSTEM
EVENT TREE

STEAM
GENERATOR
TUBE RUPTURE
EVENT TREE
(EARLY)

LONG TERM
FRONTLINE
EVENT TREE
LT2, LT3, LT4

INTERFACING
SYSTEMS LOCA
EVENT TREE
(EARLY)

SEISMIC
EVENT TREE
(EARLY)

ATWT
EVENT TREE
(EARLY)

MEDIUMLOCA
EVENT TREE
(EARLY)

Figmc 38.1 'Ihe Fonr part Event Scclnence model

NUREG/CR-5726



3 Review of the Internal Events Analysis

Internal events Total core
damage

Ot
C
4

O
C4

~ Externai
~en~,'ncI<<e)W
inde DSQ

Seismic
events

1 x 10'~ 1x10~ 1x10+
Core damage frequency (per year)

1x10+ 1x10+

Hgure 3,92 ~biiityDistributions for Total Core Damage Frequencies Due to Various Groups
of Initiating Events. The Leading Sequences of Internal and External

Events Constitute the Dominant Sequence Model (DSM).

345 NUREG/CR-5726



TaMe 39.1a IaitietixtttEuesst Cosstxibsrtioae to NoaNeiamk Coca Damnle Frapsesscy Dotssiaaat Setiaeace Modd

No
(I)

Ialtlatiae Ewnt

ireqeeacy, Il
(Pcc Year)

UnnormaBxcd
Fssscl.Vcscty

Importance

Fosoci-Vcociy

(%)

BIrnbwaas No. ol CD

LOOP Loss of Offsitc Power 9.1042 4.1845 2357 43944 183

CRHRE 'ontrol Room and Cable Spreading Room Fires 3.174$ 1787

10

12

14

15

16

17

18

19

21

24

RT

LlDC

FSII

SLBO

SLBI

FSI

LOPF

IMSIV

Reactor Trip

Turbine Trip

Partial Loss of Main Feedwater

Lass of One DC Bus

Fire Sccnarie Loss of 4.16kV Buses HF, HG and HH

Hood Scenarix Ines of AuxiliarySaltwater

Medium LOCA

Stcam Generator Tube Rupture

Total Lass of Component Cooling Water

Exccssivc Fccdwater How

Stcam Linc Break Outside Containment

Stcam Line Brcak Inside Containmcnt

Small LOCA; Isolsble

Loss of 480V Switchgcar Ventilation

Fire Scenariac Loss of Both Motor-Driven AFW Pumps

Total Lass of AuxiliarySaltwater

Loss of Control Room Ventihtion

Fire Scenariar Lass of 4.16kV Buses HF and HG

Lass of Primary How

Closure of One MSIV

Total Lais of Main Fccdwatcr

Small LOCA; Non-iso(able

Loss of Condenser Vacuum

1.14+00

I 05+00

1A941

6.1846

38144

1.7142

1.6142

9.744S

2A24$

12144

1.0741

8.7342

Ix)245

3.1946

3.1245

ISI45

IAiI45

IA145

IAS46

I.IM5

93147

88747

8.1747

7.7647

9.13

337

1.76

IA$

.91

IA24$,

1.414$

IA54S

3.7144

IAS+00

15342

1.124$

5.1543

1.1244

IA942

13545

88946

13544

88946

33

12

24



Table 3.9.1a (continued)

No.
(l)

27

29

31

32

33

ISI

VSI(SS)

HAZCHM

FS10

InMatina Event

Hood Scenartx lass of AllAFW

Inadvertent Safety Injection Sianal

Fire Sccnarirx Loss of AuxiliarySaltvvater

Intcrfacins LOCA (RIIR Suction Side)

Chemical Hazard (e.a„chlorine/ammonia releases)

Excessive LOCA

Hood Sccnaritx Loss of Both Motor-Driven AFW Pumps

Frequency, Il
(Per Year)

13S45

1.0146

43944

68747

63747

$ .7147

33147

Impersaae

Fnsset-Vcsctr Ssnhnam Ne. cf CD
(%)

18842

4.9941

Total Internal

Total "External"

Total CDF (Dominant Sequence Model)

4$44$ 272S

452

'Sum of six control room and cable spreading room fire sequences which break down as follows:
CR-VB-1 CR Vertical Board-1: Loss of ASW, CCW controls 1.0M4
CR-VB-2 CR Vertical Board-2: Loss of PORV and Charging Pump controls 8.0045
CR-VB-2/3 CR Vertical Boards 2 and 3, Interface: Loss of PORV and AFW controls 93645
CR-VB4 CR Vertical Board 4: Loss of 4.16kV Buses HF,HG & HH 9.7445
CSR-1 Cable Spreading Room: Loss of ASW, CCW controls 5.4944
CSR-2 Cable Spreading Room: Loss of PORV and Pressurizer Instrumentation 9.2544

1.2546 .70 1.1642

1.1606 .65 1.4542

3.1546 1.76 33742
6.0146 338 6.1742

7.9046 4.45 1.4342

1.2345 6.93 13342



Table 3.9.1b InitiatingEvent Contributhns to Internal Event Core Damage Frequency InitiatingEvents Not Included in the Dominant Sequence Model

No.
(I)

Iattlauaa E»ent

Pnqeeney, H Vanoeaeaiiaed
(Per Year) Faaeel Veedy»

Importance

Faeoet Veaeb»» 8irnbaatm
(%)

No. of CD
Scqac scca

33

CPEXC Core Po»rcr Excursion

AMSIV Cheure or AllMSIVa

3.1147

1.7442 2A747

.18
IA245'A24$

'7VDI

MSRIV Inadvertent Opcnins ot Main Stcam RclicfValve 34943 $.1048

Total Internal CDF (Ncsicctcd by the Dominant Sequence Model)

1ntcrfacins Syt terna LOCA (RHR Ditcharac Side) 3 546 M048»» AO ISOO2

AB IA245»

65747

+Estimated by special methods (see Section 3.9.2.C).

++For normalization, the total CDF (Dominant Sequence Model) was used.

'Taken from Table 3.9.1a for RT initiator.
"Taken from Table 6-59 of the DCPRA.



Table 382a Compsrisoss of Ccee Damage Ercqaency (CD'ontribatioa by Iaitisttitag Esesttt Gmaps

Diablo Canyon 1 Scabrook Zion (Revised) Sequoyah Suny

Initiating Event
Group

Initiator
Frequency

CDF
Contribution

Initiator
Frequency

CDF
Contribution

Initiator
Frequency

CDF
Contribution

Initiator
Frequency

CDF
Contribution

Median
Values

Initiator
Frequency

CDF
Contribution

Large (ind;
excessive, RV
rupture)

Intermcdiatc

Small

Interface

Total LOCA

Transients
(ind; SGTR,
common cause)

Total CDF

LOCA (%%uo)

Transients (9o)

4.6344

2.1442

1.0146

5.9746

1.1744

12944

2.0344

4.65-04

1.7342

11.0

1.7046

9.9147

1.9945

13144

15.7

94044 1.4646

9.4044 4.1446

33042 82446

1.1047 1.1047

14.1

5.0

95.0

8.4

1.13-06

3.1546

4.6745

5.1345

3.4945

8.6245

Mean: 1.8%4

595

8.4147

1.0043 1.6046

93847 9.0047

75246

8.4

693



Table 382a (continued)

Millstone 3 Indian Point 2 Indian Point 3 Yankee Rowc

Initiating Event
Group

Initiator
Frequency

CDF
Contribution

Initiator
Frequency

CDF
Contnl>ution

Initiator
Frequency

CDF
Contribution

Initiator
Frequency

CDF
Contribution

Median
Values

Initiator
Frequency

CDF
Contribution

Large (ind4
excessive, RV
rupture)

Intermediate 6.1144

2.6746

5.4946

1.9543 1.614S

1.9543 13045 Note 1

18145

Note 1

93144 13145

75044 . 4.6246

Small

Interface

Total LOCA 1.15-05

18542 1.6MS

4.6145

2.0142 850456

1.1644

3.0043 6.1046 5.4246 Note 2

Transients
incl.; SGTR,
common cause)

Total CDF

LOCA (%%uo)

Transients (/o)

10.9 3.4245

45745

74.6

22.0 3.29-05

7.90-05

58.2

418

10.0 IA045

89.6

10.4

7.0 3.7645

69.7

334

1.7045

'Core damage frequencies are based on internal initiating cvcnts only.
Note 1: Intermediate LOCA was not defined for this plant.
Note 2: Very small and small LOCA categories werc added.



Table 3.9.2b
Comparison of Conditional Core Damage Probabilities by

Initiating Event Groups

Initiating
Event Group

Diablo
Canyon 1

Scabrook Zion Sequoya
(revised)

Surry Millstone 3 Indian
Point 2

Indian
Point 3

Oconec Yankee
Rowe

LOCAs

Large

Intermediate

Small

1.4142

1.2942

837-03 1.55-03 2.26.03

2.13-03 4AO-03 3.15-03

1.15-06 2.35-04 23443

1.68-03 6.11-03

1.QM3 8.9943

8.21-03

6.67-03

2.04-03 1.7444 8.9244

4.23-03

634-03

4.05-03

9.68-03 9.89-03

6.1643

2.03-03 13843

Transients 3.08-05 1.19-05 18745 4.15-06 2.05-06 3.14-06 1A6-06 53746 1.0546

Median Values
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Table 3.99
Event Scenarios Ranked According to Non-Seismic CDF Contribution

Dominant Sequence Model

CDF CDF Contribution Sequence
RANK

art A: Leadin Event Scenarios

,3

10

12

13

14

15

16

3.17045

6.180-06

5.377-06

4.953-06

4.13646

3533-06

228346

2.128-06

1.714-06

1.705-06

1.699-06

1324-06

1398-06

1.267-06

1.250-06

CRFIRE

RT

FS11

PLMFW

MLOCA

LPCC

L1DC

MLOCA

L1DC

FS11

RT

RT

'AF 'FF 'GF 'HF 'CF
'AF 'SI '/RF4 '/CI1
'AF 'S1 'RF4 'CI1
'AF 'SF 'P2 'E1
'AF 'S1 'RF4 'CI1
'AF 'F3
'AF 'SF i RP2 'E1
'GF '2F '3F 'H2 '4F 'WA
'AF 'B2 'A3
'GF '2F '4F 'WA 'H4
'AF 'SF 'RP2
'AF 'S1
'AF 'CI
i 081 i I11 i AW5

'81 '31 'W5
17

18

19

1.241-06

1.157-06

1.152-06

RT 'AF '81 'W1 'RF4 'CI1
'81 '11 'W5

LOOP . 'AF 'GF 'W1 'W3 'I2

21

22

1.152-06

1.134-06

1.132-06

1.05746

LOOP

LOSW

'81 '31 'W5
'AF 'GF 'AI 'RD 'EAC06 'HI
'AF '81 'WI
'AF 'SF 'P2 'E1

nt nano octatc wt t a tvcn tnt tator ot stepearancc o t e trst vc

32

49

58

64

67

74

75

78

79

8.269417

6$S9-07

6934.07

6.062417

5.861%7

5523-07

5.710-07

5.360.07

5.257-07

5.000-07

4.999-07

SGTR

SLBO

LOPF

SLOCI

FS5

IMSIV

LOVC

VSI

'AF 'LI 'UI
'AF 'C5 'FF 'GF 'P2
'AF 'AI 'B2 'S2 'WB
i IAF i HS1

'AF 'A1 'B2 'RN
'AF 'W4 '81 'RF4
'AF 'SF 'P2 'E1
'AF 'S1
'VF 'SF 'T1
'AF 'S1
'AF 'T1 'E1
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Table 3.99 (continued)

81

CDF
RANK

CDF Contribution

4.816-07

Sequence

SLBI i MS2 'A$ 'BE i OSF

93

105

119

158

356

4.767%7

4373-07

3.90147

3.702-07

3.507-07

2.913-07

2.660-07

2.933-08

ISI

HAZCHM

SLOCN

ELOCA

FS10

'VF i SA1

'AF 'S1
'AF 'B1
'AF 'S1
i ZHEHS5 'OINT1
'AF 'A1 'B2 'U2 'CII
'AF
i IAF i AW4 'Bl
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3 Review'f the Internal Events Analysis

Table 3,99 (continued)

Designator for all chemical release sequences (in particular, chlorine
and ammonia releases).

Global failure of instrument air system.

AFFQGF~F
AH4

Guaranteed failure of vital 4.16kV ac buses: F, G, and H.
Failure of vital 4.16kV ac bus H, given failure of dc power train G
(DG-F).

DFF,DGF,DHF
DH2

Global failure of vital 125V dc power train F, G or H.
Failure ofvital 125V dc power train H, given available 480V ac bus 1H
and top event DF failure and top event DG success (DF-F, DG-S).

GHl

Global failure of non-vital ac power from 230kV switchyarcL

Failure of diesel generator 11, all support systems available.

Swing dicscl is aligned to Unit 2.

I1F,I2F,I3F,I4F
111,121,61,141

RT1

Global failure of instrument ac channel I, II, IIor IV.
Failure of instrument ac channel I, II, III or IV, with all support
system or previous trains available.

Failure of reactor protection system; 1/2 trains, both SSPS signals
generated.

SA1 Failure of signal generation (General Transient) by train A of the
SSPS; all support available.
Failure of signal generation (SLBIC) by train A of the SSPS; all four
instrument channels available.
Failure of signal generation (SLBIC) by train B, given failed train A;
all four instrument channels available.

Global failure of control room ventilation system.

'The descriptions for the majority of initiator designators are given in Table 3.9.1.
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3 Review of the Internal Events Analysis

Table 3.99 (continued)

Global failure of 480V switchgear ventilation system.

Global failure of auxiliary saltwater system.

Global failure of component cooling water system.
Failure of component cooling water system, given loss of4.16kV buses
F and G.

ailures of Auxilia Feedwater e Low Power

AW1
AW3
AW4
AW5
AWA
AWB

Allsupport system availablc.
Support for one MDP unavailable.
Support for two MDPs unavailable.
Support for all 10% steam dump unavailable.
Support for all 10% steam dump, one MDP.and TDP unavailable.
One SG depressurizes, all support systems available.

ailures of ECCS Pressu e

AC1
LA1
LA3

MU2

Failures of accumulators and cold leg path.
Failure of RHR train A, all support available (SLOCA).
Failure of RHR train "A all'support available (MLOCA).
Failure of RHR train-8; given failed top event LA.(SLOCA).
Failure of RHR suction from.the hot leg o~WST makeup; power at
ac buses G and H available.
Failure or makeup to RWST (via RFW pump); power available at ac
buses G and H:

ailureso Prima cssure e ief

1/2 PORVs or (1/3 SRVs) sticks open and ts nbt tsolated given
LOSP/SGTR. No block vahre available.
1/1 block valve closes, all support available.

OB1 Failure of feed and bleed (PORV opening and reclosure) given loss of
instrument air.

Failure of main steamline isolation; given failed IT, all support
available.
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3 Review of the Internal Events Analysht

Table 3 99 (continued)

/CI1 Success of containment penetration isolation (inboard or outboard
isolation valves for penetrations 50, 51, 52, and 45 are successful).

SE1 Failure to align backup cooling to charging pumps for RCP seal
cooling, CCWS fails.

SL1 Failure of isolation of ruptured steam generator, all support available.

I
Failure of RHR piping integrity; VO successful (RHR pressure relief
valves open).

ME1 RHR hole size >4 inches.
\

Failure of vessel integrity (due to pressurized thermal shock); loss of
secondary heat sink.

Pointl Conditional probability of core damage in chemical sequences given
that the CST was not initiallyreplenished.

HS1 Failure of operator action to maintain hot standby puss of control
after an accident); all support systems are availablc.

REAC06

OSF

Failure to recover vital 4.16kV ac power before recirculation required

Operator failure to actuate failed SSPS automatic actuation.

Operator failure to trip RCPs to prevent LOCA; given loss of CCW.
Operator success to trip RCPs to prevent LOCA, given loss of CCW.

Failure of manual switchover to recirculation after LLOCA or
MLOCA.

/RF4

ZHEHS5

Successful switchover to recirculation after core melt.

Operator failure to replenish the condensate storage tank.
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Table 38.4 Sp sues Importance Summary

1. Station Blackout

Non.gohtulc

Un normalized
Fuss-Ves Fuss-Ves (%)

Ituportaneoa

Sehmlc

Unnormalized
Fuss-Ves Fuss-Ves (%)

Total

Unnormalized
Fuss-Ves Fuss-Vcs (%)

a. RCP Scat LOCA

b. Failure of Second-

ary Heat Rctnoval

c. Primary RclicfValve

Open and Fail to Re-

d. Total

5.9-06

3.1-0$ 17

1845

7.4-06

1.446

2.74$

53

22

79

4.14S

1345

5845

19

27

2. Failure of Reactor Tri (ATWI)
a. Non-Station Bhck-

out

b. Station Blackout

c. Total

1.446

0.0

1.446

"0
3.746

1.946

5.146

3. RCP Seal LOCA (Non4tation

Blackout) 3.005 17 15

4. Prima Relief Valve

0 n and Fail to Rc-

Close 3.4.0$ 19 17

S. Bleed A Feed Coolin 2.005 0.0

6. Pressurized Ihermal

Shock 7.2-06 0.0 7.2-06

Notes to thc table
2a Seismic core damage sequences duc to failure of reactor trip but not concurrent with station bhckout.
2b Seismic core damage sequences due to failure of reactor trip with station bhckout.
3 Non.station blackout scenarios; thcsc scenarios result from loss of RCP seal injection and cooling.
4 Non.station blackout scenarios.
5 For seismic events, the contribution to core damage due to failure of operators to initiate bleed and teed cooling is negligible.
6 PIS evenh were not modelled for seismic initiators.



Table 3.9.5
System/Operator Action Importances for Non-Seismic Core Damage Frequency

Ranking According to System/Operator Action Importances

A. DomInant Se uence Model Su ort S stems

Support Systems Fusscl-Vcscly Importanccs

Unnormalizcd

Diesel Generator Systems

a. Unit 1 DGs

b. Unit 2DGs

c. Swing Dicscl Alignment

d. Diesel Fuel Oil
Transfer

Vital 125V DC Power,
Unit 1

Instrument AC Power

Associated Top
Event(s)

GF

GG

GH

TG

SW

FO

DF

DG

DH

12

I4

Top Event

Importance

151745

1.98345

2.13945

738746

7.09946

9.26246

7.00446

2,28146

3.92646

1.00645

3.67546

1.77146

4.15946

1.77146

System Importance

4.25545

1.68145

1.13845

System
Importance

(%)

24.0

6.4

Component Cooling Water

Vital AC Power, Unit 1

Solid State Protection
System

480V Switchgear
Ventilation

CC

AG

SAG,SH

SA

SB

SV

1.06545 1,06545

8.60546

2.42846

6.72247

550046

5.15346

437646

4.41146 4.41146

6.0

4.9
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Table 3.9S (continued)

Support Systems Fussel-Vescly Importances

Unnormalhed

Associated Top Top Event
Event(s) Importa neo

System Importance
Importance

(%)

Auxiliary Saltwater

Control Room Ventilation

Reactor Protection System

Non-Vital Electric Power

Vital AC and DC Power,
Unit 2

CV

RT

OG

NV

BF

BG

BH

258846

258346

155846

5.40247

2.10947

2.58846

2.58346

155846

751147

1.5

0.9

0.7

0.4

B. Dominant S uonco Model Frontllno S stems

Frontllne Systems Fussel-Vesely Importances

Unnormalizod

Auxiliary Feedwater
System

Associated Top
Event(s)

AW

Top Event

Importance

458645

System Importance System
Importance

(%)

458645

Primary RCS Pressure
Relief

ECCS, Low Pressure

PR

PO

OB

LV
RW

VA

1.68945

2.02845

751946

7.14946

2.12547

2.07247

2.29247

7.66347

3.71745

139045

21.0

7.8
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Table 3.9.S (continued)

Frontllno Systems

Associated Top
Evont(s)

AC

Fussel-Vesely Importances

Unnormallzed

Top Evont System Importance
Importanco Importance

(%)

1.26746

ECCS, High Pressure

ECCS, High Pressure

MU

CH

SI

HR

RC

RF(-RF4)

1.91846

8.94347

7.26847

1.08546

4.79446

7.45646 4.2

Reactor Vessel Integrity VI
After Pressurized 'Ihermal
Shock (PTS)

Turbine Trip and Main
Steam Isolation

7.17546 7.17546

5.98446

4.0

3.4

MS

Isolation of Ruptured SG SL

Interfacing LOCA Tree

5.98446

1.94046 1.94046

5.0-07

Top Events

Containment Isolation

Containment Spray

VO,VC,VR,SM

LW

ME

CI

CP,WL

SR

5.0-07

5.0-07

352447

3364-10

2.94948

352447

2.98248

.2
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Table 3.9$ (continued)

C. Dominant S uence Model 0 crater Recove Actions

Action

Associated Top
Event(s)

Fusscl-Vesely Importances

Unnormalizcd

Top Event Op. Action P ra o

importance Importance
Imp. (9o)

Maintain Control for Hot- HS
Standby After a Reactor
Trip

Operator Trips RCPs After RP
Loss of CCW to Prevent
Seal LOCA

1.96045

1.21545

1.96045, 11.0

1.21545 '.8

Actions Needed to
Maintain RCP Seal Coolin

Hectric Power Recovery
Factors

Secure SI Per
Operating'rocedures

Following
SGTR

Operator Actuation of
SSPS Signal

Various Human Failures in
Accident Recovery

SE

RES LC1

RESLC2

RES LC3

REAC12

OP

OS

ZHEHS5,

ZHESV3

ZHERP2

ZHEFO6

ZHEAW4

ZHEOB2

ZHEAW3

ZHESW1

ZHERE2

8.99946

2.73346

1.64546

1.48446

936048

1.64346

1.069-06

3.50847

2.87447

1.709-07

1.15347

8.74848

558748

2.58448

2.23648

2.01848

8.99946 5.1

5.95846 3.4

1.64346 0.9

1.069-06 0.6

1.13646 0.6
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Table 3.9.6
Top Event Importances - Conditional Split Fractions

(Ranking According to Fussel-Vesely Importance)

A. Dominant Sequence Model, Support Systems

GF1

GG1

GH1

GG2

SW1

DH1

DG1

F01

TG2

DH2

DF1

SA1

TG3

SB2

I41

I21

SV1

SW2

FO5

ASB

OG1

Top Event

Unnormallzcd

Fusscl-Vescly

1517E45

1,125E45

9579E46

8.576 E46

8.193E46

7.248 E46

7.227E46

5.105E46

3.926 E46

3$53E46

3.799E46

3.675 E46

3.618E46

3.478 E46

2.887E46

2.833 E46

2.821E46

2.809 E46

2.722 E46

2.692E46

2.691E46

2.428E46

2.297E46

2.101E46

1.817 E46

1.771E46

1.771E46

1.672 E46

1.601E46

1396E46

1A60E46

1385 E46

137 1E46

1309 E46

1.284 E46

Importances

Blrnbaum

3338 E44

2504E44

2.157E44

1538E44

1504E44

1.449E45

1.031E42

1.779 E44

5568E43

1.784 E42

3303 E43

3.196 E43

5.761E45

6339E45

3.420E45

4.059 E43

4.002 E43

4.059 E43,

4.969E45

3549E44

3.889 E43

3.509 E43

3.610E45

8.755 E45

3.107 E43

3.074 E43

3.074 E43

9.780E41

6305 E44

2.811E45

8.112E43

2.727 E45

5.077 E45

1.715 E43

2.256 E43

69,

43

47

30

40

34

17

31

18

14

16

22

10

18

12

14

Occurrence

ln thc DSM

Scenarios
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Table 3.9.6 (continued)

A. Dominant Sequence Model, Support Systems

TG1

SB1

Top Event

Unnormallzed

Fuss el-Vesely

1.032 E46

1.010E46

1.008 E46

9.748 E47

Importances

Blrnbaum

5347E44

5.977 E45

2.283E45

1.301 E44

Occurrence

ln the DSM

Scenarios

9501E47 3558E45

F04

CC1

SV5

AG1

SA5

SA2

SB6

F02

CC7

BG1

RT1

SBE

GH4

SW3

SV3

I32

CV1

CV2

TG6

CV6

TG5

F03

BH1

SBC

AS5

SV4

AS3

9300E47

9.025 E47

7.639 E47

6.772 E47

6.682E47

6398 E47

6398 E47

6.214 E47

5.914E47

5.402 E47

5.257E47

4.816 E47

4.133E47

4.130E47

4.057E47

3.606 E47

3519E47

3.323 E47

3.195E47

3.109E47

3.023 E47

3.010E47

2.983 E47

2.477E47

2.145E47

2.132 E47

2.109 E47

1.786E47

1.776 E47,
1.089 E47

2.949E48

4.115 E45

4.801E42

1.042 E44

9.786 E44

4.773 E45

5.613E45

758 1E46

8.827E45

8.921E44

3.752 E44

7.990 E42

6.482 E46

9.225 E46

4.155 E47

3.051E43

2.072 E44

4.630E44

1.613E45

5.746 E46

5.746 E46

7.792E46

6.780E46

6.780 E46

5 598E46

6.110E44

2379 E46

1.465 E-04

1.333E45

4.960 E44

4.236 E43

2.418 E44
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Table 3.9.6 (continued),

B. Dominant Sequence Model> Frontllne Systems

Unnormallzcd
Fussel-Vescly

Importances

Blrnbaum

Occurrence
in the
DSM

OB1

PRD

AW4

AW5

AW1

AWA

MS2

AW3

AW8

AW9

AWB

RF1

MU1

SL1

AC1

HRB

AW7

PRN

ME1

MU2

SI2

HRD

SI1

1.760E45

1.618E45

9.760E46

9.676 E46

7.497E46

6.532E46 .

5.984 E46

5.695 E46

5369E46

5.029 E46

4.958 E46

3.412E46

3.278 E46

2.684E46

2.061 E46

1.824 E46

1.688 E46

1.611E46

1515E46

1.430 E46

1319 E46

1.267E46

9.260 E47

8.917E47

8310E47

7544E47

6.802E47

6.616 E47

6.202 E47

5.862 E47

4.999 E47

4.999 E47

4.878 E47

4.818 E47

2.535 E47

2.450E47

6.089 E44

3316E44

1346 E44

2.932 E44

2.010 E41

6.811E45

5.984 E46

2.792 E44

2.531E44

4.056 E43

2.128E45

2.774 E43

6.650E44

7.158 E46

1.010 E44

1.155E44

1.197E45

6.686 E45

4.795 E44

1.792 E44

2.177E44

2.020 E44

4.630E44

6.324 E45

2.072 E44

2.072 E44

7.558 E45

2.042 E43

9513E45

7,653 E45

5.050 E47

9.999 E47

4.169E45

3.011 E45

5.560E-05

7.513 E45

59

43

60

12

21

32

24

16

33

18

14

13

32
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B. DomInant Soquence Model, Frontllnc Systems

Unnormel ized
Fuss el-Vesely

Importa nccs

Blrnbaum

Occurrence
ln tho
DSM

CI1

VA1

Lvi
RW1

PRA

CI2

CH1

2.414 E47

2.292E47

2.125E47

2.072 E47

1,233E47

1,197E47

1.110E47

2.949 E48

1.194E48

9.977 E49

2555 E49

3364E-10

4.116 E45

5.970 E45

4.630 E44

5.260 E43

1.498E45

3.192 E46

1.924E45

3.110E46

3.110E46

6.395 E47

4.094 E46

2.352 E48

C. Dominant Sequence Model, Operator Recovery Actions

Unnormallzcd
Fusscl-Vcscly

lmportanccs

Birnbaum

Occurrence
in the
DSM

HS1

SE1

RESLC1

OP1

RESLC2

OS1

ZHEHS5

ZHESV3

ZHERP2

ZHEF06

RES LC3

ZHEAW4

ZHEOB2

ZHEAW3

ZHESW1

ZHERE2

REAC12

1.960E45

1.215 E45

8.999E46

2.733 E46

1.645 E46

1.643 E46

L484E46

1.069 E46
~ 3508E47

2.874 E47

1.709 E47

1.153 E47

9.360E48

8.748 E48

5.587 E48

2.584 E48

2.236E48

2.018 E48

2.925 E49

1.000E+00

-6.622 E-04

8.256 E44

9.690E46

3.545 E46

3.716 E44

3.885 E45

5347 E44

4390E45

7.706 E45

1.711E45

2.882 E46

1,085 E46

1.750E45

6.983 E47

3.230E46

6.315 E46

3.800E46

1373E48

15

22

14

Note: A negative Birnbaum inrportance indicates that the complement of the
event is dominant in the overall CDF expression.
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n
Q
A
CA

hJ
SystenIOperator Action

Cn ~w~rt 2

et�>os

Non-Vital Xiecttic tover

TaMe 38.7 Unnormalhed Systeto/Opeealot Aetna lmoaeTanree fot lniernal Eeend lnfifelors
DOmlnanl Sequence Model (Sbeel I ofd)

Assooiated
Top Rvents

Or Their
Total

LOOP
Itv9F 10-02

RT, Itvi~ 14
TT>It'll.OS

Initiator S.yd2-07 2.927 01

Inltlater. 2nitlator Fre>tuency (yr')
LtCC. LOSW

PLSCLL LLDC LLLCCA SCTR Itui.ed Ol IXPU SLSO

Ituy~ 49 01 Itv2~ Sd-02 Itul.d$ 04 It 1.11 02 It 9.14-0$ It 2.19-01 It 5.S) 01

Diesel Cenerator Systen
a. Unit 1 DCs

b. Unit 2 DCs

c. Svlnt Diesel ALLtn.
d. Diesel tu«i Oil Trsnsder

Instr>scent AC Pover

Total
Ct
CC
CR

TC
TLL

SN

tO

Total
Il
22
IS
Il

1.544 04
2 ~ 100 Ol
2.2$ 7 Ol
1.8$ 9 05
7.800 05
1.014 Ol
7.491 05

$ .804 04

4.120 01
2. 77501
2.926-07
1.19l 07

l.dll 07

hR2h5
1.097 05
$ .945 07
1.097 04
5.491 07

2dRJR
2,921 01
1.$ 79 01
2.924-07

~0
1.091 06
9. 915-01
1.097 04
5.49$ -01

S. dl8-01

hQLht
1.498 05
$ .754 04
7.498-06
I~ 756-04

~40 I
$ .854 05
1 ~ 665 05
S.854 OS

1.665 05

Auxiliary Saltvster

Vital 12SV DC Pover, Unit i.
Ch
Cn

Co>sponent Cool lns Voter

Vital AC Fover, Unit 1

Control Roon Ventilation

SOLld State ProtectLon Systen

480V Svitchlear Ventilation

Reactor Protection dystto

Vital AC and DC tover, Unit 2

Total
DF
DC

DLL

Total
AF
AC
ALL

TotaL
SA
SS

Total
SF
SC

SR

~d
7.415 04
9.809-04
1.299 0$

S>S46 Od

I ~ 94I 04
1.1$ 1-04

~4

4.054 04

~4
$ .9$ 1-04
2.518 Od

~40
1.$ 20 07
4.422 07
1. $51-06

}s}}7 07
1.246 01

L.ISL 07

~47
1,149 07
1 149-01

07

01

h5lJE
1.520 01
4.422 01
1.258 04

0 0

~87 1

1.244 07

8.581 01

~49
7.1I9 07
7.149 07

2.476-05

I
5.750 05

1.107 04

I
5.444 05

1.091 04

~7
4.4$ 4 04
$ .285-04

~79 4

~04
9 '20-OI
9 '20-Ol

~7
4.597 06
4 '97 06
l.571-06

Initiator

~40

7.050-04
7.010-04

~40
4.$ 07-07
1.241 04

~0
~07
8.581 07

l I
2 '17 05
4 ~ 210 05
4.2ld 05

0
2.000-0$

I ~ 192105

Au»LLLary Feedvater Staten
Prinsry RCS Pressure Relief

ECCS, Lov tressure

AU
Total
tR
OS
TotaL
LA

I
LBhB
1.745 OI
9.4$ 4 04

LREL5
2.284 0$

~4
~44

4.414 04
1

1.948 01

~4
I

I 454 04~0
1.11) 01

~48 Ol~74
4 ~ 81S Od
1.049-04
LZM ~44

5 ~ 681 0$
JJ}i Ol
4 '81 0$

hQL5
1d2h5
1.018 06

-04
4

1 ~ 81$ ~ 04
l

1 ~ 146 Ol



TaMe SAT Uttnonudlhad Systco)/Opordtot At(lots loiporlaorod for lntdn)dl Evdof loltld(OFS

Dooahd)lt S(pdoro Model (Sheet W ot 4)

Systenloperator Action

Associated
Top Events
Or Their

Total

Initiator, Initiater treooenoy (yr')
)CACA SCIR
IF%6.4$ Oa IFAIF 71 02

LOOP O'T,IF i.lt PIÃyll LIDC
It 9.10-02 TT,It'll.0$ It 7.69 01 Itv2.$6 02

LtCC, LOSS)
Itvl.96 Ol EEW SLSO
IF%9.76 05 IF%2 F 79 01 IF%5.5$ 0$

ECCS, aidb Pre~~ure

~ ( Ryi)

Reactor Vessel Intedrlty

Turbine Trip 4 Hain Stean Isolation

Isolation of Ruptured SC

Contalnnent Isolation

Contaltveent Spray

Re ons
Nslntatn Control for Hot Standby After

an Accident
Operator Trips RCPs After Loss of CCu to

Prevent Seal LOCA

Actions Seeded to Maintain RCP Seal Coollnd

LS
LV
Rll
VA
VS
AC
)67

Total
CS
SI
HR
Rte

CI

Total
CS

SR

Rt
SE

2.05i 05

2. 519-06
7 '58 Qd

~a7 0
9.06504
5 '95 04
1.155-0$
1.614 05

77

1.77$ -07

1.210 08

2.712.09

ARE
8 07

0~s7

1 ~ 775 07

4 7

~807

~ao
~ol 07

9.144-08

1 did Od

7.7$ $ 08

~o
1 ~ $ 71 08
5 ~ 9a9-07
1.299-04
I ~ 02A-06

~8
~7

LlM
1.$ 16 08
1 ~ 152-06

$ .681 0$
6.590-06

~0
9.145-0$
9.145 05

6.930-0$

~0

a. 981-05

8.$ d$ 0$

~086 0
~8-0

I.lad-oa

AM
~a

Electric Paver Recovery Factors Total
RESLC1
RESLCZ
RESLC5
REAC04
REAC12

1 F 808-05
1.4$ 1 05
1.029-06
$ .00$ -OS
5 ~ 2)i 08

z
C

Q
O

Operator Actuation of SSPS Sldnsl

Secure SI ter Operstlnd'rocedures toliov-
int SCTR

Various H~n Failures ln Accident
Recoveries

Total
ZEESVS
ZEEHSS
ZETANa
ZEERP2
TEES)sl

- ZSERE2
ZREAOS

ZSEFod
ZSE0$ 2

GEE
, a.aso 07

2 ~ IS) 07
2.217 07

I ~ 247 04

~87

hMt
5.985-09

1.727 08

7

GRUS
$ .985 09

1.727 08

~7686 06

6.477-06

1 ~ 009-04

7 0

1 F 827 08

I.S82 OS



0
O

Systoolapora'co! Aetlon

m~zaaa
Son-Vital Eleatrla Paver

Ch

Diesel Ceneracor Syston
a. Unit 1 DCs

h. Unit 2 DCs

o. Svlna Diesel Allan.
d. Diesel tueL OLL Transfer

Ass on Lated
Tep Events
Or Their

fatal

Initiator, fnltlater trequonoy (yr')
ILCSIV, Ital.af 01

SLOCI LOSNV LOCV Latt TWN, Ite9.$ 4~02
Itvl~ 4L 02 It~4.29 05 Iti).99 02 Ital.2L Ol LCV, It~4 )$ ~02

SLSI
It%a.4$ -0\

LLOCA
It~2.02 Ol

total
Ct
CO

CE
fa
fE
SN

ta

Table SA7 Ucesarmellsed Syeleee'Operator Actka lmlecfecscee kc lalerDsl Bveal lnltbclare

DaeelDSLLS Seqaeaoo Model (Sbeet S ot 4)

SLOCE ISI
I)~5.26 OS Iti).$9 02

Inscccreent AC tover Total
Il
I2
IsIl

~a

2.$ ld 0$

Auxiliary Saltvacer

vital 12sv Dc pover, Unit 1

Corposant Cool lna Nacer

VitaL AC Pover, Vnic 1

Control Roon Ventllaclon

Solid State Protection Systen

idaV Svlcehcoar Ventilation

Reactor Proceetlon Syscen

Vital AC and DC Paver, Unit 2

~oo»~ISIEER
Auxllcary teedvator Systen
trenary RCS Pressure Roiled

ECCS ~ Lov Pressure

Total
Dt
DO

DE

Total
At
AC
AE

Total
SA
SS

RT

Total
St
SO

SE

AN
Total
PR
OS

Tatai
LA

~ds
9.422 Oa

9.422-0L

AIM
5.925 al

~sad

).050 Ol
).Oia-al

al

4.$ 92 Ol

~e
L.als 03
1.626 0$

LXRLB
~s

h8h5
l.lSS 05
l.iso 05

13M
~s
i,ll2 05
l,al2-05

~S
S.dai 05

hMX
d.lSS-0$

~0
).$ $ 0 as
).isa 0$

Inlclator

2.2$ l 0)
$ .422-0)

InLtlator

80 6

51ML2M
1.0)$ 06

~a
2.2$ L-O)
$ .422»0)

hlM~)
1 ~ 0)$ 04

2.2$ l-a)
$ .422-0)

h18JE~)
1.0)$ 04

~a
).$4$ -0$

~a
2.2$ l 0)
$ .422 0)



Staten/Operator Action

Associated
Top Eeents
Or Their

Tetal

Inltiater, Inltlator troduaney (yr')

LLOCA SLSX SLOCI LOSMV LOCV LOPP
It 2.02 Ol It l.4$ -0l Xt 1.41 02 It d.29 05 It 9.99 02 It 1.21 Ol

IHSIV, Ital.by 01
TL)fyH> Iteb>bb 02

LCP, I'd.t$ 02

TOMO BA7 Umorsaalbed SystbHH'Opetafot Ac5os lapoctsarbb ke infernal lIveof laÃatera
nm~ M~y~ iad)

SLOCN 161
Itib~ 24 0$ Itsy.ip 02

LS
LV
RM

VA
VS
AC
HO

5>92$ Ol

4>270 0$
v

4.691 05 $ >529 0$

$ .910 05

9 ~ 216 05

ECCS, Hith tressure

~ ( Rtl)

Reactor Vessel Intetrity

Turbine Trip 1 Hain Stean Isolation

Isolation of Ruptured SC

Containnent Isolation

Q Contaiaaent Spray

t
Hslntain Control for Hot Standby After

~ n Accident
Operator Trips RCPs After Lose of CN to

prevent Seal LOCA

Actleos Heeded to Halntaln RCt Seal Coollnt
Electric Paver Recouery Factors

Operator Actuation of SSPS Situal

Total
CH

SI
HR
Rta

CI

Total
CS

SR

RP
SE
Total
RESLC1
RES LC2
RESLC5
REACOd
REAC12
OS

v

l>9$0 0$

52M
~s

hZM

vvv

hBhQ
$ .060 0$

2'.49)
0$

z
C
C','ecure

SI Per Operstina troeedures tollov
int SCIR

Various Hunan tailures in Accident
Recoveries

Total
XHESVS

XHEHSS
XHEAVl
XHERtX
XHESNi
XHEREX

XHEAHS

XHXIO4

XHEOS2

~SO
$ .4lb 0$



z
t

C)

Table $ .9.8
UnnorsIaliaed Staten/Operator Action Ir2portances for tlreitlood Scenarios

Donlnant Sequence Nodal

SystecsIOperator Action

Assoolated
Top Events

Or ThoLe
Total

F811 FS8
Ite). 18-01 IF006.18-06

Initiator, Initiator Frequency (yr')
Fdl
It 2.9l Ol

FS6 FS9 FS5 F610
IF002.l2-05 IFSSL.SS-05 Ite5.26-05 Itel lid-05

~Su Roc S~
Auxiliary Saltvater

Vital 125V DC Pover, Unit 1

AS

Total
Dt
DO

DH

1UlhB
7.050-0l
7.010 Ol

~d Ol

7.050-0l
9.88l 05

L8W

Coeponent Cool Lnt Mate r

ontline S ste2ss

CC ~8 ~0

AuxlLlary teedvater Systess

Prinsiy RCS Pressure Relief Total
PR
Ob

~00.02
l.880-02

~6. 96-0$

~S.II .0

2.171-0$

~nina

2.890-02

g 099.0$

~2.09$ -0

2.095-0$

ECCS0 Lov Pressure Total
LA
Lb

~6. 00-0
$ .87l Ol
3.773 Ol

Reactor Vessel Intedrity VI .682 0 .890 0

erato Re over tions

Operator Trips RCPs After Loss of CCM to
Prevent Seal Loca

Action Heeded to Maintain RCP Seal Coollnr

II0 ).086-02

SS ~0$ 6-0

l2 0 .086-0

1.086-0



Table $ .9.9
Unnomsalised Fussel-Vesely Importances of Support System - Support System Pairs

Support Systems

Support Systems
(Top Events)

Diesel
Cenerator Instrument Auxiliary
Systems AC Pover Saltvater

Vital Component
125V DC, Cooling
Unit 1 Mater

Vital AC Control Solid Stats 480V Svitch- Reactor Vital
Pov«t> Room Vent- Protection gear Vent- Protection AC 4 DC
Unit 1 llation System ilatlon System Unit 2

Hon-Vital ELectric
Pover (OC) 1.309-06

Diesel Cenerator
Systems (CF,CC,CH,TC,
TH,SM,FO) $ .462 07 1.548 06 2.687 06 3.981 06 1.661 06 2 ~ 2$ 1-06 3.691 07 1.590-06 7.511-07

Instrument AC Pover
(I1,12,13, I4)

Auxiliary Ssltvater
(AS)

VitaL 12SV DC, Unit 1

((DF,DC,DH)

3.050 07

3o606-06

2.994-07 3.507-07

5.771 07

Component Cooling
Mater (CC) 9.814-07 $ .728-07 2.55-07

Vital AC Pover, Unit 1

(AF, AC,AH) 5.676-07

Control Room Ventila-
tion (CV)

Solid State Protection
System (SA,SB)

480V Svitchgear Ventila-
tion (SV)

1.0$ 2-06

Reactor Protection
System (RT)



Table $ .9.10
Unnor>as(Ised tussol-Vosoly Is>portanees oE Frontisne Systeb - Support Systeb talrs

Support Sys'cans (Top Events)

Frontllno Systcns
(Top Events)

Diesel Cen

aerator

Sys- Instru-
Non Vital tens (Ot, bloc AC
Eiecttlo CC>CR>TC Fever (Il>
Fever (OC) Tl>SN>FO) 12>1$ >Il)

Aux<1sary
Salcvacor

(AS)

Vital Control
Vital 12$ V Cobponent AC tover, Roon
DC, Volt 1 Coal lnt Unit 1 Ventlla-
(DF,DO>DR) Rater (CC) (At>AC,A)l) alon (CV)

Solid State lSOV Vital
ttoteotlon Svltchaear Reaetot AC i DC,

Systob Ventlla trotoetlon <)n<t 2
(SA,SS) tlon (SV) Systeb (Rt) (St,SC>$ 8)

Auxiliary tecdvater
Systeb (AN) 2 ~ 940 07 l.l87 0$ 9.490 04 S.l$ 0-0d 9.120 07 4.$ 96 06 d.$ l7 07 l>i$9 07 l.$$ 0 07 l.218-07 ~

trlbary RCS tressure
Roll~ I (FR,OS) 1.47l 0$ 1.0$ 7 0$ l.l$$ 07 1.417 04 1.782 04 1.714-04 S,l19 07 $ >88l 07

ECCS, Lov tressure
<IA,LS,LV,RN>VA>
VS,AC,NO) l.4$2 04 I ~ 2$ <-07 l.618 07 l>929 07 2.305 07

ECCS, Blah tressure
(CH ~ SI ~ RR,RFa)

Reactor Vessel
Intearlty (VI)

1 ~ 6l)-04

1.2ll 04 2.798 07

1 ~ 2<1 08 2.l6$ 07

Turbine Trip 4 Nein
Stcaal Iso(ac<on (NS) 1.412 07 8.$ 15-07 $ .0$ 0-07 2 ~ 21i 06 $ .180 07 S.i2i 07 2.$ $ 1-06

Isolatlen o( Ruptured
SC (SL)

Contalnbent Isolation
<CI)

Contalnbcnt Spray
<CS.SR)

Intcrfaclna LOCA
Event Tree top Events
<VO,VC,YR,SN,IT,LN>
NE)

A )09 08

$ .8i9 0'7 2.$ $ l-oy

'Rf does not Include Rfd as Rfl Is



3 Review of the Internal Events Analysis

3.10 Summary and AnalysIs of Review Results

Alternative 'quantiQcationhas been offered throughout this rcport on a multitude of individual itemstissues
as a result of the internal events review. 'Ibis section coUects these individual items and incorporates than
into a set of integrated CDF calculationL

Table 3.10.1 lists each of the items within the DCPRA internal events review for which alternative
quantification has been offered ~ any signiQcant difference has been noted with thc original/updated
DCPRA. Table 3.10.1 also lists the original values provided by PG&E (as used in BNL's cakulations in
Section 3,9) as well as the BNLalternative values used in sensitivity estimates throughout the report,

Table 3,102 provides the results of a set of overall internal event CDF caicuhtions in an attempt to place thc
internal events review results into an integrated and proper perspective. Case 1 in the table is simply the
solution to the original DSM as described in Section 3.9 (minus the external events). Case 2 represents Case
1 plus the three updated initiators provided by PG&E as a result of this review and it is our belief that this
essentially represents PG&E's updated DCPRA internal event results. Case 3 represents Case 2 plus the
substitution of the BNL split fraction quantification from Table 3.10.1. Case 4 represents Case 3 plus the
substitution of the BNLvalue for LOOP. Case 5 represents Case 4 plus the BNLvalues for LOSW, LPCC
and SLOCN. Case 6 represents the substitution ofall alternative BNLvalues from Table 3.10.1 into the DSM.

BNLbelieves that Case 4 represents the most reasonable sct of alternative quantiTication of those offered in
Table 3.102. Case 2 is simply the updated PG&E results and Case 3 does not include the solar magnetic
storm contribution identiQed by BNL for thc LOOP initiator as does Case 4. (Note: Following the
completion of this study but prior to the issuance of this report, Diablo Canyon experienced its Qrst LOOP
event. Although not caused by a sohr magnetic storm, it further substantiates the use of a higher LOOP
initiatingfrequency ) Cases S and 6 are dominated by initiatorfrequencies that are heavily depcndcnt on iong-
term industry-wide experience. Based upon Diablo Canyon's demonstrated ability to avoid plant transients
as well as the industry trend to lower numbers of transient events per year, these cases are felt to be overly
pessimistic for formulating a best estimate type of value.

It should also bc noted that the BNLCSFs include the removal of HS1 (HS1 ~ 0.0) from the model as it is
believed to be too conservative in the DCPRA. HS1 represents the complete failure of thc operating staff
to maintain the phut in a safe hot shutdown condition folhwing a transient (predominantly RT and TQ with
no other failures present.

The breakdown of initiator importance for case 4 can be found in Table 3.103. This is an equivalent table
to that of Table 3.9.1a (which is based upon the oriy'nal DSM/input data) minus the non-seismic external
events. Case 2 is also included in Table 3.103 as this represents a truer comparison between thc updated
DCPRA and BNL's alternativeset of quantiQcation. (The updated input-i e.,three new initiatorfrequencies-
from PG&E came after the importance calculations on the DSM were completed and therefore those

calculations were not repeated. The changes, however, do not represent a signiQcantly different view of the
Diablo Canyon risk profile).

Table 3,10.4 covers Case 4 (the analog of Table 3,93 for Case 1) and provides the associated ranking of the
system/operator action importances according to the assumptions of this case. It is interesting to note that
for the support systems, the largest increases in importance ranhng came from the Diesel Generator Systems,
the AuxiliarySaltwater System and the SoQd State Protection System, For the frontline systems, the biggest
change was that the AuxiliaryFeedwater System and thc Primary RCS Pressure Relief System (ranked 1 and

NUREG/CR-5726



3 Review of the Internal Events Analysis

2 in the DCPRA) exchanged places and are now rani>ed 2 and 1 resixetively. And, most interesting of all is

the importance ranking within the operator/recovery actions. For the case 4 analysis, the leading importance
contributor (operator activation of SSPS) was signiQcantly less important in Case 1 and the least important
operator action in Case 4 (failure to maintain'hot standby) was the leading contributor in case 1. This
essentially reprcscnts a full reversal of these roles.

Thc above alternative results are offered as an additional sct of sensitivity studies that may provide further
insight to the future users/reviewers.

In summary, thc internal events level 1 portion of the DCPRA represents a truly comprehensive and detailed

effort. It has withstood detailed scrutiny and is considered to represent a Qrm and reasonable basis for input
into PG&Ps Long Term Seismic Program.
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3 Review of the Internal Events Ana~
Table 3.10.1

M(tioF Elements ofhlternatlve Review QuanNkatloLL

Element
Designator (DSM)

Description PG&E DSM BNLReview
Vahe Value

IniciatotsI
LOOP

RT

TT

LOSW

LCV

SLSI

SLSO

ISI
TLNFW

PLNFW

EEFW

INSIV
LOPP

ij
Spli't Fractions I

SA2

SAS

Sbl
882
586

SSC

SbE

ACL

ASS

AS 4

ASS

ASS

Loss of Offslte Peter
Reactot Trip
Turbine Trip
Loss of Auxiliary Saltvater
(PCCE updated VaLue)

Loss of Conponent Cooline Mater
(POLE updated Yalw)

SoaLL LOCAINon Isolable
(PC4E updated value)

Loss of Condenser VacuIss
Stean Line break Inside ContaLIssenc
Stean Line break Outs id» ContaLIssent
Inadwrtent Safety Injection Sienal
TotaL Loss of Naia Peedvater
Partial Loss of Nein Feedvacer
Excessiw Peedvatet Flov
CLosure of One NSIV
Loss of Prinary Plov

Solid State Protection Systen

Lov Pressure In)eccion Function

Diesel Fuel Oil Systecs

Auxiliary Saltvater Syscen

9.1E-2
1.14 „

1. 05

9.74E 5

(1.408-4)

1.96E 4

(2.88E 4)

5e26E 5
(S.SSE-S)

8.75E 2
4 ~ 65E 4

5.55E-S
7.59E 2

9.98E 2

7,49E 1

2.79E 1

1.07E 1

1 21E 1

7.58E 3

1.142-2
1.40E 2

7 482-3
2.402-2
8,442-2
1.$ 4E-2

7. 4M-2

6.27E 5

S.OSE-2

1. 222-4
1.69E 2

5.58E-4
2.7E 2

1 OSE 1

1.85
1. 95

1.01E 5

9.51E 4

LeSSE 2

S. LSE~L

1 ~ 66E 5

1 ~ 98E 2

2.64E 1

5 ~ 57E-1

F 68

9e97E 1

5 ~ SSE 1

4 ~ SSE 1

So79E-2

5.70E 2
7.00E-2
1 ~ 50E 2

4.80E 2

1 ~ 69E 1

2.68E 2

1,49E 1

8.54E 3

2 '9K-2

2 '2E 4

2 '4K 2
4.97E 4

1 ~ 0

RT1

BSL

Reactor Protection Systee

Operator Fails to Naintain Bot Shucdovn

6.58E 6

5.018 6

2.90E 5

0,0
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3 Review'f the Internal Events Analysis

Table 3.104

Overall Internal Event CDF Estimates vs Revievr hssumpttons

Description

1. Original PG8cE input for the DSM

2. Case 1 + PG&E updated initiator
frequencies (Table 3.10.1) „

3. Case 2 + BNL CSFs

4. Case 3+ BNI LOOP

5. Case 4 + BNLvalues for
LOSW, LPCC and SLOCN

6. AllBNLvalues from Table 3.10.1

Point Estimate CDF (yr')

2.0EQ

? IEP

2.4EQ

33EP

(Note: Point estimate results presented in the draft version
of this report formed the basis for the staff's SER findings
(NUREG4675, Supplement No, 34) and were based on a slightly
more conservative AuxiliaryFeedwater System success crit4eria.
In this final version, this conservatism has been removed.
Overall conclusions are essentially unchanged.)
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3 Reviaw of the Internal Events Analysh

TsMe 3.103

Comparison of Internal Event Coutributhns to Core Damage Frequency

(Ranking of Top Ten Internal Event Contributors)

Updated DSM - Case 2 (POTE) Case 4
(BNL)

LOOP

RT

Fussel-Vesely
Importance

(%)

32

12

Initiator

LOOP

RT

Fussel-
Vesely

Importance
(%)

PLMFW

MLOCA

SLBI 4

LOSWV
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Table 3.10.4A

RANKINGOF SUPPORT SYSTEMS IMPORTANCE

INTERNALEVENTS - CASE 4

Support System

System Importance
(%)

1. Diesel Generator Systems

2. AuxiliarySaltwater

3. Solid State Protection System

4. Control Room Ventilation

5. Vital 125V DC Power, Unit 1

6. Reactor Protection System

7. Instrument AC Power

8. Component Cooling Water

9. Vital AC Power, Unit 1

10. 480V Switchgear Ventilation

11. Non-Vital Electric Power

12. Vital AC&DCPower, Unit 2

51

29

18

0.4

NUREG/CR-5726 3-78



Table 3.10.4B

RANKINGOF FRONT-LINE SYSTEMS IMPORTANCE

INTERNALEVENTS - CASE 4

Frontline System
System

Importance

1. Primary RCS Pressure Relief

2. AuxiliaryFeedwater

3. Turbine Trip and Main Steam
Isolation

4. ECCS, Low Pressure

5. ECCS, High Pressure

6. Reactor Uessel Integrity After PTS

7. Isolation of Ruptured Steam
Generator

8. Interfacing LOCA

9. Containment Isolation

10. Containmcnt Spray

28

22

0.2

0.2

<0.1
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Table 3.10.4C

RANKINGOF OPERATOR/RECOVERY ACTIONS IMPORTANCE

INTERNALEVENTS - CASE 4

Operator/Recovery Actions

Operator Fails to Actuate SSPS Signal

Failure to Recover 1 of 3 DGs with AFW
Available

Operator Fails to Trip RCPs After Loss of CCW
to Prevent Seal LOCA

Failure to Take Actions Needed to Maintain RCP
Seal Cooling

Failure to Recover Normal Power in 6 Hours

Failure to Recover 1 of 3 DGs with AFW
Unavailable

Failure to Secure SI Per Operating Procedures
Following SGTR

Action
Importance

(%)

4.6

4.1

2.8

1.5

0.9

0.8

Failure to Maintain Control for Hot Standby After
a Reactor Trip

(neg)
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4 REVIEW OF SEISMIC PRA

4.1 Introduction

This section presents the results of a detailed review of the Seismic Probabilistic Risk Assessment portion of
the DCPRA, as contained in Section 6 of the LTSP document. The necessity for and importance of a detailed
review of the seismic PRA is discussed in Section 1 of this report. In the following, the major steps in the
seismic PRA, namely:

a, Hazard Curve Development
b. Fragility Development
c. Systems Analysis (Event and Fault Trees)
d. Risk Integration and Uncertainty Analysis

are discussed separately in Sections 4.4 through 4.7. One unusual feature of the PRA is the use of average
spectral acceleration rather than peak ground acceleration as the independent parameter for the hazard'curve,
fragilities and responses. This raises a number of interface questions which are discussed explicitlyin Section
45.

4.2 Detailed Description of DCPRA Approach Used in the Seismic Analysis

In general, the PL&G approach for seismic PRA is to develop a so called "frontline seismic event tree" which
has top events which model both building failures and failures of essential safety systems. The single initiating

~

~

~

~

~

~

~

~

~ ~

vent is the earthquake. Definitionsof the top events in terms of Boolean expressions for component failures
re developed in the report. These frontline seismic accident sequences either (a) lead directly to core

damage with seismic failures only (b) require the addition of random failures for certain systems (as obtained
from the internal events analysis) to create the conditions for core damage or (c) are "ok" sequences. In
addition, each accident sequence on the frontline seismic is mapped to an end state which is used to determine
the configuration of support systems. For example,
sequences are usually noted which lead to one of the following: (a) no seismic impact on support states (b)
extended loss of offsite power (c) loss of all AC power, etc.

In order to quantify the accident sequences, both random and seismic failure probabilities were determined.
In general, the seismic failure probabilities were developed by using the so~lied "factor of safety" or
"separation ofvariables" approach in which the median level of failure is characterized by the design capacity
and the margin of safety associated with each aspect of the design calculation. Uncertainties (both random
and systematic) are derived from data or estimated for each safety margin factor and combined assuming a
log-normal model of conditional failure probability.

In addition to structural seismic failures of components and buildings, functional failure'f electro-mechanical
equipment due to relay chatter or circuit breaker trip (caused by the seismic shaking) were also considered.
An eitensive effort to identify all relays or breakers which were susceptible to ground motion (and which are
also important to safety) was made as part of the DCPRA.

As part of developing the fragility functions for both components and structures, the response of each
important structure (in terms of fioor response spectra for each floor slab and shear and moment loads in
load-bearing wall) must be determined. In the DCPRA, a detailed building response analysis was performed

r the auxiliary building using dynamic structural models and suites of recorded earthquake (and artificial
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4 Review of Seismic PRA

earthquakes) time histories, This analysis was compared with the design analysis results, and the results of
the comparison were used to scale the design responses ofother structures important to the PRA, and provide

appropriate measures of uncertainty for all required responses.

In addition to the seismicaHy-induced failures, both random and human error failure probabilities were

included in the seismic sequences. Random equipment failure rates were taken directly from the internal
events portion of the PRA. Judgement was used to specify human error rates as a function of earthquake

level.
In general, PL&G uses a two step approach to quantifying risk, a point estimate calculation of the mean core

damage frequency foHowed by an uncertainty analysis, In the first step, a mean point estimate is computed

using a mean hazard curve and mean values of the conditional component failures. In general, a family of
hazard curves are developed and each hazard curve is associated with a judgmental weight. The numerical

values of the familyof hazard curves and their associated weights are presented in tabular format. From this

table one can compute the ordinates of the mean hazard curve, taking into account the assigned weighing.

A number of increments are then defined, in this case six increments starting at 0.20g and extending up to
4.0g. These increments or levels are used to report intermediate results. Typically, they use small intervals

, for low values of acceleration and fairly large intervals for higher values of acceleration.

A table of conditional mean failure fractions is presented for each component having a seismic failure mode.

This table presents the mean conditional failure fractions for each interval of average spectral acceleration,

such that this mean fraction - when multiplied by the incremental hazard curve frequency of that interval-
gives the correct total failure frequency for that component over the interval. It is computed by use of a code

in which each acceleration interval is further subdivided into increments (either .Olg or 0.5g) and then the
failure fractions are computed at each sub-point in the interval and weighted by the hazard curve frequency.

They are finallynormalized to the numerical value of the hazard frequency in the increment. The net result

is that the mean failure fraction, when multiplied by the reported increment frequency does yield the correct

total failure frequency for that increment. This is done so that in the second stage analysis (the uncertainty
analysis using Discrete Probability Distribution (DPD) arithmetic techniques as discussed later in this section)

these incremental values can be used.

The accident sequences are evaluated by multiplying each Boolean expression for the top events in the
accident sequence together, using the mean component failure fractions to evaluate the Boolean expressions.

Correlation (other than 0.0 or 1.0) is not considered in this process. Finally, each accident sequence is

multipliedby the incremental hazard curve frequency for that increment. A table is provided which gives the

conditional mean values for the top events as computed from the Boolean definition and including the hazard

curve values. This table is useful in that it usually shows the relative contributions of the components within
each Boolean expression to the total and it is usually found that (at most) one or two components essentially

dominate each Boolean expression. This is useful in interpreting the final results, in performing sensitivity

studies, and in identifying critical components whose fragilities should be given special scrutiny.

Complement events are added to the accident sequences both in the reduced model for uncertainty analysis

and in the point estimate accident sequences. (If neglected, this leads to unnecessary conservatism in the

results.) In addition, random failures are added to the dominant accident sequences as required.

As the second step in their seismic PRA process, an uncertainty analysis is performed. The PL&G approach

makes use of a discrete probability distribution (DPD) arithmetic scheme which involves developing pairs of
acceleration and probability frequency points and then combining them using DPD arithmetic. This approach
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4 Review of SeimicPRA

is relatively laborious and requires considerable intermediate aggregation of groups of components at each
~

~

~

~

~

~

~ ~

~ ~ ~

~ ~

~

~

~stage of the process. This aggregation may lead to some uncertainty in the Qual result. In general, because

their accident sequence and support state process develops many accident sequences (on the order of
2000~), PL&G does not use the full set of accident sequences to evaluate the uncertainty. Instead, using
engineering judgement, they develop a subset of accident sequences. This is a fairly simple Boolean model
involving perhaps only 20 to 30 components which models the dominant accident sequences for the entire
plant. It is this model on which the uncertainty analysis is performed, rather than the more complete set of
accident sequences derived from the frontline, mechanical support, and electrical support trees used in the
point estimate calculation.

49 Detailed Description of Review Approach

The detailed review of the seismic PRA was performed by several different teams which focussed on the
natural divisions of the PRA, namely,

a. Hazard Curve Development
b. Component and Structures Fragility Development
c. Systems Analysis (Event and Fault Trees)
d. Risk Integration and Uncertainty Analysis

The scope and objectives of the reviews of each of these areas are described below.

(1) Review of the Hazard Curve

The review of the development of the hazard curve was performed by the NRC staff. The familyof hazard
curves provided by PG&E was examined for the basic methodology used to develop the curves, the logical
decision trees used to incorporate various assumptions as to types of faults, etc. and for appropriateness of
basic ground motiod data utilized in this process.

In addition, the hazard curves being developed are being keyed to spectral acceleration, rather than peak
ground acceleration as has been done in the past. Implications of this new approach were examined.

(2) Review of Fragilities Development

Two separate aspects of the fragilitydevelopment were considered- equipment fragilityand building structural
fragility. To perform this review, an initial two-day plant visit was required. In addition, copies of all
supporting documentation (in particular, the engineering calculation sheets - usually handwritten) for all
fragilities were made available. After preliminary review of the documentation, a meeting between the
reviewers and the fragility development personnel was scheduled to allow discussion of the details of the
fragilitycalculations.

A vital aspect of developing both component and building fragilities is the defendable determination of all
fioor slab special accelerations and aH load-bearing wall shear and moment forces. This important aspect was
reviewed by a) duplicating the DCPRA analysis of the auxiliarybuilding using the same input and models as

in the DCPRA (but different structural dynamic computer codes) and b) performing the analysis using
alternate input assumptions.

I
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4 Review of Seismic PRA

The component fragilityreview was performed by Dr. M,K.Ravindra (EQE, Inc.). He reviewed the basis for
the component fragilities, and compared the final values against the existing equipment seismic performance
data base (observed performance during actual earthquakes) being developed and maintained by EQE, Inc.
The structural fragility calculations were reviewed by Dr. JL Johnson (EQE, Inc.), who performed the
independent response benchmarking'studies.

(3) Review of Event Trees and Fault Trees

The frontline event tree plus the support trees were reviewed for completeness and appropriateness. In
particular, proper inclusion of random failures and test/maintenanceunavailabilitiesin the seismic sequences
(which can be important at low earthquake levels) was examined. Assumptions underlying any credit taken
for recovery were examined for appropriateness. Finally, any implicitassumptions as to correlation between
seismically-induced failures were identified and examined. Review of the systems models was performed
jointlyby the Brookhaven National Laboratory team (who reviewed the fault trees as part of their review of
the internal events portion of the DCPRA) and by Dr. M.P. Bohn of Sandia National Laboratories who
reviewed the seismic systems models.

(4) Review of Seismic Risk Integration

The assembly process resulting in the final seismic core melt frequencies was reviewed. An independent
calculation of key results wa4 made. Key assumptions driving the final result were identified and limited
sensitivity studies performed to highlight the potential impact of alternative assumptions. Areas examined
included the following:

a. appropriateness of final sequences and method of screening used.

b. Proper inclusion of seismically-induced correlation.
c. Completeness of evaluation of initiating events.

d. Appropriateness of inclusion of seismically-induced secondary failures (e.g., failure of interior block
waHs damaging nearby eguipment, etc.).

e. Assumptions as to correlation between modeling (as opposed to random) sources of uncertainties.
f. Method of inclusion of relay chatter/breaker trip.
g. Proper combination fragilityfailure modes.

i

h. Subjective weighting factors for the hazard curves and their impact on the final core melt frequencies.
i. Development of plant-level fragilityfunctions.

The review of the seismic risk integration, including independent evaluation of the final risk results, was
performed by Sandia National Laboratories personnel:

The review of the Diablo Canyon Seismic PRA took place interactively with PG&E personnel over the course
of 2 I/2 years. During the "interactive phase" of the review, the review teams met with PG&E and their
contractor support personnel to review individual pieces of input as it was developed. A number of meetings
were held based on preliminary aspects of the PRA. One of the earliest major inputs completed was that of
development of the seismic fragilities. When this material was completed and documented, a detailed review
was begun. Finally, an audit meeting was held to review detailed aspects of various parts of the fragility
derivations.

NUREG/CR-5726
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4 Reviewof SeimicPRA

4 Seismic Hazard Analysis
~ ~

4.4.1 Introduction

The detailed review of the seismic hazard was conducted directly by NRC staff members, therefore, the
detailed findings of that review are not reported here. However, for completeness, a brief description of the
hazard methodology and hazard curves used in,the DCPRA analysis is given in this section.

The objective of the seismic hazard analysis was to provide a probabilistic representation of the earthquake
ground motion at the Diablo Canyon site for the DCPRA. The seismic hazard analysis considers all the
seismic sources that can affect ground motion estimates at the site and compares the contribution of various
earthquake source hypotheses. The seismic hazard estimate is then convolved with the plant fragilityto arrive
at the core damage frequency assessment for the plant,

The seismic hazards analysis considered characteristics of seismic sources, maximum magnitude distribution,
rate of earthquake occurrence, and attenuation of ground motion to develop a probabilistic representation of
earthquakeground motions expected at the site. The results (probabilitiesof specifiedlevels ofground motion
being exceeded) were used as seismic input in the DCPRA.

4.4.2 Seismic Hazard Analysis Methodology

Uncertainties in defining risk are accounted for by a logic tree format and are represented by a family of

~

~ ~

~azard curves. Logic trees are composed of nodes and branches. Each element in the logic tree has a set of
I

odes representing an uncertain state of nature and each branch represents discrete possible values for that
state. Probabilities are assigned to each branch using subjective assessments and end branch probabilities are
calculated as the product of all the intermediate branch probabilities. A seismic hazard analysis was
performed for each end branch resulting in a single hazard curve. The hazard curves for all the branches in
the logic tree are used to estimate seismic hazard at the site.

Logic trees present the followingsource characteristicsof faults: sense of slip, dip angle, depth of seismogenic
zone, length of fault, maximum magnitude, seismicity model, and rate of activity. Weights are assigned to each
possible hypothesis for each characteristic. These weights were assigned by a panel of experts based on
currently available data. Logic trees were developed for the Hosgri, Los Osos, San Luis Bay, Santa Lucia
Banks, West Huasna, Lompoc, Rinconada, Nacimiento and San Andreas faults.
Earthquake recurrence relationships were selected for each seismic source. Due to the limited historical
seismicity record, the rate of seismic activitywas based on (1) seismic moment releaseinferred from estimated
fault slip rates or (2) gcoloy'cally estimated recurrence intervals for surface rupturing events (LTSP Final
Report, Figure 3-13). PG&E found the estimated recurrence rates to be conservative because the predicted
recurrence rates for magnitude 5 and 6 earthquakes are higher than the historical seismicity observations to
the region.

NUREG/CR-57264-5

The logic trees used to calculate seismic hazard include the geological data used to calculate maximum
magnitude distributions and the mean annual rate of potentially damaging earthquakes (greater thar or equal
to magnitude 5) for each fault. Three median ground-motion attenuation relationships were used (strike-slip,
oblique and thrust faulting). Both uncertainty in ground-motion amplitude and site conditions were used in
estimating hazard. The results were summed over all faults which affect the site to calculate the seismic
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hazard curves (plots of the probability of exceedance at different values of ground motion). This procedure

takes into account randomness in the following variables: fault geometry, location of rupture surface,

magnitude rupture size, closest distance of this site to the rupture, and ground motion attenuation.

In the Diablo Canyon seismic hazard analysis, 20,700 branches were calculated from the logic tree. These

hazard curves were reduced to summary curves (fractile hazard curves) which show the distribution of hazard

at each ground motion amplitude (spectral acceleration in the frequency range 3 to 8.5 Hz). To represent

uncertainty in the hazard, the large number of hazard curves were aggregated into a limited number of
aggregate hazard curves (eight curves) that maintain the character of the original curves while providing results

appropriate for the DCPRA. The aggregate hazard curves represent 90 percent of the total variance of the

original set for all ground motion amplitudes. These aggregate curves were used as input for the DCPRA.

The Hosgri fault zone was found to dominate the seismic hazard at the site. The Los Osos and San Luis Bay
faults each contribute only a few percent to the total hazard. Relative contributions to the total hazard from
the other faults are insignificant. Sensitivity studies showed that important parameters are slip rate, maximum

magnitude and ground motion attenuation.

Hazard analyses were performed in terms of response spectral accelerations to be consistent withplant fragility
estimates. Estimates were made for 5 percent damped accelerations at 2, 4, 8, 14, 25, and 33 Hz and for
average spectral accelerations in the ranges of 3 to 8.5 hz and 5 to 14 Hz. Hazard curves for different styles

of faulting representing the frequency range of 3 to 8.5 Hz were selected for use in the DCPRA because this
parameter provided the least variabilitybetween different earthquake magnitudes. Fig.4.4.1 shows the hazard
curves used in the seismic portion of the DCPRA.
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4.5 Hazard/Fragility Interface

In most previous PRAs, the peak ground acceleration (pga) was used as the key parameter. The variability
in the spectral shape was estimated in the previous PRAs by taking the ratio of spectral acceleration at a
specific frequency to the pga. Since the logarithmic standard deviation of this ratio was found to vary over
the frequency range of interest, it was conservatively assumed that this logarithmic standard deviation is
frequency independent and equal to 0.25 or greater.

In the Diablo Canyon seismic PRA, the ratio of the spectral acceleration at any specific frequency to the
average spectral acceleration (over the frequency range of 4.8 Hz to 14.7 Hz) was found to have a constant
logarithmic standard deviation of0.18 for 5% damping. In addition, the randomness variabilityfor earthquake
directional effects alone was estimated to have an average value of about 0.12. Thus the use of average
spectral acceleration (over an appropriate frequency range) was felt to provide lower uncertainty than the use
of peak ground acceleration (and hence reduce the uncertainty in the overall seismic risk) as well as preclude
the possibility of "double counting" of uncertainty in the determination of fragilities and response analyses.

The independent parameter chosen for the DCPRA was the average of the ground motion response spectra
(5% damped) over the range of 3 to 8.5 Hz. The hazard curves and the fragility median accelerations at
failure were both expressed in terms of this independent parameter. This parameter can, of course, be related
to the peak ground acceleration of the spectra from which it was developed. For comparison to the results
of other seismic PRAs, the relation is

(Sa)3.sz 2 34 PGA

Where (Sa)3.s~ is the average of the ground motion response spectrum over the frequency interval of 3.0 to
8.5 Hertz.

Although the use of average spectral acceleration as the fragilityparameter avoids the "so-called" double
counting of variability introduced by attenuation and spectral shape factor, the reduction in the overall
variabilityand the resulting reduction in the mean seismic CDF estimates are indeed small. It was concluded
that the increase in the seismic margin (measured by the HCLPF capacity) may not be larger than 8% over
that calculated using the pga and the previous seismic PRA methods; the decrease in the seismic CDF
estimates is even smaller. These conclusions are very important for future seismic PRAs since the available
seismic hazard results for different sites in the US cast of the Rocky Mountains from the EPRI and NRC are
in terms of peak ground acceleration and uniform hazard spectra whose uncertainty is not necessarily (or
usually) constant over the 3.0 to 33 Hertz frequency range of interest. However, the DCPRA results show
that the frequency dependence of the uncertainty is not a major effect and can be neglected in future PRAs.
Thus there is no need to revisit the seismic hazard studies and develop seismic hazard curves with the average
spectral acceleration as the parameter as long as the spectral shape variability is consistently handled.

4.6 Fragility and Building Response Analysis Review

4.6.1 Fragility and Building Response Analysis Methodology

The fragilityanalysis method used in the Diablo Canyon seismic PRA has evolved over the last ten years and
has been applied in seismic PRAs of over 25 nuclear power plants. So, in one sense, the methodology is
mature. However, because of the high seismicity at the Diablo Canyon site, several aspects of the seismic

NUREG/CR-5726 4-8



4 Reviewof SeimicPRA

PRA have been modified or performed in more detail than in previous applications. For example, the detailed
~ ~ ~

~

~

~ ~

~

~

~

~

~

~

probabilistic response calculations performed on the auxiliary building, the detailed nonlinear analyses of the
turbine building, and the large number of equipment items for which specific fragility calculations were

performed represent non-typical applications of the methodology. The reference fragilityparameter in the
DCPRA is the 5 percent damped average spectral acceleration of the horizontal ground-motion averaged over
the frequency range of3.0 Hz to 8.5 Hz. Table 4.6.1 presents the fragilityfunctions used in the DCPRA, with
the median values expressed in terms of average spectral acceleration, (To interpret these in terms of peak
ground acceleration, it is only necessary to divide the median value by 2.34, The random uncertaintyPR and
the modelling uncertainty PU are dimensionless, and apply to either representation.) The last column of
Table 4.6.1 lists the average spectral acceleration associated with a high confidence of low probability of failure
(the so~lied HCLPF acceleration). These may also be scaled to peak ground acceleration in the same way.

The use of median~ntered reference horizontal floor spectra in the development of equipment fragilitieshas

afforded a realistic representation of the seismic capacity and reduced the overall variability. This approach
of generating probabilistic responses has been used in selected past PRA's and may be used in future seismic
margin/PRA studies to make a realistic assessment of response margins and variabilities.

This review is both global and specific. From a global viewpoint, an overall assessment of the implications of
the response and fragilityassessments on the seismic PRA was performed. From a specific standpoint, the
review was focused on iteips that are risk signiTicant or have generic implications.

462 EragOity Anslysis Review Procedure

~

~ ~The review focused on methodology and its application in the response and fragility areas. The review
consisted of'the following activities:

~ Attending technical information meetings between the NRC and PG8rE held from 1987 through 1989.

~ Performing a walkdown of the Diablo Canyon Nuclear Power Plant, focusing on the seismic risk

important components and structures, in March 1988.

~ Review of calculations and reports submitted by PGEcE.

~ Independent calculations to verifyvarious key aspects of the seismic PRA.
~ Audit of calculations of selected components in June 1989.

In the response area, the auxiliary building and the turbine building were reviewed in detaiL Independent
response analyses and sensitivity studies were performed on the auxiliary building. The nonlinear analyses of
the turbine building were reviewed in detail.

In the equipment fragilityreview, the review focused on identification of failure modes, information sources
for fragility evaluation, i.e., loads, test response spectra, frequency calculations, etc., methods used in the
derivationof median capacity and variabilityestimates(PR andPU), assumptions made on anchorage adequacy,
and reasonableness of the final fragilityestimates. The scope of the equipment fragilityreview did not permit
independent fragilitycalculations by the reviewer. However, such independent calculations would not have
provided much different conclusions or insights on the seismic capacitiesof components. It is recognized that
the fragilityevaluation requires the use of judgment on the part of the analyst in identifying the failure modes

~

~~

~~

~~

~~

and estimating the seismic capacities of the component for these failure modes. There could be differences

I
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in these judgments between different analysts. Therefore, the review concentrated on identifying such
differences and assessing the impact on the final fragilityestimates.

'here

was a close interaction between PG&E and the reviewers throughout the program. The reviewers were
presented with the methodology and results at different phases of the study. The questions raised and
clarifications sought by the reviewers were addressed in the final summary report, responses to review
questions and supporting documents,

4&3 Struehue Response and Fmtglllty Reviewer

In the PL&G methodology, all fragilities are based on ground acceleration. Thus development of fragilities
involves both estimates of responses at points where equipment is located as well as estimating the capacity
of the components themselves. In the DCPRA all structural responses were scaled from design calculations
with the scaling determined based on a detailed structural response evaluation of one structure - the AuxiTiary
Building. Hence, as part of the Fragility Analysis review, it was considered essential to verify the DCPRA
probabilistic response study performed for the AuxiliaryBuilding.

4.69.1 Benchmarking of Auxiliag Building Response and VariabilityStudy

This section focusses on the response and variability study performed by PG&E on the Diablo Canyon
auxiliary building. The objective of the review was to reproduce and verify the simulation performed by
PG&E and to perform sensitivity studies to identify parameters important to the seismic PRA.

PG&E utilized the study: to benchmark a deterministically calculated median response with one generated
by probabilistic response analysis techniques; and to calculate estimates ofvariabilityin floor response spectral
accelerations as a function of frequency and elevation in the structure due to variability in ground motion,
soH/rock properties, and structure dynamic characteristics. This study was also used to quantify the portion
of the "structure response factor" attributed to ground-motion spectral shape, structural damping, structural
frequency, structural mode combination, earthquake directional combination, and soil structure interaction.

Benchmarkin of Probabilistic Re use Ana 's

Probabilistic response analyses of the Diablo Canyon auxiliarybuildingwere performed by PG&E and verified
herein. The probabilistic response analysis methodology used to verifyPG&E's analyses parallels exactly that
used by PG&E except that different structural dynamic computer codes were used. The methodology used
both by PG&E and in the review is basically that developed for the US NRC Seismic Safety Margins Research
Program (SSMRP) as implemented in the computer program SMACS (Ref. 6-2). The pertinent features of
SMACS have been implemented in a version of CLASSI which was used in this benchmark evaluation. The
method of analysis consists of constructing best estimate models of rock/foundation/structure, assigning best
estimate parameters to their physical characteristics, and assigning variability to a limited number of
parametersof the rock/foundation/structure system to represent variabilityin the system. Adata set ofground
motions is assembled or constructed to represent variabilityin the free-field ground motion. The probabilistic
response analyses then proceed by performing repeated deterministic analyses, each analysis simulating an
earthquake occurrence. By performing many such analyses and varying the free-field ground motion and
values of the parameters, in-structure responses and their statistics can be calculated.
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dy
probabilistic response analysis. Fifty-twohorizontal ground motion time histories were used in the PG&E
study. Twelve pair of orthogonal horizontal time histories derived from recordings from eight earthquakes
comprise twenty-four of the fifty-two, An additional fourteen pairs of orthogonal horizontal time histories
were numerically generated. The twelve pairs of modified recorded motions are random with respect to
north/south or east/west directions of the Diablo Canyon site, hence, the two components of each of the
sets were interchanged to produce twenty-four sets of input motions for simulation purposes. The fourteen
pairs of numerically generated time histories were specifically generated for the Diablo Canyon site and
correspond to plant north/south and east/west, hence, they were applied in the appropriate direction.
Therefore, for simulation purposes, an ensemble of thirty-eight earthquakes comprise the data set. The
fifty-twotime histories are listed in Tables 4.6.2 (rIable 6-5, DCPRA) and 4.6.3 (Table 6-6, DCPRA) for
the modified recorded and numericaHy simulated ground motions, respectively. The time history scaling
factor was derived such that the 5% damped spectral acceleration over the frequency range of 4.8 to 14.7
hertz is 2.0g for the average of the two components,

I
Structural Model. A simplified auxiliary building model was used in the benchmark analysis and in
subsequent sensitivity studies. Dynamic cllaracteristics of the auxiliary building are described by the
model's fixed-base eigensystem and modal damping factors. Figure 4.6.1 shows the 3-D lumped mass beam
element model used in both PG&E's and .present probabilistic response analysis. The fixed-base
eigensystem used in the benchmark analyses matches closely that generated by PG&E. The eigensystem
for the benchmark analysis was recalculated given nodal mass values, their coordinate location, and beam
element properties. Comparison of the eigenvalues and mass participation between the benchmark and
PG&E simplified auxiliarybuilding models is given in Table 4.6.4. The differences in the eigensystems are
small and do not significantly contribute to differences between in-structure response.

Foundation Im edances. Impedance functions for the benchmark analysis initiallyassumed the foundation
to be surface founded and based on the same geometry and rock profile properties used by PG&E (Table
4.6.5 and Fig. 4,6-2). ModiTiicationof the impedance functions to account for imbedment in the benchmark
analysis was accomplished using the identical factors developed by PG&E (Table 4.6.6). The benchmark
analysis retained the frequency dependent nature of the impedance function while PG&E's probabilistic
analysis selected the impedance values at 8 Hz and applied them as a constant over the frequency range
of the analysis. Table 4.6.7 shows a comparison of the impedance values at 8 Hz between those used in
the benchmark and PG&E's analyses, including the imbedment factors.

Variable Model Parameters. Several discrete parameters were assumed to be random variables and
represented by probability distributions - rock modulus (stiffness of soil), structure frequency (stiffness of
the structure) and structure damping. Log normal distributions were assumed with median values defined
by best. estimates (rock modulus as given in Table 4.6.5, fixed-base structure frequencies times 0.90 to
account for concrete cracking, and 7% of critical structural damping). Variabilitiesin the PG&E analysis
were defined by log normal standard deviations as given in Table 4.6.8. Thirty-eight earthquake simulations
were performed to establish median and variability of in-structure responses. Parameter values were
selected by sub-dividing the probability distributions into equallyprobable intervals and sampling from each
of these intervals; hence, each parameter value is equally probable. The thirty-eight combinations of
parameter values were constructed by a Latin hypercube experimental design. Two points ofemphasis here
—two experimental designs were generated for the PG&E analyses; one for the recorded time histories
(total sample size of 24 earthquake simulations) and one for the numerically simulated time histories (total
sample size of 14 earthquake simulations). Secondly, the parameter distributions were sub-divided into

w
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N+2 equaHy probable intervals where N equaled 24 or 14 respectively. The extreme high and low ranges
were then discarded to assure physically meaningful samples. Tables 4.6.9 and 4.6.10 contain the sample
values.

(i) Results of Benchmarking of PG&E Probabilistic Response Calculations

Table 4.6.11 compares the various aspects of PG&E's analysis with the benchmark analysis performed here.
The only difference in the two is in the SSI area where the frequency-dependencyof the impedance functions
is retained. The benchmark analyses were performed and floor response spectra were calculated at several
node points throughout the structure. The thirty-eight individual floor response spectra at a given location
and direction were combined to obtain a median and 84% non-exceedance probability (NEP) spectrum.
Figures 4.63 and 4.65 compare median responses calculated by PG&E and the benchmark for the N-S and.
E-W directions; Figures 4.6.4 and 4.6.6 compare similarly the 84% NEP spectra. They compare well as they
should. Figures 4.6.7 thru 4.6.12 contain median and 84% NEP spectra at oth'er elevations as calculated by
the benchmark analysis.

(ii) Results of Independent Evaluation of Responses

To supplement the benchmark analysis and investigate the effect of a different selection of parameter values
on the response and its statistics, an independent veriTiication of the probabilistic response analysis aspect of
the PG&E and benchmark analysis was performed. Table.4.6.12 itemizes each aspect of the analysis
procedure with comparison to the PG&E case. The only difference lies in the treatment of the variable
parameters. One parameter was added, i.e., rock material damping consistent with Ref. 6-2. Sampling and
the experimental design were based on a sample size of 38 earthquake simulations rather than two samples
of sizes 24 and 14.

Figures 4.6.13 thru 4.6.16 compare fioor response spectra (median and
84 percent NEP, N-S and E-W, for elev. 140 ft.) generated by PG&E and generated by this independent
analysis. The responses compare reasonably well with slight deviations in both the N-S and F W directions.

(iii)VeriTiicationof Variabilityof Responses

Tables 4.6.13 and 4.6.14 compare log normal standard deviations ofspectral accelerations at 5 percent damping
averaged over various frequency ranges. These values are reasonably consistent and validate the PG&E
recommended ranges presented on p. M6 of the LTSP final report.

(iv) Results of Assessment of Apportioning of Variability

Two additional cases were analyzed to investigate the sources of variability in in-structure response spectra,
i.e. attempt to separate composite variabilityinto the portions due to ground motion and uncertainty in system
properties. The first case held soil/structure properties at their nominal values and varied ground motion only.
Thirty-eight simulations were performed and variabilityin floor response spectra was due to variability in the
ensemble of ground motions only. The second case analyzed the auxiliary building for two artificial time
histories generated to match the median ground response spectra of the thirty-eight motions in the N-S and
E-W directions. Variabilityin system properties was identical to the benchmark case discussed previously.
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Tables 4.6.15 and 4,6,16 compare variability in response spectral accelerations due to the three cases:

~ Benchmark analysis.
~ Ground motion variabilityonly, soil/structure properties fixed at their nominal values.
~ Single ground motion, soil/structure properties varied according to the Benchmark experimental design.

Assuming variability in in-structure response spectra due to ground motion variability only as random
variability, variability in in-structure response spectra due to SSI/structure variability only as modeling
uncertainty, and variabilityin in-structure response spectra due to both sources of variabilityas combined (or
total) uncertainty, one can evaluate the square-root-of-the-sum-of-the-squares(SRSS) combination of random
and modeling uncertainty to yield total uncertainty. Doing so in the average sense of Tables 4.6.15 and 4.6.16
demonstrated that SRSS ofP„and PU to obtain Po is typicallyconservative and can be very conservative, That
is, ifthe uncertainties (at different frequency ranges as shown on Tables 4.6.15 and 4.6.16) for the cases where
only ground motion uncertainty or only soil-structure interaction uncertainties were included in the response
calculation are combined in an SRSS sense, the results is often substantially greater than in the benchmark
case where in both sources of uncertainty are simultaneously considered. For example, in Table 4.6.15 at
elevation 100 feet and frequency range 11-30 Hertz, combining the uncertainty of the GMTHonly case (0.22)
with the uncertainty in the SSVIH only case (0.08) in an SSRS sense gives a total uncertainty of 0.234, which
is substantially greater than that obtained in the benchmark case (0.17) in which both sources of uncertainty
are included together.

The lack ofgeneric applicabilityof the SRSS rule for this case is due to the nonlinear nature of the equations

~

~

~

~

~

~

~

of motion with respect to the frequency characteristics of the excitation and soil stiffness and damping and
structure frequency and damping. Note, these observations apply to response uncertainty only and not to the
combination of response and capacity uncertainties for which this investigation does not apply.

4.69.2 Structural Fragility Review

A number of structures were considered in the DCPRA, but only two played any significant role: the turbine
building and the auxiliary building. As willbe seen later, failure of the turbine building played a significant
part in the final seismic risk results, while failure of the auxiliary building was a minor but non-negligible
contributor.

The development of fragilities for all structures (except for turbine building) was based on the separation of
variables approach. A description of the methodology, factors considered and sources of uncertainty was
presented in reference 2. The methodology and assumptions, failure correlations and ductility models
described in this report were reviewed and found to be acceptable.

Due to the importance of the turbine building, an alternate calculation of structural failure level was made
as described in reference 3. This report described the capacity analysis using the DRAIN-2Dcomputer code
and a non-linear, hysteretic reinforced concrete shear wall constitutive model. Non-linear gap elements were
used to model impact of the massive turbine pedestal with the remainder of the turbine building. Multiple
time histoiy analyses were made„and computed story drift values were compared with a story drift failure
criteria (thought to be conservative) of0.7 percent of the story height. Based on these analyses, a probabilistic
failure function was developed.

4-13 NUREG/CR-5726



4 Review of Seismic PRA

Review of the turbine building seismic fragility assessment focused on the nonlinear dynamic analysis
performed in a probabilistic manner to determine the fragilityfunction. A review of the LTSP final report
and reference 3 along with meetings and discussions culminated in a series of questions~ to be addressed by
PG&E. These questions were discussed in a fragilitymeeting of June 16-17, 1989 and were addressed by
formal responsess.

These questions focused on modeling assumptions and details of the analysis. Allquestions were addressed
adequately during the meeting of June 16-17, 1989 with the exception of the need to evaluate the assumption
of impact occurring only at the center of the turbine pedestal whereas impact near the ends of the turbine
pedestal would appear possible and have potentially more severe consequences on the capacities of walls 19
and 31. The June 16-17, 1989 meeting defined additional studies for wall 31, examining in a limitingcase the
effect of the turbine pedestal impacting the turbine deck at close proximityto the wall connection. Reference
6 documents PG&E's evaluation which shows this phenomenon to have minimal effect on the fragilityfunction
for the turbine building; thus, resolving this issue. The methodology used for the non-linear fragility an
analysisasfound tobeacceptable. Thenon-linearanalysesprovidedtwoimportantresults. First,itprovided
an independent calculation of fragility from that provided by the method of separation of variables and
secondly, it provided a substantiation of the underlying assumptions as to ductility and combinations of
uncertainties which are implicit in the separation of variables approach. Overall, the non-linear turbine
building analysis was felt to substantially contribute to the confidence level in the final seismic PRA results.

4.&4 Eqaipmeat Fragiiity Review

This section focuses on the equipment fragilityreview for components and equipment in the DCPRA. In the
Diablo Canyon Seismic PRA, the median capacities of equipment were estimated using site-specific and
plant-specific information, Median~ntered horizontal floor spectra were estimated for selected floors of the
important civil structures using ground motions matching the median ground response spectra,
median-centered soil-structure interaction methods and parameters, and building structural parameters. For
the west core of the auxiliary building, probabilistically based median~ntered horizontal fioor spectra were
generated. This approach contrasts with many previous seismic PRAs wherein the design basis floor spectra
were used to establish equipment capacity through the use of structural response factors of safety estimated
to account for conservatism or unconservatism in the generation of the design floor response spectra. The
approach followed in the LTSP provides a more realistic estimate of the median capacity with reduced
uncertainty.

The randomness and uncertainty variabilitiesPn and PU are typically lower than those reported in previous
seismic PRAs. The reasons are the use of median centered floor spectra and availability of qualification
analysis and test reports specific to Diablo Canyon equipment. The analysts have systematically included the
variabilities in different factors of safety by the "separation of variables" approach in arriving at the overall
variabilities in the capacity for each equipment. The responses to formal review questions (FragilityMeeting,
June 16-17, 1989) describe the bases for most of the variability assignments which rely rather heavily on
professional judgment. However, the results are not very sensitive to these judgments because of the
following. The overall variability(eitherPa or P„) is obtained by taking the SRSS of the individualvariabilities
of different safety factors. Because of this process, only a few variabilities dominate. Therefore, it is not
important to make a precise estimation of the variabilitiesof different safety factors. This is true even when
the fragilityparameters are used to calculate the seismic margin, the so called HCLPF capacity. The need
for precise estimation of fragilityparameters (speciflicallyP„and Pa) become less when the final output are
risk estimates (i.e., core damage frequency for example).
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4.6.4.1 Failure Modes and Issues Reviewed~ ~

For each item of equipment, a review of the failure modes was made to assure that all reasonable failure
modes were included. These included structural failure modes (e.g., buckling of tank walls and component
supports, anchor bolt failures, and pressure boundary failure of piping) and functional failures (e.g., chatter
and trip in electrical components, excessive blade deflection in fans, and shaft seizure in pumps).

Su rt failure modes. During the review and plant walkdown, the focus was on identifying potential
failure modes. An example of the review is the identification of failure modes for the RHR heat
exchanger. In Phase II, the heat exchanger support fragilitieswere calculated by extrapolating the Hosgri
earthquake evaluation loads. For the Hosgri evaluation, the heat exchanger was modeled as fixed at the
top and bottom and supported in the middle. It was pointed out in the review that the intermediate
support would fail at higher accelerations and the anchor bolts would yield. Therefore, the horizontal
frequency near failure level was evaluated by modeling the heat exchanger as a beam with the upper and
lower support treated as pinned connections, and the intermediatesupport not included, This reduced the
horizontal frequency from 29.6 Hz for the Hosgri evaluation to 11.9 Hz for the fragilityevaluation.

In the PG&E calculations submitted in response to Question 32c, two failure modes were identiTied. These
were failure of anchor bolts at the pedestal and the upper N-S strut. For the upper support, the capacity
was determined to be the sum of tension in the embedded studs and buckling load of the longer strut.
From the sketch supplied by PG&E, it appeared that a failure mode comprised of concrete pull out of the
upper support could occur before yielding of the studs could take place. The imbedinent length of these
studs (7/8 in. diameter) was shown to be 4 in. If this failure mode was in fact the governing one, the
median strength factor would have been less than 50% of what was estimated. In the audit review of
calculations, this failure mode was examined carefully. PG&E produced Drawing No. 439520 which showed
that the actual imbedment length of these studs is 8.75 in. Therefore, concrete pullout of the studs would
not happen before their tensile failure.

Failure modes based on uglification tests. Structural fragilityof tested components was estimated by using
a factor of 1.8 over the test response spectra (TRS) for those cases where there was no distress noted
during or subsequent to the seismic qualiTiication test. Herein, the median factor of 1.2 represents the ratio
of test response to onset of distress, and the median of 1.5 represents the ratio of response at the onset
of distress to onset of failure. The composite variability in the first factor was estimated to be Pc = 0.11
whereas the uncertainty in the latter factor was estimated to be PU = 0.04. Although these median and
variabilityvalues were estimated using judgment, they appear to be reasonable and the overall effect on
the component fragilitymay have been conservatively estimated. In a few cases, excess conservatism in the
total median factor of 1.8 has been demonstrated and removed. For the 4160 V Switchgear, the median
capacity was calculated first by assuming it to be 1.8 times the ratio of TRS/RRS (Required Response
Spectra). This approach led to an excessively conservative low capacity estimate for the component. To
refine this evaluation, the potential failure mode for the component was examined. The failure mode was
identified as carriage guide rod bending. For this failure mode, the median capacity was calculated as 7.44

g and the HCLPF capacity was obtained as 2.9 g. Whereas, application of the 1.8 factor would have
yielded a median capacity of 4.5 g and the HCLPF capacity of 1.8 g.

shutdown. Functional failure fragilities of relays were evaluated only for those relays which were
considered to be chatter sensitive. The median strength factor for the chatter mode was estimated using
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the Generic Equipment Ruggedness Spectrum (GERS), the cabinet amplification factor and the fioor
spectral acceleration. The relay chatter failure mode fragilities were derived for the diesel generator
control panel, 4-KV switchgear, main control boards and hot shutdown 'panel. Except for the 4 kV
switchgear, the chatter failure mode capacities, were found to be sufficiently high so as not to contribute
signiTicantly to plant seismic risk. The 4-kV switchgear, contains a large number of overcurrent relays,
which are primarily sensitive to vertical excitations. The fragility parameters for relay chatter of the
switchgear were estimated to be 3.53 g (median).and 1.31 g (HCLPF). It was demonstrated that the
switchgear chatter failure mode is recoverable from the control room. Hence, the relay chatter failure
mode is addressed in LTSP in detail and does not contribute significantly to the plant seismic core damage
frequency.

Anchora e failure modes. The anchorage failure modes investigated included some of the recent generic
issues such as edge distance, close spacing of bolts and cracked concrete. For example, the RHR heat
exchanger is mounted on a pedestal with anchor bolts; the edge distance for anchor bolts appeared to be
low. However, a closer examination revealed that the anchor bolts were J bolts and are installed well inside
the outer layer of reinforcement. There are a few items of equipment mounted on pedestals which may
pose possible concerns with small edge distance; however, the seismic fragilities for these components were
developed using specific information; the review and walkdown generally focused on this issue.

Therefore, it is concluded that the anchor bolt failure modes are properly represented in the LTSP.

Develo mentof vertical floor acceleration in ut for e ui ment fra 'lit evaluation. Aquestionoften raised
in seismic PRAs is how the vertical ground motion and uncertainties are combined with the horizontal
ground motion. Appendix D of reference 2 describes the procedure used in developing the median
centered vertical floor response spectra. Through selected examples, it is shown that the fraction of the
total critical response attributable to vertical excitation is generally small and is unimportant in terms of
contribution to plant seismic risk. The reviewer agrees that the incorporation of the vertical ground input
by the so~lied "Hosgri factoring method" described in this appendix is adequate for this purpose.

46'adit of Equipmeat Seismic FrsgBitics

The purpose of the audit was to obtain additional information on equipment fragility calculations, and
understand the sources of information and assumptions made in the identification of failure modes and their
fragilityestimation. The calculations were reviewed with the aid of equipment support drawings, qualification
reports and photographs of the equipment items.

The major focus was on equipment items for which PG&E had previously sent fragilitycalculations and had
speciTiically addressed in response to NRC Question 32. The audit covered the following aspects:

~ Identification of failure modes

~ Information sources for fragilityevaluation

~ Method for deriving median, P„and P„
~ Anchorage
~ Reasonableness of fragilityestimates

~ Detailed information available for review

NUREG/CR-5726 4-16



4 Review of Seimic PRA
~

~

peciYic flndings for the components whose fragilityderivations were examined during the audit are described
below.

4160 V Switch ear

Two failure modes were identifiedby PG&E: functional failure(chatter) and structural failure. The fragility
for relay chatter was calculated using the GERS and median cabinet ampliTiication factors., The relay is
sensitive to vertical seismic response and the vertical frequency of relays was estimated to be from 19 - 21 Hz.
The median spectral acceleration capacity in the chatter mode was estimated to be 3.53 g and the HCLPF
capacity was obtained as 1.31 g. It was stated in Ref. 6-1 that relay chatter in this component is recoverable
from the control room.

For structural failure, it is customary to use qualiflcation test data; ifthere was no distress in the component
in the qualification test, the median capacity is taken to be 1.8 times the ratio of TRS/RRS. As discussed
previously, this approach was determined to be excessively conservative for this component. Instead, the
structural failure mode was identified as carriage guide rod bending. For this failure mode, the median
capacity was calculated as 7.44 g and the HCLPF capacity was obtained as 2.96 g. This a good example of
evaluating the failure mode by analytical means.

The median factors in the fragilitycalculations were selected conservatively; therefore, the P values are lower
than the ones reported in previous seismic PRAs. Also note that median floor response spectra were
calculated instead of being extrapolated as in previous seismic PRAs.

e intermediate values ofP do not have a significant influence on the overall variabilitybecause of the way
P are combined.

RHR Heat Exchan er

I

In the PG&E calculations submitted in response to Question 32c, two failure modes were identified. These
werc failure of anchor bolts at the pedestal and the upper N-S strut. For the upper support, the capacity was
determined as the sum of tension in the embedded studs and the buckling load of the longer strut. The
potential for the embedded studs pulling out of concrete before yielding could take place was examined. The
imbedment length of the studs was found to be sufficient to prevent this failure mode as discussed previously
("Failure Modes").

The edge distance of anchor bolts in the pedestal was reviewed; it was determined that the anchor bolts are
J bolts and are weH inside the outer layer of reinforcement.

For the RHR heat exchanger, the two failure modes were estimated to have similar seismic capacities. The
analysis correctly calculated the fragilityof the component as the conditional probability that any one of the
failure modes could occur.
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The nozzle loads on the heat exchanger were scaled from those obtained using Hosgri floor spectra to the

median floor spectra at the piping frequency of 12 Hz. Subsequent to the audit, PG&E provided a

justiflcation for the piping frequency of 12 Hz.

CCW Heat Exchan e

'Ihe controlling failure mode was identified as the longitudinal support concrete anchors. The review

confirmed that the edge distance for the expansion anchor does not matter since the anchors go into the

concrete slab passing through a thin grout pad.

S ra Additive Tank

The anchorage was checked and found to have substantially higher capacity; the bolts are 1-1/8 in. diameter
and 2 ft. 10 in. long. In the Hosgri evaluation, the Qxed support was modified by adding another bolt.
Therefore, the sliding support governs,

D.G. Control Panel

Of the two failure modes examined for this component, the structural failure modes were found to have lower
seismic capacity. For most electrical components, functional failure capacity is usually smaller than structural
failure capacity; however, for the D.G. control panel, the relay chatter failure mode had a higher capacity
because of the foHowing reasons: the relays are vertical response sensitive and the cabinet amplification factor
of 1.5 is considered to be a median value. The Westinghouse ARD relays are sensitive to front-back response

for which the cabinet amplification is assumed to be 3. These amplification factors are conservative because

the cabinet is stiff (it is supported at the top) and the relays are mounted low in the cabinet.

The overtest factor for the side-to-side direction was derived from the qualification test data. For the vertical
direction, the overtest factor was assumed to be the same as for the horizontal direction and no failure in the
panel and anchorage was assessed.

The anchorage of the panel to the isolator and of the internals to the panel was reviewed and found to be not
critical.

Pressurizer Safe and Relief Valves

Safety valves are qualified to 6 g and the PORVs are qualified to 3g. The judgment made on the median ratio
of allowable to the actual stress at the operability limit as 1.4 was reviewed and found to be acceptable. The
overall fragilityparameters for valves appear to be reasonable.

Reactor Coolant Pum

The fragilitycalculations for this component have been described in detail in the fragilitymethodology report.
Excessive plastic bending of the lower motor stand is the critical failure mode. The major contributing factor
to the median capacity is the inelastic energy absorption factor taking the median strain to failure as 4 percent.

The resulting fragilityestimates appear to be reasonable.
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Control Rod D '
Mechanism

The failure mode is the yielding of the head adapter at the RPV juncture. The stress reported by the NSSS
vendor for the Double Design Earthquake was used in determining the margin to yield. 'Ihe strength factor
and ductility factor contribute most to the overall fragilityin terms of median and b values.

Main Steam PORVs

This is qualified to 6g. The median spectral acceleration demand was estimated as about 3g. The fragility
parameters appear to be reasonable.

t

Containment Fan Cooler

The failure mode identified is the cooler box foot platefimbedment weld. The analysis done for qualification
was used in determining the safety margin for the weld. Being a shear failure of the weld, no account for
ductilitywas taken, The fragilityparameters appear to be reasonable.

4-kV Potential Transformer
I

This component is supported on a stand instead of being on the top of the 4-kV switchgear as'in most plants.
The critical failure mode was identified as the shear failure of the frame leg/imbedment weld.'he strength
factor is high making the overall median capacity to be in the range of 10g spectral acceleration,

Safe ard Rela Panel

The relay chatter failure mode was considered not important by the system analysts. The cabinet is stout and
the structural failure of the anchor plug welds has a substantial margin.

125 DC Batteries

Since the batteries are snu+ held and adequate spacers are provided, the median failure/test factor was
assumed to be 1.8. The TRS to RRS was also estimatedas about 1.5. The fragilityparameters for batteries
appear to be reasonable.

125 V DC Batte Racks

The failure mode is the bending of the battery support rail at the 5 in. overhang of batteries. The fragility
parameters were estimated using the Hosgri stress analysis results.

125 V DC Batte Char ers

In the qualification test there was no distress; therefore, a median factor for test/failure of 1.8 was used in the
calculations. The TRS to RRS ratio was also found to be 2.45.

4-19 NUREG/CR-5726



4 Review of Seismic PRA

120 V Inverte

Since the cabinet was on the verge of failure at the end of qualification test, the median failure acceleration
was taken to be 15 percent above the test level. There is sufficient margin in the TRS compared to the RRS.
Therefore, the fragilityparameters appear to be reasonable.

480-V Breaker Panel

Based on the low stress at the median vertical response for the worst case

(19 in. Panel), the median capacity is estimated to be about 18.4g. Hence, this component was not studied
further.

Main Control Boards and Control Console

The main control board enclosure was structurally modified during the Hosgri reevaluation. The stress in the
structural angle was assumed to be 85 percent of the AISC allowable and a redistribution factor of 1.6 was
used in calculating the strength factor. The fragilityparameters appear to be reasonable.

Reactor Tri Switch ear

The fragilityestimation is based on the qualification test; since there was no distress observed during the test,
a median factor of 1.'8 was used for the test to failure ratio.

Balanceof Plant Pi in

Several failure modes were analyzed and the piping support filletweld failure was identified as the critical
mode. A factor between the total stress and the allowable was established by studying a number of large bore
piping systems. A system ductility factor was used to allow for response in the ductile piping systems. The
fragilityparameters appear to be reasonable.

46'eview ofhaparhaat Law Csgmity Equipmeat

The review specifically focused on the low capacity equipment items that contribute significantly to the seismic
risk of Diablo Canyon. The groups of components whose failure contribute signiTicantly to core damage
frequency are;

~ 4.16-kV vital AC switchgear
~ Loss of offsite power
~ Excessive LOCAs
~ Allvital 125 DC

The fragility parameters for these equipment items were found to be reasonable. The documentation of
fragilitycalculations and the supporting analysis and test data were examined in the audit and found to be
acceptable. The sensitivity studies reported in Table 6-58 of the LTSP report indicate risk improvement if
some of the components were further seismically upgraded. Ihe conclusion is that there are no
overwhelmingly weak links in the plant.
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Excessive LOCAs were based on the probability of piping failure. The treatment of piping,fragility in the
DCPRA is noveL The basis for the fragilityof BOP piping is generic failure of piping supports coupled with
the probability of pipe break given support failure, The fragilityfunction is estimated for a piping segment
containing approximately20 supports. Apiping system may contain a number of piping segments. The study
calculated the piping system fragilityby assuming failure to occur ifone or more segments fail. The number
of piping segments in each system was estimated for use'in the risk quantification,

The level of effort in developing the DCPRA seismic fragilities for equipment is weH beyond that expended
on previous seismic PRAs. One major reason was that the expected high seismic levels limited screening of
components on the basis of earthquake experience data and generic qualification test data and accentuated
the need for specific evaluation for most components. This level of effort is typically not needed for the
execution of a seismic PRA for plants in the Eastern United States.

Using the results of the seismic PRA (the component and plant seismic margins reported in the LTSP Final
Report); the margin against the 84 percent site specific ground motion was calculated. It is seen that all
components whose failurewilllead to seismic risk have at least 40 percent margin over the site speciTiicground
motion. The median capacities were shown to be much higher.
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4 Revlevof Seismic PRA
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4 Review of Seimic PRA
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4 Review of Seismic PRA
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4 Review of Scimic PRA
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4 Revlcar of Sehmk PRA

X 10
5.

4.0
C0

Itj

3.0I
O
O

2 ~

0.
110 10

Frequency {llz)

10'0
Legend:

PGSG

Benchmark

Notes:
Spectra calculated at 5b damping
Accelerations in units of g

Hgare 46.5 Ceaparleorr of medlarr la-etnrctrrre wpouee for the Diablo Carryou hmdllary Bulldlrrgeeet
core el. 140' W.

NUREG/CR-5726 4-26



4 Review of Seimic PRA
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4 Review of Seismic PRA
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4 Reviewof SeimicPRA
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4 Review of Solsmlc PRA
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4 Revicwof ScimicpRA
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4 Revinv of Seismic PRA
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4 Review of Seimic PRA
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4 Rcviev of Schmlc PRA
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4 Review of Seismic PRA
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4 Reviewof SeimicPRA
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4 Review of Sehmle PRA

TIMo46.1 DCPRk Selsmie hill@os

Median Beta Beta 'CLPF

1. Containment building
2. Concrete internal biostructure
3. Intake structure
4. Auxiliary building
5. Turbine building shear'all
6. Refueling water storage

7. Auxiliary saltwater piping
8. Reactor pressure vessel

9. Reactor internals
10. Steam generators

11. Power-operated relief valves
12. Reactor coolant pumps

13. RHR pumps

14. RHR heat exchangers

15. Safety injection accumulators

8.42 0.260

6 91 0 200

8 55 0 280

5 79 0~'210

4 F 87 0 260

9 '2 0 290

9 ~ 23 0 180

8.71 0 250

10.54 0 400

6.96 0.310

7 62 0 300

0.300 3.342

0 310 2 979

0 310 3 230

0 '60 2 '66
0 330 1.840

0.360 3.394

0 210 4 850

0 330 3.345

0 '60 3.547

0 290 2.586

0 '20 2 323

8. 31 0. 330

0 240

0.290

8+ 09

10:01

0 '20
0 270

0 '90

2 825

3.353

3.487

4.534

8.82 0.370 0 320

16. Boron injection tank
17. CCW pumps

18. CCW heat exchangers

19. CCW surge tank
20. Containment spray pumps

21. Spray additive tank

22. AFW pumps

23. Diesel generator fuel oil
pumps/filter

24. Diesel generators

25. Diesel generator radiator/
water pump

7 ~ 22

'8+ 65

0 '30
0.290

6.78 0.300

7 '1 0.290

8.33 0.270

7.79 0.260

8.78 0.290

8 ~ 46 0 ~ 270

8.53 0 290

6 ~ 31 0. 270

0 190 3. 960

0.210 3 738

0 ~ 280 2 546

0.220 2 '13
0.200 3.854

0.180 3.071

0.210. 3.379

0 '30 ' 650

0.200 3.647

0.240 3 '62
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Table 46.1 DCPRh Sehaie PraglllUeI (coattasod)

Median Beta

4 Reviavof Seimic PRA

Beta HCLPF
V~bm

26. Diesel generator excitation
cubicle

7 ~ 40 0 ~ 290 0 ~ 350 2 574

27. Diesel generator control panel

28. Containment fan cooler

29..Supply fans

30. Supply/return fans

31. 4-kV switchgear

32. Bus G and H potential
transf ormer

4 '5 0 '00
8 ~ 10

9 '9
0 310

0 '30
11.16 0 330

7.44 0 310

10.83 0 '10

0 130 2 238

0 ~ 330 2.818

0+240 .3~822

0 300 3 947

0.250 2.953

0 380 3 469

33. Safeguard relay panel

34. Batteries
35. Battery chargers

Switchgear/breaker panel

Znverters

38. 4, 160V/480V transformers

39. Auxiliary relay panel

40. Main control hoards

41. Hot shutdown panel

10.76 0 340

6.04 0 '00
9 93 0 340

6.67 0 350

6. 82 0. 310

5 34 0 280

7:25 0 280

7 77 0.310

7 '0 0 '70
42. Process control and protection 10.78 0.390

0 250

0 280

3 222
I

3 569

0. 360 3.390

0. 180 2.736

0. 400 2 929

0. 280 2.359

0 240 2 752

0 '00 2.419

0.150 3.566

0 270 2 984

43. Reactor trip switchgear

44. Pressure and dP transmitter
45. Impulse lines
46. Offsite power, 230 kV

47. Offsite power, 500 kV

48. BOP piping and supports

49. Penetrations/penetration boxes

7.90 0.300

8.93 0.270

7.09 0.280

1.69 0 '40
0 F 81 0 '40

11.22 0.390

7.38 0.310

0 260 3 136

0.200 4 112

0 '20 2 634

0.200 0 818

0.200 0 392

0.400 3.047

0.270 2 834
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4 Reviewof SeismicPRA

Table 4.6.1 DCPRA Seismic FragOttks (coatlaued)

Co e t t ctu es
Median Beta Beta HCLPF

U viue

50. HVAC ducting and supports

51. Switchgear/strut
52. Chatter, main control board

53 'hatter, DG control panel

54. Chatter, 4-kV switchgear
55. Chatter, safeguards relay

panel

56. Strut for turbine building
57. Bus P potential transformer
58. Safeguard relay panel

59. Centrifugal charging pump

9 78 0 350

7 07 0.310

10 00 0.010

7.77 0.250

3 53 0.350

10.00 0.010

6.71 0.250

5 85 0 310

5 81 0 '40
10.16 0 310

0 480 2 486

0.250 2.806

0.010 9.675

0.140 4.083

0.250 1.312

0 010 9.675

0 320' 2. 620

0 380 1.874

0.360 1.830

0.190 4 452
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Table 4.69 Earthquake Records Vsed to Develop 'lime Hlstorles for Fteg!Hty

Earthquake
Recordl.ng
Station

Magn. Dist. Style of
Used (km) Faulting Ad)ustment

Scaling
Factor

1978 Tabes
1971 Sam Fernando
1971 San Fernando
1971 San Fernando
1979 Imperial Valley
1979 Imperial Valley
1984 Morgan Hill
1983 Coal inga

1985 Nahanni
1976 Cazli
1966 Parkfield

1978 Tabes

Tabes
Pacoima Dam

Lake Huges Ho. 12
Castaic
Dl.fferential Array
El Centro No. 4
Coyote Lake Dam

Pleasant Valley Pump
Station (Svitchyard)
Site 1

Karakyr Point
Temblor

Dayhook

7.4
6.6
6.6
6.6
6.5
6.5
6.2
6.5

6.8
6.8
6.1

7.4

3 Thrust
3 Thrust

20 Thrust
25 Thrust

5 Strike-slip
4 Strike-slip

0.1 Strike-slip
10 Reverse

6 Thrus t
3 Reverse

10 Strike-slip

17 Thrust

None
Hone
Distance
Distance
Site response
Site response
Magnitude
Distance

None
None
Distance and
magnitude
Distance

0.98
1.12
1.07
1.25
1.46
1.80
1.21
1.31

0.84
1.24
2.13

1.45



TabIe 46,3 Fault Models Used to Generate Shnnlsted 'lime Histories
For FragHIty StncQes

Time
IIIstory

Number

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Style of
Faul tinq

Rupture
Mode

Oblique

Oblique

Oblique

Oblique

Oblique

Oblique

Oblique

Thrust

Thrust

Bilateral

Bilateral

Unilateral-II

Unilateral-N

Unilateral-H

Unilateral-S

Unilateral-S

Bilateral

Unilateral-N

Strike-slip Bilateral

Strike-slip Unilateral-II

Strike-slip Unilateral-S

Strike-slip Unilateral-S

Strike-slip Unilateral-S

Source Functions

Coalinga aftershock

Imperial Valley aftershock

Imperial Valley aftershock

Coalinga

Imperial

aftershock

Valley aftershock

Coalinga aftershock

Coalinga aftershock

Coalinga aftershock

Coalinga aftershock

Imperial Valley aftershock

Coalfnga aftershock

Imperial Valley aftershock

Coalinga aftershock

Coalinga aftershock

Scaling
Factor

1.38

2.06

2.53

1. 68

2.33

1.09

1.33

1.39

2.25

2.25

1.12

1.96

1.23

1.05



Table 4.6,4 Hxed Base haxllbuy Building Model Pleqseades aad Mass Partldpatlon

a o

Scnchisark PC&E Benchmark

1.45
1.56
3.06
10.75

. 10.88
11.39
11.64
11.71
12.51
18.40
19.29
19.37
19.37
19.88
20.55
20.93
21.02
21.18
21.31
21.87

1.45
1.56
3.06
10.76
10.88
11 39
11.64
11.71
12.51
18.39
19.29
19.36
19.37
19.88
20.55
20.93
21.04
21.18
21.32
21.87

NS

0.0
0.0
2.3
0.0

60.2
0.0
0.0
0.0
5.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

~8
76.5

EM

2.2
0.0
0.0

65.9
0.0
2.9
0.4
2.2
0.0
0.0
0.1
0.0
0.0
0.4
0.3
8.9
0.0
5.1
1.0
0 0

89.45

NS EM

0.0 2.2
0.0 0.0
2.3 0.0
0.0 66.0

60.2 0.0
0.0 3.0
0.0 0.4
0.0 2.1
5.8 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.4
0.0 0.2
0.0 8 '
0.1 0.0
0.0 5.4
0.0 0.9

~78 0 0
76.2 89.0



4 Review of Seismic PRA

Table 46,5 Foondathm Rock Psome and Properties

Layer
No ~

Top of
Layer
Kiev.
(ft)

Shear Wave
Thickness Velocity

(f) (ft/sec)

Hass
Poisson's Density Damping

Ratio (k-sec2/ft) (8)

85 'n
75 r pit

pn
7p r prr

10
20

125
INF

2600
3300
4000
4800

0.45
0.43
0.37
0.36

.00435

.00435

.00444

.00463

2.0
2.0
2.0
2.0
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4 Review of Seimic PRA

Table 4.6.6 Baildhg hnpedaace Auction Embedmeat Factors

Component Embedment Factor
K (Real) D (Imaginary)

X (N-S)

Y (E-M)

Z (Vert.)

X-X

1.4

1.0

N/A

1.0

2.4

1.8

N/A

1.8

Y-Y 1.3 2.4

Z-Z 2.0 3.0

NUREGJCR-5726



4 Review of Schmic PRA

Table 46.7 Impedance Fanchon Valne
Comparison

at 8 hz

Component

(K-FZ-SEC)

Benchmark PCS* Ratio

Kll 3.26E7 3.37E7 .97

K22 2.0&E7 2.15E7 .97

3.68E7 3.37E7 1.09

2.77E11 2.98Ell .93

1.405Ell 1.51E11 .92

K66 3.60E11 3.92E11 .92

Dll
I

7.171E5 7.58E5 .95

D22 4.47E5 4.97E5 .90

D33 6 '9E5 6.63E5 1.05

D44 5.50E9 2.99E9 1.84

D55 2.77E9 7.87E8 3.52

D66 2.33E9 2.65E9 .88
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4 Review of Seimic PRA

Table 46.8 Log Normal Standard Devtathas for hux0lary Bnlldlag Model Parameters

Par arne ter

Structure Frequency Ratio .25

Structure Damping .35

Rock Modulus Rat:io .45

NUREG/CR-5726



4 Revive of Seismic PRA

Table 4.6.9 Model Parameter Values aad Scallag Factors for the Emplrkal Records

Analysis
Number

Input Time

History
Number

NS EM

Structure Structure
Damping Frequency

(~) Ratio

Rock

Nodulus

Ratio

10

12

13

14

15

16

17

18

19

20

21

22

23

24

1 2

2 1

3 4

4 3

5 6

6 5

7 8

8 7

9 10

10 9

ll 12

12 11

13 14

14 13

15 16

16 15

17 18

18 17

19 20

20 19

21 22

22 21

23 24

24 23

6.80
4 '1
9.46

12.45

4.34

5.10

5.82
6.33

10.09

10.71

F 05

8.07

6 '8
9.97

7.29

7.68

5.49

8.02

5.33

7.01

6.08

8 '7
8.73

'.72

0.734

1.264

X 0.9

x 0.9-
1.097 x 0.9-

0.661

1.138

0.987

0.950 x 0.9 0.855
0.915 x 0.9 0.824
0.983 x 0.9 - 0.885

0.803 x 0.9 0.721
0.903 x 0.9 - 0.813
1.174 x 0.9 - 1.057

0.814 x 0.9 0.733
1.009 x 0.9 - 0.908
1.217 x 0.9 1.095
1.509 x 0.9 « 1.358
0.644 x 0.9 0.580
0.871 x 0.9 0.784
0.855 x 0.9 0.770
1.344 x 0.9 1.285

1 ~ 068 x 0.9 0.961

0.750 x 0.9 0.675
1.428 X 0.9 - 1.285
1.134 X 0.9 « 1.012

0.957 X 0.9 0.861
1.121 X 0.9 1.009

1.047 X 0.9 0.942

1.335

1.124

0.771

1.737

i.081
1.238

1.486

0.986

2.187

0.986

1.434

0.900

0.540

1.033

1.651

0.853

0.934

0.672

1.167

0.512

0.697

0.738

1.311

0.830
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4 Review of Scimic PRA

Table 4.6.IO Model Parameter Values aad Scalhg Factors for the Nmaerkai Records

Analysis
Number

Input Time

History
Number

NS EW

Structure Structu're

Damping Frequency

(4) Ratio

Rock

Nodulus

Ratio

25

26

27

28

29

30

i

32

33

34

35

26 25

27 28

29 30

31 32

33 34

35 36

37 38

39 40

41 42

43 44

45 46

9.28

5.42

8.77

7.90
5.08

10.57

5.56
7.08

9.77

6.05

7.56

0.892 x 0.9

0.865 x 0.9

0.803

0,779

1.061 x 0.9 - 0.955

1.218 x 0.9 - 1.096

1.265 x 0.9 - 1.139

0.801 x 0.9 - 0.721

0.928 x 0.9 « 0.835

0.811 x 0.9 0.730

1 ~ 025 x 0.9 0.923

1.180 x 0.9 « 1.062

0.712 x 0.9 0.641

0.954

0.566

0.669

$ .510

1.693

0.924

1.016

1.190

1.190

0. 747

1.299

36

37

38

47 48

49 50

51 52

6.58
6.75
4.35

1.430

0.986

1.129

x 0.9 1.287

x 0.9 « 0.887

x 0.9 - 1.016

1.098

0.701

0.864
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4 Review of Seismic PRA

Table 46.11 Comparison of PG4cE and Bochumark haalysls Attributes

PG&E Benchmark
Analysis

Earthquake
Ground
Mo'tions

Ensemble of 38
earthquake simulations
comprised of 12 pairs
recorded motions Mith
N-S and E-W components
interchanged to produce
24 simulations and 14
numerically simulated
earthquakes. Each ground
motion pair vas scaled
to an average 5% damped
spectral acceleration of
2.0g over the frequency-
range of 4.8 to 14.7 Hz.

Same

SSI Model Foundation impedance
calculated for an assumed
flat surface foundation
using CLASSI. Frequency
-dependent impedances
approximated by values
at 8 Hz. Values corrected

, for embedment based on
SASSI results.

Same, except
both frequency-
dependent and
frequency-
independent
impedances vere
considered.

Structure Model Three-stick simplified
auxiliary building model.

Same

Parameter Variation
and experimental
design

Three parameters assumed
to be variable -- rock
shear modulus, fixed-base
structure frequencies, and
structure modal damping;
(median, log-normal
standard deviation) vere
(Table 4.6-4, 0.45),
(0.9 x best est. fixed-
base freqs., 0.25), and
(7%, 0.35) respectively.

Same
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/

Table*6.12 Comparison of PGAE and Iadepeadoat Aaalysls httribates

PG6E Independent
Analysis

Earthquake
Ground
Motions

Table 4.6-10 Table 4. 6-10

SSI model

S true ture
model

Table 4.6-10

Table 4.6-10

Table 4.6-10

Table 4.6-10.

Parameter Variation
and experimental
design

Table 4.6-10 Four parameters
assumed to be
variable -- rock
shear modulus, rock
material damping,
fixed-base structure
frequencies, and
structure modal
damping; (median,
log normal standard
deviation) Mere
(Table 4.6-4, 0.45)
(Table 4 .6-4, 0.5),
(0.9 x best est.
fixed-base freqs.,
0.25), and (7%,
0. 35) respectively.
One experimental
design of N 38 Mas
constructed.
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Table 4.6.13 North-South Res pouse
Comblaed Variabilitygk)

(a) levat o 100 ft
Frequency Range.(Hz)

3.5 to 5 5 to 11 ll to 30

PG&E
Benchmark
Independent

0.24
0.24
0.21

0.27
0.26
0.28

0.18
0.17
0.22

(b) evatio

Frequency Range (Hz)
3.5 to 5 5 to 7 7 to ll ll to 30

PG&E
Benchmark
Independent

0.24
0.24
0.25

0.32 0.27
0.31 0.26
0.23 0.32

0.18
0.16

'0.22

(c) eva o 40 ft
Frequency Range (Hz)

3.5 to 5 5 to 7 7 to ll ll to 30

PG&E
Benchmark
Independent

0.24
0.25
0.27

0.37
0.36
0.33

0.29
0.31
0.40

0.18
0.18
0.22

(d) levat on 164 ft
Frequency Range (Hz)

3.5 to 5 5 to 7 7 to ll 11 to 30

PG&E
Benchmark
Independent

0.26
0 '7
0.29

0.41
0.41
0.37

0.31
0.29
0.44

0.18
0.19
0.22
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Table 4.6.14 East-West Response
Combined VarlaMity(Bc)

4 Review of Seimic PRA

Frequency Range (Hz)
3 5 to 6 6 to ll to 30

PG&E
Benchmark
Independent

0.24
0.26
0.25

0.30
0.30
0.25

0.25
0.30
0.30

Frequency Range (Hz)
3 5 to 6 6 to 11 11 to 30

PG&E *

Benchmark
Independent

0.24
0.27
0.27

0.30
0.32
0.32

0.25
0.29
0.30

(c) evation 40 t
Frequency Range (Hz)

3 to 11 ll to 30

PG&E
Benchmark
Independent

0.31
0.30
0.34

0.25
0. 25
0.23

(d) evat o 64

Frequency Range (Hz)
3 to ll ll to 30

PG&E
Benchmark
Independent

0.35
0.34
0.35

0.26
0.26
0.28
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Table 46.15 North4outh Rwpoaee
ComMaed Variabmty, VarlabllltyDue to

Ground Motte Oaly, aad VarlaMlltyDoe to
SSIIStrmctare Uacertalaths Ouly

(a) va

Frequency Range (Hz)
0.5 to 5 5 to ll

k
11 to 30

Benchmark
GM TH only
SSI/Str only

0.24
0.24
0.07

0.26
0.21
0.21

0.17
0.22
0.08

(b) v o

Frequency Range (Hz)
3.5 to 5 5 to 7 7 to ll 11 to 30

Benchmark
GM TH only
SSI/Str only

0.24
0.23
0.11

0.31
0.22
0.21

0.26
0.21
0.30

0.16
0.18
0.12

(c) eva 'o 40 t
Frequency Range (Hz)

3.5 to 5 5 to 7 7 to 11 11 to 30

Benchmark
CM TH only
SSI/Str only

0.25
0.23
0 '7

0.36 0.31
0.22 0.23
0.28 0.33

0.18
0.18
0.17

(d) v 64

Frequency Range (Hz)
3.5 to 5 5 to 7 7 to 11 11 to 30

Benchmark
CM TH only
SSI/Str only

0.27
-0.22
0.20

0 ~ 41
0.23
0.34

0.29
0.24
0.32

0.19
0.16
0.19
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Table 44.16 East-West Res poase
Combhed VarlaMlty,Vartabmty Due to

Grouad Motloa Oaly, aad Varlabmty Dae to
SSllStroctare Uaesrtalatles Oaly

4 Review of Seismic PRA

Frequency Range (Hr)
3.5 to 6 6 to ll 11 to 30

Benchmark
GM TH only
SSI/Str only

0.26
0.25
0.08

0.30
0.25
0.16

0.30
0.25
0.10

(b) evat

Frequency Range (Hz)
3.5 to 6 6 to ll 11 to 30

Benchmark
GM TH only
SSI/Str oply

0.27
0.24
0.14

0.32
0.23
0.23

0.29
0.24
0.12

(c) levat 40

Frequency Range (Hz)
3 to ll 11 to 30

Benchmark
GM TH only
SSI/Str only

0.30
0.24
0.24

0.25
0.23
0.14

(d) evat o 64

Frequency Range (Hz)
3 to ll 11 to 30

Benchmark
GM TH only
SSI/Str only

0.34
0.25
0.28

0.26
0.27
0.14
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4.7 Systems Analysis and Risk Quanti6cation

4.7.1 Systems Analysis

The crux of the systems analysis for seismic events is contained in t he Seismic Early Frontline event tree
(Figure M7 of DCPRA), the Electric Power Support event tree (Figure 6M of DCPRA), the Actuation and
Mechanical Support event tree (Figure 645 of DCPRA) and the Seismic Failure Impacts Table (Table 643
of DCPRA). In addition, "support system to support system" aad "support, system to frontline system"
dependeacies are given on Tables 2.1.1 and 2.1.2 respectively within Section 2 of this report.

The frontline event tree (Figure 4.7.1) defines the accident scenarios which follow the occurrence of an
earthquake in terms of successes or failures of the top events identiTied in the tree. Ia keeping with the
PL&G methodology, the top events include support state frequencies, LOCAevents, component failures (e.g.,
RWST, PORVs, etc.), frontline systems (e.g., charging system, auxiliary feedwater system, etc.) and fiaally,
human errors. In general, failures of these top events may be due to either seismic or random causes.

As shown on Figure 4.7.1, there are 13 top events whose success or failure determines the scenario associated
with an earthquake event. A description of each of these top events is presented in Table 4.7.1 (taken from
the DCPRA). Note that both transients and LOCAs are included on this single tree. Small LOCAs are
implied by failure of top event PR (pressure relief function) and failure of event SE (seal cooling). Alllarger
LOCAs are contained in top event EL (excessive LOCA). The LOCAs associated with event EL are
conservatively assumed to be beyond the capacity of the ECCS mitigating systems. This, of course, is a
significant conservatism. Ifneither failure of events PR or EL occur, the remaining scenarios are associated
with transients. The va'rious types of transients (LOSP, station blackout, or general transients with a PCS
initiallyavailable) are determined by the availabilityof the various electrical and mechanical support systems
as determined by the electrical and mechanical support trees. Relay chatter is
explicitly included in this tree in event CT. This is the union of all events whose chatter could result in loss
of all AC power to the site. Operator recovery of the various busses and switchgear failed by relay chatter
is incorporated in event OC. Failure of event OC results in continued loss of all vital ac power to the site.
Instrumentation and signals to the control room operators are included in event ID. It is assumed that loss
of all indications to the operator will lead directly to core damage, even if all other safety and mitigating
systems are not failed mechanically. If relay chatter has occurred, and (among other things), failed the
motor-driven AFW pumps, the event TD is asked which represents the status of the turbine driven auxiliary
feedwater pump. This is asked primarily because it shortens the time available to allow successful recovery
from the relay chatter event and thus affects the probabilitiesof non-recovery of relay chatter. Failure of the
RWST (RW), the charging system (CH), and the safety injection system (SI) are the usual PWR safety
mitigating systems used to respond to LOCAs or transients with AFWS unavailable. Similarly the auxiliary
feedwater system (AW) is used to respond either to small LOCAs or normal transients. Event OB is the
operator action of initiating and performiag feed and bleed given that the auxiliary feedwater system has
failed. The event is modeled here consists entirely of human actions and not seismic mechanical failures of
the equipment (injection pumps, PORVs) needed to perform feed and bleed. Finally, event HS is a general
human error to fail to maintain the system in hot standby condition after this has successfully been reached.

Based on a review of seismic event trees associated with Westinghouse PWR reactors and other PRAs
(NUREG 1150, TAP A-45, Zion and Indian Point) the top events included in the Diablo Canyon seismic early
frontline tree are found to be a complete and logical set of systems and events which can be used to model
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accident sequences typical of commercial PWR reactors. In addition to the normal mitigating safety systems,

~

~

~

instrumentation and relay chatter are explicitly included in a logical (ifconservative) manner. Only failures
of safety systems early in an accident scenario are included in this early frontline tree, and failures during later
portions of the scenario (recirculation) are not explicitly included. However, this is consistent with past
experience in all PRAs for PWRs which shows that sequences involvingonly late failures of the safety systems
are negligible. Failure of the reactor protection system is not explicitlyshown on this seismic early frontline

I
tree, however, it is explicitly considered (on a train level) in the mechanical support tree which is used to
describe initialconditions for the sequences shown on the early frontline tree. Further, sequences normally
associated with loss of offsite power (LOSP) and with station blackout (SBO) are again not explicitlyshown
on this tree as they are explicitlycontained in the various sequences in the electrical support tree, again which
determines initialconditions for the early frontline tree. Thus, it is concluded that the sequence of scenarios
and events which can be portrayed by the carly frontline tree represents a reasonable and complete approach
to modeling the Diablo Canyon seismic scenarios.

The carly frontline tree shown on Figure 4.7.1 represents a very large number of accident sequences. Even
though 42 specific end states are shown on this figure, the dotted lines indicate locations where portions of
the tree are to be transferred and the tree expanded. A definition of the subtrees (transfers) is shown at the
bottom of the figure. Altogether, this tree represents over 200 separate end states (i.e., accident sequences)
which must be evaluated. Further, since these accident sequences may be evaluated with a variety of different
initialconditions (as determined by the electrical and mechanical support event trees) a very large number
of accident sequences must be evaluated. For these trees, approximately 3000 accident sequences were
numerically evaluated, but only the dominant sequences were retained for further study.

The electric power support event tree is shown in Figure 4.7.2. In addition to the earthquake initiatingevent
(IE) a total of.21 top events are modeled on this electric power support event tree. Definitionsof these basic
events are shown on Table 4.7.2. The top events on this tree are essentially the different trains of the various
electrical support systems. Loss of offsite power is the first event shown (OG). The mechanical and actuation
support event tree is shown on Figure 4.7.3. In this case, the various trains of actuation and mechanical
support are shown as top events on this tree. Definitions of the top event on this tree are shown on Table
4.7.3. Together, the electric power and mechanical support event trees generate a large number of support
system states (SS) to be used in evaluating the accident sequences as defined by the seismic early frontline
tree. As described below, different end states from the mechanical event and electrical event trees are used
to define different numerical failure probabilities for each of the top events on the seismic carly frontline tree.
Thus, the same top event willhave a variety of numerical values depending on the support state conditions
being evaluated. Thus, as is typical in the PL&G methodology, a very large number of accident sequences
must be evaluated and numerically screened before further evaluation is performed.

The impact of seismic component failures on the top events of the early frontline event tree and the electrical
and mechanical support trees are given on the Seismic Failure Impact table (Table 643 of DCPRA). A
modified version of this table showing the component failure expressions for each top event is shown in Table
4.7.4. In the DCPRA it is assumed that the various contributors are independent, and that their contributions
can be combined by the "OR" logical operator. Thus, in effect, this table gives Boolean expressions for each
top event in terms of component failures and serve as fault trees for the systems under consideration. In
certain cases, the impacts of multiple redundant components were combined so as to conservatively estimate
the failure probability of the top event, but this is not inappropriate provided undue conservatism does not
skew the overall risk picture. The Boolean expressions implied by this table were reviewed and found to be
appropriate.

4-57 NUREG/CR-5726



4 Review of Seismic PRA

pingA notable feature of these Boolean expressions for the top event failures is the explicit inclusion of pi
failures. Piping associated with various systems were lumped into segments and a number of segments were
assodated with each top event system, Ageneric pipe support fragilitywas associated with each pipe segment
and then the various segments associated with each system were "OR-ed" together to yield the piping failure
contribution to the system failure probability. The effect is that the probability of failure increases
(approximately linearly) with the number of piping segments included. This approach is conservative in that
the inclusion of any degree of correlation between the piping failures would tend to reduce the contribution
of the segments to the overall failure probability.
Another conservative assumption is made when a single system is modeled by component failures rather than
having the various trains of the system modeled by component failures. For example, the component cooling
water system (CC) is modeled by failure of the RHR heat exchangers or CCW pumps or CCW heat
exchangers, etc. Since multiple heat exchangers or pumps are involved, itwould be possible to break this out
further and hence reduce conservatism in the modeling of this system. However, the approach taken is indeed
conservative.

Note that when individual trains of this system are involved (for example, vital AC power trains AF, AG, and
AH) the component failures contributing to these train failures involve both failures of components which
affect only a single train (e.g., 4kV switchgear) and failures of buildings which may failall trains of the system
(e,g. turbine building shear wall). This mix of single component failures and more global failures is satisfactory
provided that in numerically evaluating the split fractions, different split fractions are used depending on
whether 1, 2, or 3 trains have failed. In determining these split fractions, account must be taken of the fact
that the global failures affect more than one train at a single time. This has evidently been done as described
in the point estimate calculations.

4.7D Mean Point Estiamte Evalua6oa
0

As described earlier, the initialquantificationconsisted of a mean point estimate evaluation of the all accident
scenarios so as to identifythe main contributors to core damage and to delete negligible scenarios from future
consideration. The actual sequences themselves, in terms of basic events, are given in Appendix J to the
DCPRA. The split fractions for the basic events (conditional on the earthquake level) are given on Table M6
of the DCPRA, at six different ground acceleration intervals. A sample of this table is given in Figure 4.7.4.
It should be noted that this table is somewhat mislabeled and these should actually be labeled as mean
conditional top event split fractions for the six acceleration ranges. Further, a point of confusion was that the
values shown for the range 0.04.2 were not, in fact, used in the final quantification. These rather, represent
random failures for the various top events in question. In addition, the numerical values presented are in fact
a weighted average of the failure probabilities of the Boolean expressions representing the top events divided
by the probability of the mean hazard curve for the interval in question. Thus, these values, when multiplied
by the probability of the hazard curve interval, yield the correct unconditional probability of seismic failure
for the top event. In addition, note that the top events have numbers appended to them. For example, top
event DG occurs as either DG1 or DG2. The different numbers represent different support states and, in
effect, allow for the fact that the Boolean expressions defining the top event DG include some single failures
as well as some global failures. For example, ifa accident sequence involved only the failure of DG then the

. split fraction DG1 would be used in evaluating the accident sequence. However, if the accident sequence
involved failures of both busses DF and DG then the numerical values coinciding with DF1 and DG2 would
be used in evaluating the accident sequence.
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A number of these mean split fractions were checked. It was found that, for those split fractions checked,

reasonably close agreement was obtained. A difficulty in reviewing the split fractions used for the point
estimate calculation is that there are some small numerical inconsistenciesbetween DCPRA Table &44, which

presents conditional mean failure fractions for key structures or components and Table ~ which gives the

split fractions for the top events. For those top events which involve only a single component failure (e,g.,

offsite power, reactor trip, etc.) the numerical values of the split fractions should be identical. However, small

discrepancies exist. The magnitudes of the discrepancies are not considered significant, and are undoubtedly

due to minor changes in the mean values of the hazard curves utilized in evaluating these split fractions.

A related and important point is that nowhere in the DCPRA are the actual hazard curve increment

frequencies presented. This is, of course, essential for checking the numerical values of the unconditional

failure fractions for the top events or for the key structures and components, since these are weighted averaged

values over the increment. For the purposes of the review, these hazard increment frequencies were provided
on diskette to the reviewers.

In the numerical evaluation process, each sequence was evaluated for each of the six earthquake levels, and

reported individually. This allowed an identification of which sequences dominated as well as which

earthquake levels contributed for each accident sequence. A total of 791 non-negligible individual sequences
'ereidentified. As part of the review, the Boolean expressions for the 791 dominant sequenceswere obtained

from PG&E on a PC disk, and were reformatted and independently re-quantiTied using the split, fractions of
Table 646 of the DCPRA and the hazard curve increment frequencies provided by PGBcE.

After certain nomenclature issues were resolved, and after it was established that the split fractions for the
~

~

~

~

~

~ ~

~

~

~

~

~ ~

~

0.04.2g spectral acceleration level given on Table M6 of the DCPRA were not used in the mean point
estimate calculation, a frequency of 2.87E-S per year for the 791 accident sequences was independently
computed. This is nearly the same as the value of 2,80E-S per year reported in the DCPRA, which is, of
course, as it should be given that the same Boolean expressions and input data were used.

In addition to the frequency of the 791 sequences provided to the reviewer on diskette, an evaluation of the

frequency of the "remaining" accident sequences was performed and given as 6.30E-6. Thus, the total core

damage frequency mean point estimate is 3.43E-6 per year. As willbe seen later, this is quite close to the
mean values obtained from the uncertainty analysis calculation, and reported as 3.7E-6 per year as the final
DCPRA seismic mean core damage frequency.

This independent evaluation, however, allowed us to rank the sequences in terms of their contribution to the
overall core damage frequency, and to identify the subset of accident sequences which dominated the risk
taking all earthquake levels into consideration. Where this was done, the somewhat surprising result was

obtained that the risk was not dominated by a small set of sequences, but rather was spread out over at least

150 logical sequences to account for 90% of the total core damage frequency.

This is partially accounted for by the fact that each of the 791 sequences corresponds to one specific

earthquake level. That is, ifa logical sequence were important at all six earthquake levels, there would be six

separate accident sequences occurring in the 791 dominant sequences reported. A second cause for the large

number of sequences is described below.
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The top ten sequences only accounted for 57% of the total as shown on Table 4.7.5. These top 10 dominant
accident sequences (based on contributions from all earthquake levels) were derived from the mean point
estimate accident sequences provided (at different earthquake levels) on the PC diskette by PG&E. These
are shown in Table 4.7.5 along with their total frequency and percent contribution to the total (mean) core
damage frequency.

To understand these sequences requires a certain amount of work, since (at first glance) these sequences do
not make logical sense. The basis for these seeming errors is the approach of using two support trees
(electrical and mechanical) which are not rigorously (in a Boolean logic sense) connected to the main seismic
frontline tree. This approach - ifimplemented correctly - willyield the correct numerical answer, but (as will
be scen) the approach yields individual accident sequences which are difficultto understand and review.

r

To see this, consider dominant sequence ¹1 on Table 4.7.5. The failure events are loss of offsite power
(OG1) and failure of all three trains of on-site emergency AC power (events AF1, AG2, AH3). But by
definition of Apl, AG2, AH3, the simultaneous failure of all three trains fails all AC power ~re ardless of
whether LOSP occurs or not. (For example, AF1 includes failure of the 4KV switchgear in that train, and
offsite power is routed through this switchgear, as is emergency power from the diesels. Hence, whether or
not LOSP occurs is irrelevant.) Thus, the LOSP failure event OG1 is not required, and in a true Boolean
logic sense, dominant accident sequence ¹1 is non-minimal in comparison to dominant sequence ¹3, which
involves failure of only the events AF1'AG2'AH3.

Similarly, dominant sequence ¹5 involves both direct failure of all AC power (events AF1'AG2'AH3) as well
as failure of all AC power due to relay chatter (event CI2). So this accident sequence is also non-minimal.
In the same fashion, dominant sequences ¹2, ¹7, ¹8, ¹9 and ¹10 all involve failure events not required for
core damage and are - at first glance - logically incorrect. These apparent discrepancies can be resolved by
looking at dominant sequences ¹1, ¹3, ¹5 and ¹7 as a group - as shown in Table 4.7.6. All sequences
involve the terms AFl'AG2'AH3,but failures of the auxiliary feedwater system (AFW4) and failures due to
relay chatter (~) and their complements are also present. Consider now a simple event tree involvingonly
OG1, CT2 and AW4 as shown in Figure 4.7.5. (This is a subset of the Electric Power Support tree). A total
of 8 outcomes are possible given success or failures of OG1, CI2 and AW4 (Labeled A, B, C,......H). By ~

examining the successes or failures in the dominant sequences ¹1, ¹3, ¹5 and ¹7, one can identify to which
branch on the simple event tree of Figure 4.7.5 each corresponds. Thus, dominant sequence ¹1 involving
OGl'(I-CI2)'(I-AW4) corresponds to branch E, Sequence ¹3 involving (1-OG1)'(1-CT2)'(1-AW4)
corresponds to branch A. Sequence ¹7 involvingOG1'AW4'(I-CT2) corresponds to branch F. And finally,
sequence ¹5 must correspond to branch G. No specific sequences were found corresponding to the other
branches, but clearly they must be significantly smaller than the four sequences reported and hence were
undoubtedly not reported. Now ifthe numerical values of all four sequences are added, one obtains just the
probability of the term AF1'AG2'AH3 and, in fact, the actual numerical values of OG1, CI2 and AW4 are
irrelevant.

Thus, when all four sequences (¹1, ¹3, ¹5, ¹7) are combined one gets the lo 'call and numericall correct
single dominant accident sequence involving only the simultaneous failures of the three AC power trains
AF1'AG2'AH3.
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In similar fashion, one must consider the dominant sequences ¹4, ¹8 and ¹9 together as shown in Table 4.7.6.
~ ~

~ ~

~

Again, in this case the terms OG1, CI2 and RT7 are superfluous, and the actual failure cut set is only
DF1'DG2 which is the simultaneous failure of all DC power for control and instrumentation. (This was
assumed to lead to core damage regardless of LOSP or other failures).

Finally, sequences ¹2, ¹6 and ¹10 must also be considered as group. Together, these represent the logically
correct accident sequences involvingOG1'GF1'GG2'GH3 which is LOSP in conjunction with simultaneous
loss of all three emergency diesel generators.

Thus, the top 10 accident sequences derived from the 791 sequences provided on diskette actually represent
only three independent (and logically correct) dominant accident sequences:

~Se uence
Percent

Contribution

AF2'AG2'AH3' —--------complement events
DF1'DG2'- -implement events
OG1'GF1'GG2'GH3'-------complement events

31%
10%
16%

Total 57%

and each of these is a station blackout scenario involvingonly electrical power trains. It is only when the 791
mean point estimate sequences are grouped appropriately (as described above) that one can relate them to

~

~the simpler block model and accident sequences used in the uncertainty analysis (discussed below).
1

4.7B Uncertainty Analysis

As described earlier, a separate uncertainty analysis quantification was performed following the mean point
estimate calculation. As a first step, the dominant accident sequences identified in the mean point estimate
calculation were used as the basis for constructing a simple block diagram model of core damage for the DC
plant. This simpliifliedblock diagram in effect provides Boolean expressions which encompass the dominant
failure scenarios, and which are simple enough so that the Discrete Probability Distribution approach to
uncertainty analysis (developed by PL&G) can be conveniently applied.

The logical block diagram was not reported in the DCPRA although the numerical results for total core
damage frequency are listed on Table 6-54 of the DCPRA. At NRC request, this block diagram was made
available, and an uncertainty analysis was performed independently using an alternate approach, namely a full
Monte Carlo analysis of the accident scenarios implied by the logical block diagram. As in the DCPRA
evaluation, the random/human error basic events were fixed at their mean point estimate values, while
lognormal fragilityfunctions )as characterized by their random uncertainty p, and modelling uncertainty p„)
as provided in Table 6-40 of the DCPRA were used.

The seismic logical block diagram is shown in Figure 4.7.6. Circled numbers are seismic component'numbers
which correspond to the fragilitydescriptions on Table 4.6.1. The "+" denotes the logical union "OR"

~

~

operator, while the "x" denotes the logical intersection "AND"operator. Twelve "boxed" blocks are shown,
each corresponding to a functional accident scenario. Boxes containing a single (engineering notation)
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numerical value represent dominant groups of random failures ofcomponents. Adescription 'of each scenario
block - as provided by PG8cE - is presented in Table 4.7.7.

The hazard curves used in the independent Monte Carlo uncertainty analysis were the identical set of eight
discrete hazard curves whose non-exceedance probability ordinates (and associated weights) were given on
Table 6-38 of the DCPRA. (The values given in the initialdraft were incorrect. After this was pointed out,
corrected values were provided to the reviewers and corrected in an addendum.)

Table 4.7.8 compares the seismic core damage frequency percentiles (as given on Table 6-54 of the DCPRA)
with those independently computed using a Monte Carlo process. This shows that the mean values of total
core damage frequency were computed to be nearly the same by both DPD and Monte Carlo. The lower
5 percent values were also quite close, whife the 95 percent value computed by Monte Carlo was 55 percent
greater than that computed by the DPD method. This gives rise to a smaller error factor (17 vs 26) being
computed by the DPD method than by the Monte Carlo method. Overall, however, the results agree quite
well between the two methods. (This is, to our knowledge, the first independent evaluation of the DPD
uncertainty analysis approach available in the public literature).
Table 4.7.9 summarizes the ranking of the twelve blocks (accident sequences) as computed in the Monte Carlo
independent uncertainty analysis. The dominant sequences are (a) loss of all onsite ac power (station
blackout), (b) loss ofoffsite power, and (c) loss of all dc power. This is consistent with both the point estimate
evaluation (Section 4.7.2) and the "issues" studies summarized in Section 4.2.

Table 4.7.10 shows the (unconditional) contributions of each of the twelve accident scenarios (blocks) on the
simplified logic block diagram for different intervals on the hazard curve. Figure 4.7.7 compares the
contributions at various earthquakeintervals as computed by the DPD approach (as presented on Figure M9
of the DCPRA) versus the Monte Carlo approach. It can bq seen that, because of the rather coarse interval
on spectral acceleration used in the DCPRA, the contributions at the upper and lower intervals have been
overestimated. However, both, approaches show that most of the risk occurs due to earthquakeswith average
spectral accelerations in the 1.7g to 3.0g range. This can also be seen from the mean plant level fragilitycurve
presented in Figure 4.7.8. This curve shows that the mean conditional probability of core damage is very small
below 2.0g average spectral acceleration.

Finally, an evaluation of the risk reduction potential (RRP) for each of the components was made using the
simplified logic block model. The risk reduction potential is defined as the percentage decrease in seismic
core damage frequency which results ifthe probability of failure of that component is set equal to zero, and
the seismic core damage frequency is re-evaluated. Table 6-58 of the DCPRA presented such values (denoted
as "Impact If Very Strong that is, If Impervious to Earthquake" ). Table 4.7.11 lists the RRP for all
components in the block model, and compares them to those reported in Table 6-58 of the DCPRA. In
general, for those components whose RRP values were listed in the DCPRA, the agreement is reasonably
good. The RRP of the various diesel generator failure modes was found to be 16 percent while the DCPRA
listed only 10 percent. The RRP of switchgear/breaker panels was found to be 6.6 percent, but was not listed
in the DCPRA, although components with smaller values of RRP were listed. Finally, the RRP for BOP
piping and supports was found to be 5.8 percent as contracted to the DCPRAvalue of 2.2 percent. Overall,
however, the agreement is quite good.

In conclusion, the comparison studies between the DPD method and the Monte Carlo method of uncertainty
analysis show that similar results are obtained (by the two quite different approaches) and that the core
damage frequencies and percentiles are - from a computational standpoint - verified.
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47.4 Smslthity Stodge

Using the uncertainty analysis block model, a number of sensitivity studies were performed to estimate the
effect ofcertain assumptions in modeling techniques used in the DC seismic PRA. In each case, a mean point
estimate calculation based on the block model was performed and changes in mean seismic core damage
frequency were computed. Each study is reported separately and, in general, the changes in the seismic core
damage frequency from the different sensitivity studies are not independent and are certainly not additive.

a) Impact of pipe conditional failure fraction. In the modeling of pipe failures, different pipe segments

were identified for the various safety systems and the probability of failure of each segment'was

estimated as the probability of the pipe. support failure (generic fragility) multiplied by conditional
fraction that failure of the pipe support would result in double ended pipe fracture. In the uncertainty
analysis block model, this conditional failure fraction varied between 0.05 to 0.25, depending on the
system and type of piping being analyzed. The basis for the choice of these different fractions was not
described. Hence, in this study, the conditional pipe break failure fraction was varied (the same for
all systems) from a lower value of 0.0 to an upper value of 1.0 (that is, support failure equals pipe
failure). The results of this study are summarized below:

Conditional Prob
(Pipe Break)

Prob (Core Damage) % DiK

0.0

0.05

0.10

0,20

0.25

0.40

0.50

1.00

4.01-5

4.12-5

4.17-5

4.33-5

4.44-5

4.96-5

5% lower

4% lower

3% lower

0.2% lower

1% higher

5% higher

7% higher

20% higher

As can be seen from the values above, the effect of varying the conditional pipe break failure fraction was
relatively small. In fact,'if the conditional failure fraction is taken as 1.0 (certainty), the result is only a 20
percent increase in the total core damage frequency. Thus, overall, the seismic total core damage frequency
results are not particularly sensitive to the assumed failure fraction. This is not surprising since the overall
generic fragilityfor the piping supports has a relatively high median value and, thus, is not expected to play
a major role in the final core damage frequency results.

b) Impact of correlation on uncertainty analysis. As described earlier, correlation was incorporated
somewhat differently in the point estimate model (in which the various support trains were considered
explicitly) and in the final block model used for the uncertainty analysis (in which the failure of one
train was assumed to imply the failure of an trains). Further, it was seen that the uncertainty analysis
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gave slightly higher mean core damage frequencies due to this more conservative assumption with
respect to conelation. A sensitivity study was performed to estimate the impact of correlation on the
block model uncertainty analysis. This was done by assuming that similar trains of the same support
systems were identical (e.g., had the same random and seismic fragilities) and that the responses seen
by these similar support trains werc identical. It was assumed that the responses were fullycorrelated,
but that there was no correlation between the fragility failure modes of the support systems. The
uncertainty analysis block model was modified to incorporate these assumptions and the frequency of
core damage was reevaluated. When this was done, the mean point estimate core damage frequency
was reduced to 2.8E-S per year, a reduction of 33 percent, Thus, it can be seen that a reduction in core
damage frequency could be achieved ifa more complete description of correlation were included in
the systems models.

0

c) Impact of range of integration. As described in the DCPRA, the seismic integration was performed
up to an upper limitaverage spectral acceleration of 4.0g, and a total of 6 (unequal) intervals were used
in the integration scheme. To verify that this range of integration was adequate, a mean point estimate
calculation using the block model was performed in which the range of integration was increased to
Sg and then 6g average spectral acceleration. These two calculations showed increases in mean core
damage frequency from the base case value (4.15E-5) to 451E-5 and 4.60E-5, respectively. Thus it can
be seen that the range of integration considered in the DCPRA was adequate, and ifa greater range
of integration were used, an increase of about 12 percent would be expected.

d) Impact of ceramic insulator fragility. A key feature in the results of the DCPRA results from the fact
that the fragilitytaken for the 230kv ceramic insulators in the switchyard was taken to have a median
average spectral acceleration of 1.66g. Scaling to peak ground acceleration, this corresponds to a
median peak ground acceleration value of 0.72g. This is at least twice as high as any ceramic insulator
fragility median used in past PRAs. The basis for this median value came from segregating the
recorded earthquake performance data on ceramic insulators into several groups. It was found that
the so called "dead tank" type of ceramic insulator performed significantly better than other ceramic
insulators typicallyused in commercial power plants. Further, itwas verified that the ceramic insulators
in the 230kv switchyard were of the dead tank variety and hence, it was appropriate to use a higher
median value for their seismic fragility. This played a substantial role in the results of the DCPRA in
that it greatly lessened the probability of loss of offsite power and reduced the importance of the LOSP
corresponding sequences.

To examine the effect of the ceramic insulator fragility mean on the core damage frequency predicted for
Diablo Canyon, a sensitivity study was performed in which the ceramic insulator fragilitymedian was varied
from 0.3g pga to 0.72g pga and the core damage frequency was recomputed. The results of this calculation
are shown as a continuous curve on Figure 4.7.9. It can be seen that the mean core damage frequency
increased from 4.15E-5 to a value of 6.25E-5 at the weaker limit. Thus, the effect of going from a median
ceramic fragilityvalue of 0.72g (pga) down to a more usual value of 0,3g (pga) is an increase in the mean core
damage frequency of 50%.

e) Sensitivity Study on Human Actions in DCPRA Seismic Analysis
A number of human recovery actions were identified for the seismic analysis in Table 6-51 of the
DCPRA. Many of these were associated with post-earthquake actions taken to recover offsite or onsite
power lost due to seismic component failures, and which involved replacement battery chargers or 0
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portable power generators being put in place to replace damaged components. Although co'nsiderable

thought was given to these post-earthquakeoptions, for the final results of the seismic33CPRA it was
decided to take no credit for their use. Thus events ZHEAC2, ZHEHS2, and ZHERE6 denoted as

earthquake related recovery actions on Table'-51 of the DCPRA were not used in the final
quantification.

However, three important human actions were considered in the final quantification, and these were
incorporated as a function of earthquake level - which is an advancement over past seismic PRAs. These
human error events are:

ZHECT1 Failure to reset of control power circuits (from control room) that were tripped as a result
of relay chatter during an earthquake.

ZHELA2 Failure to turn off RHR pumps following an SI signal with the RCS at high pressure.
After 4 hours, this error is assumed to fail the pumps, which resultsin loss of ability to establish sump
recirculation.

ZHESE1 Failure to align fire water system to provide RCP seal cooling, given loss of normal ASW
or CCW This results in a seal LOCA.

These three human error events were explicitlyincluded in the block model used for the uncertainty analysis
as shown on Figure 4.7.6 and explained on Table 4.7.7.~ ~ ~

V

ese events were modeled as being (stepwisc) dependent on earthquake level as shown below:

Average Spectral Acceleration

Event

ZHECT1

ZHELA2

Random
Value

0.002

0.0047

(1.75g ~

0.002

0.0047

1.75 to (2.5g

0.01

0.02

2.5 to 4.0g

0.06

0.20

ZHESE1 0.01 0.01 0.07, 0.40

The random values for these events were taken from Table 6-52 of the DCPRA, and is the mean value used
in the internal events analysis for the corresponding non-seismic event. The earthquake level-dependentvalues
were provided directly by PG&E in response to reviews questions, and are not in the DCPRA.

In one sense, the human action failure rates can be viewed as being somewhat optimistic, as they assume the
random (non-stressed) failure rate for all earthquake levels up to 1.75 of average spectral acceleration,which
corresponds to 0.75g of peak ground acceleration. However, these three actions are all performed in the
control room (rather than requiringan operator to leave the control room to perform the action) which tends
to increase the likelihood of success. Engineering judgement was used to establish the numerical values of
these human errors as a function of the three earthquake levels, but they seem quite rcasonablc to the
reviewers. (Nominally, the failure rate increases by a factor of 5 for each earthquake level).
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To evaluate the sensitivity of the final results to the assumed earthquake levels at which these human error
rates were increased, the mean core damage frequency was reevaluated with the threshold levels decreased

from (1.75g, 25g) down to (0.8g, 1.2g). The result was an increase in mean core damage frequency from
4.13E-5 to 4.61E-5, an increaseof 11 percent, Thus the mean point estimate results are not very sensitive to
the stepwise threshold levels at which the human error probabilities are increased to reflect the stress due to
larger earthquakes. The lack of sensitivity is due to the fact that the human error events are "OR-ED" in
conjunction with seismically-induced component failures which soon dominate the final results as higher
earthquake levels are considered.

4.8 Summary and Conclusions

In general, the seismic portion of the DCPRA was found to be a defendable and detailed statecf-the-art
seismic risk assessment. Due to the nature of the numerous conservative assumptions made in modeling
systems and including correlation on component failures, it is felt that the mean core damage frequency
computed is somewhat conservative.

The DCPRA involved a number of relatively novel considerations. First of all the examination and inclusion
of relay chatter effects has advanced the stateef-the-art. The detailed level to which circuits were examined
for the potential impact of relay chatter and its documentation goes well beyond that performed in any
previous seismic PRA. The detailed comparison of the nonlinear response of the Turbine Building and
comparison against drift limits against the engineering factor of safety approach provided a meaningful
validation of the later more simpliTiied method, which has been used in all the commercial seismic PRAs to
date. This study provides considerable confidence in the use of the factor of safety approach for predicting
failure levels of both structures and components. The use of average spectral acceleration as the independent
seismic parameter (both for the seismic hazard curves and for the component fragilities)provided a consistent

means of eliminating double counting in assigning uncertainties to both the hazard curve and the fragility.
Overall, however, the use of average spectral acceleration versus peak ground accelerationwas found to play
little role in determining the overall magnitude of the risk of core damage frequency at Diablo Canyon. This
in itself is of interest because of the fact it substantiates the use of peak ground acceleration in all past seismic

PRAs.

The DCPRA fragilitieswere found to have been derived by statecf-the-art and relatively mature methodology
which has been applied to more than 25 power plants in the past. A review of the identified and analyzed

modes found that the appropriate failure modes had been identified. A review of the anchor bolt failure
modes showed that important recent generic issues (such as edge distance, bolt spacing, and concrete cracking

effects) were properly included and taken into account. The methods and the basis for assigning the random
and modeling uncertainties to the fragilities were found to be reasonable. No significant unresolved remain
for the fragilities in the DCPRA.

The procedure used for quantifying the risk of core damage was found to be acceptable and the quantification
itself was found to be accurate. An independent evaluation of the block model used to perform the
uncertainty analysis by a completely independent approach (Monte Carlo) was found to produce final
distributions on core damage frequency that were reasonably close to those reported for the DCPRA. The
main discrepancy was some difference in the 95% percentile values. The same dominant contributors to core

damage frequency were found and the percentage contributions for these dominant contributors were found

to be nearly the same.
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In general, a major deficiency of the DCPRA was that the final report was not adequate to allow a meaningful
review without extensive and continuing interactions with both PG&E and contractor personnel. Ifthe goal
is to produce a report that can be reviewed (ifnot reproduced) by the data contained in the report and its
appendices, then a somewhat different structure and additional data may be required.

A detailed review of the DCPRA was considerably complicated by the PL&G methodology on which it was
based. Mis methodology, as applied in the Diablo Canyon PRA, involves signiTicant "hands on" intermediate
steps which were both difficultto document arid to review. In particular, the methodology utilizinga separate
simple systems model for the final uncertainty analysis as contrasted to a very detailed model for the point
estimate calculations provides a large source of difficulty in reviewing the final results (as was described
earlier). In addition, the block uncertainty analysis model seems to require considerable amount of analysts
judgement to develop, which in itself is difficult to document or review. Considering the large number of
mean point estimate accident sequences involved in the first step of the analysis, it is likelythat future versions
of the report would have to provide this information on PC diskette in order for any meaningful review to be
performed. It should be noted that the PG&E personnel performing the PRA were more than helpful in
resolving these issues as they arose. Given the level of effort that went into the development of the hazard
curves, the very detailed fragility calculations for all components, and the level of effort into developing
accident sequences and correctly incorporating complement events, it is felt that the DCPRA represents a
statecf-the-art and defendable seismic PRA and that no unresolved issues remain concerning the final results.
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Figure 4.7.1 Seismic Early Frontline Tree (Figure 6-47 of DCPRA)
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4 Review of Seismic PRA
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4 Revicwof SeismicPRA
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Figure 4.7. S Partial Event Tree for Electric Power
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4 Reviewof SeismicPRA
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4 Review of Seismic PRA
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4 Review of Seismic PRA

Table 4.7,1 Descriptions of Top Events on Seismic Early Frontline ~e (from Chapter 6 of ACPRA)

To Event ID. Represents a loss of- indications to the operators> and
this is assumed to lead directly to core damage.

To Event CT. Represents the summation of all relay chatter fragilities
resulting in a loss of all AC po~er.

To Event EL. This is the summation of all LOCAs greater than a small
LOCA. Such LOCAs are all conservatively assumed to be excessive, that
is, modeled as if the ECCS systems are not effective at mitigating them.

At least one of three pressurizer PORV's must open to relieve RCS
pressure, if required, and all three PORVs must reseat. Failure of Top
Event PR implies that a PORV train is open and a small LOCA has
developed. The operator 'action to isolate a stuck-open PORV by closing
the PORV block valve is also considered in this top event. The
likelihood that a PORV block valve is closed initially is also
considered. If all three PORVs fail to open when challenged, the
pressurizer safety valves are then assumed challenged and all three must
reseat.

For loss of offsite power events, the pressurizer PORV's are assumed,.to
be challenged.

For all transients, the pressurizer PORV's should not be challenged, if
automatic reactor trip is successful. Successful reactor trip is also
assumed if the operators manually trip the reactor in the first minute
after a failure of an automatic reactor trip. However, for these cases
of successful reactor trip, the PORVs would likely be challenged.
Therefore, it is assumed that all three PORVs would be challenged if
automatic reactor trip fails, even if the operator successfully trips the
reactor 'as a'ackup.

under the condition of relay chatter causing loss of the motor-driven AFM
pumps, the turbine-driven AFW pump is operational. Failure of all AFP
shortens the time available for successful recovery from relay chatter.

event is only asked if Top Event CT fails. Different human error rates
are used depending on the status of auxiliary feedwater and whether a
LOCA has occurred. Failure of this event is assumed to result in a
continued loss of all vital AC.
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Tab1e 41.1 (coaHaaed)
4 Review of Seismic PRA

If a Phase B safety injection signal occurs (for example, due to a steam
line break inside containment), CCM flow to header C is isolated, which
isolates cooling to the positive displacement charging pump and RCP
thermal barrier cooling. Then, Top Event SE can only be successful if
the operators successfully stop the RCPs in time; that is, Top Event RP
is successful. Then to protect the RCP seals, the operator must use one
of the centrifugal charging pumps. The seal injection path from the
charging pumps is then modeled in this top event. If CCW header C is
isolated, Top Event CH must have succeeded for this path to be viable.

For success ~ithout any CCW cooling, the operators must provide alternate
cooling from the fire main to a charging pump heat exchangers for RCP
seal injection as described in plant procedures. The pump suction may be
from either the VCT or, the RUST. A makeshift system for temporary

'oolingof the positive displacement charging pump (that is, wet rags and
portable fans) could also be established, although such actions are nor.
currently covered by procedures.

This top event is not asked in the event if Top Event PR fails (that is,
a PORV opened and failed to reseat) because a LOCA is then already known
to have occurred. The consequential failure of the RCP seals is judged
to be unimportant.

and feed cooling, provided all secondary cooling fails, by manually
initiating a safety injection signal, then resetting it, and by
restoring instrument air to the containment. This cooling path also
requires that at least two PORVs are available and are held open for 6
hours that is, the time it takes to reduce RCS pressure to allow closed
loop RHR cooling. The operator also trips the RCPs by procedure.
Cooling through the pressurizer safety valves alone, without the PORVs,
is assumed unsuccessful because of insufficient makeup flow at their
pressure relief setpoint. The procedural actions to open the reactor
vessel head vents and depressurize one steam generator to atmospheric
pressure, if only two PORV trains are available, are assumed unnecessary.
Only two PORVs are connected to a nitrogen supply header supplied by
backup nitrogen accumulators. Instrument air must be restored to the
containment for operation of the third PORV. The PORVs are qualified for
the environment after a steam line break inside the containment and
therefore are expected to remain functional during bleed and feed
sequences.

be maintained successfully. If Top Events HS fails, it is assumed that
long-term actions to control ARl, provide AFP makeup, or establish closed
loop RHR cooling have failed and damage has occurred. There is plenty of
time for a successful operator response if something does go wrong in the
long-term after conditions have stabilized. Plant operations may decide
to cooldown to cold shutdown conditions or to return to power. after the
cause of the Plant trip is identified and resolved. This analysis
assumes that they would only attempt to cool down to cold shutdown if a
LOCA is in progress. If a LOCA is not in progress, the plant ~ould
return to po~er from hot standby.
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4 Revive of Seismic PRA

Table 4.7.1 (coatfaued)

~ater storage tank. The RMST must maintain its structural integrity,
contain the minimum inventory required by technical specifications (i.e.,
400,000 gallons), and be properly vented.

on a safety injection signal, taking suction from, the RWST. High
pressure flow from the charging pumps is used for either RCP seal
injection or for reactor vessel makeup. The analysis for Top Event CH

considers the flow paths through the boron injection tank to the RCS cold
legs. Cooling of the RCP seals is considered in Top Event SE.

No credit is given to the positive displacement charging pump for RCS

injection because it has limited capacity and is not normally operated.
The positive displacement pump is considered in Top Event SE, however,
for seal injection.

automatically on a safety injection signal to provide injection to the
RCS. At least one of two pumps starts and operates, taking suction from
the RWST. This top event is asked, even if Top Event CH is successful,
to determine whether two high pressure recirculation paths from the
discharge of the RHR pumps are available in the long-term.

pumped from the condensate storage tank to at least one intact steam
generator by the auxiliary feedwater system. One of three steam
generators is assumed to be required for steam line break events inside
the containment because one steam generato'r will have depressurized. The
operators are instructed to isolate flow to the affected steam generator
unless no other steam generators are intact. Therefore, for a steam line
break outside the containment and the HSIVs failing to close, the
operators would establish flow to one of the depressurized steam
generators. In this case, the operator action to reestablish flow is
modeled, and any one of the four steam generators is assumed required.
Also, for steam line break events, one steam supply path to the turbine-
driven AFW pumps is assumed to be unavailable 50 percent of the time;
that is, the steam line break is assumed to occur on either steam
generator 1-2 or 1-3 50 percent of the time.

At least 460 gpm of flow is required. One of three AFW pumps is,
therefore, needed for success. Event AW also represents the main steam
valves needed for cooling. The 10 percent atmospheric steam dump valves
and steam generator relief valves on each steam generator are assumed
necessary for cooling the respective steam generator.

headers A and B is successful, RCP pump thermal barrier cooling is also
assumed successful if flow through CCQ header C continues. Therefore'f
CCW flow to headers A and B is successful, Top Event SE models the
availability of cooling to header C of the CCW system.
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4 Review of Seismic PRA
Table 4.7.2 Definitions of Basic Events on Electric Power Support Tree

OG Loss of Offsite Power

DF
DG Loss of DC Power Trains (Unit 1)
DH

NV Loss of Non-vital 12v (Busses D6E)

AF
AG Loss of 4KV ac to Busses HF, HG, HH

AH

SF
SG Failure of circuit breakers required for
SH 4KV ac Busses HF, HG, HH

BF
BG Failure of 125Vdc Power Trians (from Unit 2)
BH

GF
GG Failure of Diesel Generators 13, 12, ll (Unit 1)
GH

2G Failure of Diesel Generators 22, 21 (Unit 2)
2H

FO Failure of fuel oil supply to diesels

SM Alignment of Swing Diesel 13 to Unit 1
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Table 4.79 Definitions of Basic Events in Actuation and Mechanical Support Tree

Il
I2 Failure of Vital AC instrument channels
I3 I, II, III, IV
I4

SA Failure of Solid State Protection System (SSPS)
SB Trains A, B

CV Failure of Control Room HVAC

RT Failure of both auto and manual (backup) reactor trip
OS Manual actuation of safety equipment normally activated

by SSPS (if SSPS has failed)

IA Instrument Air (always assumed failed)

AS Availability of Auxiliary Saltwater System

CC Availability of Component Cooling Water System

SV Availability of Ventilation for 480V Switchgear
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Table 4.7.4 Boolean Expressions for Failure Events (Derived from Table 6M of DCPRA)

Ql~ll

Offsite power

~b~o

OG

sm a ues Cau glue+
230KV Ceramic Insulators

3 Trains of
DC power

DF
DG

DH

Batt's + DC-Panel + Aux Bldg.

3 Trains of
Vit@1 41<V AC

AF
AG
AH

4KV Switchgear + Bus F Pot Xmfr + Safeguard Relay Panel

+ Battery Chgrs + 4160/480 Xmfr

+ Turbine Bldg Shear Mall

+ (4KV Switchgear* + Safeguard Relay Panel* +
Turbine Bldg*)* Strut Failure

5 Diesel GF
Generators for CG

Units 1 6' GH

2G
2H

Diesel generators + DG water pump + DG

Excitation Cubicle + DG Control Panel

Fuel Oil
Transfer System FO
for Diesels

DG Fuel Oil Pumps + BOP Piping (2 seq)

4 Vital Instru- Il
ment Channels I2

I3
I4

Inverters + Process Control/Protection +
Pressure Transmitters

*failure probability given strut has failed.

+ the "+" sign denotes the logical union of events, nnd
the "*" sign denotes the logical intersection of events.
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Table 4.7.4 (continued)

Reactor
Trip

RT Reactor Intervals

Partial
Reactor
Trip

RT
(partial)

Reactor Trip Switchgear

Control Room
Ventilation

CS Control Room Fans + HVAC Ducting

Component
Cooling Water
System

CC RHR Heat Xcher + CCW Pump + CCW Heat Xcher
+ CCW Surge Tank + BOP piping (29 seq) +
Containment Fan Coolers

Auxiliary
Salt water
System

AS Intake structure + aux. saltwater piping +
BOP piping (4 seq)

480 Switchgear SV
Ventilation (partial)
System

HVAC Ducting

Relay
Panel
Chatter

CT Main Control Board Chatter + DG Control

Chatter + Safeguard Relay Panel Chatter

Excessive
LOCA
Seq)

Concrete Internal walls + reactor pressure
vessel + steam generators + BOP piping (I

Containment
Isolation

CI Steam generators

Control Room &
RSP Indications

ID Hain control boards + Remote Shutdown panel
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Refuelling eater RW

Storage Tank
RWST Tank + RHR pumps + Safety Injection +
Spray Additive Tank + BOP piping (18 seq)

Pressurizer
Relief Valves
(small LOCAs)

RCP Seal
Cooling
(Seal LOCA)

Charging
Pumps

Auxiliary
Feedwater
System

PR

SE

CH

AW

PORVs + Impulse Lines + BOP piping (1 seq)

Reactor Coolant Pumps + BOP piping (4 seq)

Boran Injection Tank + BOP piping (3 seq)

AFW pumps + BOP piping (6 seq)

Conte inment
Spray Pump 1,2 CS

(partial)
Spray additive tank

Large hole in
Containment

CP Containment Bldg
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Table 4.7$ Top Tea Poiat Estitaste Acddeat Seqaeaccs

¹I OGI*AF1*AC2*AH3* (1-CT2)*(1-DF1)*(1-AM4)*(l-PRA)*(l-RMl)*
(I-EL1)*(1-OS 1)*(1-I12)*(1-ID1)*(l-RTl)*
(1-CP1)*(l-SA1)*(l-SBl)

¹2 OG1+CFI*CC2*GH3* (1-CT2)*(l'-AF1)*(1-DF1)*(l-AM4)*(l-PRA)*
(1-RWl)*(l-EL1)*(l-OS1)*(l-I12)*(1-ID1)*
(1-RT1)*(1-CP1)*(l-SA1)*(1-SBl)*(1-132)*
(1-BF1)*(1-BC1)

Zrmu~<m ~o~~iZ
5. 3E-6 18%

3.3E-6

¹3
AF1*AG2*AH3*'4

OCl*DFl*DC2*

(I-OC1)*(1-AS4)*(1-CT2}*(1-AM4)*(1-DFI)*
(1-PRA)*(1-RM1)*(l-EL1)*(1-CVI)*(1-I12)*
(1-SAl)*(1-SB1)*(1-ID1)*(l-RT1)

(1-RT7)*(l-CT2)*(l-PRA)*(l-RM1)*(1-ELl)*
(1-IDl)*(1-CP3)

2.1E-6

1.7E-6 6|

¹ 5 OG 1*AF1*AC2*AH3*CT2*(1-DF1)*(1-TD1)*(1-PRA)*(1-RMl)*(l-ELl)*
(1-OC1)*(1-OS1)*(1-I12)*(1-IDl)*(1-RT1)*
(1-CP1)*(l-Shi)*(l-SB1)

¹6 OC1*CF1*CC2*CH3*CT2*(1-AFl)*(1-DF1)*(1-TD1)*(1-PRA)*(1-RM1)*
(1-EL1)*(1-OC1)*(l-OS1)*(l-I12)*(l-ID1)*
(I-RT1)*(1-CPl)<(1-Shl)*(l-SBI)*(l-132)*
(1-BF1)*(1-BG1)

¹7 OC1*AFl*AC2*AH3*AM4*(1-CT2)*(1-DFI)*(1-PRA)*(1-RM1)*(l-EL1)*
(1-OS1)*(l-I12)*(l-IDl)*(l-RTI)*(1-CP1)*
(I-Shl)+(1-$81)

¹8 OC1*DFl*DC2*RT7* (1-CT2)*(l-PRA)*(1-CP3)*(l-RMl)

¹9 OC1*DFI*DC2*CT2* (1-RT7}*(1-OC2}*(1-PRA)*(l-RM1)*(l-ELl)*
(I-701)*(1-CP3)

«lo Ocl*GF1*CC2+GH3*AW4*(l-CT2}*(l-AFl)*(l-DF1)*(l-PRA)*(1-RMI)*
(I-ELI)*(1-OSI)+(I-112)*(1-ID1)*(1-RTI}*
(I-CPI)*(1

ASSAI)*(1-SB1}*(l-I32)*(1-BFI)*

1.2E-6

7.3E-7

5,8E-7

5.7E-7

5.5E-7

3.6E-7

41

„~
2\

2l

21

Top 10 Total 1.64E-5 57%
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Table 4.7.6 Top Ten Point Estimate Sequences - Grouped

¹3 AFl+AG2*AH3* (1 PGl)*(1-AS4)*(l-CT2)*(l-AW4)*(1-DF1)*
(1-PRA)*(l-RW1)*(1-EL1)*(l-CV1)*(1-112)*
(1-SA1)*(1-SB1)*(1-ID1)*(1-RTl)

¹1 - PGl~AF].~AG2~AH3* (1-CT2)*(l-DFl)*(1-AW4)*(l-PRA)*(1-RW1)*
(1-EL1)*(1-OS1)*(l-I12)*(1-IDl)*(1-RTl)*
(1-CP1)*(1-SAl)*(l-SB1)

¹7 - OGl+AF1+AG2+AH3+AW4*(l-CT2)*(1-DFl)*(l-PRA)*(l-RW1)*(l-ELl)*
(1-OSl)*(l-I12)*(l-IDl)*(l-RTl)*(l-CP1)*
(1-SAl)*(1-SB1)

¹5 « OG1+AF1*AG2+AH3*CT2*(l-DFl)*(1-TD1)*(l-PRA)*(1-RW1)*(1-ELl)*
(1-OC1)*(1-OSl)*(l-I12)*(l-ID1)*(1-RT1)*
(1-Cpl)*(1-SA1)*(1-SB1)

¹4 - OGl*DFl*DG2*

¹9 - OG1*DFl*DG2*CT2*

¹8 OG1*DFl*DG2*RT7*

(1-RT7)*(1-CT2)*(l-PRA)*(l-RW1)*(1-EL1)*
(1-ID1)*(1-CP3)

(1-RT7)*(1-OC2)*(1-PRA)*(l-RW1)*(1-EL1)*
(1-ID1)*(1-CP3)

(1-CT2)*(1-PRA)*(1-CP3)*(l-RW1)

¹2 OG1*GF1*GG2*GH3* (1-CT2)+(1-AF1)*(1-DFl)*(1-AW4)*(1-PRA)*
(1-RW1)*(1-ELl)*(1-OS1)*(1-I12)*(1-IDl)*
(1-RTl)*(1-CP1)*(1-SA1)*(1-SB1)*(1-I32)*
(1-BF1)*(1-BG1)

¹10 OG1*GF1*GG2*GH3+AW4*(1-CT2)*(1-AF1)*(1-DF1)+(1-PRA)*(1-RW1)*
(1-ELl)*(1-OSl)*(l-I12)*(1-ID1)*(1-RT1)*
(1-Cpl)*(1-SA1)*(1-SB1)*(1-I32)*(1-BF1)*
(1-BG1)

¹6 « OG1*GF1*GG2*GH3*CT2*(1-AFl)*(1-DF1)*(1-TDl)*(1-PRA)*(l-RW1)*
(1-EL1)*(1-OCl)*(l-OS1)*(l-I12)*(l-IDl)*
(1-RT1)*(1-Cpl)*(1-SA1)*(1-SB1)*(1-j32)*
(1-BF1)*(1-BG1)
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Table 4.7.7 Description of Logical Blocks As Provided by PGAE

BLOCK 1

This Block includes the seismic fragilities assumed to result in a total loss of all 125V DC. The auxiliary

building fragilitywas included among this group. Allequipment in the auxiliarybuilding and the control room

is assumed lost ifthis fragilityevent fails. The total loss of all DC is used as a surrogate for this impact. Loss

of 125V DC also implies loss of thc associated train of AC power.

BLOCK2

This Block includes the seismic fragilities which result in loss of all emergency AC power. Curve 32 of Table

6-40 in reference 1 is labeled "Buses G and H potential transformers." It is actually the fragilityfor the Bus

F potential transformer. Although the corresponding potential transformers for Buses G and H are stronger

than the one for Bus F, the seismic core damage model conservatively assumed that all three emergency buses

fail if the weaker transformer fails.

BLOCK3

Block 3 includes the fragilities that result in failure of all three trains of emergency AC power but which also

involve failure of the strut for the turbine building. In the process of developing the fragilities, it was

recognized that the turbine building strut failure would change the response of certain components in the

turbine building. Separate fragilitycurves were thercforc, developed for thc Bus F potential transformer, the

safeguard relay panel, and for thc 4 kV switchgear for the conditions where the turbine building strut failure

occurs. Curve 56 (i.c., that for the strut) is, therefore, combined with the three fragilities using a logical
"AND"operation.

BLOCK4

Block 4 includes just the fragilitycurves that, iffailed, are modeled as a loss of all vital instrumentation. No

credit was assumed for shutting down without instrumentation; consequently, core damage was conservatively

assumed to occur.

BLOCK5

Block 5 models the components that, iffailed, could result in a failure to trip the reactor. For the reactor trip
switchgear, itwas recognized that failure of this component would not prevent reactor trip ifoffsite power was

also lost. Consequently, Fragility 43 is combined with a logical "AND"with the complement of the loss of
offsite power fragility.

BLOCK 6

Block 6 includes the component failure modes which are considered to lead to an excessive LOCA. One

piping segment is modeled for each of the charging and RHR system piping connections in their interfacewith

the reactor coolant system boundary. The quantity 0.05 is the probability that a failure of the most stressed

pipe support in these segments would lead to a complete severance of the pipe. In actuality, even if these

pipes completely rupture, the resulting flow area is insufficient to result in an excessive LOCA; i.e., beyond
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~

~

~ ~

~

the design basis of the ECCS. However, to simplify the model, this conservative assumption was made.

Therefore, this failure mode of either of these two pipe segments is assumed to lead to core damage.

BLOCK7

Block 7 models the seismic failures that result in a LOCAwith failure of either RCS injection or recirculation

from the containment support. The LOCA failure modes are included in Block 7C. Two pipe segments are

modeled; i.e., charging and the RHR system connections. The factor 0.20 is the likelihood of a small break

in the most stressed segment of these pipes given that the pipe support fails; this results in a LOCA from the

RCS. Block 7B includes the failure modes that result in a failure of high head injection. Fragilities for the

RHR and containment spray pumps are included here because the limitingseismic failure mode is a break

in the pump boundary, which is assumed to drain the RWST, resulting in failure of RCS injection. A total

of 18 pipe segments are also included. Again, failure of any one of these 18 segments is postulated to result

in a drainingof the RWST. The factor of 0.25 is the assumed probability of any size pipe break given failure

of the most limitingpipe support in one of these segments. Block 7A models an operator error to align

recirculation from the containment sump. Action ZHELA2 models the operator action to turn off the RHR

pumps following an SI signal with the RCS at high pressure. Failure to turn off these pumps within about

4 hours is assumed to result in failure of the pumps due to overheating while operating on miniflow; this,

subsequently, results in the failure of the ability to establish recirculation from the containment sump.

BLOCK 8

~ ~

Block 8 considers seismic failure of the two sets of control panels; i.e„ the main control boards and the hot

shutdown panel. Rather than further considering the operator action to transfer control to the hot shutdown

panel, given loss of the main control boards, the seismic model conservatively assumes that failure of either

control station leads directly to core damage.

BLOCK9

Block 9 considers the important system failure combinations (i.e., both seismic and non-seismic failures) that
involve a loss of offsite power. Block 9A includes the different seismic failure modes of the diesel generators.

The battery chargers (i.e., fragilitycurve 35) are also included in this assessment. It is assumed that their loss

eventually leads to a loss of DC, which is needed for continued operation of the diesels. Block 9B is a

constant which accounts for all the non-seismic failure combinationsof the emergency dieselgenerators. Block

9C models the seismic failures of the diesel generator fuel oil transfer system. Even a small break in any one

of the six segments modeled is conservatively assumed to fail both trains of fuel oil. Block 9D consists of two

terms. Block 7C is as described previously; i.e., it accounts for the seismic failure modes, which lead to a small

LOCA. The constant in Block 9G accounts for the non-seismic failure modes that, together with a small

LOCA, lead to core damage. Block 9E models the scenarios which involve failure of either component

cooling water or auxiliary saltwater together with loss of power to the charging pumps. The Block labeled

CCW/ASW, models the CCW and ASW seismic failure modes. It is assumed that a complete guillotine
rupture of the ASW piping is required to cayuse loss of the ASW system. For the CCW system, even a small

pipe break is assumed sufficient. The constant modeled by Block 9F accounts for the non-seismic failure
combinations that, together with a loss of RCP seal cooling caused by a seismic failure of CCW or ASW, lead

to core damage. These non-seismic failure combinations involve a loss of onsite emergency power to the

chargingpumps consequently resulting in a failure of seal injection and RCS makeup. Blocks 9F and 10A (to
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be discussed in the next section), together, model all the failure combination that prevent the operators from
aligning the firewater system to the charging pumps in the event CCW or ASW failures occurs.

BLOCK 10

Block 10 accounts for scenarios that involve a seismic failure of either CCW or ASW. Block CCW/ASW is
as described above when discussing Block 9E. The failures in Block 1QA model all the important failure
combinations which preclude the operators from aligning firewater to the charging pumps for continued RCP
seal injection. The operator action itself is modeled by ZHESE1. This human error rate is modeled as being
dependent on the seismic level; i.e., the human error rate increases as the earthquake level increases.

BLOCK 11

Block 11 accounts for all the non-seismic failure combinations, except those involving a loss of offsite powerl p l
which result in core damage. Examples of these sequences are failure of all vital AC and failure of all vital
DC.

BLOCK 12

failure to recover from it,

This Block accounts for the scenarios that result in core damage because of relay chatter. Block 12A models
the three separate fragilities modeled for relay chatter. Any one of these events is modeled as leading to an
initial loss of all AC. The relay chatter recovery action is ZHECT1; as with ZHESE1, the human action is
dependent upon the seismic level. Given the occurrence of relay chatter and the
the model assumes that core damage results.
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Table 4.7.8 Comparison of DCPRA Seismic Core Damage
'Frequency Percentiles With Monte Carlo Results

Total Core Damage Frequency Distribution

5%

DCPRA 9.3E-7

Monte Carlo 1.26E-6

50%

6.2E-6

8.89E-6

Mean

3.7E-S

4.15E-S

95%

1.1EP

1.77E-4

EF

17

26
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Table 4.7.9 Ranking of Block Model Accident Sequences from Monte Carlo Uncertainty Analysis 0

BLOCK ACC. Se

1 Loss of all 125V DC
2 Loss of all AC power
3 Loss of 3 trains AC
4 Loss of vital instrumentation
5 RPS failure to trip
6 Excessive LOCA
7 LOCA w/o ECCS injection
8 Control Panels fail
9 Loss of offsite power
10 CCW or ASW systems fails
11 Random failures
12 Relay chatter fails

AC power

~Rankin

No 3
No 1
No 12
No 6
No 10
No 4
No 9
No 8
No 2
No 5
No 11
No. 7

Contribution

12.44
38.7

0.4
2 '
0.7
5.8
1 '
2.0

26.6
5.3
0 ~ 6
2.9

NUREG/CR-5726 4-94



4 Rev>ewof Seismic PRA

Table 4.7.10 Accident Sequence Mean Frequency Increments for Intervals on the Hazard Curve

0.20-
0.74g

0.74-
1.29g

1.29-
1.83g

1.83-
2. 37g

2.37-
2.91g

2.91-
3.46g

3.46-
4.00g Total

1 1.4E-11
2 1.4E-11
3 1.4E-11
4 1.4E-11
5 1.4E-11
6 1.4E-11
7 1.4E-11
8 1.4E-11
9 1.4E-09

10 1.4E-11
11 2,0E-07

4.1E-11

2.0E-07

4.1E-OS
2.9E-07
3.0E-12
3.0E-09
1.8E-09
1.2E-OS
7.5E-10
1.1E-09
6.7E-07
2.0E-09
4.1E-OS
1.1E-OB

5.7E-07
3.0E-06
1.0E-09
9.2E-OS
3.6E-OS
2.3E-07
6.2E-09
4.5E-OS
1.9E-06
1.6E-OS
1.1E-OS
4.7E-OS

1.5E-06
5.6E-06
1.7E-OB
3.4E-07
9.4E-OS
7.0E-07
4.8E-OS
2 'E-07
3.1E-06
2.2E-07
2 'E-09
2.3E-07

1.7E-06
4.4E-06
5.3E-OS
4.2E-07
9.2E-OS
S.OE-07
3.1E-07
2.8E-07
3.2E-06
1.1E-06
6.0E-10
6.6E-07

1.0E-06
2 ~ 1E-06
6. 5E-08
2. SE-07
5.5E-OB
5,1E-07
1.7E-07
2.1E-07
1.8E-06
6.2E-07
1.2E-10
2.1E-07

3.4E-07
5.7E-07
3.7E-OB
1.1E-07
2.0E-OB
1.8E-07
6.6E-OS
8.6E-OS
5.3E-07
2.1E-07
1.9E-11
4.5E-OB

1.1E-06 5.9E-06 1.2E-05 1.3E-05 6.9E-06 2.2E-06

I

I

I

I

I

I

I

I

I

I

I

I

5.1E-06
1.6E-05
1.7E-07
1.2E-06
3.0E-07
2.4E-06
6.1E-07
8.2E-07
1.1E-05
2.2E-06
2.5E-07
1.2E-06

4.13E-05
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Table 4.7.11 Component Risk Reduction Potentials as Given in the DCPRA

and as Computed by Monte Carlo Approach

Component ¹ SNL 4 PG&E 0 Component Name

1
2
3

4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

31.1

15.6

0
1.5
<1
2.9

26.2
<1
<1
<1

0
3.6
<1
<1
<1
< 1

0
0

<1
1.2
<1
< 1

0
0

<1
< 1
<1
3.1

11.7
. < 1

0
0

1.2
<1

30.5

3.4
0.7

10.0

containment building
concrete internal biostructure
intake structure
auxiliary building
turbine building shear wall
refueling water storage
auxiliary saltwater piping
reactor pressure vessel
reactor internals
steam generators
power-operated relief valves
reactor coolant pumps
rhr pumps
rhr heat exchangers
safety injection accumulators
boron injection tank
ccw pumps
ccw heat exchangers
ccw surge tank

'containment spray pumps
spray additive tank
afw pumps
diesel gen. fuel oil pumps/filter
diesel generators
diesel gen. radiator/water pump
diesel gen. excitation cubicle
diesel gen. control panel
containment fan cooler
supply fans
supply/return fans
4-kv switchgear
bus g & h potential
transformer
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33
34
35
36
37
38
39
40
41
42

protection
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

<1
2.7
1.5
6.6
2.4
5.3

0
1.5
<1
<1

<1
< 1
<1

25.0
0

5.8
0
0

<1
<1

3.1 < 1
3.1

0
<1
<1
<1
< 1

5.0

24.4

2.2

2.4

0.4

safeguard relay panel
batteries
battery chargers
switchgear/breaker panel
inverters
4,160v/480v transformers
auxiliary relay panel
main control boards
hot shutdown panel
process control and

reactor trip switchgear
pressure 6 del p transmitter
impulse lines
offsite power, 230 kv,
offsite power, 500 kv
bop piping and supports
penetration(s) boxes
hvac ducting and supports
switchgear/strut
chatter, main control board
chatter, dg control panel
chatter, 4-kv switchgear
chatter, safeguards relay panel
strut for turbine building
bus f potential transformer
safeguard relay panel
centrifugal charging pump
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5 OTHER EXTERNALEVENTS

5.1 Fire~

~

5.1.1 Introduction

The scope of thc fire analysis review was limited to a review of the methodology and the dominant fire core
damage scenarios as reported in the DCPRA. Two of the control room fire scenarios were requantiTied, and
a scenario initiated by a fire on the turbine operating deck was also requantiTied. Importance analysis of the
fire scenarios included within the non-seismic Dominant Sequence Model (DSM) can be found in Table 3.9.1a
and Table 3.9.8.

5.1.2 Methodology

The methodology used in the fire portion of the PRA appears to be fully acceptable, and was judged to be
capable of finding any fire vulnerabilities in the plant, as well as ranking them in the order of importance.
First, a screening analysis was performed, in which it was conservatively assumed that a fire in any given fire
area failed all equipment in that area. Fire and smoke propagation through fire doors left open, and through
other pathways, was included. For scenarios surviving the screening analysis, a more detailed analyses
including operator recovery actions and uncertainties in the estimatedcore damage frequencywere performed.
For scenarios requiring more detailed analysis, estimates of geometric factors and severity factors were made.
The geometric factor gives the fraction of the fire area in which the fire must start in order to fail the target
equipment. The severity factor gives the fraction of the fire frequency for fires at least severe enough to fail
the target equipment. If the net result of a fire scenario was an initiating event with failures of mitigating
systems at a frequency which was small compared to the frequency of the corresponding sequence from
internal events, then the scenario was excluded from further'analysis. For example, sheet 9 of table F.3-3 of
the PRA gives an analysis of,a fire in a particular location in the containment building which can as a
consequence cause a small LOCA (by inadvertent opening of a PORV). However the frequency estimated,
SE-5/yr, is small compared to the frequency of small LOCAs from other causes, and hence the scenario was
eliminated from further consideration.

The geometric factors and severity factors were obtained by engineeringjudgement by the analyst, and did not
make use of calculations with fire propagation codes. In the NUREG-1150 studies in which fire was
considered, the geometric factor for a fire of a given severity was obtained by the use of a fire propagation
code. However, it appears to the reviewers that an experienced fire analyst can make judgements concerning
geometric and severity factors with adequate accuracy.

5.1.3. Turbine Building Fire Scenarios

The dominant turbine building fire scenario in the PRA was sequence FS8 in Table 6-61. There is no
discussion of this sequence in the text of the fire appendix, Appendix F of the DCPRA. However, the
quantification is given on sheets 98ff of Table F.3-3 of the DCPRA. A fire starts on the operating deck of
the turbine building, and smoke from this fire goes through vents to the safety related 4 kV switchgear located
one fioor below, and fails all three safety-related trains of 4kV busses (F, G, and H). A significant feature
of the Diablo Canyon plant is the fact that the safety-related 4KV switchgear are located in thc turbine
building. This means that a large fire in the turbine building has the potential for causing core damage.
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We have requantified the fire sequence initiated by a fire on the turbine operating deck. In the fire data base

developed by Wheelis (NUREG/CR4586), there were nine turbine operating deck fires in about 700 turbine-
building years, which gives an estimate of .013/yr as the initiatingevent frequency. The PRA used 2E-3/yr as

the initiating event frequency. The PRA estimate was based on weighing the estimate of the frequency for
all fires in turbine buildings by the area fraction for the turbine building operating deck. However, a

disproportionate number of fires that occur in turbine buildings occur on the operating deck, and, since there
is enough operating data to obtain an estimate from experience directly, we believe that this is more
appropriate. The PRA estimated that the fraction 2.5E-3 of, the fires would result in smoke going through
vents to the switchgear rooms (one floor below) and failing the switchgear, leading to core damage. Ifwe use

the same conditional probability (conditional frequency, in probabilitywf-frequency terminology) of leading
to core damage in our estimate, we obtain 3.3E-5/yr as our estimate of core damage from a turbine building
operating deck fire.

A review of international experience for fires beginning on operating decks of turbine buildings can also be
used to help quantify this sequence. No systematic review was made, but there have been at least three very
serious turbine operating deck fires in international experience: a fire at the Muehlcberg nuclear power plant
in Switzerland on July 28, 1971, a fire in Taiwan (Maanshan-1 nuclear power plant, July 7, 1985) and one in
Spain (Vandellos-1 nuclear power plant, October 19, 1989). In the Vandellos-1 fire (See Nucleonics Week,
December 4, 1989), burning oil ran down into the lower levels of the turbine building, damaging some

equipment there. In addition, water from firefighters'oses and a broken condenser intake pipe failed major
safety systems. This fire illustrates the fact that in a severe turbine operating deck fire, water may bc used,
and the water can itself cause damage. In addition, there is the possibility that the fire itself can spread, by
burning oil, to lower floors, and fail safety-related equipment there, iffire barriers fail. There are about 5600

reactor-years world-wide at the present time. Hence the frequency of very severe fires on turbine operating
decks is estimated at 5.4EQ/yr. If, for such a fire at Diablo Canyon, there is a

6 percent chance of the fire failing the 4kV switchgear, either by smoke, or water damage through some
unspeciiflied path, or by thc spreading of the fire through failure of a fire barrier, one obtains 3.2E-5/yr for the
core damage frequency from this sequence, about the same as estimated above. Of course, there are
considerable uncertainties in this estimate.

PG&E, in letter No. DCL-90-156 (June 18, 1990), submitted clarifying information on the DCPRA fire risk
analysis. This analysis supports the PRA estimate of the conditional probability of core damage, given a fire
on the turbine operating deck, but does not address the frequency of turbine operating deck fires. Our re-
estimate of the frequency of core damage from turbine operating deck fires comes from a re-estimate of the
frequency of turbine operating deck fires.

5.1.4. Requantification of Two Control Room Hre Scenarios

Two control room fire scenarios were requantiTied. Each scenario involves loss of auxiliary saltwater (ASW)
or component cooling water (CCW). On loss ofcomponent cooling water (either directly or indirectly through
loss of ASW), thc reactor coolant pumps (RCPs) must be tripped in a short time (about 10 minutes), or there
will be bearing failure of the RCPs, shaft vibration, and seal failure, with a small LOCA resulting. These
scenarios must be distinguished from another way of getting a RCP LOCA, when CCW is lost. This other
way involves loss of seal injection and CCW to the thermal barriers of the RCP seals, and results in a seal

LOCA even for a tripped RCP, but in a much longer time frame, of about 1.5 hours. Ifa LOCAoccurs, and
the control'room is evacuated, it is unlikely that the LOCA can bc mitigated from the hot shutdown panel,
since there are limited ECCS controls. This assumption is consistent with the DCPRA: in one of the
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minant scenarios in Table 6-61 of the DCPRA, a cable spreading room fire in which a PORV sticks open,
o credit is given for establishment of recirculation from outside the control room.

In the NUREG-1150 fire study for Surty, it was estimated that in 10 percent of all control room fires heavy
smoke willfillthe control room within 5 to 10 minutes. For such fires, it is unlikely that the RCP pumps will
be tripped before leaving the control room. Ifthe pumps are not tripped from the control room, it is unlikely
they willbe tripped in time from outside the control room. First, the operators would need to recognize the
need to trip the pumps, and, secondly, it is not possible to trip the pumps from the hot shutdown panel. It
would be necessary to go to the non-safety-related 12 kV switchgear room, located 5 floors below the control
room. No credit is given for re-initiation of ASW and CCW from the hot shutdown panel before the RCP
seal LOCA, given that the RCP pumps are not tripped.

At a meeting with representatives of PG&E (April3, 1990, in Rockville, Md.), it was learned that the main
control board panels (vertical) each have their own smoke alarm. Because of this, it was judged that fire
suppression before control room evacuation was more likely to be successful at Diablo Canyon than at Surry,
where these smoke alarms arc not present. It was, therefore, assumed that in only 6 percent of control room
fires would heavy smoke fillthe control room and force evacuation before the RCPs were tripped.

For those fires which did create heavy smoke within 5 to 10 minutes, it was considered that the fire was
sufficiently severe that a fire anywhere on a given control board would fail all equipment on that control
board.

Thc two control room scenarios which were rcquantified were scenarios CR1 and CR4 from the PRA,
appendix F. Scenario CR1 involves a fire at board VB-1 which fails thc ASW/CCW control circuits. Scenario

4 involves a fire at board VB4 which fails the 4kV safety-related busses F, G, and H, and hence fails
SW/CCW, but leaves the non-safety-related reactor coolant pumps operating.

QuantiTication of the CR1 scenario is as follows:

Freq. of control room fires:
Fraction of fires with heavy smoke:
Prob. fire is on board VB-1:

5E-3/yr
.06

94/2260

Core damage frequency from scenario: 1.2E-S/yr

The probability the fire is on board VB-1 was the median estimate obtained in the DCPRA, and was obtained
in the DCPRA as the ratio of the base area of VB-1 to the base area of all control panels in the control room.

The quantiiflication of the CR4 sequence is the same, except that the probability the fire is on board VB-4 is
.052, taken from the DCPRA. (The DCPRA assumed that the fire had to be on 50 percent of the board to
fail the 4kV circuits, but we are assuming that, for those fires creating heavy smoke, the fire is sufficiently
scvcre so that a fire anywhere on the board will fail these circuits.)

Thc result obtained is:

Core damage frequency from CR4 scenario = 1.6E-Satyr.
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In response to a rcqucst for additional information, PG&E revised their analysis of the control room fire
sequences (See letter from J.D. Schiffer of PG&E to U.S. NRC, dated May 3, 1990, PG&E letter no.
DCL-90-118). The review analysis differs from PG&E's revised analysis primarily in assuming that in all fires
so severe as to cause evacuation from the control room, all circuits on a board would fail (given that a fire
initiated on the board), while PG&E assumed that the geometry/severity factor was independent of whether
or not the control room would have to be evacuated. Additionally, for those sequences in which the control
room had to be evacuated, the review analysis gave no credit for operator action to trip the reactor coolant
pumps, while PG&E gave some credit. Experiments at Sandia National Laboratory (see NUREG/CR4547,
VoL 2) have shown that a fire in a control cabinet can lead to dense smoke resulting in total obscuration of
the room within 6-15 minutes of fire ignition. (In fact, in the Sandia experiments, this occurred in all cases.)
For such fires, it seems inappropriate to give credit for operator action in tripping the reactor coolant pumps
before leaving the control room. In the revised analysis, PG&E obtained a frequency of 6.5E-6 per year for
scenario CR1, and a frequency of 2.4E-6 pcr year for scenario CR4.

The instrumentation at the hot shutdown panel (HSDP) at Diablo Canyon is not independent of the
instrumentation in the control room. As noted in the May 3, 1990 letter from PG&E to the NRC, if an
instrumentation circuit should fail in the control room, the instrumentation at the HSDP will fail offscale. ~

However, there is a dedicated shutdown panel (DSP), located elsewhere, where some essential
instrumentation, including reactor coolant system temperature and prcssure, pressurizer level, and steam
generator level, is provided. Thc fact that, for a fire in the control room which affects instrumentation there,
coordination is required from two separate locations, willincrease the human error probability. We can make
a rough estimate of the contribution to thc core damage frequency from these sequences as follows:

Frequency of control room fires:

Probability fire affects instrumentation:

5E-3/yr

Probability of control room evacuation: .06

Probability of human error leading to core damage, from the need to
coordinate shutdown actions from two separate locations, the HSDP
and the DSP, in cases where instrumentation is affected at the HSDP.

Sequence frequency: 3E-6/yr

The above estimate is rather rough, but indicates that thc sequence is not of very great importance.

5.1.5. Cable Spreading Room Fires

Two of the dominant fire core damage scenarios werc initiated by fires'in the cable spreading room. A brief
review of these sequences found no obvious errors; the review was not in sufficient depth to determine
independent estimates of thc geometric or severity factors. One notes that, at least explicitly, there is no
consideration of the fact that fire suppression activities may control the fire before the targets are damaged.
Especially for that fraction of fires where the fire was started because of activities in the cable spreading room,
it may be appropriate to give credit for fire suppression activities. No changes were made in the frequencies
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f the cable spreading room fire scenarios. The core damage frequency from the two dominant cable
spreading room fires was 2.0E-S/yr in the PRA.

5.1.6 Summa'f Analysis of Review Results

Table 5.1.1 gives the results obtained in the requantificationof the fire scenarios, and compares them to the
results obtained in the DCPRA, as revised by PG&E in their May 3, 1990 letter. The mean core damage
frequency from all fire scenarios is estimated at 3.5E-S/yr in the DCPRA, and the review estimate is 8.0E-S/yr.
The dominant fire scenarios initiated in the control room and the cable spreading room are more or less
typical of scenarios obtained in other fire PRAs. Although fires affecting electrical switchgear have also been
important in other fire PRAs, one thing that is different about Diablo Canyon is the location of the safety-
related switchgear in the turbine building, where it can possibly be damaged by a fire on the turbine operating
deck. Uncertainties include uncertainties in the fire initiator frequency, and the geometric/severity factors.
In addition, the Sandia fire risk scoping study (NUREG/CR-5088) identified several previously unaddressed
issues, including the adequacy of fire barrier qualiTication methods. Iffire barriers should fail much earlier
than now expected, then there would be a higher probability of zone-to-zone fire propagation, which might
increase severe core damage frequency from fires.

In Summary, a fairlyrigorous fire analysis was performed by PG&E and it appears to have captured the major
fire scenarios associated with the plant. Alternative quantification offered by the review is approximately a
factor of two higher than the DCPRA results. In both cases these are point estimates with large uncertainty
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Table $.1.1 Fire Scenario Core Damage Frequencies

Scenario

1. CS2 (Cable Spreading Room Fire)

2.

3.

CS1 (Cable Spreading Room Fire)

FS8 (Turbine Operating Deck Fire)

CR1 (Control Room Fire on board VB-1)

DCPRA
Frequency

1.2E-5/yr

7.9E-6/yr,

6E-6/yr

6.5E-6/yr

Review
Frequency

1.2E-5/yr

7.9E-6/yr

3.2E-5/yr

1.2E-5/yr

5. CR4 (Control Room Fire on board VB-4)

Sum, all fire scenarios

2.4E-6/yr

3.5E-5/yr

1.6E-S/yr

8.0E-S/yr
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5.2 Non-Seismic/Non-Fire External Events

The internal flood analysis within the DCPRA followed the same methodology as the other spatially-
dependent external events, i.e. a complex spatial interaction study coupled with a detailed impact analysis on
plant systems. Flooding-type events ranked third in the external event category behind seismic and fire.
Importance analyses of the fiood scenarios (FS9, FS10, and FS11) included within the DSM can be found in
Table 3.9.1a and Table 3.9.8. A detailed review beyond the importance analyses was not deemed necessary
for the flooding sequences.

As discussed in Section 3.4, seven truly external events were also considered as potential initiators (aircraft
impact, ship impact, external floods, hurricanes and tornadoes, hazardous chemical release, turbine missiles
and external fires). The DCPRA showed all of these events provided low core damage risk. PG&E included
a hazardous chemical release sequence within the DSM based upon a completeness argument as it constituted
only 0.2 percent to the overall DSM CDF (see Table 3.9.1a).

(
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6 RESULTS AND CONCLUSIONS

6.1 Summary of Results

The DCPRA was given a detailed and broad-scoped review. The basis for such a comprehensive review
originates with a license condition that required a full reevaluation of the seismic risk of the plant. As part
of the reevaluation, both probabilistic and deterministic analyses were required. The seismic portion of the
PRA, therefore, required special review attention. In order to provide a base from which to develop a seismic
or other external event PRA model, the internal events PRA including all the systems analyses must first be
formulated. Therefore, the internal event portion of the PRA was also given an in depth review. As fire-
related initiatingevents contributed a measurable fraction of the overall CDF, these too were included in the
review.

As the result of a fairly interactive review process, PG&E made a number of changes to their original
submittal. There are, therefore, two sets of results discussed in this section as provided by PG&E (original
and updated).
In a number of areas, the review has offered alternative quantification to that presented in the DCPRA. Table
6.1.1 provides an overall picture of the DCPRA results (both original and updated) versus those of this review.
(Mean point estimate values for the seismic CDF are used rather as an estimate from the uncertainty analysis
to be consistent with estimates for other initiators).

The primary reason for the difference in internal event quantification presented in Table 6.1.1 between the
PG&E and BNLresults is the alternate conditional split fractions quantified for the auxiliaiysaltwater system

~ ~

~ ~ ~ ~ ~

~ ~

~

~

~

~

nd a higher initiatingfrequency for the LOOP event. Overall, requantiYication has not signiTicantly changed
nsights regarding which initiating events are the major contributors to the core damage frequency.

As scen from Table 6.1.1, the review did not propose alternative results for the seismic-induced CDF as the
review found that there were no significant disagreements in the hazard and fragilityestimates used in the
DCPRA. In past PR'A reviews, alternative estimates of these two parameters have been generally the cause
of different CDF estimates. Partly, this is the result of the interactive mode in which this review was
conducted. This mode of review identified several issues and offered a number of sensitivity studies early in
the review such that the resolutions were incorporated in the Qual analysis or issues were shown to be not
important. However, the main reason for the fewer disagreements is the very rigorous and detailed plant/site-
speciTiic analyses performed for both the hazard and fragilityestimates in the DCPRA by PG&E. Sensitivity
studies in the seismic analysis were performed as part of the review to verify the DCPRA analyses and draw
additional insights.

A number of the fire sequences were also requantified. The reasons for the higher fire-induced CDF
estimated by the review are two fold: 1) higher estimate of frequency of the turbine deck fires; and 2) less
credit to several operator actions used in the DCPRA to mitigate the fire scenarios.

From an overall perspective, (in the context of the license condition and the LTSP program) the seismic events
are not dominant contributors to the CDF estimates for the Diablo Canyon plant. The overall seismic
contribution in percentages varies from about 10 percent (review) to about 20 percent (DCPRA). Both the
internal events and fire events contribute more to the CDF estimates than the seismic events based upon the
results of this review.
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A comparative analysis of the overall results of the DCPRA with those of nine other PRAs was also
conducted. The estimated CDFs for the Diablo Canyon plant were found to be similar to those computed
for other comparable PWRs.
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Table 6.1.1 Overall DCRPA Mean CDF Estimates

6 Results and Conclusions

Internal Events

Seismic Events

Fire Events

Other External Events
(e.g., Floods)

Total

InitialDCPRA
Submittal

1.3EQ (65%)

3.7E-S (19%)

2.8E-S (14%)

6.9E-6 (3%)

2.0EQ

Updated DCPRA
(Based Upon Review

Feedback)

13~ (62%)

3.7F 5 (18%)

3.5E-S (17%)

6.9E-6 (3%)

2.1E-4

Alternative Results
Offered by the Review

2.1EQ (63%)

3.7E-S (11%)

8.0E-S (24%)

6.9E-6 (2%)

3.3E-4
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6.2 Conclusions

6.2.1 General

The following conclusions/observations are applicable to the entire PRA:
~ The PRA methodology used in the DCPRA represents "statecf the-art" methodology, and in many cases

advanced the state of the art.

~ The involvement of the PG&E personnel in conducting and maintaining the DCPRA was extensive.
(This is an important point in that the license condition mandated a significant degree of "hands on"
involvement.)

~ Several plant modifications, based on the results of the early phases of the PRA study, have been
accomplished within the plant and were incorporated into the DCPRA models.

~ The review of the DCPRA was made difficult by the lack of adequate details in the original
documentation coupled with a very complex plant model consisting of over 2000 sequences
(encompassing 178 distinct support states) for the internal events alone.

Specific conclusions with respect to the internal and seismic events are described in the following subsections.

6.2.2 Internal Events Analysis

~ The internal events are the major contributors to the total core damage frequency (roughly 65%).

The Loss of Offsite Power (LOOP) initiatoris by far the neatest contributor to the internal event core
damage frequency (roughly 1/3 to 1/2) and in number of leading sequences. About 3/4 of the LOOP-
induced core damage is associated with extended unit blackout.

Initiators representing support system (common cause) failures other than LOOP (i.e., Loss of one dc
bus (L1DC), Total loss of auxiliary saltwater (LOSW), Total loss of component cooling water (LPCC),
Loss of 480V switchgear ventilation (LOSWV), Loss of control room ventilation (LOCV)) contribute
in the range of 9-11 percent to the internal event core damage frequency.

~ Transients (other than Loop) contribute between 25 and 40 percent to the internal event core damage
frequency.

~ The total contribution to the internal event core damage frequency of initiators belonging to the Loss
of Coolant Inventory group is small, about 5 to 10 percent.

~ By examining the leading sequences, the foHowing observation is made regarding the leading individual
sequences. No single internal event sequence contributes more than 3 percent of to the non-seismic
CDF.
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I ~ Among the operational failures of the plant, loss of feed and bleed cooling, loss of auxiliary feed water

system, and occurrence of RCP seal LOCA are the most frequent.

~ The following scenarios and their contribution to the non-seismic CDF are: Station Blackout (18%);
RCP Seal LOCA (with and without station blackout - 31%); Primary Relief Valve Opens and Fails to

Reclose (12%); Bleed and Feed Cooling (12%); and Pressurized Thermal Shock (4%).

~ The most important frontline systems were the auxiliaty feedwater system and primary system pressure

relief.

~ The most important support systems were the diesel generator systems, the 125V dc power systems and

the auxiliary saltwater system.

~ Based upon the review requantiTication,operator failure to actuate SSPS (upon failure to automatically

actuate) went from one of the lesser important operator actions to the most important.

6.2.3 Seismic Events Analysis

~ The seismic core damage frequency computed in the PRA has withstood a detailed review, and was
found to be a reasonable estimate takin into consideration uncertainties inherent in such estimates.g

~ The overall seismic CDF profile is dominated by accident sequences leading to station blackout (79%).
These may be due to loss of offsite power (LOOP) in conjunction with failures in the emergency diesel
generator system, or due to failures of buildings (i.e., Turbine Building) or components (e.g., 4kV
switchgear or 4kV/480V transformers) which can lead to station blackout with or without loss of offsite
power.

Of these blackout sequences,53 percent are those not directly failing the auxiliary feedwatersystem, but
leading to reactor coolant pump seal cooling failures, and hence, small LOCAs. Direct failures of the
AFWS account for 22 percent of the station blackout sequence contributions.

~ The single greatest contributor'is the failure of the turbine building, followed by the loss of 230kV
offsite power. There appear to be no overwhelmingly weak links in the plant.

~ The seismic hazard analysis provided a reasonable probabilisticrepresentation of the earthquake ground
motions at the site considering the information developed in the LTSP program. The Hosgri fault zone
was found to dominate the seismic hazard at the site. The Los Osos and San Luis Bay faults each
contribute only a few percent to the total hazard. Relative contributions to the total hazard from the
other faults is insignificant. Sensitivity studies showed the important parameters are slip rate, maximum
magnitude, and ground motion attenuation. The spectral shape and uncertainties used in the fragility
analysis are thought to be a reasonable estimate and consistent, in most part, with the detailed ground
motion studies carried out in the LTSP.
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~ The fragilityparameters for the structures and equipment were found to be reasonable. The level of
effort in developing the seismic fragilities for equipment went well beyond those expended on previous
seismic PRAs. A review of the identified and analyzed modes found that the appropriate failure modes
have been considered.

~ Based on the systems review, it appears that the sequence of scenarios and events which can be
portrayed by the early front line tree represents a reasonable and complete approach to modeling the
Diablo Canyon seismic scenarios.

Using the results of the seismic PRA, the component and plant seismic margins were derived, and the
margin against the 84 percent site-speciTiic ground motion was calculated. It can be seen that all
components whose failurewilllead to seismic core damage have at least 40 percent margin over the site-
specific ground motion. The median capacities were shown to be much higher.

The largest contribution to the seismic-induced CDF comes from earthquakes with average spectral
accelerations in the 2g to 3g range. This provides an important insight that for the high seismic sites,
the seismic CDF estimates appear to be governed by seismic levels at or near the HCLPF value.

6.3 Suggested Enhancements for Future DCPRA Use

Based upon the detailed review performed on the DCPRA and the fact that PG&E has stated that this PRA
will be continually updated and used in support of future activities, the following items are offered as

suggested enhancements: t
~ Instrument Air System should be realistically modelled. (It currently is modeHed as a guaranteed

failure.)

~ The HRA documentation should be augmented to describe:

a. how HCR and SLIM were used and for what purposes;

b. which PSF scale values were analyzed as part of each human task action under the various analyses;

c. what general and specific insights (causal factors for signiTicant contributions to risk) were derived
from the analysis along with recommended remedial actions taken/planned to overcome each
deficiency;

d. general and specific insights gained from the HRA; and

e. any lessons learned from applying SLIM in a non-consensus expert judgement mode.

~ In the main body of the report, the dominant seismic accident sequences from the po int estimate model
should be presented (and collapsed as necessary) and discussed so that the reader has a clear picture
of the risk profile.
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~ Explain and present an example showing how the seismic point estimate mean component fragilities~

~

~

~

~

~ ~

~ ~ ~ ~

, were calculated. This is especially important as, given the way they are currently calculated (by
averaging over a hazard curve increment), the reader cannot reproduce the numbers presented.

~ Explain and present an example showing how the mean point estimate seismic split fractions were
calculated including showing how calculations representing conditional failure probabilities were
calculated. Again, these are vital to reviewing the point estimate model and the reader should have an

example to show how they can be reproduced from the tables of fragility, median values and
uncertainties.

~ In presenting the 791 seismic accident sequences including complement factors, it is very important that
the complement factors be consistently applied (as they were inserted by hand) because, as explained
in the body of this report, these sequences must be collapsed to be meaningful. Collapsing these

sequences is considerably hampered by the fact that a number of complement factors (when near unity)
were merely deleted from the accident sequences. This greatly increased the difficulty in identifying
similar accident sequences in the collapsing process.

~ The mean hazard curve frequencies associated with the various spectral increments should be included
explicitly in the report as it is these values that were multiplied by the failure fractions to obtain the
unconditional accident sequence probabilities.

~ The seismic block diagram uncertainty analysis model should be fully documented in the final report.
Much insight can be gained from this model and it is the basis of the uncertainty analysis results. In
addition, the random blocks should be explained as to their meaning and how they were computed.

6.4 Final Remarks

There were two primary goals associated with the review of the DCPRA. The first was to ensure that the
DCPRA was sufficiently complete and accurate to provide a reasonable foundation upon which the necessary

elements of the Diablo Canyon Long Term Seismic Program (LTSP) could be based. The second was to
provide quality feedback, where appropriate, so that the DCPRA might become an even more useful tool in
any future applications.

We believe that both goals were met in that the review was sufficiently rigorous and broad enough in scope
to conclude with a high degree of confidence that the DCPRA does indeed provide a reasonable foundation
to support the LTSP and sufficient feedback was provided such that some elements of the DCPRA were
modified during the review land others have been identified by PG&E for future revisions as a result of the
review.

One of the key elements of the review process turned out to be its interactive nature. There were a number
of meetings where preliminary results of specific review areas were presented and discussed. For example,
all eight system analysis reviews documented in Appendices A and B were forwarded through NRC to PG&E
and meetings were held to discuss the preliminary findings. A number of meetings were also held covering
the seismic aspects of the PRA.
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As with any large and complex piece of work such as the DCPRA, it is almost impossible to document every
detail, assumption, success criterion, etc. Therefore, when the meetings were held, much of the open item
material was found to be because of insufficient documentation. Other open items were shown to have merit
with some being dismissed as having very low impact and others accepted in whole or in part as feedback into
the DCPRA.

Finally, we believe that the rather sophisticated importance analyses carried out by BNL provided a large
number of insights with respect to the Diablo Canyon plant that were not otherwise available.

NUREG/CR-5726 6-8



APPENDIX A

System Analyses for Selected Frontline Systems

A1: High Pressure Injection System

A2: Low Pressure Injection System

A3: AuxiliaryFeedwater System
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APPENDIX A1: HIGH PRESSURE INJECTION SYSTEM

A1.1. Introduction

. A1.1.1 Objective

The objective of this appendix is to summarize the results of reviewing the unavailability analysis of the high
pressure injection functions of thc emergency core cooling system described in the DCPRA.i

A1.12 Organization

Section A1.2 provides a brief description of the configurations and the functions, the dependency on support
equipment, the surveillance and maintenanceconditions, the unavailabilitymodelling in the DCPRA, and the
original results obtained. Thc purpose of this approach is to present stand alone documentation to which the
review's findings can be directly compared. Section A1.3 contains the results of the BNL review and presents
the findings.

For completeness, the ranked cut sets of hardware unavailabilities(both independent and total) obtained by
BNL are given for certain top events in Attachment A1.A.

A1.2. Unavailability Modelling of High Pressure Functions of the ECCS in
the DCPRA

A1&1 System Description, Configurations and Functions

The emergency core cooling system (ECCS) of Diablo Canyon Unit I consists of four systems: the safety
injection (SI) system, the residual heat removal (RHR) system, the accumulators, and a portion of the
chemical and volume control system (CVCS). Different configurations of these systems serve to perform the
high pressure injection (HPI) and high prcssure recirculation (HPR) functions of the ECCS. For the HPI
function, the emergency water source is the refueling water storage tank (RWST). For the HPR function, the
containment recirculation sumps (CRS) are used as water sources. Thc changeover from HPI function to
HPR function involves a system reconfiguration (valve realignment performed by the operator).

The HPI functions of the ECCS include:

a. providing makeup water for lost RCS water after a small or medium LOCA when the pressure of
the reactor coolant system (RCS) is above the shutoff pressure of the accumulators and the RHR
pumps (170 psi),

b. providing water "feed" for stcam "bleed" after certain transients when this operation is required or
providing "feed cooling" ifsteam-generator cooling is lost, and

c. providing boration given an anticipated transient without trip (ATWT)or cooldown transient.

The HPR function provides long-term heat removal via the RHR heat-cxchangers under post-LOCA
conditions.
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Appendix A1

Associated with HPI and HPR functions the DCPRA defines five top events to be used in the frontline system
event trees forvarious initiators. These top events essentially represent the unavailabiliticsof particular ECCS
configurations as defined in the accident sequences. The unavailabilitiesof the top events are quantified for
different boundary conditions, i.e., when all the support systems are available as wcH as when various portions
are unavailable. The designators of these five top events are: CH, HI, HR, RC, and RF. Their definitions
are given in Table A1.2.1. The associated system configurations are shown in Figures A1.2.1 through A1.2.3.
In the figures, the areas with shaded contours represent the supercomponents of the configurations modelled
in the DCPRA.

The success criteria for each of the top events are also described in Table A1.2.1. They relate to the specific
boundary condition represented by each of the support systems being available after a reactor trip. (Thc
success criteria for all the boundary conditions can be found in Chapter E.4 of the DCPRA.) 'For comparison,
in Table A1.2.1 the success criteria for HPI and HPR functions of the ECCS required by the DCFSAR2 are
also indicated. One can sce that the top event success criteria and the assumptions used in the logic models
fairlywell cover those of the FSAR.

A1.29 Logic Models, Dependencies on Support Systems

Thc logic models of the top events describe the system configurations shown in Figures A1.2.1 through A1.2.3.
~ ~

~

These indicate the logic relationships among the supercomponents and the dependencies on trains or
supcrcomponents of relevant support systems whose unavailabilities determine the boundary conditions for
the top events.

Figures A1.2.4 and A1.2.5 show the logic diagrams for top events CH and SI, respectively. Figure A1.2.6
presents the logic diagrams for top event HR, when

1) the RHR discharge is aligned to the CH or the SI pumps (sec the diagram via broken line), and when

2) the RHR discharge is aligned to an operating SI pump.

Figure A1.2.7 shows the logic diagram for top event RC. The logic diagram for top event RF is presented
in Figure AL2.8.

A1&4 Boundary Conditions of Top Events

Top events CH and SI were evaluated for five and four boundary conditions, respectively. These boundary
conditions were required for no LOOP and LOOP initiatingevents and for unavailabiliticsof certain support
system trains or certain supercomponents. Top event HR was evaluated for 15 boundary conditions. These
boundary conditions arc defined by the unavailabilitiesof various support system supcrcomponents, charging
pumps, safety injection pumps and RHR pumps. Top events RC and RF were evaluated for two and four
boundary conditions resulting from the unavailabilitiesof RHR trains and various combinations ofLOCAsize,
the available time for recirculation switchover and the unavailabilityof containment spray. The detailed list
of the above boundary conditions is given in Table A1.2.2.
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A1~ Quantification of Top Event Split Fractions

The methodology of systems analysis applied in the DCPRA requires that the top event "split fractions"
associated with each boundary condition reflect the notion that a top event occurs when a system (or its
portion) is in one of the followingmutually exclusive alignments: 1) normal alignment, 2) testing alignment,
3) maintenance alignment, and 4) misalignment. Thus, the contribution to the system unavailability from a
specific alignment is determined by the conditional system unavailability, given that the system is in that
alignment multiplied by the fraction of time that the system spends in that alignment. That is the way that
the DCPRA considers the constraints due to Technical Specifications disallowing simultaneous maintenance
or test activitieson redundant components and the human errors causing the system or its components (usually
occurring after these activities) to be inoperable.

Table A1.2.3 lists the values of top event split fractions for each boundary condition quantified by PG&E.
The table presents the total unavailabilities (TIT.), along with the main contributors to the total
unavailabilities, such as hardware (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
common cause) failures of the supercomponents.

One notices that for the high pressure top events there is no contribution to the total unavailability due to
testing. This fact arises because, according to the DCPRA:

a. Routine shift checks verify the standard valve alignment and do not change the state of any valves.

b. Monthly checks verify whether the injection flow paths are operable or not. According to the
reviewer's understanding these "operability" checks represent stroke testing of SI discharge and
suction valves, RHR suction and heat exchanger outlet valves). These tests are of short duration,

c. Quarterly tests are either of very short duration or performed during cold shutdowns.

(To be more specific, the quarterly tests represent:

1. Operability testing of centrifugal charging and safety injection pumps (centrifugal charging pumps
are aligned normally, but SI pumps are aligned for recirculation to RWST). In addition, they include
stroke testing of valves mentioned above at the monthly testing.

2. Operability flow testing of check valves and ECCS fiow balancing tests are performed during cold
shutdowns.)

d., Leak testing of check valves and prcssure isolation MOVs are performed at rcfuelings (and after
each maintenance).

The maintenance contribution was calculated by assuming that unscheduled maintenanccs are performed as
required on both the pumps and valves. It was also assumed that a valve in maintenance will fail only the
associated supercomponent. The DCPRA states that unscheduled maintenance of motorwperated valves of
the ECCS is usually performed without isolating the valves.
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According to the models, signiTicant human error may occur only when the operators must switch over from
injection to recirculation and realign the fiow paths. This is reflected in the HE contributions to the
unavailabilityof top event RF. For the other top events, human errors do not contribute signiTicantly to the
total unavailability, because it is assumed that after test or maintenance activities the next shift would detect
a misalignment.

A1B Results of the BNL
Review'16.1

General

A thorough review of the high pressure top event logic diagrams and the corresponding fault trees (the fault
trees are not reproduced here, they can be found in Chapter E.4 of the DCPRA) was performed by BNL
based on thc drawings and information provided by PG&E.3 The information included the Technical
Specifications, operating and surveillance test procedures relevant to the high pressure top events, fluid flow
and actuation logic diagrams.

A18.2 Logic Diagrams, Fault Trees

The review found that the logic diagrams and the fault trees adequately represent the failure conditions of the.

high prcssure functions of the ECCS. The failure modes of each of the supercomponents for thc various top
events have bccn determined correctly. For audit calculation purposes, all the top events werc rcquantified ~

by BNL. The rcquantification was done using the SETS code4 and,allowed identification of the most
'mportant minimal cut sets contributing to thc hardware unavailabilities. These cut sets are inaccessible for
direct review in the DCPRA. Attachment A1.A lists the ranked cut sets for various boundary conditions of
top events CII, Sl, and HR. Thc definitions of thc basic events appearing in the cut sets are identical to those
given in Chapter E-4 of the DCPRA.

Ale Audit of Top Event Unavailability ("Split Fraction") Calculations

BNLperformed audit calculations for each of thc boundary conditions of all the top events by using the results
obtained by thc SETS-code and applying the same input data, maintenance frequency and duration, and
human-factors which were used in the DCPRA calculations. The obtained value's are presented in Table
A1.2.3, denoted by "BNL"to be compared with the values given in the DCPRA (see the entries denoted by
"PG&E").

BNL also carried out sensitivity calculations for top events CH and SI, in order to check the validity of the
assumption made in the DCPRA, that in the case of the LOCAs the leak occurs in cold lcg 1 (see the notes
in Figures A1.2.4 and A1.2.5, respectively). This assumption was made by PG&E to simplify the quantification
of these split fractions.

A16.4 Comments/Findings

The BNL audit calculations resulted in the following comments. (The followingcomments relate directly to
the comment numbers given in Table A1.2.3).
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The hardware unavailability value given by PG&E for the boundary condition HRA was in
disagreement with the BNL value. According to the boundary condition definition given in the
DCPRA for the HRA case (4kVBuses F and H failed), BNLbelieved that the value should be equal
to 1.0. This boundary condition results in failure to isolate the RWST from the high pressure pumps,
and therefore, according to the assumed success criterion No.1, the high pressure recirculation
function would fail.

2. Ifone compares the PG&E values for boundary conditions HRS (4kV Bus F failed) and HRA (4kV
Buses F and H failed) one finds them to be very close to each other, in spite of the increased
number of unavailable buses. Upon preliminary observation, this suggests a possible inconsistency.

3. The PG&E calculation of HRC is in disagreement with the BNL value as well as from the
comparison of the PG&E values for boundary conditions HR8 and HRC. HR8 is defined as a state
of greater system unavailabilityconditions than that of HRC. Despite this, the PG&E split fractions
are almost the same.

4. The unavailabilitycalculations for RC1 and RC2 seem to be inconsistent with the failure rate values
provided to BNLby PG&E.

PG&E responded with the followingadditional information. In terms of split fraction HRA, PG&E pointed
out that high pressure recirculation is not required to the safety injection pumps for this boundary condition.
The comparison of HRA with HRS should be numerically close as both cases have similar cut sets. HRS is
dominated by valve 8974B failing to close on demand or in maintenance (90%) and HRA is dominated by
valve 8804A failing to open on demand or in maintenance(89%). PG&E identified three additional cut sets
for HRC beyond those generated by BNL during the review. When the missing cut sets were added to the
BNL cut sets the resulting quantification was in excellent agreement with the PG&E value. Again, PG&E
pointed out that HR8 and HRC had functionally very similar boundary conditions and therefore would be
expected to be relatively close numerically. The difference between BNLand PG&E values for RCl and RC2
was attributed to Monte Carlo versus point estimate quantification techniques. None of the above split
fractions survived the cut-off for remaining in the reduced model.

The sensitivity calculations for top events CH and SI performed at BNLby assuming that a leak may occur
in any of the four cold legs showed only insignificant increases in the values of these split fractions (since value
changes occurred in third decimal place they are not indicated in Table A1.2.3). Thus, the simplifying
assumption used by the DCPRA in the evaluation of top events CH and Sl represents an acceptable
approximation.

BNLpursued an in-depth review of the HPI function system analysis and after weighing the additional input
from PG&E found it to be a fully adequate characterization.
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Figure A1.2.7 Logic diagram for top event RC
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Figure A1.2.8 Logic diagram for top event RF
Operator aligns system for recirculation and sump screens remain unplugged
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Table A1.2.1
Top Event Definitions and Success Criteria~

High Pressure Functions of ECCS

Top Event
Designator

Top Event
Definition Top Event Success Criteria

CH Successful high pressure
flow via charging pumps to
the RCS.

One of two centrifugal charging pumps must start and deliver
water to the RCS through at least one cold leg injection line.
It is assumed that a LOCAwillprevent use of one of the four
potential cold leg injection lines. Water is supplied from the
RWST during injection and from the RHR pump discharge
(i.e., from sumps) during recirculation.

SI Successful high pressure
fiow via safety injection
pumps to the RCS.

For small LOCAand successful Top Event CH, Top Event SI
is not required. For a medium LOCA or a small LOCA and
failed CH, then success criteria are the same as for CH, but
safety injection pumps supply the water. For a medium
LOCA and failed CH, then both safety injection pumps must
start and inject water through at least one cold leg.

HR ECCS aligns for
recirculation.

During recirculation only one safety injection or one charging
pump is required to take suction from RHR train discharge
and deliver water through one cold leg.

The discharge of at least one RHR train taking suction from
the recirculation sumps is aligned to the suction of at least
one charging or safety injection pump. The fiow path from
the RWST must also be isolated.

RC Recirculation heat removal
via the component cooling
water system.

One of two RHR heat exchanger component cooling water
outlet valves must open and stay open.

RF Containmentsump available
and operator switches to
recirculation cooling.

Sump screens stay unplugged for 24 hours and operator action
successful.
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Table A12.1 (continued)

FSAR Success Criteria

The HPI success criterion for a transient or small LOCA during injection phase is one SI or
centrifugal charging pump delivering water to at least two cold legs for six hours.

The HPI success criterion for a medium LOCA is two of the four SI and centrifugal charging pumps
delivering water to at least two cold legs for two hours.

The HPR success criterion for a'transient or small LOCA is one RHR pump and one centrifugal
charging or SI pump delivering cooling water to at least two RCS cold legs for 18 hours. Prior to
HPR, during the HPI mode, the RHR pumps were in the mini flow recirculation mode for six hours
or tripped.

'The top event success criteria described in this table relate to the condition when all support systems are
available.
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Table A1.2.2
Boundary Conditions for ECCS Top Events, High Pressure

Appendix A1

2.

4,

Top Event CH:
(CH1) Allsupport available.
(CH2) No LOSP, loss of 4160V Bus F or LOSP, loss of 4160V Bus F or G. (The standby pump train

is available only.)
(CH3) No LOSP, loss of 4160V Bus G or 125V dc Bus 12.

(CH4) LOSP, all support available.

Top Event SI:
(SI1) Allsupport available (1/2).
(SI2) Loss of 4160V Bus F or H or 125V dc Bus 11 or 13 (one SI train is available only, 1/1).
(SI3) Medium LOCA, all support available, top event CH failed (2/2).

Top Event HR:
(HR1) Allsupport available.
(HR2) Allsupport available, top event CH or SI failed.
(HR3) Allsupport available, top even LAor LB failed.
(HR4) Allsupport available, top event CH or SI failed and LAor LB failed.
(HRS) 4kV Bus F failed.
(HR6) 4kV Bus F failed, top event CH or SI failed.
(HR7) 4kV Bus F failed, top event LAor LB failed.
(HRS) 4kV Bus F failed, top event CH or SI and top events LAor LB failed.
(HR9) 4kV Bus F and 4kV Bus G failed.
(HRA) 4kV Bus F and 4kV Bus H failed..
(HRB) 4kV Bus G failed.
(HRC) 4kV Bus G failed, top event CH or SI failed.
(HRD) 4kV Bus H failed.
(HRE) 4kV Bus H failed, top event CH or SI failed.

Top Event RC:
(RC1) Both RHR pump trains operable.
(RC2) Onc RHR pump train operable.

Top Event RF:
(RF1) Switchover failure to recirculation after SLOCA or bleed and feed conditions (B/F) with CS

failed.
(RF2) Switchover failure to recirculation after SLOCA or bleed and feed conditions (B/F) with CS

success.

(RF3) Switchover failure to recirculation after LLOCAor MLOCAinitiating event, with CS success.
(RF4) Switchover failure to recirculation after core melt.

CHF, SIF, HRF denote guaranteed failures.
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Table A1.29
Unavailability Values ("Split Fraction") for Emergency Core Cooling System

High Pressure Function

Top
Event Case Calo. TTL HWZ TS HE

Coesneno
No.

CH CHl

CH2

CH3

CH4

PCCE
BNL
PCCE
BNL
PC 4E
BNL
PG4E
BNL

6.234-4
6.232-4
1 ~ 412-2
1.409-2
1. 162-2
1.143-2
7.948 4

7.927-4

6.066-4
6. 071-4
8.337-3
8.458-3
5.829-3
5.802-3
7.597-4
7.581-4

3.528-4
3.523-4
8.078-3
8.058-3
5.570-3
5.547-3
3.611-4
3.583-4

2.539 4
2.549-4
2.591-4
3.998-4
2.591-4
2.548-4
3.985-4
3.998-4

1.677-5
1.607-5
5.786-3
5.796-3
5.786"3
5.796-3
3.512-5
3.461-5

SZ SZ1

SZ2

SZ3

HR HR1

HR2

HR3

HR4

HRS

HR6

HR7

HR8

HR9

HRA

HRB

HRC

HRD

HRE

PCCE
BNL
PCCE
BNL
PG4E
BNL

PCCE
BNL
PGCE

BNL
PCCE
BNL
PGCE
BNL
PCCE
BNL
PCCE

BNL
PCCE

BNL
PCCE
BNL
PCSE
BNL
PCCE
BNL
PGCE
BNL
PCLE
BNL
PCCE

BNL
PCCE
BNL

3.252-3
3. 179-3
1.596-2
1.593-2
2.886-2
2.884-2

2. 111-4
2.099-4
1.908-3
1.860-3
4.010-3
3.941-3
4.325-3
4.251-3
2.291 3
2.280-3
3 '88-3
3.965-3
6.082-3
6.057 3
6.402-3
6.369-3
6.081-3
6.057-3
2.361-3
1.000
4.010-3
3.991-3
6.430-3
4.536-3
4.559-3
4.552-3
8.664-3
8. 641-3

3.128-3
3.056-3
9.328-3
9. 310-3
1.560-2
1.560-2

2.039-4
2.029-4
8.092-4
7.977-4
2.366-3
2. 351-3
2.680-3
2.657-3
1.735"3
1.727-3
2.341 3
2.322-3
3.897-3
3.875-3
4.211-3
4.181-3
3.897-3
3.875-3
1.818-3
1.000
2.365-3
2.351-3
4.236-3
2.351-3
3.473-3
3.463-3
5.948-3
5.917-3

2.921-3
2.857-3
9.128-3
9.108-3
1.540-2
1.540-2

7.468-6
6.587-6
6.127-4
6.013-4
2.169-3
2. 155-3
2.399-3
2.376-3
1.539-3
1.530-3
2.14/0-3
2. 125-3
3.701-3
3.679-3
3.931-3
3.900-3
3.700-3
3.678-3
1.733-3

2. 169-3
2. 155-3
3.956-3
2.155-3
3.275-3
3.266-3
5.666-3
5.637-3

2.064-4
1.994-4
2.007-4
2.022-4
2. 012-4
1. 991" 4

1.964-4
1.963-4
1.965-4
1.964-4
1.964-4
1.963-4
2.809"4
2.806 4

1.964-4
1.963-4
1.965-4
1.964-4
1.964-4
1.963-4
2.809-4
2.806-4
1.964-4
1.963-4
8.440-5

1.964-4
1.963-4
2.809-4
1.963-4
1.976-4
1.963-4
2.826-4
2.806-4

1.240 4

1.232"4
6. 631-3
6.621-3
1.326-2
1.324-2

7.262-6
6.993-6
1.099-3
1.062-3
1 ~ 644-3
1.58/I-3
1.649-3
1.594-3
5.555-4
5. 531-4
1.647-3
1.643-3
2.187"3
2. 182-3
2.193-3
2. 188-3
2. 187-3
2.182-3
5.429-4

1.644-3
1.640 3
2. 195-3
2. 185 3
1.087-3
1.090 3
2. 717 3
2.724-3

1,2

RC Rcl

RC2

PCCE
BNL
PGCE
BNL

4.430-5 4.366-5 4.752-7
4.389-5 4.325-5 3.463-7
1.178-3 6.348-4 5.917-4
1.176-3 6.314-4 5.885-4

4. 318-5 6. 433-7
4.290-5 6.413-7
4.318-5 5.429-4
4.290-5 5.449-4

RF RF1

RF2

RF3

RF4

PGLE
BNL
PCCE
BNL
PGCE
BNL
PGCE

BNL

3. 161-3
3.149-3
3.373-3
3.349-3
4.930-3
4.904-3
5.471-2
5.516-2

1.485-4
1.493-4
1.485-4
1.493-4
7.983-4
8.070-4
4.790-2
4.840-2

1.485-4
1.493-4
1.485-4
1.493-4
7.983-4
8.070-4
4.790-2
4.840-2

3.013-3
3.000-3
3.225-3
3.200-3
4 ~ 136-3
4.100-3
7.164-3
7.100-3

The comments are listed by number in Section A1.3.3 in the text.
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Appendix Ai

Boundary condition designator: CII1

Hardware unavailability cut sets duc to indcpendcnt failures; IIWI=
1. 3.4337E-04
2. 2.4223E-06
3. 2.4223E-06
4. 2.4223E-06
5. 1.6282E-06
6. 5.7588E-11

BKC +
BKP 'KG+
BKA 'KB+
BKH 'KI+
BKD 'KE+
BKK 'KL 'KM

Leading hardware unavailability cut sets duc to dependent and independent failures; HW =
1 ~ 3.4337 E-04
2. 8.4300E-OS
3. 8.4300E-OS
4. 8.4300E-OS
5. 2.4223E-06
6. 2.4223E-06
7. 2.4223E-06
8. 1.6282E46
9. 1.5600E-06
10. 1.9200E-07

BKC +
D2VM002 +
D2VM003 +
D2VM001 +
BKF 'KG+
BKH 'KI+
BKA 'KB+
BKD 'KE+
D2VCOD1 +
D2PCGR +
+ 0 ~ ~

Boundary condition designator: CH2

Hardware unavailability cut sets due to independent failures; HWI =
1. 3.0455E-03
2. 1.5564E-03
3. 1.5564E-03
4. 1.5564E-03
5. 3.4337E-04
6. 5.7588E-11

Leading hardware
1. 3.0455E-03
2. 1.5564E-03
3. 1.5S64E-Q3
4. 1.5564E-03
5. 3.4337E-04
6. 1.4500E-04
7. 8.4300E-OS
8. 8.4300E45
9. 8.4300E-OS
10. 1.5600E-06
11. 1.9200E-07

BKE +
BKG +
BKB +
BKI +
BKC +
BKK'KL'KM

unavailabilityeut sets duc to dependent and independent failures; HW =
BKE +
BKI +
BKG +
BKB +
BKC +
D2PCGS +
D2VM002 +
D2VM003 +
D2VM001 +
D2VCOD1 +
D2PCGR +
+...
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Boundary condition designator: CH3

Hardware unavailability cut sets due to independent failures; HWI =

Appendix A1

1. 1.5564E-03
2. 1.5564E-03
3. 1.5564E-03
4. 5.3462E-04
5. 3.4337E-04
6. 5.7588E-11

BKF +
BKA +
BKH +
BKD +
BKC +
BKK'KL*BKM

Leading hardware unavailability cut sets due to dependent and independent failures; HW =
1. 1.5564E-03
2. 1.5564E-03
3. 1.5564E-03
4. 5.3462E-04
5. 3.4337E-04
6. 8.4300E-OS
7. 8.4300E-OS
8. 8.4300E-OS
9. 1.5600E-06
10. 1.9200E-07

BKH +
BKF +
BKA +
BKD +
BKC +
D2VM001 +
D2VM003 +
D2VM002 +
D2VCOD1 +
D2PCGR +
+...

Boundary condition designator: CH4

Hardware unavailability cut sets due to independent failures; HWI =
1. 3.4337E-04 BKC +
2. 7.6354E-06 BKDLP 'KELP +
3. 2.4223E-06 BKF 'KG +
4. 2.4223E-06 BKA 'KB+
5. 2.4223E46 s BKH 'KI+
6. 5.7588E-11 BKK~ BKL * BKM

Leading hardware
1. 3.4337E-04
2. 1.4500E-04
3. 8.4300E-OS
4. 8.4300E-OS
5. 8.4300E45
6. 7.6354E-06
7. 2.4223E46
8. 2.4223E-06
9. 2.4223E-06
10. 1.5600E-06
11. 1.9200E-07

unavailability cut sets due to dependent and independent failures; HW =
BKC +
D2PCGS +
D2VM002 +
D2VM001 +
D2VM003 +
BKDLP 'KELP +
BKF 'KG+
BKA* BKB +
BKH * BKI +
D2VCOD1 +
D2PCGR +
+0 ~ ~
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To Events SI

Boundary condition designator: SI1

Hardware unavailability cut sets due to indcpendcnt failures; HWI =
1. 2.3493E-03 BKD +
2. 4.6790E-04 BKA +
3. 3.9568E-05 BKB 'KC+
4. 1.6950E-10 BKG 'KH
Leading hardware unavailabilitycut sets due to dependent and independent failures; HW =
1. 2.3493E-03 BKD +
2. 4.6790E-04 BKA +
3. 1.9300E-04 D2PSIS +
4. 3.9568E-05 BKB 'KC+
5. 4.5700E-07 D42VCOD12 +
6. 4.5700E-07 D42VCOD14 +
7. 4.5700E-07 D42VCOD23 +
8. 4.5700E-07 D41VCOD24 +
9. 4.5700E47 D41VCOD14 +
10. 4.5700E47 D41VCOD12 +

Boundary condition designator: SI2

Hardware unavailabilitycut sets due to independent failures; HWI =
1. 6.2903E-03 BKC +
2. 2.3493E-03„BKD +
3. 4.6790E-04 BKA +
4. 1.6950E-10 BKF 'KG 'KH
Leading hardware unavailability cut sets duc to dependent and independent failures; HW =
1. 6.2903E-03 BKC +
2. 2.3493E-03 BKD +
3. 4.6790E44 BKA+
4. 1.9300E-04 D2PSOS +
5. 4.5700E-07 D42VCOD12 +
6. 4.5700E47 D42VCOD14 +
7. 4.5700E-07 D42VCOD23 +
8. 4.5700E-07 D41VCOD24 +
9. 4.5700E-07 D41VCOD14 +
10. 4.5700E-07 D41VCOD12 +
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Boundary condition designator: SI3

Hardware unavailability cut sets due to indcpcndcnt failures; IIWI =
1. 6.2903E-03 BKB +
2. 6.2903E-03 BKC +
3. 2.3493E-03 BKD +
4. 4.6790E-04 BKA +
5. 1.6950E-11 BKF 'KG 'KH
Leading hardware unavailability cut sets due to dependent and independent failures; HW =
1. 6.2903E-03 BKB +
2. 6.2903E-03 BKC +
3. 23493E-03 BKD +
4. 4.6790E-04 BKA +
5. 1.9300E-04 D2PSIS +
6. 4.5700E-07 D42VCOD12 +
7. 4.5700E-07 D42VCOD14 +
8. 4.5700E-07 D42VCOD23 +
9. 4.5700E-07 D41VCOD24 +
10. 4.5700E-07 D41VCOD14 +

Appendix A1
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Boundary condition designator: HR1

Hardware unavailabilitycut sets due to independent failures; HWI =
1. 2.4223E46 BKH 'KG +
2. 2.3298E46 BKC 'KD +
3. 9.2653E-07 BKI 'KG +
4. 6.0579E-07 BKA 'KB +
5. 3.0289E47 BKF 'KE
Leading hardware unavailabilitycut sets due to dependent and independent failures; HW =
1. 1.2300E-04
2. 8.4300E-05
3. 2.4223E-06
4. 2.3298E46
5. 9.2653E-07
6. 6.0579E-07
7. 3.0289E-07

D2VMOC +
D2VMOD +
BKG 'KH+
BKC'KD+
BKI 'KG +
BKA 'KB+
BKF * BKE+

Boundary condition designator: HR2

Hardware unavailability cut sets due to independent failures; HWI
1. 5.9531E-04
2. 2.4223E-06
3. 2.3298E-06
4. 6.0579E-07
5. 3A072E-07
6. 3.0289E47
7. 3.7700E-09

BKI +
BKH 'KG+
BKC'KD+
BKA'KB+
BLK'KH+
BKF 'KE+
BKH 'KJ 'KK

Leading hardware unavailability cut sets due to dependent and independent failures; HW =
1. 5.9531E-04 BKI +
2. 1.1200E-04 D2VMOC +
3. 8.4300E-05
4. 2.4223E46
5. 23298E46
6. 6.0579E47
7. 3.4072E-07
8. 3.0289E47
9. 1.3120E47

D2VM001 +
BKH 'KG+
BKC'KD+
BKA'KB+
BKL'KH+
BKF 'KE +
BKH '2VM002 +
+0 ~ 0
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Boundary condition designator: HR3

Hardware unavailabilitycut sets due to independent failures; HWI =
1. 1.5564E43 BKH +
2. 5.9531E44 BKI +
3. 2.3298E46 BKC 'KD +
4. 6.0579E-07 BKA 'KB+
5. 3.0289E47 BKF 'KE

Appendix A1

Leading hardware unavailability cut sets due to dependent and independent failures; HW =
1. 1.5564E-03
2. 5.9531E-04
3. 1.1200E-04
4. 8.4300E-05
5. 2.3298E-06
6. 6.0579E-07
7. 3.0289E-07

BKH +
BKI +
D2VMOC +
D2VM001 +
BKC 'KD +
BKA 'KB+
BKF ~ BKE+
+tOO

Boundary condition designator: HR4

Hardware unavailability cut sets due to independent failures; HWI =
1. 1.5564E47
2. 5.9531E44
3. 2.1892E-04
4. 2.4223E46
5. 2.3298E-06
6. 6.0579E-07
7. 3.0289E-07

BKG +
BKI +
BKL+
BKJ 'KK+
BKC 'KD +
BKA'KB+
BKF 'KE

Leading hardware unavailability cut sets due to dependent and independent failures; HW =
1. 1.5564E-03 BKG +
2. 5.9531E-04 BKI +
3. 2.1892E-04 BKL+
4. 1.1200E-04 D2VMOC +
5. 8.4300E45 D2VM002 +
6. 8.4300E-05 D2VM001 +
7. 2.4223E46 BKJ 'KK+
8. 2.3298E46 BKC ~ BKD +
9. 6.0579E47 BKA 'KB +
10. 3.0289E47 BKF 'KE +

+...
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Boundary condition designator: HRS

Hardware unavailabilitycut sets due to independent failures; HWI =
1. 1.5264E-03 BKD +
2. 2.4223E46 BKH 'KG+
3. 9.2653E-07 BKI 'KG+
4. 3.0406E-07 BKA1 * BKB +
5. 3.0289E-07 BKF 'KE
Leading hardware unavailability cut sets due to dependent and independent failures; HW =
l. 1.5264E-03
2. 1.1200E-04
3. 8.4300E-OS
4. 2.4223E-06
5. 9.2653E-07
6. 3.0406E-07
7. 3.0289E-07

BKD +
D2VMOC +
D2VM001 +
BKH 'KG+
BKI 'KG+
BKA1 'KB+
BKF 'KE +

Boundary condition designator: HR6

Hardware unavailabilitycut sets due to independent failures; HWI =
1. 1.5264E-03
2. 5.9531E-04
3. 2.4223E-06
4. 3.4072E-07
S. 3.0406E-07
6. 3.0289E-07

BKD +
BKI +
BKH 'KG+
BKL'KH+
BKA1 'KB+
BKF 'KE +
+...

Leading hardware unavailability cut sets due to"dependent and independent failures; HW =
1. 1.5264E-03 BKD +
2. 5.9531E-04 BKI +
3. 1.1200E-04 D2VMOC +
4. 8.4300E-OS D2VM001 +
5. 2.4223E-06 BKH 'KG +
6. 3.4072E-07 BKL 'KH+
7. 3.0406E-07 BKA1 'KB+
8. 3.0289E-07 BKF 'KE +
9. 1.3120E-07 BKH '2VM002 +
10. 3.7700E-09 BKH 'KJ 'KK+

+...

E
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Boundary condition designator: HR7

Hardware unavailability cut sets due to independent failures; HWI'
1. 1.5564E-03 BKH +
2. 1.5264E-03 BKD +
3. 5.9531E-04 BKI +
4. 3.0406E-07 BKA1 'KB+
5. 3.0289E-07 BKF 'KE

Appendix A1

BKH +
BKD +
BKI +
D2VMOC +
D2VM001 +
BKA1 'KB+
BKF 'KE+
+el ~

1. 1.5564E-03
2. 1.5264E-03
3. 5.9531E-04
4. 1.1200E-04
5. 8.4300E-OS
6. 3.0406E-07
7. 3.0289E-07

Leading hardware unavailabilitycut sets due to dependent and independent failures; HW =

Boundary condition designator. HR8

Hardware unavailability cut sets due to independent failures; HWI =
1. 1.5564E-03 BKG +
2. 1.5264E-03 BKD +
3. 5.9531E-04, BKI +
4. 2.1892E-04 BKL +
S. 2.4223E-06 BKJ 'KK+
6. 3.0406E-07 BKA1 'KB +
7. 3.0289E-07 BKF 'KE
Leading hardware unavailability cut sets due to dependent and independent failures; HW
1. 1.5564E-03, BKG +
2. 1.5264E-03 BKD +
3. 5.9531E-04 BKI +
4. 2.1892E-04 BKL +
S. L1200E44 D2VMOC + )

6. 8.4300E-OS D2VM002 +
2'.

8.4300E-OS D2VM001 +
8. 2.4223E-06 BKJ ~ BKK+
9. 3.0406E-07 BKA1 'KB +

+0 ~ ~

'I
',~Pa "i,l~!

~ s',g *\,',,*

C

'- i;.' >ri,.r!,j,

A1-27 "NUREG/CR-5726



Appendix Al

Boundary condition designator: HR9

Hardware unavailabilitycut sets due to independent failures; HWI =
1. 1.5564E-03 BKH +
2. 1.5264E-03 BKD +
3. 5.9531E44 BKI +
4. 3.0289E47 BKF 'KE +
5. 2.3348E-09 BKA2 'KB
Leading hardware unavailability cut sets due to dependent and independent failures; HW
1. 1.5564E-03 BKH +
2. 1.5264E-03 BKD +
3, 5.931E-04 BKI +
4. 1.1200E44 D2VMOC +
5. 8.4300E-05 D2VM001 +
6. 3.0289E-07 BKF 'KE +
7. 2.3348E-09 BKA2 'KB+

+...

Boundary condition designator: HRB

Leading hardware unavailability cut sets due to independent failures; HWI =
1. 1.5564E-03 BKH +
2. 5.9531E44 BKI +
3. 2.3298E-06 BKC 'KD +
4. 3.0406E-07 BKA1 'KB+
5. 3.0289E-07 BKF 'KE
Leading hardware unavailability cut sets due to dependent and independent failures; HW =
1. 1.5564E43 BKH +
2. 2.9531E44 BKI +
3. 1.1200E44 D2VMOC +
4. 8.4300E45 D2VM001 +
5. 2.3298E46 BKC 'KD+
6. 3.0406E47 BKA1 'KB+
7. 3.0289E47 BKF 'KE+

+...
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Boundary condition designator: HRC

Hardware unavailability cut sets due to independent failures; HWI =
1. 1.5564E-03 BKH +
2. 5.9531E-04 BKI +
3. 2.3298E-06 BKC 'KD +
4. 3.0406E-07 BKA1 'KB+
5. 3.0289E-07 BKF * BKE

Appendix A1

Leading hardware unavailability cut sets due to dependent and independent failures; HW =
'.

1.5564E-03 BKH +
2. 5.9531E-04 BKI +
3. 1.1200E-04 D2VMOC +
4. 8.4300E-05 D2VM001 +
5. 2.3298E-06 BKC* BKD+
6. 3.0406E-07 BKA1 'KB+
7. 3.0289E-07 BKF 'KE +

Boundary condition designator: HRD

Hardware unavailability cut sets due to independent failures; HWI =
1. 1.5564E-03 BKG +
2. 1.5264E-03 BKC +
3. 1.8286E-04 BKE +
4. 6.0579E-07 BKA 'KB
Leading hardware unavailability cut sets due to dependent and independent failures; HW =
1. 1.5564E-03 BKG +
2. 1.5264E-03 BKC +
3. 1.8286E-04 BKE +
4. 1.1200E-04 D2VMOC +
5. 8.4300E-05 D2VM001 +
6. 6.0579E-07 BKA 'KB +

+...
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Boundary condition designator: HRF

Hardware unavailabilitycut sets due to independent failures; HWI =
1. 1.5564E-03 BKG +
2. 1.5564E-03 BKJ +
3. 1.5264E-03 BKC +
4. 5.9531E-04 BKI +
5. 2.1892E-04 BKL+
6. 1.8286E-04 BKE f
7. 6.0579E-07, BKA 'KB
Leading hardware unavailability cut sets due to dependent and independent failures; HW =
1. 1.5564E43 BKJ +
2. 1.5564E-03 BKG +
3. 1.5264E-03 BKC +
4. 5.9531E-04 BKI +
5. 2.1892E-04 BKL +
6. 1.8286E 04 BKE +
7. 1.1200E-04 D2VMOC +
8. 8.4300E-OS D2VM001 +
9. 8.4300E-OS D2VM002 +
10. 6.0579E-07 BKA 'KB+
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APPENDIX A2: LOW PRESSURE INJECTION SYSTEM

A2.1 Introduction

A2.1.1 Objective

The objective of this appendix is to summarize the results of reviewing the unavailability analysis of the low
pressure injection functions of the emergency core cooling system described in the DCPRA.i

A2.12 Organhation

Section A2.2 provides a brief description of the configurations and the functions, the dependency on support
equipment, the surveillance and maintenance conditions, the unavailability modelling in the DCPRA, and the
original results obtained. The purpose of this approach is to present stand alone documentation to which the
review's findings can be directly compared. Section A2.3 contains the results of the BNLreview and presents
the findings.

For completeness, the ranked cut sets of hardware unavailabilities(both independent and total) obtained by
BNL are given for certain top events in Attachment A2.A.

A2.2 Unavanability Modelling ofLowPressure Functions ofthe ECCS in the
DCPRA

? 1 System Description, Configurations and Functions

~ ~

The emergency core cooling system (ECCS) of Diablo Canyon Unit I consists of four systems: the safety
injection (Sl) system, the residual heat removal (RHR) system, the accumulators, and a portion of the
chemical and volume control system (CVCS). Different configurations of these systems serve to perform the
low pressure injection (LPI) and low pressure recirculation (LPR) functions of the ECCS. For the LPI
function, the emergency water sources are the RWST and the accumulators. For the LPR function, either
the containment recirculation sump (CRS) or the RCS hotleg (and ifthey are not available, make-up to the
RWST) is used as a water source. The change from the LPI function to LPR function involves a system
rcconfiguration (valve realignment performed by the operator).

Thc LPI function of the ECCS is to provide makeup water for lost RCS water after a LOCA when the
pressure of the reactor coolant system (RCS) falls below the shutoff pressure of the accumulators and the
RHR pumps.

The LPR function of the ECCS is to provide long-term heat removal via the RHR heat-exchangers under
post-LOCA conditions.

A? X2 Top Event Definitions, Success Criteria

Associated with LPI and LPR functions the DCPRA defines nine top events to bc used in the frontline system
event trees for various initiators. These top events essentially represent thc unavailabiliticsof particular ECCS
portions or components as defined in the accident sequences. The unavailabilitiesof the top events are
quantified for different boundary conditions, i.e„when all the support systems arc available as well as when
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their various portions are unavailable. The designators of these nine top events are: LA, LB, LV, RW, VA,
VB, AC, LI, and MU. Their definitions are given in Table A2.2.1. The associated system configurations are
shown in Figures A2.2.1 through A2.2.6. In the figures, the areas with shaded contours represent the
supercomponents of the configurations modelled in the DCPRA.

The success criteria for each of the top events are also described in Table A2.2.1. They relate to the specific
boundary condition represented by each of the support systems being available after a reactor trip. (The
success criteria for all the boundary conditions can be found in Chapter E.4 of the DCPRA.) For comparison,
in Table A2.2.1 the success criteria for LPI and LPR functions of the ECCS required by the DCFSAR2 are
also indicated. One can see that the top event success criteria and the assumptions used in the logic models
relate well to those of the DCFSAR for transients as well as small and medium LOCAs. For large LOCAs,
the success criteria applied in evaluating top events AC and LI is not as straight-forward a match to the
success criteria defined in the DCFSAR. Simply stated, the DCFSAR requires two of four injection paths and
the DCPRA requires one of the three intact injection paths (the fourth having the break). The reasons that
the DCPRA applies this new set of success criteria for large LOCAs are given as follows (quotation from
p.E.SQS of the DCPRA):

"Based on the report "Safety Evaluation of the RHR Crosstie Line Isolation" prepared by
Westinghouse (dated July 10, 1987) and received by PLG from PG&E on July 27, 1987 (Chron
F502246), a success criteria of 1 out of 4 injection. paths can be justified for the large LOCA
event for the first fuel cycle of Unit 2 if it is recognized that this analysis is not entirely
applicable to Unit 1 or the subsequent fuel cycles of Unit 2. However, the conditions are
considered sufficiently close and the conservatisms in the Westinghouse evaluation are quite
significant. The same success criteria is judged to be adequate for both Units 1 and 2 in the
PRA model. Therefore, the ECCS success (for large LOCA) is defined in this analysis to
require injection through one of the remaining three intact cold leg injection paths. For the
analysis of the ECCS top events it is assumed that the rupture occurred in cold leg 1. The 1 of
3 success criteria is conservatively used for all other initiating events also. This reduces the
number of boundary conditions that need to be quantified and is just slightly conservative."

Based upon the above quotation and the fact that previous PRAs have used a 2/3 success criterion, BNL
conducted a sensitivity analysis to investigate the impact of a 2/3 success criterion vs. the 1/3 used in the
DCPRA. The details of this analysis can be found in Section A2.3.2.

A? 29 Logic Models, Dependencies on Support Systems

The logic models of the top events describe the system configurations shown in Figures A2.2.1 through A2.2.6.
These indicate the logic relationships among the supercomponents and the dependencies on trains or
supercomponents of relevant support systems whose unavailabilities determine the boundary conditions for
the top events.

Figures A2.2.7a and A2.2.7b show the logic diagrams for top events LAand LB, respectively. Figure A2.2.8
presents the logic diagram for top events LV and Figure A2.2.9 shows the logic diagram for top event RW.
In Figure A2.2.10 the logic diagrams are shown for top event VA, when:

1. the RHR suction train A is aligned to the containment sump (see Figure A2.2.10a), and when

2. the RHR suction train B is aligned to the containment sump (see Figure A2.2.10b).
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Figures A2.2.11 and A2.2.12 show the logic diagrams for top events AC and LI, respectively. The logic
diagram for top event MU is given in Figure 2.13.

A2.? 4 Boundary Conditions of Top Events

Top events LAand LBwere evaluated for four and ten boundary conditions, respectively. In both cases, these
boundary conditions resulted from different initiating events, the need for bleed and feed, and from
unavailabilitiesof certain support system trains or certain supercomponents. In the case of top event LB,
additional boundary conditions were required to account for the success or failure of top event, LA. Top
events LV and RW were evaluated only once for all conditions (no support required). Top event VAwas

evaluated for two boundary conditions; when all support was available and when the failure was guaranteed.

Top event VB was evaluated for four boundary conditions by also taking into account the success or failure
of top event VA. Top event AC was determined only once (no support required), for the large LOCA
initiator. Top event LIwas quantified for two cases; a) for all conditions except large LOCA, and b) for large
LOCA given failure of top event AC. Top event MUwas calculated for three boundary conditions resulting
from the unavailabilitiesof support system components and previous frontline system failures. One of its
boundary conditions (MV2)was used to account the unavailability of makeup water to the RWST, involving
the spent-fuel pit pump. The detailed list of the above boundary conditions is given in Table A2.2.2.

A2.X5 QuantiTication of Top Event Split Eractions

The methodology of systems analysis applied in the DCPRA requires that the top event "split fractions"
associated with each boundary condition reflec the notion that a top event occurs when a system (or its
portion) is in one of the following mutually exclusive alignments: 1) normal alignment, 2) testing alignment,
3) maintenance alignment, and 4) misalignment. Thus, the contribution to the system unavailability from a
specific alignment is determined by the conditional system unavailability, given that the system is in that
alignment multiplied by the fraction of time that the system spends in that alignment. That is the way that
thc DCPRA considers the constraints due to Technical Specifications disallowing simultaneous maintenance
or test activitieson redundant components and thc human errors causing the system or its components (usually
occurring after these activities) to be inoperable.

Table A2,2.3 lists the values of top event split fractions for each boundary condition quantified by PG&E.
The table presents the total unavailabilitics gTL), along with the main contributors to the total
unavailabilities,such as hardware (HW), maintenance (MN), test (TS), and human error (HE). At a given
boundary condition the hardware contribution rclatcs to the normal alignment, when no test or maintenance
activities are being performed. To provide complctc information the table also indicates thc two constituent
parts of the hardware contribution to the unavailability: the independent (HWI) and the dependent (HWD,
i.e., common cause) failures of the supercomponcnts.

One notices that for the low pressure top events there is no contribution to the total unavailability due to
testing. This fact arises because, according to the DCPRA:

a. Routine shift checks verify the standard valve alignment and do not change the positioning of any
valves.

b. Monthly checks verify whether the injection flow paths are operable or not (these "operability"
checks arc essentially valve stroke testings performed for RHR pump section and heat exchanger
outlet valves). These tests are of short duration.

c. Quarterly tests are either of very short duration or performed during cold shutdowns.
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(To be more specific, the quarterly tests represent:

1. Operability testing of RHR pumps (the pumps are aligned for recirculation to RWST, their
normal power alignment).

2. Operability flow testing of check valves is performed during cold shutdowns.)

d. Leak testing of check valves and pressure isolation MOVs are performed at refuelings (and after
each maintenance). Functional tests of the ECCS are performed also during refuelings.

The maintenance contribution was calculated by assuming that unscheduled maintenances are performed as
required on both the pumps and valves. It was also assumed that a valve in maintenance will fail only the
associated supercomponent. The DCPRA'states that unscheduled maintenance of motor-operated valves of
the ECCS is usually performed without isolating the valves. Therefore, valve positions were assumed to be
those required by Technical SpcciTications.

Operator failures were considered for the following activities:

While the RCS pressure is still high, the RHR pumps having been started by the SI signal must shut offbefore
they overheat. Later, when the RCS pressure is appropriately reduced, the RHR pumps are manually started.
The associated operator failures are treated in top events LAand LB. (The realignment from the RWST to
the containment sump was considered in top event RF and described in the discussion of the HPR function
in Appendix A1.) The realignment failure for hotleg recirculation by using hotleg suction path to the RHR
pumps (followinga transient, small LOCAor steam generator tube rupture) is treated in top event MU. This
also includes the operator failure to initiate a makeup to the RWST if recirculation cooling is unavailable.
Human errors due to misalignment do not contribute.signiTicantly to thc total unavailability, because it is
assumed that after test or maintenance activities the next shift would detect a misalignment.

A2B Results of the BNI Review

AX3.1 General

A thorough review of the low prcssure top event logic diagrams and the corresponding fault trees (the fault
trees are not reproduced herc, they can be found in Chapter E.4 of the DCPRA) was performed by BNL
based on the drawings and information provided by PG&E. The information included the Technical
Specifications, operating and surveillance test procedures relevant to the low pressure top events, fluid flow
and actuation logic diagrams and revised results for six of the low pressure split fractions. The revised split
fractions from PG&E were in response to the preliminary findings by BNL and have been incorporated in
Table A2.2.3.

A294 Logic Diagrams, Fault Trees

Thc review found that the failure modes of each of thc supercomponents involved in the logic diagrams for
various top events were determined correctly. The logic diagrams and associated fault trees for the top events
adequately represent the failure conditions of thc low pressure functions of the ECCS.

In the case of top events LI and AC, however, thc reviewpursued the followingpoints which are associated
with the interpretation of thc large LOCA success criterion:

I

a. The large LOCA success criterion for the ECCS described in thc DCFSAR requires two of the
four LP injection pathways to be available. These pathways arc interpreted by the DCPRA (as it
was described above in Section A2.2.2) as allowing one of the pathways to be that which contains
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the break and one other from the remaining three intact pathways. A more conservative success
criterion would have been to consider two available pathways from the intact three as was done,
e.g., in the Indian Point PRA.4 The DCPRA large LOCAsuccess criterion was defined essentially
on the basis of a Westinghouse study (mcntioncd previously).

b. The present large LOCA success criterion requires one available injection path out of the three
intact pathways. In addition, it assumes that the rupture occurred in cold leg 1, instead of

'ssuming that the rupture may occur in any of the four cold legs. This latter assumption, when
used under appropriate conditions, can result in significant savings of time and effort for the PRA
team. However, the review included the investigation as to whether accuracy was lost due to this
assumption.

c. The logic diagram for top event AC do'es not consider common cause failures for the outlet check
valves (valve transfer closed or fail to operate on demand failure modes) of the accumulators. The
general directives of the DCPRA systems analysis do not allow the taking into account common
cause failures of check valves found in four separate lines from four different water sources.
However, in this case, the environmental effect due to deposition ofboric acid common in the four
accumulators represents "a common cause" for check valve failures.

In order to scrutinize the quantiTiedvalues of split fractions associated with the low pressure functions of the
ECCS, BNLperformed audit calculations for each of these top events.

For top events LI and LC, BNL performed additional sensitivity calculations by assuming the same (1/3)
success criterion for large LOCA as was assumed in the DCPRA but allowing the rupture to occur in any of

~

~

the four cold legs.

ti

n addition, BNLperformed a cursorysensitivitycalculation for top event LIby assuming that the large LOCA
success criterion was 2/3, as was assumed in thc Indian Point PRA, and by assuming that the rupture occurred
in cold leg 1. This allows a direct measure of the sensitivity to the DCPRA success criterion.

The common cause failure of the accumulator outlet check valves was not included in the BNLcalculations
because it would require reconfiguration/requantiTicationof thc associated fault trees as well as the fact that
the plant-specific failure of thes'e check valves when exposed to boric acid deposition and corrosion has not
been observed. This item is therefore left as a potential rcfmement should PG&E decide at some later date
to upgrade the PRA.

The requantiTicationat BNLwas done either by PC calculations (for simple top events) or by using the SETS
code.s The use of the SETS code allowed the identiTicationof the most important cut sets contributing to the
hardware unavailabilities. These cut sets are inaccessible for direct review in the DCPRA. Attachment A2.A
lists the ranked cut sets for various conditions of top events LI and AC. The definition of the basic events
appearing in the cut sets are identical to those given in Chapter E4 of the DCPRA.

AX9B Audit of Top Event Unavailability ("Split &action") Calculations

Thc audit calculations for each of the boundary conditions of all the top events were performed at BNL by
using the results obtained by the SETS-code or by PC calculations. In the audit calculations thc same input
data, maintenance frequency and duration, and human factors were applied which were used in the DCPRA.
The obtained values are presented in Table A2.2.3, denoted by "BNL"or "BNL1" to be compared with the
values given in the DCPRA (the DCPRA values arc denoted by "PG&E"). The entries into Table A2.2.3 from
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the sensitivity calculations allowing the rupture to occur in any of the four cold legs (success criterion is still
I/3) are denoted by "BNL2." The entries from the sensitivity calculation, when one uses success criterion 2/3
for top event LI and one assumes that the rupture occurs in cold leg 1 are denoted by "BNL3." In the
sensitivity calculations the component failure rates were identical to those used in the audit calculations.

A29.4 Comments/Findings

The BNLaudit calculations resulted in the followingcomments. (The following comments relate directly to
the comment numbers given in Table A2.23.).

1. A comparison of the AC and LI split fraction values obtained by using the simplifyingassumption that
the rupture occurred in cold leg 1 (see the entries denoted by "BNL1")with those obtained when it is
assumed that the rupture may occur in any of the four cold legs (see the entries denoted by "BNL2"),
shows that the use of the latter assumption provides (on average) higher values.

The reason why the application of the simplifyingassumption is not as accurate for top events LI and
AC as it is for top events CH and SI (see Appendix A1 - on the HPI functions of the ECCS) is
connected with differences in the design features of the injection headers of the RHR system and of the
charging and safety inje'ction systems. In the case of the RHR each of two header systems feeds its own
two branch lines. In the case of the charging and safety injection systems, one header feeds all four
branch lines.

The impact of this finding on the overall CDF is negligible (0.25% increase) as none of the LI split
fractions survived truncation for the DSM and only AC1 survived from the AC split fractions.

2. The use of a more conservative large LOCA success criterion (i.e., two available pathways required from
the intact three legs) would result in an increase of the LI1 split fraction by more than a factor of 570.
However, PGAE subsequently provided sufficient information to demonstrate the validityof the original
success criterion.

3. Small discrepancies were identified between PG&E and BNL in the quantification of certain HWIs
(independent hardware unavailabilities). Another small discrepancy between the DCPRA and BNLwas
found in the calculation of LI2. BNL believes this to be the difference between the Monte Carlo and
mean value approaches.

Overall, the BNLaudit calculations are in good agreement with those obtained by PG&E.
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Appendix A2

TRAINA
SUCTION
MOV 8700A

A

RHR PUMP
TRAINA

TRAINA HEAT
EXCHANGER
ANDFLOW
PATH C

4 kVBUSG

SSPS 8

AND
INSTRUMENT
CHANNEL II

480V BUS
1G

HLADERA
125V DC
BUS 12

Figure A2.2.7a Logic diagram for top event LA

TRAIN 8
SUCTION
MOV 87008

RHR PUMP
TRAIN 8

TRAIN8 IIEAT
EXCHANGER
ANDFLOW
PATH F

4kVBUSH
AND

INSTRUMENT
CHANNELIII

SSPS A 480V GUS
1H

CCW
iICADER 8

125V DC
OUS 13

Figure A2.2.7b Logic diagram for top event LB
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Appendix A2

COMMON RHR
PUMP SUC11ON
FROM 1HE RWST

Figure A2.2.8 Logic diagram for top event LV

RWST OUTLET
VALVE

I

A2-15 NUREG/CR-5726

Figure A2.2.9 Logic diagram for top event RW (suction from RWST to the charging, RHR, and safety
injection pumps)
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TRAIN A
RWST SUCTION
VALVE
(CLOSE)

TRAINA
SUMP SUCTION
VALVE
(OPEN)

480V AC
BUS 1G

480V AG
BUS 1G

Figure A2.2.10a Logic diagrams for top event VA (suction to RHR system from containment sump train A)

'IRAINB
FIWST SUCTION
VALVE
(CLOSE)

1RAIN B
SUMP SUGTlON
VALVE
(OPEN) D

480V AG
BUS 1H

480V AC
BUS 1H

Figure A2.2.10b Logic diagrams for top event VB (suction to RHR system from containment sump train B)
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Appendix A2

I I"'V

8818A CV 8948A

RHRHX1
DISCHARGE
HCV 638

RHA TRAINA
DISCHARGE
8809A

C

CV SS'l88 CV 89488

RHR HX2
DISCHARGE
HCV 637

RHR TRAIN8
DISCHARGE
88098

0

CV8818C

CV 8818D

CV 8948C

CV 89480

(I) ASSUME COLD LEG 1 IS RUPTURED, THEAEFOAE ONE OF THE REMAINING
THREE COLD LEGS REOUIRED FOA SUCCESS OF L I

Figure A2,2.12 Logic diagram for top event LI
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GQN 8fR
PQP SXTlN FR%
NT LK 4 (@Vs 8701

AS 8702)

Figure A2,2.13 Logic diagram for top event MU
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Appendix A2

Table A2.2.1
Top Event Definitions and Success Criteria~

Low Pressure Functions of ECCS

Top Event
Designator

Top Event
Definition Top Event Success Criteria

RHR train A succeeds. RHR pump train A must start and run, delivering water to
the RCS. The RHR pump must be shut down for high
pressure scenarios and restarted ifpressure is sufficiently low.
At least one cold leg path must be available.

LB RHR train B succeeds. RHR pump train B must start and run, delivering water to the
RCS if RHR train A fails. The RHR pump must be shut
down for high pressure scenarios and restarted ifpressure is
sufficiently low. At least one cold leg path must be available.

LV RHR suction valves on
suction header.

RHR suction valves on suction header from RWST to RHR
trains remain open.

RWST available. RWST is available, and the manual valve on the RWST
discharge line remains open.

VA Sump valves open to RHR
train A.

Sump valves open to RHR
train B.

RHR train A suction path from the RWST must close, and
RHR train B suction path from the containment sump must
open and remain open.

RHR train B suction path from the RWST must close, and
RHR train B suction path from the containment sump must
open and remain open.

AC Injection path available
and accumulators
discharge.

At least one cold leg injection path is available (from three),
and three accumulators discharge into the RCS. The fourth
accumulator (with the associated injection path) is assumed to
discharge out the break.

LI Injection path available. At least one cold leg injection path is available (from three).

MU RHR suction from the hot
lcg and RWFf'akeup.

Suction path from RCS hot Icg 4 to an RHR train is available,
and operator correctly aligns path. RWST refilledby operator
when required.

NUREG/CR-5726 A2-20



Appendix AZ

Table A2.2.1 (continued)

FSAR Success Criteria

1. The RHR shutdown cooling success criterion for a transient or small LOCA is at least one RHR pump
delivering cooling water to at least one of the operating cold legs for 24 hours.

2. The LPI success criterion for a large LOCA is at least one RHR pump delivering makeup water to at
least two cold legs for one hour. Three of the accumulators are required for one hour for accumulator
system success. The other accumulator is assumed to discharge into the ruptured leg and is therefore
unavailable.

3. The LPR success criterion for a large LOCA is at least one RHR pump delivering makeup water to at
least two cold legs for 23 hours.

'The top event success criteria described in this table relate to the condition when all support systems are
available.

A2-2l NUREG/CR-5726
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Table A2.2.2
Boundary Conditions for ECCS Top Events, Low Pressure

Top Event LA:
1. (LA1) Allsupport available (SLOCA Case).
2. (LA2) Allsupport available (Bleed & Feed Case).
3. (LA3) Allsupport available (LLOCA/MLOCACase).
4. (LAF) Guaranteed failure.

Top Event LB:
1. (LB1) Allsupport available. Top event LA successful (SLOCA).
2. (LB2) Allsupport available. Top,event LA failed (SLOCA).
3. (LB3) Top event LAguaranteed failure (SLOCA).
4. (LB4) Allsupport available. Top event LA successful (B & F).
S. (LBS) Allsupport available. Top event LA failed (B & F).
6. (LB6) Top event LAguaranteed failure (B & F).
7. (LB7) Allsupport available. Top event LA successful (LLOCA).
8. (LB8) Allsupport available. Top event LA failed (LLOCA).
9. (LB9) Top event LAguaranteed failure (LLOCA).

10. (LBF) Guaranteed failure.

Top Event RW:
1. (RW1) Allconditions (no support requ>reuj.

Top Event VA:
1. (VA1) Allsupport available.
2. (VAF) Guaranteed failure.

Top Event VB:
1. (VB1) Allsupport available. Top event VA successfuL
2. (VB2) Allsupport available. Top event VA failed.
3. (VB3) Top event VAguaranteed failure.
4. (VBF) Guaranteed failure.

Top Event AC:
1. (AC1) Large LOCA initiating event. Allconditions (no support required).

Top Event LI:
1. (LI1) Allconditions except large LOCA initiating event (no support required).
2. (LI2) LLOCA initiating event: given failure of top event AC.

Top Event MU:
1. (MU1) Power available at AC buses G and H.
2. (MU2) Power available at AC bus G (makeup to RWST via SFP pump).
3. (MUF) Guaranteed failure.

NUREG/CR-5726 A2-22



Table h2.23
Unavailability Values ("Split Fraction") for Emergency Core Cooling System

Low Pressure Fuactha

Tcp
Event Case Cele ...TTL HV HMI

Ceases nt
HND HN TS HE No.

LA1

LA2

LA3

PClE
BNL
PClE
BNL
PClE
BNL

2.041 2
2. 051-2
2.037 2
2.051-2
1.583-2
1.)81-2

9.422 3

9.458 3
9.422 3

9.458 S

9.422 3
9.458 3

9.048 3

9.080 3

9.048 3
9.080 3
9.048 3
9.080 3

$ .738-4
3.786-4
$ .738 4

3 ~ 786-4
$ .738-4
3.786-4

6.402 3
6.349-3
6.402 3

6.349 3
6.402-$
6.349 3

4.582-3
4.700-3
4.542-3
4.700-3

Lb LB1

LB2

Lb)

Lh4

LBS

LB6

LB7

Lb8

LV LV1

PClE
BNL
PCCE
BNL
PCCE
BNL
PCCE
BNL
PClE
bNL
PClE
bNL
PClE
BNL
PClE
BNL
PClE
BNL

PCCE
BNL

1.858-2
1.555-2
2.324 1

2.573 1

2.041-2
2.051-2
1.558-2
1.555-2
2.298 1

2. 573-1
2.037 2
2. 051-2
1.551-2
1.548-2
3.753-2
3.646-2
1.583-2
1.581-2

9. 422-3
9.458 3
4.861 4
4. 610-4
9.422 3
9.458-$
9.422 3
9.458-$
4.861-4
4.610 4

9.422 3
9.458 3
9.422-$
9.458-$
4.861-4
4. 610-4
9.422 3

9.458 3

0.048-3
9.080 3
1.123-4
8.244-5
9.048 3
9.080 3

9.048 3
9.080-3
1.12$ l
8.2ll 5
9.048-3
9.080 3
9.048 3
9.080 3
1.123-4
8.244 5
9.048-$
9.080 3

4.590-4 4.590-4 4.590 4

4.679 4 4.679 4 4.679 4

3.738 4

3.786 4

3 ~ 738-4
$ .786-4
3.7$ 8-4
3.786 4

3.7$ 8-4
3 ~ 786 4

$ .738 4

) F 786 4

3 ~ 738 4
3.786-4
3 ~ 738 4

$ .786 4

3 ~ 738-4
) F 786-4
$ .7$ 8 4

3 '86-4

6. 402 3
6 '49 3
1.159-4
1. 153-4
6.402-3
6.349 3
6 '02 3
6.$ 46-3
1.159-4
1.153-4
6.402-$
6.$ 49-3
6.402-$
6.$ 49 3

1.159 4

1 ~ 1534
6.402 3
6.349 3

4. 582-3
4.700 3
4.582 3
4.700 3
4.582 3
4.700-3
4.542 3
4.700 3
4.542-3
4.700-3
4.542-$
4.700-3

RN RN1 PC 4E
bNL

3.941-5 3.941 5 3.941-5
4.002-5 4.002 5 4.002-5

VA VA1 PClE
BNL

$ .836-3 3.294 3 $ .099-$
3.818 3 3.273-$ $ .076 3

1.947 4
1.963-4

5.412-4
5.449 4

PC 4E
BNL
PC 4E
BNL
PClE
bNL

3.642-$
3.622 3
5.679-2
5.478 2
3.836-3
3.818-3

3.294 3

3.27$ -3
2.052 4
2.058 4
3.294-3
$ .273-3

$ .099-$
$ .076 3
1.046-5
9.464 6
$ .099 3

$ .076-$

1.947 4

1 '63-4
1.947 4

1 '63-4
1.947 4

1 ~ 9634

5. 412-4
5.449 4

3.$ 47-6
3 '53 6

5.412 4

5.449

AC AC1 PC 4E
BNL1
BNL2

6.271 3 6.137-3 6.136-$
6.441-$ 6 '93-3 6.287 3

8.5$ 7-3 8.383 3 8.382 3

1 ~ 270 7

6 ~ 100 6
1 F 000-6

1.344-4
1.486-4
1.5$ 7 4

LZ LI1

LI2

PC 4 E

BNL1
BNL2
BNL3
PClE
BNL1
BNL2

4.028-6 1 ~ 91$ -6 1.659 6
3.$ 91-6 1.217 6 9.615-7
5.705-6 F 412 6 1 F 804 6
1.921-3 8.292 4 8.258 4

8.29$ -4
5.265 4

6.683 4

2.546 7

2.558 7
6.080 7

3 ~ $ 40 6

2 ~ 114-6
2.174 6
$ .294-6
1.091 3

Nl H01

HU2

PCCE

BNL
PCiE
BNL

7.977-3 3.289 3 3.289 3
8.116-3 $ .31)-$ 3.313 3
1.173 2 3.719-3 F 719-3
1.170-2 3.7$ 1 3 3 '31

8.040-3
8.000 3

1.086-$
1.090 3

3. 621-3
3.730-3

i

The comments are listed by number in Section A2.3.4 of the text.
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Attachment A2.A

Hardware Unavailability Cut Sets for the Low Pressure
Functions of the Emergency Core Cooling System

Top Events: LI, AC
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Appendix A2

Boundary condition designator: LI1

Hardware unavailabilitycut sets due to independent failures; HWI =

Case A
Success Criterion: 1/3
Rupture in Cold Leg 1

Case B
Success Criterion: 1/3

Rupture in any of the Four Cold Legs

1.
2.
3.
4.
5.
6.
7.
8.

1.9651E-07
1,6917E-07
1.6917E-07
1.4564E-07
7.5470E-08
7.5470 E-08
6.4972E-08
6.4972E-OS

LIBKC'IBKD+
LIBKA'IBKD+
LIBKC 'IBKB+
LIBKA'IBKB+
LIBKD~ LIBKF+
LIBKD'IBKJ +
LIBKB'IBKF+
LIBKB'IBKJ +

1.

2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

1.965 1E-07
1.6917E-07
1.6917E-07
1.4564E-07
7.5470 E-08
7.5450E-08
7.5470E-08
7.5470 E-OS

7.5470 E-08
7.5470E-08
7.5470E-OS
7.5470E-OS
6.4972E-OS
6.4972 E-08
6.4972 E-08
6.4972e-08
6.4972E-08
6.4972E-OS
6.4972E-OS
6.4972E-08

LIBKC'IBKD+
LIBKA'IBKD+
LIBKC'IBKB+
LIBKA'IBKB+
LIBKD* LIBKF+
LIBKD* LIBKE+
LIBKC* LIBKH+
LIBKC'IBKG +
LIBKD* LIBKJ +
LIBKD'IBKI+
LIBKC 'IBKL+
LIBKC 'IBKK+
LIBKB'IBKF+
LIBKB* LIBKE+
LIBKA* LIBKH+
LIBKA* LIBKG+
LIKBK'IBKI+
LIBKA'IBKK+
LIBKB* LIBKJ +
LIBKA'IBKL+

A2-25 NUREG/CR-5726



Appendix A2

Boundary condition designator; LI1

Hardware unavailabilitycut sets due to dependent and
independent failures; HW =

Case A
Success Criterion: 1/3
Rupture in Cold Leg 1

Case B
Success Criterion: 1/3

Rupture in any of the Four Cold Legs

1. 1.9651E-07
2. 1.6917E-07
3. 1.6917E-07
4. 1.4564E-07
5. 7.5470E-OS
6. 7.5470 E-08
7. 6.8100E-OS
8. 6.8100E-08
9. 6.4972 E-08
10. 6.4972 E-08
11. 5.7600E-08
12. 5.7800 E-08

LIBKC'IBKD+
LIBKA'IBKD+
LIBKC'IBKB+
LIBKA'IBKB+
LIBKD'IBKJ +
LIBKD'IBKE+
G41VCOD +
G42VCOD +
LIBKB'IBKE+
LIBKB~ LIBKJ +
T41VCOD234 +
T42VCOD234 +

1.

2.
3.
4,
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

1.9651E-07
1.6917E-07
1.6917E-07
1.4564E-07
7.5470 E-OS

7.5470 E-08
7.5470E-08
7.5470E-OS
7.5470E-OS
7.5470E-OS
7.5470E-OS
7.5470E-OS
6.8100 E-08
6.8100E-08
6.4972E-OS
6.4972E-08
6.4972E-08
6.4972E-08
6.4972E-08
6.4972E-OS
6.4872E-OS
6.4972E-OS
5.7600E-OS
5.7600E-OS
5.7600E-OS
5.7600 E-08
5.7600E-OS
5.7600E-OS
5.7600 E-OS
5.7600 E-OS

LIBKC'LIBKD+
LIBKA'IBKD+
LIBKC'IBKB+
LIBKA'IBKB+
LIBKD'IBKE+
LIBKD'IBKE+
LIBKC'IBKL+
LIBKC'IBKH+
LIBKC'IBKK+
LIBKC 'IBKG+
LIBKD'IBKJ +
LIBKD'IBKI+
G41VCOD +
G42VCOD +
LIBKA'IBKL+
LIBKA~ LIBKH+
LIBKA'IBKK+
LIBKA'IBKG+
LIBKB'IBKE+
LIBKB'IBKE+
LIBKB'IBKJ +
LIBKB'IBKI+
T41VCOD123 +
T41VCOD124 +
T41VCOD234 +
T41VCOD134 +
T42VCOD123 +
T42VCOD124 +
T42VCOD234 +
T42VCOD 134 +
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Boundary condition designator. ACl

Hardware unavailabilitycut sets due to independent failures; HWI =

Case A
Success Criterion: 1/3
Rupture in Cold Leg 1

Case B
Success Criterion: 1/3

'upturein any of the Four Cold Legs

1. 1.9251E-03
2. 1.925 1E-03
3. 1.9251 E-03
4. 1.7025 E-04
5. 1.7025 E-04
6. 1.7025 E-04
7. 1.9651E-07
8. 1.6917E-07
9. 1.6917E-07
10. 1.4564E-07
11. 7.5470 E-08
12. 6.4972 E-08

ACBKB +
ACBKD +
ACBKN +
ACBKL+
ACBKJ +
ACBKK+
ACBKC 'CBKD +
ACBKA'CBKD +
ACBKC 'CBKB +
ACBKA~ ACBKB+
ACBKD 'CBKE +
ACBKB ~ ACBKE +

1. 1,9251E-03
2. 1.9251E-03
3. 1.9251E-03
4. 1.925 1E43
5. 1.7025 E-04
6. 1.7025 E-04
7. 1.7025 E-04
8. 1.7025 E-04
9. 1.9 651E-07
10. 1.6917E-07
11. 1.6917E-07
12. 1.4564E-07
13. 7.5470E-08
14. 7.5470E-08
15. 7.5470E-08
16. 7.5470E-08
17. 6.4972E-08
18. 6.4972E-08
19. 6.4972 E-08
20. 6.4972E-08

ACBKP +
ACBKD +
ACBKN+
ACBKM+
ACBKJ +
ACBKK+
ACBKI+
ACBKL+
ACBKB ~ ACBKD +.
ACBKA'CBKD +
ACBKC 'CBKB +
ACBKA'CBKB +
ACBKD 'CBKE +
ACBKD ~ ACBKF +
ACBKC 'CBKH +
ACBKC 'CBKG +
ACBKB 'CBKE +
ACBKA'CBKH +
ACBKA'CBKG +
ACBKB 'CBKF +
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To Events: AC

Boundary condition designator: AC1

Appendix A2

Hardware unavailability cut sets due to dependent and independent failures; HW

Case A
Success Criterion: 1/3
Rupture in Cold Leg 1

Case B
Success Criterion: 1/3

Rupture in any of the Four Cold Legs

1.
2.
3.
4,
5.
6.
7.
8.
9.
10.
11 ~

12.
13.
14.
15.
16.

1.9251 E43
1.9251E-03
1.9251E-03
1.7025 E-04
1.7025 E-04
1.7025 E-04
1.9651E-07
1.6917E-07
1.6917E-07
1.4564E-07
7.5470 E-08
6.8100E-08
6.8100E-08
6.4 972 E-OS
5.7600E-OS
5.7600 E-OS

ACBKP +
ACBKO +
ACBKN+
ACBKL+
ACBKK+
ACBKJ +
ACBKO 'CBKD +
ACBKA~ ACBKD +
ACBKC 'CBKB +
ACBKA'CBKB +
ACBKD 'CBKF +
G41VCOD +
G42VCOD +
ACBKB 'CBKF +
T41VCOD234 +
T42VCOD234 +

1

2
3
4

~ 5
6
7
8
9
10

11
12
13
14

15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

1.925 1E-03
1.925 1E-03
1.9251E-03
1.925 1E-03
1.7025 E-04
1.7025 E44
1.7025 E-04
1.7025 E-04
1.965 1E-07
1.6917E-07
1.6917E47
1.4564E-07
7,5470E-08
7.5450E-OS
7.5470E-08
7.5470 E-08
6.8100E-08
6.8100E-OS
6.4972E-OS
6.4972E-08
6.4972 E-08
6.4972E-OS
5.7600 E-08
5.7600 E-08
5.7600E-OS
5.7600 E-08
5.7600E-OS
5.7600 E-08
5.7600 E-OS

5.7600 E-08

ACBKP +
ACBKO +
ACBKN +
ACBKM+
ACBKL+
ACBKK+
ACBKJ +
ACBKI+
ACBKC ~ ACBKD+
ACBKA'CBKD +
ACBKC ~ ACBKB+
ACBKA'CBKB +
ACBKD 'CBKF +
ACBKD 'CBKF +
ACBKC 'CBKH +
ACBKC 'CBKG +
G41VCOD +
G42VCOD +
ACBKB 'CBKE +
ACBKA'CBKH +
ACBKA'CBKG +
ACBKB ~ ACBKF +
T41VCOD124 +
T41VCOD234 +
T41VCOD134 +
T41VCOD123 +
T42VCOD124 +
T42VCOD234 +
T42VCOD123 +
T42VCOD134 +
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APPENDIX A3: AUXILIARYFEEDWATER SYSTEM

A3.1 Introduction

A3.1.1 Objectives

The main objective of this report is to summarize the results of reviewing the unavailability analysis of the
AuxiliaryFeedwater System (AFWS) in an updated version prepared for the DCPRA. The updated version
was made by PG&E after a BNL/NRC/PG8cE meeting held in Rockville, Maryland on September 12-15, 1988,
where preliminary findings of this system's review were presented.

A3.12 Orgardzation

Section A3.2 provides a briefdescription of the functions and system configuration, the dependencyon support
systems, the surveillance and maintenance conditions, the unavailability modelling of the AFW system in the
DCPRA, and the updated results'btained. The purpose of this approach is to present to the reader stand
alone documentation to which the review findings (presented in Section A3.3) can be directly compared.
Section A3.3 contains the results of the BNL review and presents the

findings.'or

completeness, the ranked cut sets of hardware unavailabilities(both independent and total) obtained by
BNL for certain top event split fractions are given in Attachment A3.A.

A3.2 Unavailability Modelling of the AuxiliaryFeedwater System

A3.2.1 Functions, System Description, Configuration

Thc AuxiliaryFeedwater System is an alternate to the Main Feedwater System (MFWS) when the MFWS is
not available to provide heat removal capability on the secondary side of the Reactor Coolant System. It is
designed to cool the reactor core safely after a reactor trip. It would also bc used in the event of an ATWS.
The AFWS is also operated for all startup, shutdown and hot standby conditions.

The Diablo Canyon Unit 1 AFWS consists of two motor-driven (MDP) and one turbine-driven (TDP) pumps,
their associated trains which feed into four feedwater lines (downstream of the four feedwater isolation valves),
and a preferred water supply from the Condensate Storage Tank. The flow goes to the four steam generators,
where it is heated to steam. The RCS heat is removed by dumping the steam via the 40% dump valves to the
condenser (ifit is available) or vented to the atmosphere by the'10% dump valcs and/or (ifthe initialpressure
spike is high) by the safety valves. Each of the motor-driven pumps can feed two" steam generators while thc
turbine-driven pump can feed all four steam generators.

The system configuration is shown in Figure A3.2.1. The figure shows the Raw Water Reservoir and the
pathway to the Fire Water Tank as alternate water sources. In addition, it indicates the steam lines from
steam generators 2 and 3'back to the turbine of the TDP.

I

The preferred mode of operation is to use the two MDPs for startup and shutdown but only the TDP can
operate if ac power is lost. Upon demand, the TDP starts automatically together with the MDPs. If the
MDPs start successfully, the operator shuts off. thc TDP in order to restart it again iflater there were MDP

ilures.
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A32 2 Top Event Definition, Success Criteria

Associated with the unavailabilityof the AFW functions, the DCPRA defines two top events to be used in the
main event trees. The designators of these top events are: AW and TD. The top event AW includes the two
MDP and the TDP trains, the water supply and steam rejection (via 10% steam dump or steam generator
safety valves) paths. Top event TD includes the TDP, the water supply and the steam rejection paths. It is

used only in the quantification of seismic event trees, when the 4kV load breakers are locked out due to relay
chatter and consequently the MDPs are unavailable. The definitions of the top events are given in Table
A3.2.1. The AFW is assumed to be in staadby mode prior to an initiatiag event.

The success criteria for the unavailability modcHing of both top events, AW and TD are also described in
Table A3.2.1. They relate to the specific boundary condition represented by each of the support systems being
available after a reactor trip. Notice, if the reactor does not trip, the success criterion for top event AW is

more strict (see "high power" requirements). The success criteria for aH the boundary conditions can be found
in Chapter E.2 of the DCPRA). For completeness, the success criteria, the LOCA and test requirements
given in the DCFSAR and DC Technical

Speciiflications

ar also listed in the Table. One can see the top event
success criteria cover well those of the DCFSAR4 for aH initiating events.

A329 Logic Models, Dependencies on Support Systems

The logic model of the top events AW aad TD shown in Figure A3.2.2 describes the logic relationships among
the supercomponents defined by areas designated with broken liaes in Figure A3.2.1. Figure A3.2.2 indicates
also the dependencies on trains or supercomponents of relevaat support systems whose unavailabilitiesplay
a role in the definitions of the top event boundary conditions.

A3&4 Boundaxy Conditions of Top Events

Top event AWwas evaluated for 13 boundary conditions, depending on the initiator, the reactor power level,
and the unavailabilitiesof certaia support system trains or certaia AFW supercomponents. Top event TDwas
evaluated for three boundary conditions. The quantiiflied split fraction values are identical to those of top
event AW under similar boundaiy conditions.

The detailed list of thc boundary conditions is given in Table A3.2.2.

A32$ Quantification of Top Event Split Fractions

The methodology of systems analysis applied in the DCPRA requires that the top event "split fraction"
(associated with a system under a given boundary condition) should reflect the notion that the system (or its
portion) in question is in one of the following mutually exclusive alignments: 1) normal alignment, 2) testing
alignment, 3) maintenance alignment, or 4) misalignment. Thus, the coatribution of the system unavailabiTity
from a speciiflic alignment is determined by the conditional system unavailability, given that the system is in
that alignment multiplied by the fraction of time that the system spends in that aligameat. That is the way
that the DCPRA considers the constraints imposed by Technical Specifications which disaHow simultaneous
maintenance or test activities on redundant components and the human errors causing the system or its
components (usuaHy occurring after these activities) to be inoperable.
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Table A3.2.3 lists the values of the SW and TD split fractions associated with the various boundary conditions
~

~

quantified by PG&E. The table presents the total unavailabilities(TfL), along with the main contributors
to the total unavailabilities,such as hardware (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.

The DCPRA used two sets of fault trees to distinguish between the "low power" and "high power" success

criteria. Mis explains the marked differences between the calculated "low" and "high power" split fraction
values. The BNL review focused on the "low power" case.

The DCPRA unavailability model assumes that only the 10% steam-dump valves and backup safety relief
valves are viable steam relief paths, i.e., the model considers that the condenser and hence the 40% dump
valves are unavailable. (If the 40% steam valves were available, they would be the preferred stcam dump
paths to the condenser. However, they willnot be available if the condenser is unavailable or Main Steam
Line Isolation occurs.) It further assumes that the use of the Raw Water Reservoir as a water source requires
operator action (open valves FCV436 and FCV-437) upon the failure of the CST. The human error
probability was taken to be unity thus having only CST failure as part of the hardware unavailability. (In the
BNLaudit calculations, the human error contribution was explicitlytreated as a part of the total human error,
HE.) The model considers that the system starts automatically and the flow is automatically controlled by
level control valves at the discharge side of the MDP. Operators manually control thc flow from the TDP and

~

~

~shut it down if the fiow is sufficient from the MDPs.

In the quantiTication, common cause failures were used:

a. between the MDPs (not between the TDP and MDPs),
b. between the check valves in parallel lines (e.g., inlet lines to the TDP),
c. between the four 10% steam dump valves, and
d. between the safety reliefvalves on a single steam generator. (Failure of the stcam generator relief

valves to reclose was evaluated if the 10% steam dump valve failed. 20 open/shut cycles were
assumed to calculate the conditional probability of reclosure failure.)

Different block failure rates were applied for the "P-blocks" (i.e., blocks N, 0, P and Q in Figure A3.2.1) in
quantifying split fractions depending on the boundary conditions (i.e.,whether they included the unavailability
of support to the 10% steam dump valves or not).

Unscheduled maintenance was modelled for the TDP and MDPs. Maintenanceof the 10% steam dump valves
was included in the rate of "valve failure to open given a demand" failure mode.

The recirculation tests for the TDP and MDPs were included in the unavailabilitymodel, because they require
isolation of certain AFWS components.

A3-3 NUREG/CR-5726

Human errors were considered in restoring these components to their operable conditions. Those were
modelled as failure events disabling thc AFWS between tests. Human errors in accessing the Raw Water
Reservoir were discussed above.
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A39 Results of the BNL Review

A39.1 General

A thorough review of the top event logic diagrams and the corresponding fault trees related to the "low
pressure" boundary conditions was performed by BNL (the fault trees are not reproduced here, they can be
found in Chapter E2 of the L)CPRA). The fault trees associated with the "high pressure" boundary conditions
were not reviewed. The reason for this is that the high pressure boundary conditions ap'pear only in the
ATWS event tree and the contributions of the ATWS sequences to the total core damage frequency are
negligible. The review is based, as was mentioned in the introduction, on a revised version of the original
submittal.2

A39.2 Logic Diagrams, Fault Trees

The unavailabilitymodel of the AFWS represents one of the systems in the DCPRA which have been analyzed
in the most detailed way. It serves as a "showcase" for demonstrating the application of a new approach of
system analysis suggested by Fleming, Mosleh and Deremer, in Reference 5. These authors analyzed, as an
example, a three train auxiliary feedwater system, similar to that at the Diablo Canyon plant and provided
guidelines for application of the new approach. As part of the review process, BNL checked whether the
model developed in the DCPRA was consistent with the guidelines described in that paper. The review found
that the independent failure modes of each supercomponent involved in the logic diagrams were determined
correctly and the associated (independent) fault trees adequately represented the failure conditions of the
AFWS.

In the trehtment of the common cause failures (dependent fault trees), however, the review idcntiTied some
inconsistencies with the recommendations given in Reference 5. Reference 5 states:

"An important characteristic of this system (AFWS) is that, although diversity is
employed in pump drivers, all three mechanical pumps are identical."

Consequently, in the example analysis common cause failures were applied for the pumps failingall the three
AFWS trains, dominating the system unavailability.

In the DCPRA there is no common cause failure modelled between all the AFWS pumps. The DCPRA
assumes common cause failures only for the two motor pumps. Similarly, it assumes common cause failures
between check valves and MOVs belonging only to the trains containing similar motor drivers, i.e., to the
motor trains or to the turbine train. This treatment results in complete independence between the motor
trains and turbine train. As a result it provides, e.g., in the case of the boundary condition when the low
power success criterion is used and all support systems are available an unavailability value of AW1(PG&E)
= 3.73-5/demand. This result is somewhat surprising in that if it is compared with the value given in the
conclusion of.ReferenceS, and taking into account that essentially the same organization was responsible for
both values:

"The three-train AFWS analyzed in this paper (Reference 5) is a rather typical
configuration found in several existing U.S. power plants. Thc system was analyzed
using U.S. industry-wide experience data that were screened for applicability to a
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specific plant's design. The results indicate that a realistic failure frequency with all
support systems available is about 1x10 s/demand. The result is corroborated by three
different parametricmodels: the Basic Parameter, MultipleGreek Letter, and Binomial
Failure Rate (with lethal shocks) models."

The difference between the above mentioned unavailabilityvalues do not arise from the failure rates used in
the calculations because the failure rates applied in both cases (DCPRA and Reference 5) were found to be
rather close; the data source was, in both cases, the data base developed by the PG&E consultant, PL&G.

The omission of potential common cause failures between the motor trains and the turbine train appears to
result in an underestimation of the split fractions for the "low pressure" cases. Ifthis is truly the case, then
it would result in even greater underestimation'for boundary conditions when the "high pressure" success
criterion is used.

A3BB Audit Calculations for Top Event Split Fractions ~w Pressure" )

In order to scrutinize the quantified values of split fractions AW and TD (associated with the "low pressure"
case) give in the DCPRA, audit calculations were performed at BNL for each of these split fractions. The
requantification was done by using the SETS code6 and by PC software developed at BNL. The use of the
SETS code allowed the identification of the most important cut sets contributing 'to the hardware,
unavailabilities. These cut sets are inaccessible for direct review in the DCPRA. Attachment A3.A lists the
ranked cut sets for selected boundary conditions. The definitions of the basic events appearing in the cut sets

~

~

~

~

~

~

~

~

~

~are identical to those given in Chapter E.2 of the DCPRA. In the audit calculations practically the same input
ata, maintenance frequency and duration, and human factors were applied which were used in the DCPRA

(see columns "PG&E"and "BNL1"in Tables A3.2.4 and A3.2.5). The obtained split fraction values forvarious
boundary conditions are presented in Table A3.2.3, denoted by "BNL1"to be compared with the values quoted
from the DCPRA, and denoted by "PG&E" in Table A3.2.3. Table A3.2.3 also contains the definitions of
certain quantities as used in the audit calculations to make clear the meaning of these quantities under
different boundary conditions, even iftheir notations sometimes are the same.

The BNL audit calculations resulted in the following comments:

1. There was an apparent non-coherent condition in the AFW model (see also Comment No.1 in
Table A3.2.3). Acomparison of split fractions AWS and AW7with AW8 (as calculated by PG&E)
shows that AW5 and AW7 have a higher unavailabilitiesthan AW8, in spite of the fact that they
involve less unavailable components than AW8. In the BNLcalculations this inconsistency did not
show up (see also Section A3.3.5).

2. In several cases there were some major or minor differences between the results of PG&E and
BNL1.

A39.4 Sensitivity Calculations for Split &actions by Using Different Set of Data

The methodology of the DCPRA puts an emphasis on the application of data appropriately selected for the
conditions of the Diablo Canyon plant and updated according to the Diablo Canyon experience.
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It was therefore of interest to see the sensitivity of the split fraction values (and through this the methodology

of the systems analysis in the DCPRA) when one simply uses the numerical parameters from other data bases.

For this purpose the data bases given in the Seabrook7 and Millstones PRAs were used. From these data

bases numerical parameters, appropriately selected for the AFWS unavailability analysis were taken. (Ifthe

data bases did not contain a given parameter, the DCPRA value was applied.) Tables A3.2.4 and A3.2.5 list
the failure modes and components involved in the AFWS unavailability model together with the numerical

parameters selected from the above data bases (see Column "BNL2"). For comparison, those numerical

parameters which were used in the original analysis and in the BNLaudit calculations are also presented (see

Columns "PL&G"and "BNL1").
|

The split fraction values obtained by the sensitivity study are shown in Table A3.2.3 (denoted by "BNL2").

By comparing the "BNL2"values with those of "BNL1",one observes that except for the boundary condition

AW1, there is a rough agreementbetween them. Thisresult shows that the majorityof the split fractionswere

not that sensitive to the use of a reasonable generic data source.

A38$ Hndings/Conclusions

Sensitivity calculations showed that the majority of split fractions would not be seriously influenced ifinstead

of plant-specific data, generic type numerical parameters had been used in the fault tree quantification of the
Diablo Canyon standby safety systems.

The BNL review identiTied the following items that required resolution for completion of the review:

1. Should common cause failures have been modelled between the turbine and two motor driven

pump trains'
2. What was the reason for the lack of agreement between BNL (BNL1) and PG&E calculations as

listed in Table A3.2.3 given that BNLused the DCPRA model and
data'.

Why was there an apparent non-coherence between support states AWS, AW7 and AW87

PG&E's response to item 1 essentially stated that no such common cause coupling was found in the Diablo

Canyon design. BNLbelieves that this item should have been in the model for completeness. The exact effect

of adding this element to the model is unknown as it was not explored further in the review. However, it
would tend to push the quantification of the split fraction somewhat higher.

For item 2, the disparities between the BNLcalculations (BNL1) and the DCPRA (PG&E) were determined

to be a result of the Monte Carlow approach used in the DCPRA and the mean values used by BNL.

The apparent nonadherence between support states AWS, AW7 and AW8 was explained by PG&E as a

truncation anomaly and upon recalculation, the PG&E point estimate values were in good agreement with
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those of BNL. However, substitution of these values into the dominant sequence model had a significant
effect on the calculated non-seismic CDF. BNL's results were as follows:

Case Total Non-Seismic CDF

Original PG&E values (AW5, AW7, AW8)

BNLAFW Review Values (AW5, AW7, AWS)

PG&E Point Estimate Values (AW5, AWS)

Final PG&E Values (AW7, AWS)

2.6684E-4 (151%)

2.4542E-4 (138%)

2.2887E-4 (129%)

1.7728'100%)

In order to clear up the confusion associated with these various sets of numbers, BNLasked for clarification
and a detailed response from PG&E was supplied in their May 3, 1990 letter to the NRC (PG&E Letter No.
DCI 90-118). The question and answer are reproduced here for completeness.

Item 9:

Two split fractions for the Auxiliary Feedwater (AW7 and AW8) system were revised in the uncertainty
analysis of the non-seismic dominant scquenccs. PG&E should provide these values to BNL along with a
discussion on how these values were determined. Also, PG&E should consider NRC Information Notice No.
89-58 in regard to whether the PRA model addresses this issue.

~

~

Res onse to Item 9:
I

The split fraction values which should be used in the dominant sequence model for AW7 and AW8 are
3.238'nd 1.225E-3 respectively. The following discussion describes how these values were determined.

In the original auxiliary feedwater model the followingconservative modelling assumptions were made:

A support system condition involving failure of one instrument channel was modelled as ifboth
instrument channels that supply the steam generator 10% atmospheric steam dumps are
unavailable.

No credit was taken for aligning the backup regulated transformer to the failed instrument channel
so as to power the 10% steam dumps.

3. Given the unavailability of the 10% stcam dumps, the model assumed 20 safety valve challenges
and that all five safety valves may lift for each challenge. Each safety valve is required to reclose
after each challenge.

To reduce the number of minimum cut sets in the AFW system equation file, certain low
frequency cut sets were removed based on their relative importance; this was done using a point estimate
quantification. These cut sets were related to split fractions AW7 and AWS. Mean values of the split
fractions AW7 and AWS, obtained from a Monte Carlo calculation using the truncated equations, were used
in the event tree quantification. These values are presented in Column 2 of the table below.

During BNL's review of the AFW system model, BNL identified inconsistencies in thc values of the AFW
systcmsplit fractions. PG&Edctermincdthat thescinconsistencieswcredueto thctruncatcdcutsets, Some
of the cut sets became significant contributors to thc AFW system unavailability when the model was
quantified using Monte Carlo quantiTication bccausc of the products of correlated variables. To resolve the
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inconsistencies, the cut sets were restored to the equation file and the equation model requantified. The
results are shown in Column 3 of the table below. The AFW split fraction values used in the DCPRA event
tree model quantification and hence, in the development of the DCPRA dominant sequence model were,
however, adequate for determining the important core damage sequences associated with the unavailability
of the AFW system. This is because the values of AW7 and AW8 used to develop the dominant sequence
model are higher than the revised values of AW7 and AW8 which were used for the uncertainty analysis of
the dominant sequences.

The results of event tree quantification revealed that split fractions AW7 and AWS were in a number of
relatively high frequency core damage sequences, and that the conservative assumptions in the original AFW
system model contributed to their importance. These sequences involved the failure of one instrument bus
which was assumed to fail all four 10% steam dump valves; in actuality, it takes the failure of two instrument
buses to render all four 10% steam dumps unavailable. A more realistic analysis of the AFW system model
was then performed by assuming that all safety valve failures to reclose were negligible for split fractions AW7
and AW8. This assumption is reasonable because loss of one instrument channel bus does not disable all of
the 10% steam dumps, and with the availability of the 10% steam dumps the steam generator safety valves
would not be challenged.

The reanalysis involved the revision of an equation in thc AFW system model equation file (sce Figure E.2-16
of the DCPRA report, Sheet 16) which contained the variable "C". The variable "C" is the failure probability
of one or more of the five safety valves on a single steam generator to reclose successfully in each of the 20
cycles. "C"was set equal to zero in the AFW-system model equation file, implying that all safety valve failures
to reclose were negligible. This resulted in the mean values for AW7 and AW8 as shown in Column 4 of the
table below: note, the values in Column 5 were used for the uncertainty analysis of the domin'ant sequence
model.

Split Fraction Values for AW7 and
AW8'sed

in Event
Tree Quantifica-
tion (EFI2 Terms
Truncated)z

EFT2 Terms Restored
to AFW E uation File
Variable Variable

C not Zeros C Set to Zcro4

Used in
Dominant
Sequence
Models

AW7 6.269-3
AW8 7.759-3

3.499-2
5.318-2

3.23M
1.225-3

3.238-4
1.225-3

Monte Carlo mean values.

Computer filePGE.1123EVENT TREES>INTERNALS>MFF.RM3. Also see Appendix J, Table J-8.

Computer file PGE.1123> IBM.SYSTEMS> ADDENDUMS>AFW1004M.CI'S.

Computer file PGE.1123> IBM.SYSTEMS>ADDENDUMS>AFW1006M.CTS.

Computer file PGE.1123> EVENTTREES> INTERNALS>PMODEL>DBF.RM3.SAVE. Also see
Appendix J, Table J-3.

The resulting distributions for AFW split fractions AW7 and AW8 from the reanalysis of the AFW system
model were used in the uncertainty analysis of the non-seismic dominant sequences. The characteristics of
these. distributions are provided below (5). These are'he values which should be used in the dominant
sequence model.

Mean 5th 50th 95th
AW7 3.238-4 8.715-5 2.234-4, 6.907-4
AW8 1.225-3 3.861-4 9.3934 2.372-3
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RC Information Notice No. 89-58 (1) describes an event that occurred at Diablo Canyon during power
operation involving isolation of one of the two steam supply paths to the turbine-driven AFW pump (for
maintenance) coincident with removal of a motor-driven AFW pump from service. In the post TMIreanalysis
of main feedwater line break for Diablo Canyon, it was assumed that AFW would be supplied to two steam
generators in order to prevent the pressurizer from fillingwith liquid coolant. With one of the two steam
pressurizer from fillingwith liquid coolant. With one of the two steam supply valves to the AFW pump
turbine isolation, only one steam generator may be supplied with AFW ifthe break occurs on the line feeding
the steam generator that provides the remaining steam supply to the turbine-driven AFW pump and if the
inoperable motor-driven AFW pump is associated with two steam generators with unbroken feedwater lines.
Because of this, the NRC recommended that the turbine-driven AFW pump should be considered inoperable
at Diablo Canyon (with respect to the emergency requirements) when one of the two steam paths is isolated.

From a system reliabilitystandpoint, however, the turbine-driven AFW pump is still available even with only
one operable steam supply path, since its design function to provide cooling water to all four steam generators
can still be accomplished. An additional failure in the remaining steam supply path is required before the
turbine-driven AFW pump is rendered unavailable. With the consideration of the joint frequency of
maintenance-relatedisolation of one steam supply path and an additional failure in the remaining path, itwas
judged in DCPRA that this combined frequency is insignificant compared to the unavailability of turbine-
driven AFW pump due to other causes. Maintenance of the steam supply valve(s) was, therefore, not
modelled explicitly in DCPRA.

Nonetheless, in the DCPRA any maintenance event contributing to the unavailability of an AFW pump
(turbine-driven or motor-driven) train was grouped together with the maintenance events for the
corresponding AFW pump. The unavailabilityof an AFW pump train due to maintenance activities was then
calculated based on the frequency and duration of the maintenance events on its respective pump. As such,

~

~ ~

~

unavailabilityof a motor-driven AFW pump due to maintenance (including events related to maintenance on
team generator level control valves as discussed in Information Notice No. 89-58) was modelled explicitly in

the AFW system analysis of DCPRA. The mean frequency and duration of maintenance on a motor-driven
AFW pump were estimated in DCPRA to be 5.53-4 per hour and 21 hours respectively. The mean
maintenance unavailabilityof a motor-driven AFW pump is thus approximately 1.16E-2.

The isolation of one AFW pump turbine steam supply valve described in Information Notice No. 89-58 is the
only occurrence of AFW steam supply isolation at Diablo Canyon since commercial operation. During that
event, the steam supply valve was isolated for about 49 hours. Assuming the average frequency and duration
of maintenance on steam supply valve are once every 3 years and 49 hours respectively, the estimated mean
unavailabilityof the AFWpump turbine steam supply valve due to maintenance would be approximately 1.9E-
3. Even without considering the frequency of an additional failure in the remaining steam supply path, this
is only about 2.5% of the tot'al due to other causes, which is approximately 7.3E-2. The impact of the steam
supply valve isolation event on the unavailability of the AFW turbine pump train is therefore not significant.

Ifthe unavailabilityof a motor-driven AFW pump due to maintenance is also considered in conjunction with
the isolation of an AFW pump turbine steam supply valve, the combined unavailability is about 2.2E-S. This
is less than 2% of the unavailabilityof one turbine-driven and one motor-driven AFW pump due to all causes,
which is 1.2E-3. If the frequency of the additional failure in the remaining AFW turbine steam supply path
is also accounted for, the combined frequency should be much less than 1% of the unavailabilityof two pumps.
After the January 1989 event, PG&E has revised the procedures to make itclear that the turbine-driven pump
should be declared inoperable when one AFW pump turbine stcam supplies is isolated. If a motor-driven
AFW pump also becomes unavailable during the period when one steam supply is isolated, the unit willbe
shutdown after six hours. This willprevent the recurrence of the January 1986 event and further reduce its
contribution to system unav'ailability.
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Reference

NRC Information Notice No. 89-58: Disablement of Turbine-Driven AuxiliaryFeedwater Pump
Due to Closure of One of the Parallel Steam Supply Valves, August 3, 1989.

The final updated PG&E values for AW7 ~nd AW8 as described above were used by BNL in the calculations
found in Section 3.9 and Appendix D.
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Steam Control Valves
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Appendix A3

Table A3.2.1
Top Event Definitions and Success Criteri

AuxiliaryFeedwater System

Top
Event

Designator

AW

Top Event Definition

Successful start and run" of
the auxiliary feedwater system and steam
rejection path through either the 10%
dump valves or steam generator safety
relief valves. Successful reclosure of all
steam rejection valves is'lso included.

Top Event Success Criteria

Ifreactor trip succeeds, the flow
equivalent of at least one (or three)
auxiliary feedwater pumps must fiow

'hroughat least one steam generator and
be rejected through the 10% steam dump
valves of the safety relief valves ("Low
Power" Requirements).

If the reactor does not trip, the flow
equivalent of all three auxiliary feedwater
pumps through at least two steam
generators is assumed to be required
("High Power" Requirements).

i

Successful start and run of the'urbine-
driven auxiliary feedwater pump, flow
path, and steam rejection path with
successful reclosure of steam rejection
valves.

The flow equivalent of a motor-driven
auxiliary feedwater pump must flow
through at least one steam generator and
be rejected through the 10% steam dump
or safety relief valves ("Low Power"
Requirements).

'The top event success criteria described in this table relate to the condition when all support systems are
available.

~'24 hours of continuous operation is used as the length of time for success.

FSAR Success Criteria

1. FSAR
la.
1b.
2a.
2b.
3.
4.
5.

6.5.1.1: The AFW system must function under the following conditions:
Loss of main feedwater with offsite power available.
tuss of main feedwater without offsite power available.
Feedwater pipe rupture.
Secondary steamline pipe rupture.
Loss of all ac power (station blackout)
Loss of coolant accident.
Cool down.

It is noted in FSAR 6.5.1.1.4 that LOCAs do not impose any AFW fiow requirements in excess of those
of other initiating event types.
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Appendix A3

Table A3.2.1 (continued)

2. FSAR Table 6.5-1: For loss of main feedwater during station blackout, the criteria is that the reactor
coolant system pressure not exceed the design prcssure. A note on this table indicates that flow to a

single SG is sufficient. For all other accident types the pressure requirement is the same, but there are
also the requirements of 10CFR100 dose limits (secondary steamline rupture, feedline rupture, and

LOCA) and 10CFR50 PCI'imits.

LCOs: Tech. Spec.3.7.1.2: At least three AFWS pumps shall be operable with the MDPs fed offseparate vital
buses and the one TDP powered by an operable stcam supply system. Ifone AFWS pump inoperable: restore
within72 hours or be in at least hot standby within six hours and hot shutdown within the followingsix hours.
If two AFWs pumps inoperable:,be in at'least hot standby within six hours and hot shutdown within the .

following six hours. If three AFWS pumps inoperable: immediate operator action to restore at least one
AFWS pump to operablc status as soon as possible.

Tests:

1. Each AFWS pump is tested at least once per 31 days.
2. Non-automatic non-secured values are chcckcd for correct position once every 31 days.
3. AFWS pumps and valves are to be tested via an auxiliary feedwatcr activation signal at least once per 18

months.
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Table A3.2.?
Boundary Conditions for AFWS Top Events

1. Top Event AW:

1. AW1, all support system available, low power'.

2. AW2, all support system available, high power'*.

3. AW3,'upport for one MDP unavailable, low power.

4. AW4, support for two MDPs unavailable, low power.

6.

AW5, support for all (4) 10% steam dump (air operated) valves unavailable, low power.

AW6, support for all (4) 10% steam dump (air operated) valves unavailable, high power.
N

AW7, support for all (4) 10% steam dump (air operated) valves and to TDP unavailable, low power.

8. AW8, support for all (4) 10% steam dump (air operated) valves and to one MDP unavailable, low
power.

9. AW9, support for all (4) 10% steam dump (air operated) valves and to two MDPs unavailable, low
power.

10. AWA, support for all (4) 10% steam dump (air operated) valves and to (1 MDP + TDP)
unavailable, low power.

11. AWB, one steam generator dcpressurizes. Loss of TDP and the MDP due to failure to isolate
faulted SG. Allother support system available, low power.

12. AWC,ATWSwith turbinetrip, Tl;successful. Allothersupportsystemavailable. TDPor both
MDPs feeding two SGs required.

13. AWF, guaranteed failure.

2. Top Event TD (Seismic Events):

1. TD1, support for two MDPs unavailable, low power.

2. TD2, support for all (4) 10% steam dump (air operated) valves and to two MDPs unavailable.

3. TDF, guaranteed failure.

'Low power; success criterion; 1 AFP to 1 SG.
"High power; success criterion; 3 AFPs to 2 SGs.
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Appendix A3

Table h329
UnavailabilityValues (Split Fractions) for the

AuxiliaryFeahrater System Function
Top Events: hW, TD

Top
Event Calc. TlL HWI HWD MN TS

Comment¹
AW AW1 PG&E 3.727-5

BNL1 4.113-5
BNL2 IA024

2.606-5
1578-5
1.0474

1.420-5
6591-7
1.610-6

1.187-5
1.512-5
1.0314

1543-6-
1.679-6
4.917-6

7.016-6
7.436-6
5521-6

2.650-6
1.623-5
2.509-5

PG&E 1.174-1
BNL1
BNL2

5.732-2 5.715-2 1.7304 8332-3 3.780-2 1.396-2

PG&E 1239-3
BNL1 1.492-3
BNL2 1.128-3

1.8054
2.1074
45804

1.6774
1.94&4
3.0104

1.273-5
1.594-5
15704

13094
1.8334
1.916-4

65424
7.7404
137&4

2531M
32424
3.4104

AW4
'IVI

PG&E 7250-2
BNL1 8.413-2
BNL2 7521-2

5.108-2
6273-2
6314-2

5.107-2 1384-5
6.272-2 1.500-5
6.280-2 3A004

2.777-3
2.778-3
2.778-3

1399-2
1390-2
4577-3

4.655-3
4.723-3
4.717-3

AWS PG&E 3296-2
BNL1 4.934-3
BNL2 5.799-3

3.249-2
4.061-3
5.270-3

3.247-2
4.040-3
5.081-3

2.195-5
2.100-5
1.8904

1.12@4 5562-4
1.2374 5.1604
1.4~ 1.12M

2.1204 1

22314
2.6994

AW6 PG&E 2.005-1
BNL1
BNL2

1519-I 1512-1 1.7474 8332-3 3392-2 1.419-2

AW8

AW9
m2

AWA

AWB

PG&E 3.499-2
BNL1 7.011-3
BNL2 7.866-3

PG&E 7.996-3
BNL1 2384-2
BNL2 2386-2

PG&E 1.410-1
BNL1 1A41-I
BNL2 1372-1

PG&E 9585-2
BNL1 8.803-2
BNL2 8.440-2

PG&E 2.414-2
BNL1 2.240-2
BNL2 1509-2

3282-5
4.492-3

'.460-3

3.900-3
2.002-2
2370-2

1225-1
1.255-1
1331-1

7.843-2
6592-2
7.570-2

4.808-3
3.883-3
5.840-3

5.3544
4.323-3
5370-3

L7044
2.000-2
2350-2

S.095-2
1.255-1
1328-1

3.220-3
6375-2
7.460-2

3.054-3
3.104-3
4.790-3

'.229-2
1.6904
8.9004

3.730-5
2.000-5
2.0004

7.156-2
3.810-6
3.0004

7322 2
L7004
1.100-3

1.755-3
1.7904
1.050-3

4.3574
3.6624
4.206-4

55814
5317M
5.8004

2.777-3
2.778-3
2.778-3

21777 3
2.778-3
2.778-3

2.777-3
2.778-3
2.778-3

1.798-3
1.531-32.~
25524
2374-3
5.8074

1377-2
1390-2
4377-3

1.152-2
1.161-2
1.760-3

1.190-2
1.161-2
1.760-3

7.803-4 1

63444
72844

9.8834 1

9.1504
9.9814

4.731-3
4.723-3
4.716-3

4.731-3
9.433-3
9.417-3

4.655-3
4.723-3
4.717-3
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Table h32D (continued)

Top
Event Case Caic. TIL HW HWI HWD MN TS

Comment¹

AWC PG&E 2A48-2 33554 3.2204
BNL1
BNL2

1.356-5 3.0114 1306-3 5.0504

AWF PG&E 1.0
TDF BNL1 1.0

BNL2 1.0

~Noror'oor

'ITL~ Total unavailability.
HW ~ Unavaihbilitydue to hardware contribution which is the sum of independent failures and common cause failures.
HWI ~ Unavailability due to independent failures.
HWD ~ Unavailability due to common cause failures.
TS ~ Unavaihbilitydue to test.
MN ~ Unavailability due to maintenance.
HE ~ Unavailability due to human error contribution.

efin tio of Various uant't'es Used '
e Ca at o

~

~

~

e test, maintenance, and human error contributions are calculated for each split fraction by using the following quantities
&E notations):

1. For AW1
EFT1 ~ Total hardware unavailability when the TDP is unavailable, all support is available.
EFI2 ~ Total hardware unavailability when one MDP is unavailable, all support is available.

2. For AW3
EFT3 ~ Total hardware unavailability when two MDPs are unavailable, all support is available.
EFI'4 ~ Total hardware unavailability when one MDP and thc TDP are unavailable, all support is available.

3. ~For WS
EFI'1 ~

EFI2 ~

Total hardware unavailability when the TDP is unavailable, and support to all 10% steam dump valves is
unavailable.
Total hardware unavailabilityin case when one MDP is unavailable, and support to all 10% steam dump valves
is unavailable.

4. For AW7
EFI'4 ~ Total hardware unavailabilitywhen one MDP and the TDP are unavailablc, and support to all 10% steam dump

valves is unavailable.
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Table h3~ (continued)

5. For AW8
EFI3 ~ Total hardware unavailability when two MDPs are unavailable, and support to all 10% steam dump valves is

unavailable.
EFI'4 ~ ihe same as at AW7.

Comments

1. There was-an inconsistency between these split fractions in that the more degraded support state (AWS) had a lower
unavailability than the lesser degraded support states (AW5 and AW7). 'Hds was subsequently corrected by PG&E.

1
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Table h32.4
Failure Rate Date (hux0lary Feedwater System)

Designator Component and Failure Mode PGAE BNL1 BNL2 Comment 4
ZTPAMR
ZTPAMS
ZTPATR
ZTPATS
ZTRL1D
ZTRL1R
ZTSC1P
ZTTK1B
S2PAMR
D2PAMR
S2PAMS
D2PAMS
ZTVAOD
ZTVCOD
ZTVCOP
ZTVE1T
ZTVE21
ZTVHOT
ZTVMOD
ZTVMOT
ZTVR10
ZTVR1S
S2RL1D
D2RL1D
S4VAOD
D4VAOD
T4VAOD
G4VAOD
S2VCOD
D2VCOD
S4VCOD
D4VCOD
T4VCOD
G4VCOD
GSVR10

Motor-Operated AFW Pump - Fail to Run
Motor-Operated AFW Pump - Fail to Start
Turbine-Driven AFW Pump - Fail to Run
Turbine-Driven AFW Pump - Fail to Start
Relay - Failure to Operate on Demand
Relay - Failure During Operation
Strainer, Other Than AuxiTiaiySaltwater - Fail During Operation
Storage Tank - Rupture During Operation
1 of 2 AuxiliaryFeedwater Pumps Fail to Run
2 of 2 AuxiliaryFeedwater Pumps Fail to Run
1 of 2 AuxiliaryFeedwater Pumps Fail to Start
2 of 2 AuxiliaryFeedwater Pumps Fail to Start
Air-Operated Valve - Fail to Operate on Demand
Check Valve (Other Than Stop) - Fail to Operate on Demand
Check Valve (Other Than Stop) - Transfer Qosed/Plugged
Electrohydraulic Valves - Transfer Open/Qosed
Turbine Stop/Control Valve - TRFR Qosed During Operation
Manual Valve Transfers Qosed/Open
Motor-Operated Valve - Fail to Operate on Demand
Motor-Operated Valves Transfer Open/Qosed
Primary Safety Yah e - Failure to Open on Demand
Primary Safety Valve Failure to Reseat on Demand (Steam)
1 of 2 Relays Fail to Operate on Demand
2 of 2 Relays Fail to Operate on Demand
1 of 4 Air-Operated Valves Fail on Demaad
2 of 4 Air-Operated Valves Fail on Demand
3 of 4 Air-Operated Valves Fail oa Demand
4 of 10 Air-Operated Valves Fail on Demand
1 of 2 Check Valves Fail on Demand
2 of 2 Check Valves Fail on Demand
1 of 4 Check Valves Fail on Demand
2 of 4 Check Vah es Fail on Demand
3 of 4 Check Valves Fail oa Demand
4 of 4 Check Valves Fail on Demand
4 or More of 5 Safety Valves Fail on Open

2.84-5'.18-3

8.674
2.88-2
2.414
420-7
6224
2.66-8

2,86-5'.69-7'.04-3

1394
6224
1.704
1.044
2.65-7
2.88-5
332-8
1.65-3
2.66-7
328-4
2.87-3
228-4
1.67-5
5.824
126-5
1.74-6
1.12-6

1.674

1564'.674

437-7'.76-8

6.814
4.604

2.86-5
2.18-3
8.674
2.88-2
2.414
4.20-7
622A
2.~
2.84-5
2.69-7
2.04-3
1594
6224
1.704
LOS
2.65-7
2.88-5
3324
1.65-3
2.66-7
3284
2.87-3
2284
1.67-5
5.824
126-5
L744
L124
1.674
1Mb
1.674
437-7
5.764
6.81 8
4.604

3.42-5
329-3
1.03-3
331-2
2.414
420-7
8.766
2.664
3.42-5
4.114
329-3
3.624
132-3
2.98-4
6.42-7
2.67-7
2.88-5
4.204
430-3
927-8
328-4
2.87-3
2.414
4.82-5
152-3
5.76-5
4.99-5
4.99-5
2.984
3.65-5
2.98-4
334-5
2.88-5
2.77-5
6.804
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Comments to Table A3.2.4

1. These values are presumably interchanged

2. This value seems to be too small. The small value might be the result of inappropriate Bayesianupdating.
In Reference 5, Table 6, e.g., the beta factor for the failure mode "motor fail to run" ifPM' 0.6 yielding
a double failure rate of 1.7x10 s/hr.

3. These values also seem to be too small. The cause might be also due to inappropriateBayesianupdating.
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'1'a I>l«A3.2.5
Maintenance Durations, D (hr.) au<I Maintenance Frequency, F (per year)

Auxiliary Feeilwater System

Designator Component PGEcE BNL1 BNL2

ZMPAMD Motor-Driven AFW Pump 21 21 20.9

ZMPATD Turbine-Driven AFW Pump

ZMVMSD Mainsteam Atmospheric Dump Valves

17

55

17

55

20.9

132

ZMPAMF

ZMPATF

AFW Motor-Driven AFW Pump

AFW Turbine-Driven AFW Pump

5.53-4

8.08-4

5.53-4

8.08-4

8.42-5

2.19-4

ZMVMSF Mainsteam 'Atmospheric Dump Valves 1.19-4 1.19-4 2.7-5
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Attachment A3.A

Hardware Unavailability Cut Sets for the

AuxiliaryFeedwater System (Case: "Low Pressure," "BNL1')

Top Events: AW, TD
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Boundary Condition Designator: AW1
Leading hardware unavailability cut sets due to independent failures; HWI =

Appendix A3

1 6.023 0E-07

2 5.483 1E-08
ZTA ~ S2B8 '2BC +
Z1T) ~ ZTE+

Leading hardware unavailability cutsets due to independent and dependent failures; HW =

1.0571E-05

45337E-06
6.023 0E-07
5.483 1PA8
42705E49
1525 6E-09
15256E49

ZTA ~ D2BC+
G4P +
ZTA '2B8 '2BC +
ZTD 'TE +
ZTA ~ G4CWXYZ +
S2BB '4POPQ +
S2BC '4PNOP +
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Boundary Condition Designator: AW5
Leading hardware unavailability cutsets due to independent and dependent failures; HW =

1 3.9076E-03
2 4.8436E-05
3 4.843 6E45
4 1.2149E-05
5 1.2149E-05
6 1.0571 E-05
7 1.053 8E-05
8 4.403 6E-06
9 4.403 6E-06
10 6.0230E-07
11 6.0040E-07
12 2.7614 E-07
13 2.7614E-07
14 6.8100E-08
15 5.4831E-08
16 5.4659E-08
17 5.4659E-08
18 5.4585 E-08
19 5.4585 E-08

S4PN '4PO '4PP '4PQ +
S2BC '4PN ~ S4PO ~ S4PP +
S2BB '4PO '4PP '4PQ +
ZTA '2BC '4PN '4PO +
ZTA '2BB ~ S4PP '4PQ +
ZTA '2BC+
D2BC '4PO '4PP +
S4PN '4PO ~ S4PP '4YZ +
S4PO '4PP '4PQ '4YW +
ZTA '2BB '2BC +
S2BB '2BC '4PO '4PP +
ZTA ~ S4PN '4PP '4PQ '4YZ +
ZTA '4PN ~ S4PO '4PQ ~ S4YY +
G4P +
ZTD ~ ZTE+
S2BB '4PP '4PQ '4JI +
S2BC '4PW '4PO '4JJ +
S2BC '4PO '4PP '4YW +
S2BB '4PO '4PP '4YZ +
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Boundary Condition Designator: AW5
~

~ ~

~Leading hardware unavailability cutsets due to independent failures; HWI =

Appendix A3

1

2
3

4
5

6

7
8
9

10

11

12

13

14

15

16

17

18

19

:

3.9076E43
4.843 6E45
4.8436E45
1.2149E45
1.2149E45
4A036E46
4A036E-06
6.0230E47
6.0040 E-07
2,7614 E47
2.7614E47
5.4831 E48
5.465 9E-08
5.4659E48
5.4585E48
5.4585 E48
5.2190E-08
5.2190 E48
1.3691E-08

S4PN '4PO '4PP ~ S4PQ +
S2BB '4PO ~ S4PP ~ S4PQ +
S2BC '4PN i S4PO ~ S4PP +
ZTA '2BB ~ S4PP ~ S4PQ +
ZTA '2BC '4PN '4PO +
S4PN '4PO '4PP ~ S4YZ +
S4PO '4PP '4PQ i S4YW +
ZTA '2BB ~ S2BC +
S2BB '2BC '4PO ~ S4PP +
ZTA '4PN '4PO '4PQ '4YX +
ZTA '4PN '4PP '4PQ '4YX +
ZTD 'TE +
S2BC '4PN '4PO '4JJ +
S2BB '4PP '4PQ '4JI +
S2BB ~ S4PO ~ S4PP '4YZ +
S2BC '4PO '4PP ~ S4YW +
S2BC '2MM ~ S4PN ~ S4PO +
S2BB '2ML ~ S4PP ~ S4PQ +
ZTA'2BC~ S4PO '4YW+
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Boundary Condition Designator: AW8
Leading hardware unavailability cutsets due to independent and dependent failures; HW =

1

2
3

4
5

6

7
8
9

10

11

12

13

14

15

16

17

18

19

20
21

22
23

24

1.5629E42
3.9200E-03
1.9434 E-04
1.9373 E44
1.7637E-05

1.7613 E45
1.6840E-05
1.0571E-05
1.053 6E45
4.4175 E46
4.4175 E-06
2.1862E-07
2,1862E-07
2.0874E-07
2.0874 E-07
1.1426E-07
1.1426E-07
1.1426E-07
9.7516E-08
6.8100E-08
5.73 00E-08
5.4831E-08
2.835 8E-08
2.8358E-08

S4PO '4PP '4PQ +
ZTA '4PP ~ S4PQ +
ZTA '2BC+
S2BC ~ S4PO '4PP +
S4PP '4PG '4JI +
S4PO ~ S4PP ~ S4YZ +
S2ML '4PP '4PQ +
ZTA '2BC+
D2BC'4PO '4PP +
ZTA '4PP '4YZ +
'ZTA '4PQ ~ S4YY+
S2BC ~ S4PP '4JI +
S2BC '4PO '4JJ +
S2BC* S2MM ~ S4PO+
S2BC '2ML '4PP +
D4POP '4PQ +
D4POQ ~ S4PP +
S4PO '4PPQ +
D3ML'4PP ~ S4PQ +
G4P +
T4POPQ +
ZTD 'TE+
ZTA ~ D4CYZ+
ZTA '4PPQ +
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~Boundary Condition Designator: AW8
Leading hardware unavailabilitycutsets due to independent failure; HWI =

Appendix A3

1

2
3

4
5
6

7
8
9

10

11

12

13

14

15

16

17

18

19

15629E-02
3.9200 E43
1.9434E44
1.9373E44
1,763 7E45
1.76 13E-05

1.6840E45
4.4175E46
4.4175E46
2.1862E-07
2.1862E47
2.0874E47
2.0874E47
5.4831E48
L9876E48
1.8978E48
4.9783E49
4.9693 E-09
4.7448E-09

S4PO '4PP '4PQ +
ZTA ~ S4PP '4PQ +
ZTA '3BC+
S2BC '4PO '4PP +
S4PP '4PQ ~ S4JI +
S4PO '4PP '4YZ +
S2ML ~ S4PP '4PQ +
ZTA '4PQ '4YY +
ZTA ~ S4PP i S4YZ +
S2BC '4PO '4JJ +
S2BC '4PP '4JI +
S2BC '2MM '4PO +
S2BC ~ S2ML ~ S4PP +
ZTD 'TE +
S4PP '4JI '4YZ +
S2ML '4PP ~ S4YZ +
ZTA '4YY '4YZ +
S4PO ~ S4PQ '4JJ '4YY +
S2MM ~ S4PO '4PQ '4YY +
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System Analyses for Selected Support Systems

B1: Diesel Generator & Diesel Fuel Transfer Systems

B2: Electrical Power Systems

B3: AuxiliarySaltwater System

B4: Component Cooling Water System

BS: Solid State Protection/Reactor Protection Systems
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APPENDIX 81: DIESEL GENERATOR 4 DIESEL FUEL TRANSFER
SYSTEMS

B1.1 Introduction

B1.1.1 Objectives

The main objective of this appendix is to summarize the results of reviewing the unavailability analysis of the
Diesel Generator and Diesel Fuel Transfer Systems described in the DCPRA.i The review was carried out
with special attention to the details of the unavailability modelling of the maintenance activities on the DGs.
(This particular emphasis was prompted by a'concurrent request of the Pacific Gas and Electric Co. to change
the AHowed Outage Time (AOT) of the DGs from the present outage of three days to seven days, and the
fact that the study supporting this request derived data on expected core damage frequency changes based

mainly on the DCPRA.)

BI.ID Orgiinization of the Report

Section B1.2 provides condensed descriptionsof the configurations and functions of the DieselGenerator and
the Diesel Fuel Oil Transfer Systems. It also describes the dependency of these systems on support
equipment, the surveillance and maintenance conditions, the unavailability modelling in the DCPRA, and the
original PRA results. The purpose of this approach is to present stand alone documentation to which the
review's findings can be directly compared. Section B1.3 contains the results and findings of the BNLreview.

For completeness, the ranked cut sets of hardware unavailabilities(both independent and total) obtained by
BNL for various diesel configurations are given in Attachment Bl.A.

B14 Unavailability Modelling of the Diesel Generator and Diesel Fuel Oil
Transfer Systems

BI&1 Diesel Generator System Description, Configurations and Functions

The Diesel Generator System at the Diablo Canyon plant consists of five diesel generators: two dedicated
to Unit 1, two dedicated to Unit 2, and one (a "swing diesel" ) shared between the bvo units. According to
the DCFSAR,s the individual diesel generator units are isolated from each other and from other equipment.
The swing diesel is physically located in Unit 1. Each diesel generator supplies power to its associated 4.16kU
vital bus (H, G, and F - Units 1 and 2). In the event of a loss of electrical 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
automatically 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 is provided through
startup transformers 11 and 12.) Ifthis transfer is unsuccessful or the standby power is unavailable, the diesel

generators must start and provide power to the affected buses. The diesel generators start on undervoltage
signals from their respective buses, load onto those buses (the output breakers are normally open), initiate
reloading of the vital loads and continue deliveringpower at normal frequency to the buses. A safety injection
actuation signal (SIS) from either Train Aor B of the SSP System willalso start the diesels (Train Awillstart
11 and 13, Train B willstart 11 and 12).
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The swing 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 (SSPS Train A). Because the output is not shared
simultaneously by the units, only one of its two circuit breakers is closed at a time. 'Ke breakers have
individual sets of control and protection circuits. Ifone of the units receives an SI signal (earHer than the
other), it is given priorityof using the swing diesel.

The DGs are 2750 kW, 18 cylinder, vee configuration, ALCO units. Each unit consists of a self~ntained
diesel engine directly connected to an alternating current generator. Each diesel has dual train electrical
starting circuits and air system with turbocharger, ventilation, fuel oil system, self-contained radiator cooled
jacket cooling water system, lube oil system, and speed control governor system.

Each independent starting circuit has its own dc power source (DG11; dc panels 13, 12. DG12; dc panels
12, 11. DG13; dc panels 11, 13. DG21; dc panels 22, 21. DG22; dc panels 23, 22). The operating control
circuit is common. Without control power a unit keeps running.' mechanical trip handle, located in the
diesel compartment serves to shut the unit down.

The air start system consists of two trains. Each train includes a compressor, a dryer, an air receiver and
two air-driven motors. Airfrom receivers is fed through regulator valves and up to the starting air system
solenoid valves. Only one motor is needed to start a dieseL Power supply to the compressor trains are
provided by 480V ac buses: [DG11; Trains A and B; 1H, 1G. DG12; Trains A and B; 1G, 1F. DG13;
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 control valve of an air driven motor in each compressor train gets its "open"
signal from the normal control, the other solenoid valve receives signal from the backup control. Upon
initiationof a start, the solenoid 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 day tanks. There is one air supply line per
LCV.

The air start system also includes an air operated turbocharger for quick starting and load pickup. The
associated air subsystem consists of one turbo air compressor, one starting air receiver tank, and an air
dryer. Two solenoid operated shutoff valves, one on each of the two supply lines, control the air supply to
the turbocharger. A solid state speed-loss sensor controls the turbo-assist air supply to prevent a critical
loss of speed when a sudden large load increase occurs.

~ Each diesel has also another air system: the combustion air and exhaust system (ventilation), containing
the intake and exhaust silencers and the two motor-driven crankcase exhauster fans.

The engine fuel oil system involves the fuel oil day tank. Fuel oil is supplied by the Diesel Fuel Oil
Transfer System (see its description in Section B1.2.2). The fuel oil level in the day tank is controlled by
two redundant level control valves (LCVs). Each LCV has two 480V ac control power sources; a normal
supply and a backup supply. The power sources for LCVs associated with the primary fuel oil transfer
pump grain 02) are: 480V ac buses 1G and 2G. Power sources for LCVs associated with the secondary
fuel oil transfer pumps (Train 01) are: 480V ac buses, 2H and 1H. The valves may be actuated also
manually.
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~ The cooling of a diesel unit is provided by a closed loop jacket cooling water system. The jacket water
pump takes water from the lube oilcooler and the turbocharger aftercooler. There is a 50-gallon expansion
tank connected to the suction side of the pump, The pump discharges water through the engine block and
turbocharger to a common return line. Engine water temperature is maintained at 170'F by a
thermostatically controlled 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 resetvoir, an engine driven pump and a heat exchanger. The
heat exchanger is cooled by the engine jacket cooling water system. Lubricating oil temperature is
thermostatically controlled. The oil is kept in the range of 90'-110'F circulated by a smaH premrculation
pump even ifthe generator is idle, to reduce wear during the engine start period. The diesel automatically
stops ifthe oil pressure drops below 40 psig.

~ To control the fuel delivery and therefore the engine's speed and generator output frequency to a
predetermined value, an engine governor speed control unit is used. 'Ihe governor has electrical and
mechanical controls; both of which act through a hydraulic actuator to control the fuel supply.

The diesels cannot respond to a start signal under the followingconditions:

1. Shutdown relay tripped.
2, Manual test condition.
3. Low fuel level in the day tank.
4. Low pressure in both starting air receivers.
5. Loss of dc control power.
6. Voltage regulator on manuaL

The eventual problems of the diesels are annunciated by various alarms (14 groups of signals) in the control
room.

The loads of the diesels are listed in Table B1.2,1. Each diesel has enough capacity to handle some extra
startup load. The loading of the diesels during the recirculation phase of a LOCA is under the control of the
operator.

Each generator compartment is provided with an automatic flooding CO2 gas system for fire protection.

B1~ Diesel Pael OH Transfer System, Con6guration and Function

The diesel fuel oil transfer system maintains a supply of fuel oil to each DG day tank from two large
underground storage tanks (capacity: 40,000 gallons per tank). It contains two trains (01 and 02), each having
a rotary screw type positive displacement pump. These pumps are self priming. A single pump has enough
capacity (55 gpm at 50 psig) to supply all the five diesels. (The fuel consumption rate is about 3.2 gpm per
DG). Each pump train has a fuel oil distribution header supplying all five of the DGs. Manual crosstie
valving between headers allow either transfer pump to deliver to either header. Also, it is possible to pump
from either of the storage tanks.
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Local controls 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 (Sx2). Each switch starts the
transfer pumps and opens the LCV of its respective train, The pump start levels are different: 252 gallons
for train 01 and 271 gallons for train 02. Once a pump is started it willremain running until shut down by
the operator, Ifall the LCVs are closed (the day tanks are full) the fuel oil willrecirculate back to the main
storage tank.

The motors that drive the pumps are powered by 480V vital ac buses (pump train 01 by either bus 1H or 2H,
from Units 1 and 2 respectively, and pump train 02 by either bus 1G 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 each running diesel. The minimum total storage in the storage
tanks is sufficient for seven days of power generation.

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 DGs of both units, Unit 1 and Unit 2. For events
when both ac powered fuel transfer pumps might become unavailable, a dedicated portable fuel oil driven
pump is kept at hand. This pump takes suction directly from the main storage tank and connects to one of

~

~

~

~

~

the fuel delivery headers. Flexible hoses are used to make the appropriate connections.

B1.29 Top Event Definitions, Success Criteria

Associated with the unavailability of the diesel generators, the DCPRA defines six top events in the electric
part of the support slstem event tree, The designators of these top events and their relationships with the
diesels are:

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

~ Top Event GH - Diesel Generator 11

~ Top Event 2G - Diesel Generator 21

~ Top Event 2H - Diesel Generator 22
~ Top Event SW - Unit alignment of the swing diesel, 13

Ifthe offsite grid is available (top event OG in the support system event tree is successful) only the "G" events
(GF, GG, GH) are questioned in the support systems event tree. Ifthe offsitegrid 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 GF has only one boundary condition (GF1) corresponding to
the case when all support is available. GG has three boundary conditions (GG1, when GF succeeded; GG2,
when GF failed; and GG3, when GF was bypassed, i.e., not demanded). Similarly GH has 6, 2G has 10, and
2H has 15 boundary conditions. Top event SW has four boundary conditions: one for LOCAs; one for
LOOPs, when an equal number of diesels are operating at Unit 1 and Unit 2; and two for LOOPs, when an
unequal number of diesels are operating at the two units.
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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 on the availability of 480V ac buses at both of the units (i.e„1G, 2H, 2G, and 1H).

The success criteria of the above top events are described in Table B1.2.1. The Technical Specificatioa
requirements with respect to the operability of the associated systems are also indicated.

B12.4 Log@ Model of the Diesels and Diesel %hei Oil Transfer System Dependency on
Otlm Support Systems

The generic reliability block diagram for the diesel generators is shown in Figure B1.2.1. The diagram is
constructed from blocks (supercomponents) of the DG system. The bouadaries of the supercomponents (for
instance: GH-1, GH-2A, GH-2B) are indicated in Figures B1.2.2 through B1.2.9. Notice, that the equipment
boundaries for each of the diesels start with the diesel generator and include the output breaker, the fuel oil
day taak, the day tank level control valves, and the undervoltage and transfer control relays. The diesel
startiag air system was not modelled separately because itwas included as part of the diesel start failure data.

The reliabiTity block diagram shows the dependencies on the supercomponents of the plant (ac and dc)
electrical systems,

The reliabilityblock diagram for the diesel fuel oil transfer system (Top Event, FO) is presented in Figure
B1.2.10. The boundaries of the pump train blocks are indicated in Figure Bl.2.11. The reliabilityblock
diagram shows also the system dependencies on other supercomponents of the plant (ac and dc) electrical
systems,

B1~ Qaantl6cation of Top Event Split Fractions

The definitions of the boundary conditions and the associated split fractions for top events associated with the
DG system are listed in Table 81.2.3. Table B1,2.4 presents a similar list for the diesel fuel oil transfer system

(Top Event, FO).

Table B1.2.5 presents the values of diesel generator related top event split fractioa values quantified by PG&E.
Notice, that to provide better train-wise dependency tracking in the eveat tree model, the split fractioas are
expressed in terms of uaavailabilitiesof various diesel state combinations (conditional split fractions, CSF).
The arithmetic is explained in the DCPRA, Chapter D.2,15. The table presents also the total unavailability
value (TIT.)used in the calculation of each CSF, along with the main contributors to the total unavailabilities,
such as hardware (HW), maintenance (MN), test (TS), and human error (HE). At a givea boundary conditioa
the hardware contribution relates to the normal alignment, when no test or maintenance activities a'e being
performed, To provide complete information, the table also indicates the two coastituent parts of the
hardware contribution to the unavailability: the independent (HWI) and the dependent (HWD) (i.e., common
cause) failures of the supercompoaents of the diesels.

The maintenance contribution is a significant contributor to the total unavailability. The DCPRA assumes

that, due to Technical Specification limitations, only one diesel or level control valve may be in maintenance
at a time. The following relevant quantities are used in the maintenance unavailability quantification:
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~

~

~

~

~

~

Dieselmaintenance f'requency, ZMDGSF: 7.74-4/hr (Mean Value). Variance = 233-8,5th Percentile = 525-
4, Median = 75M, 95th Percentile = 9.66-4.

Diesel maintenance duration, ZMGSD: 1.01+1 hr (Mean Value). Variance = 3.99, 5th Percentile = 6.65,

Median = 9.74, 95th Percentile = 133.

Level control valve maintenance frequency, ZMGNDF: 2.03-5/hr (Mean Value). Variance = 352-11, 5th
Percentile = 1,14-5, Median = 1.91-5, 95th Percentile = 2,97-5.

Level control valve maintenance duration, ZMGN3D: 1.89+1 hr (Mean Value). Variance = 597.0, 5th
Percentile = 154, Median = 10.1, 95th Percentile = 513.

Notice that the total maintenance unavailability of a diesel unit is determined by the diesel (as defmed in
DCPRA) maintenance unavailabiTityplus the LCVmaintenance unavailability. When a diesel is unavailable
(not for reason ofpreventive maintenance) the other diesels must be surveillance tested once within24 hours
to verify operability. The DCPRA includes the unavailability contribution due to this type of test in the
maintenance unavailability (MN).

J

The test contribution to the total unavailability is modelled in the DCPRA as to be due to the scheduled
monthly surveillance tests, which include the manual test of the fuel transfer system to the diesels and the
quarterly stroke test of the LCVs.

~

~

~

~

~ ~

There is no explicithuman error contribution to the total unavailabiTity,because human errors occurring after
maintenances and tests due to leaving diesel components in misalignment are included in the maintenance and
test contributions.

Table B12.6 lists the split fraction values for the various boundary conditions of the FO top event. 'Ihe table,
as the previous one, details the hardware (independent and dependent components), maintenance test and
human error contributions to the total unavailabiTity values. Notice there are no explicit test or human error
contributions. AU the tests on fuel oil transfer system can be performed without making the system
inoperable, human errors occurring leaving a fuel oil transfer train in misalignment after maintenance are
included in unavailab|Tityvalues due to maintenance.

BK2.6 QuantiTication of Seismic Split Fractions for DG Top Events

'Ihe basis for detailing the seismic split fraction quantification for the DG top events is to provide insight into
how the maintenance unavailability(and through it, the AOT) affects the seismic top events and consequently
the seismic contribution to the core damage frequency. (This particular investigation was done as part of the
parallel BNLDG AOT review as dimmed in Section B1.1.)
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AH diesel generator components susceptible to failures by seismic events contribute to the diesel unavailability.
The components considered to be the most viQnerable to seismic effects are the following:

ra 'li Desi torCoayoneut
DG Control Panel

DG Excitation Panel

DG Radiator/Water Pump
Diesel Generator Itself

ZDGCPN
ZDGEXC
ZDGRWP
ZDGSLGN

l

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 ranges) defined in the DCPRA. The seven SEIST values were determined by the mean fragilities
of the diesel components listed in Table 6~ on p.6-175 of Reference l.

In order to calculate seismic split fractions, the DCPRA combines the SEIST values with the total
unavailability values (TIL) coming from the convbational 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~dent; that is, the human factor probabilities are also dependent upon the seismic lbvel.

To be more specific, the human failure which affects the TILunavailabilities is the failure to reestablish fuel
oil transfer to day tanks by aligning a portable fuel oil transfer pump (see also Figure Bl.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.~

By using the resultant unavailabilities (SEIST + seismic level dependent'IL) the conditional seismic split
fractions were determined for each diesel top event according to the rules of the sequential diesel failure
model. These split fractions are listed as a function of the seismic level in Table B1.2.7. Each value of the
table has a slight AOT dependence through the maintenance contribution to the TIL component of the
unavailability.
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Table B1.2.1

Bus DG Vital Safety-Related Loads

1-3 (Swing) Centrifugal Charging Pump No.1
Safety Injection Pump No.1
Containment Fan Cooler Unit No.2
Containment Fan Cooler Unit No.1
Component Cooling Water Pump No.1

Auxiliary Saltwater Pump No.1
AuxiliaryFeedwater Pump No.3

1-2 (2-1) Centrifugal Charging Pump No.2
Residual Heat Removal Pump No.l
Containment Fan Cooler Unit No.3
Containment Fan Cooler Unit No.5
Component Cooling Water Pump No.2
AuxiliarySaltwater Pump No.2
Containment Spray Pump No.1

H 1-1 (2-2) Safety Injection Pump No.2
Residual Heat Removal Pump No.2
Containment Fan Cooler Unit No.4
Component Cooling Water Pump No.3
Auxiliary Feedwater Pump No.2
Containment Spray Pump No.2
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Table B1.2.2
Top Event Definition and Success Criteria

Diesel Generator and Diesel Fuel Transfer Systems

Appendix B1

Top Event
Designator Top Event Definition Top Event Success Criteria

GF
GG

GH
2G
2H

DG13 provides power for
DG12 6 hours (24 hours

DG11 for seismic events)

DG21 to 4.16kV ac buses

DG22

F

Gi
H,
G~

H~

Each top event is successful if the

corresponding DG starts on undervoltage

signal from its bus, takes bus loads and

continues powering loads for the

appropriate mission times (6 hours or 24
hours).

(Bus index numbers indicate plant Unit
No.)

SW Swing diesel alignment.
DG13 is normally aligned to Unit 1.

The value of SW determines whether
DG13 goes to Unit 2. A value of 0
indicates it does not, a value between 0
and 1 represents the probability that it
does.

.)

FO . Diesel fuel oil transfer system provides One of two pumps starts on low day tank
fuel oil for each of the DGs for sixhours level and refills each day tank for the
(24 hours for seismic events). period that each diesel operates.

FSAR Succem Criteria:

Any two of three DGs 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 two vital 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 DGs for the time the
DGs are required to operate. There must be enough fuel in storage tanks for seven days ofpower generation.

Technical S ifications:

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

With two DGs inoperable, demonstrate the operability of the two offsite ac circuits (one 230kV and one
500kV line) within one hour and at least once every eight hours. Restore at least two of the inoperable diesels
within two hours.
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Table B1.2.3
Boundary Condition and Split Fraction IdentiTications

for Top Events GF, GG, GH, 2G, 2H, and SW

Top
Event

Diesel Conditions
Case 13 12 11 21 22 Comments

GF = Unavailability of DG13 under the following conditions:

GF1 All support available.

GG = Unavailability of DG12 under the following conditions:

GG1 0
GG2 1

GG3

Offsite grid succeeded, GF succeeded.

Offsite grid succeeded, GF failed.
Offsite grid succeeded, GF bypassed (not
demanded)

GH = Unavailability of DG11 under the following conditions:

GH1 0 0
GH2 0 1

GH3 1 1

GH4 0

GHS 1

GH6

Offsite grid succeeded, both GF, GG succeeded.
Offsite grid succeeded, GF-S/F, GG-F/S (two
possible combinations).
Offsite grid succeeded, both GF, GG failed.
Offsite grid succeeded, GF-S/B, GG-B/S (two
possible combinations).
Offsite grid succeeded, GF-F/B, GG-B/F (two
possible combinations).
Offsite grid succeeded, both GF, GG bypassed.

2G = Unavailability of DG21 under the following conditions:

2G1 0 0 0

2G2 0 0 1

2G3 0 1 1

2G4 1 1 1

2GS 0 0

Offsite grid failed, all GF, GG, and GH
succeeded.

Offsite grid failed, two of GF, GG, and GH
succeeded, the third failed (three possible
combinations).
Offsite grid failed, two of GF, GG, GH failed,
the third succeeded (three possible
combinations).
Offsite grid failed, all GF, GG, GH failed.
Offsite grid failed, two of GF, GG, GH
succeeded, the third bypassed (three possible
combinations).
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Top
Event

Diesel Conditions
Case 13 12 11 21 22 Comments

2G7 1 1

2G8 0

2G9

2G6 0 1 Offsite grid failed, one of GF, GG, GH
succeeded, one failed, the third bypassed (six
possible combinations).
Offsite grid failed, two of GF, GG, GH failed,
the third bypassed (three possible combinations).
Offsite grid failed, one of GF, GG, GH
succeeded, the other two bypassed (three possible
combinations).
Offsite grid failed, one of GF, GG, GH failed,
the other two bypassed (three possible
combinations). 2GA--Offsite grid failed, all of
GF, GG, GH bypassed.

2H = Unavailability of DG22 under the following conditions:

2H1 0 0 0 0

2H2 1 0 0 0

2H3 1 1 0 0

2H4 1 1 1 0

2HS 1 1 1 1

2H6 0 0 0

2H7 0 0 1

2HS 0 1 1

Offsite gnd failed, all of GF, GG, GH, 2G
succeeded.

Offsite grid failed, one of GF, GG, GH, 2G
failed, the other three succeeded (four possible
combinations).
Offsite grid failed, two of GF, GG, GH, 2G
failed, the other two succeeded (six possible
combinations).
Offsite grid failed, three of GF, GG, GH, 2G
failed, the fourth succeeded (four possible
combinations).
Offsite grid failed, all of GF, GG, GH, 2G failed,
Offsite grid failed, three of GF, GG, GH, 2G
succeeded, the fourth bypassed (four possible
combinations).
Offsite grid failed, two of GF, GG, GH, 2G
succeeded, one failed, the fourth bypassed (12
possible combinations).
Offsite grid failed, two of GF, GG, GH, 2G
failed, one succeeded, the fourth bypassed (12
possible combinations).
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Table B1.2.3 (continued)

Top Diesel Conditions
Event Case 13 12 11 21 22 Comments

2H9 1 1 1

2HA 0 0

2HC - - 1 1

2HD - -
.

- 0

2HE - - - 1

2HB - - 1 0

Offsite grid failed, three of GF, GG, GH, 2G
failed, the fourth bypassed (four possible
combinations).
Offsite grid failed, two of GF, GG, GH, 2G
succeeded, the other two bypassed (six possible
combinations).
Offsite grid failed, two of GF, GG, GH, 2G

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

bypassed, the other two failed (six possible
combinations).
Offsite grid failed, three of GF, GG, GH, 2G

bypassed, the fourth succeeded (four possible
combinations).
Offsite grid failed, three of GF, GG, GH, 2G
bypassed, the fourth failed (four possible
combinations).

2HG Offsite grid failed, all of GF, GG, GH, 2G
bypassed.

SW ~ SWO

SW1

SW2

SW3

LOCA, the swing diesel locked to the Unit 1.

LOSP, with equal chance for swing diesel to
operate on each unit.
LOSP, with more DGs aligned to Unit 2 than

Unit 1.

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

Notes: 0 = Succeeded

1 = Failed
- = Bypassed
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Table B1.2.4
Diesel Fuel Oil Transfer System Boundary

Conditions for Top Event, LO

Split Fraction ID

Fol

FO2

All support available.

Support available to one train only.

FO3 1/2 normal support available; recover support to the other train by
realignment to backup support.

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

FOS 2/2 normal supports unavailable; recover only 1/2 backup support by
realignment.

All support unavailable (guaranteed failure).

INN
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Appendix B1 0
Table B14$

UnavallabiHty Values (Conditional Split Fractions) for the
Dksel Generator System

Top
Event Case Gale.

Comment
CSF TTL HW HWI HWD TS MN HE

GF GF1 PG&E 4.523-2 4.554-2
BNL 4. 571-2 4. 603-2

3.703-2
3.754-2

3.689-2
3.695-2

1.393-4
5.860-4

2.950-4
2.934-4

8.217-3
8.198-3

GG1 PG&E 4.477-2
BNL 4.527-2

4.554-2
4.603-2) as GF1

GG2 PG&E 5.561-2 2.702-3
BNL 5.474-2 2.540-3

1.749-3
1.581-3

1.536-3
1.366-3

2.129-4
2.149-4

4.989-5
4.980-5

9.025-4
9.089-4

GG3 PG&E 4.523-2
BNL 4.571-2

GH1 PG&E 4.436-2
BNL 4.490-2

GH2 PG&E 5.408-2
BNL 5.322-2

4.554-2
4.603-2) as GF1

4.554-2
4.603-2) as GF1

2.702-3
2 540-3 I

GH3 PG&E 8.265-2 '2.339-4
BNL 8.097-2 2.066-4

1.264-4
1.034-4

7.438-5
5.057-5

5.204-5
5.284-5

3.173-5
3.128-5

7.566-5
7.194-5

GH4 kG&E 4.477-2 4.554-2) GF1
BNL 4.527-2 4.603-2

GH5 PG&E 5.561-2
BNL 5.474-2

GH6 PG&E 4.523-2
BNL 4.571-2

2.702-3
2 540-3

4.554-2
4'603 2) as GF1

2G 2Gl PG&E 4 396 2 4 554 2
BNL 4.453-2 4.603-2

2G2 PG&E 5.364-2 2.702-3
BNL 5.271-2 2.540-3

2G3 PG&E 6.250-2 2.339-4
GH3

BNL 6.246-2 2.066-4

2G4 PG&E 2.898-1
BNL 2.910-1

6.369-5 2.597-5
5.995-5 2.363-5

4.314-6
1.874-6

2.166-5
2.176-5

3.049-5
3.017-5

7.221-6
6.176-6
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Table B12$ (coalinwd)

Top
Event Case Calo. CSF HWI HWD TS

Comment
MN HE ¹

2G5 PG&E 4 436 2 4 554 2
BNL 4.490-2 4.603-2

2G6 PG&E 5.408-2
BNL 5.322-2

2.702-3
2 540-3

2G7 PG&E 8.265-2
BNL 8.097-2

2G8 PG&E 4.477-2
BNL 4.527-2

2G9 PG&E 5.561-2
BNL 5.474-2

2GA PG&E 4.523-2
BNL 4.571-2

2H1 PG&E 4.356-2
BNL 4.417-2

2.339-4
2.066-4) as GH3

4.554-2
4 6Q3 2 ) as GF1

2.702-3
2 540-3

4.554-2
4'.603-2) as GFl

4. 554-2
4'603 2) as GF1

2H2 PG&E 5.320-2
BNL 5.219-2

2H3 PG&E 6.206-2
BNL 6.196-2

2H4 PG&E 6.922-2
BNL 7.003-2

2H5 PG&E 7.729-1
BNL 8.294-1

5.034-5
4.975-5

1. 851-5
1.842-5

2.702-3
2 54Q-3

2.339-4
2.066-4) as GH3

6.369-5
5 995 5

3.020-7 1.820-5 3.039-5 1.436-6
6.950-8 1.836-5 3.006-5 1.272-6

GF1
BNL 4.453-2 4.603-2

2H7 PG&E 5.364-2
BNL 5.271-2

2.702-3
2 5 0-3

2H8 PG&E 6.250-2 2.339-4
BNL 6.246-2 2.066-4

2H9 PG&E 2.898-1
BNL 2.910-1

6.369-5
5'995 5) as 2G4
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Table B1~
(condensed)

Top
Event Case Cele. CSF HWI HWD TS

Comment
HN HE ¹

2HA PG&E 4.436-2
BNL 4.490-2

2HB PG&E 5.408-2
BNL 5.322-2

2HC PG&E 8.265-2
BNL 8.098-2

2HD PG&E 4.477-2
BNL 4.527-2

2HE PG&E 5.561-2
BNL 5.474-2

4.554-2 '

603 2) as GF1

2.702-3
2 54Q-3

2.339-4
2.066-4

4.554-2
4.603-2) as GFl

2.702-3
2 54Q-3

2HG PG&E 4.523-2 4.554-2
BNL 4.571-2 4.603-2

SW SWO PG&E
BNL

SW1 PG&E
BNL

SW2 PG&E
BNL

SW3 PG&E
BNL

0.000
0.000

5.000-1
5.000-1

1.767-3
1.770-3

9.981-1
9.982-1

Note: ") as " means that the remaining values in those lines are the same as the
referenced split fraction occurring earlier in the table.

NUREG/CR-5726 B1-28



Appendix Bl

Table B12,6
Unavailability Values (Split Fractions) for the

Diesel Fuel Transfer System

Top Event Case Gale. TTL HW HWI HWD TS MN HE

FO F01 PG&E 2.164-4
BNL 2.092-4

1.919-4
K.848-4

1.176-5
8.533-6

1.802-4
1.763-4

0.0
0.0

2.445-5
2.447-5

0.0
0.0

i

F02 PG&E 7.040-3
BNL 7.048-3

F03 PG&E 3.509-4
BNL 3.460-4

F04 PG&E ~ 2.263-2
BNL 2.250-2

F05 PG&E 5.079-2
BNL 2 '92-2

FOF PG&E 1. 0
BNL 1.0

3.113-3
3.097-3

1.919-4
1.848-4

1.919-4
1.848-4

3.113-3
3.097-3

2.933-3
2.921-3

1.176-5
8.533-6

1.176-5
8.533-6

2.933-3
2.921-3

1.802-4
1.763-4

1.802-4
1.763-4

1.802-4
1.763-4

1.802-4
1.763-4

0.0
0.0

0.0
0.0

0.0
0.0

0.0
0.0

'.930-33.951-3

2.445-5
2.447-5

2.445-5
2:447-5

3.930-3
3.951-3

0.0
0.0

0.0
0.0

0.0224
0.0223

0.0224
0.0223
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Table B12,78
Condltlonal Split Fractions fot DG Top Events

as a Function of Selsmlc Level
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Table Blab
CoadMOaal Split Fractious Cpr DG Top Eveats

as a Fuactloa Seismic Level
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B1B Results of the BNLReview

B18.1 General

The unavailability modelling of the Diesel Generators and the Diesel Fuel Transfer System in the DCPRA
were reviewed by BNLwith special emphasis because of the following:

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

b. As'discussed in Section B1.1, a request for changing the Allowed Outage Time (AOT) of the
Diesel Generators was submitted to the NRC by PG&E and the study supporting the request was
based mainly on the DCPRA. BNL reviewed this study in a parallel effort to this review.

Therefore, to check the adequacy of the DCPRA modelling for "system- specific" effects which may also
influence granting permission for AOT changes, BNL used the following approach: BNL compared 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-speciiflic "experience" and to estimate the expected
downtime distribution of the diesels. The evaluation was carried out by reviewing the failure modes and
maintenance unavailabilitiesinvolved in the diesel model. In order to check for calculational inconsistencies,
all of the split fractions were recalculated (seismic inclusive).

B1BD Comparison, ofALCO Type DG Failures With AllTypes of DG Failures

In order to see whether the ALCO-t e DGs used at the Diablo Can on oweyp y p r plant have some donunant
subsystem- or component-specific failure modes (and thus, some subsystem or component specific expected
downtimes) BNLcompared the leading failure contributions of subsystems and components of ALCO diesels
with those of all other types of DGs. Thc data were taken from a recent study performed at Battelleon aging
of diesel components.s Table B1.3.1 presents the results. One can see that the Instruments and Control
System's (and within it the governor') failures are the main contributors to the generic failures of ALCO
diesels. Also with ALCO diesels, the Cooling System and to a lesser extent the Lubrication System seem to
be more prone to failures than in the total generic DG population. A positive feature of the ALCO diescls
is that the starting system appears to be less vulnerable to failure than the generic DG population. Finally,
the ALCO fuel system does not seem to be any more prone to failures than the generic one.

B188 Remarits on the UnavailabiHty Modelling of the Diesels and Fuel Oil Transfer
System in the DCPRA

a. The system modelling of the DGs in the DCPRA represents an elaborate sequential unavailabilityanalysis
of a "five train" system, where one train (the swing diesel) plays a special role. There is no question that
the approach used is mathematically appealing because it uses the symmetry aspects of the diesel
configuration and renders the results of thc analysis very suitable for integration into the DCPRA.

b. In contrast with the systems modelling, the unavailability modelling of the individual diesels (the fault tree
modelling) was kept simplistic by using the standard "diesel fails to start and run" failure modes. The
diesel starting air system (i.e., air comprcssors, receivers, etc.) was not modelled separately because it was
considered to be included as part of the diesel start failure data. An attempt was made to display some
components of the diesel subsystems in thc model. This effort, however, tended to be inconsistent in that
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only some support failures were modeHed 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: ZITXIB= 2.66-8/hr," "AirCheck Valve - Transfer Closed During
Operation: ZTVCOP = 1.04-8/hr," etc. The failure contribution of the turbocharger, however, with an.
estimated~ failure probability of 2.734/d was neglected.

Another example: while the diesel supercomponent boundaries indicate several subsystems as part of the
supercomponents (see Figures B1.2.6, B1.2.8, and B1.2.9), one cannot find any representativecomponent
failure rate contributing to the combined unavailabilityof those supercomponents. Such subsystems are:
the cooling, the lubrication and the combustion air systems. Table B1.3.1 shows that the cooling system
is the second largest contributor to the failure of the ALCO type diesels.
The DCPRA models the maintenance frequ'ency and duration 'of the LCVs as separate quantities from
those of the diesels. Given that the day tank and other fuel system components were included in the
maintenance data of the diesel, it was interesting to note that the LCVs were treated separately. Given
that they were treated separately, the mean and 95th percentile of the "effective" downtime distribution
of the diesel system would be determined by the combination of the diesel and the LCV maintenance
duration distributions (the 95th percentile value of LCVmaintenance duration is 51.3 hours).
The DCPRA considers only unscheduled maintenancesperformed on Unit 2 diesels as contributing to the
unavailabilitiesof the associated top events, "2G" and "2H." Unavailabilitiesdue 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) were not included in the model.
In Table B1.2.6 the PG&E total split fraction value, FO5 was in variancewith that obtained by BNL. The
probable cause of the discrepancy is that the human error contribution was double counted in the
DCPRA. The PG&E value is seemingly also in contradiction with the PG&E seismic values given at the
lowest three seismic levels in Table 646 (p.6-182) of Reference 1.

The detailed analysis of the Fuel OilTransfer System (see DCPRA Figure D.2.1-3 Sheet 3 of 4) contains
the following item (Item No.12): "In an emergency where it is necessary to get into the fuel oil pump
vault to manipulate valves, it may take several hours to get security to open the vault." This item renders
questionable the estimates of the human factors (among others the value of ZHEF06 used in the diesel
analysis) considered for recovery of the Fuel OilTransfer System and through it, the recovery of electrical
power.
Among the DG failure-related LERs filed by the Diablo Canyon power plant 6 there was one failure in
thc Fuel Oil Transfer System which would affect all the DGs. This common cause failure involved the
degradation of the diesel oil in the underground reserve tanks caused by fungi. According to PG&E, the
problem does not exist any more. However because of its peculiarity and importance it is quoted here:

LER 88-14. This report is being voluntarily submitted for information purposes only as
described in Item 19 of Supplement No.1 to NUREG-1022. On May 4, 1988, during
performance of surveillance test procedure (SRP) M-96, "diesel generator 24 hour load test,"
the diesel generator (DG) 1-1 load decreased below the value specified in the SRP acceptance
criteria. An investigation showed that a high differentialpressure existed across the primary fuel
oil filter. After switching to the standby primary fuel oil filter, the load returned to the required
value. An investigation determined that the DG day tank contained a fungus and that the first
primary filterwas clogged by fungus. The other DG day tanks also contained a fungus and
fungus spores were found in the main storage tanks. The fuel oil in the day tanks was diocidcd
and filtered until the fuel oil mct the criteria of STP M-108, "diesel fuel oil analysis," for
particulate contamination, flash point, API 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
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a biocide was added. A biocide program will be developed and implemented to inhibit the
growth of fungus in the DG fuel oil storage system. Also, a sampling and inspection program
for the DG day tanks willbe developed. Both willbe incorporated into plant procedures.

B16.4 Audit Calculations

In order to scrutinize the quantified split fractions themselves, BNLperformed audit calculations for each of
the split fractions associated with each of the boundary conditions. The calculations were extended for both
non-seismic (mission time: 6 hours) and seismic (mission time: 24 hours) cases. Seismic calculations were not
performed for the Fuel Oil Transfer System. In these audit calculations the same assumptions, input data,
maintenance and test frequency and duration, as well as mean fragilityand human factor values were used
as in the DCPRA. The SETS code and locally generated PC software were used for the computations. The
use of the SETS code allowed the identification of the most important'ut sets contributing to the hardware
unavailabilities. These cut sets are not readily accessible for direct review in the DCPRA. Attachment B1.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 DCPRA.

The results obtained by the audit calculations are presented in Tables B1.2.6 and B1.2.7.b for the DGs and
for the Fuel Oil Transfer System, respectively. They are denoted by "BNL"to be compared with the values
given in the DCPRA (denoted by "PG&E").

By comparing the PG&E and BNL results one can see that there is an overall agreement between the data.
The agreement is even better, ifone takes into account that BNLused point estimates, while PG&E mainly
used a Monte-Carlo approach in the split fraction quantiTication.

B1BE Conclusions

The BNL review identiTied several inconsistencies and neglection of failures of diesel subsystems in the
unavailabilitymodelling of diesel generators in the DCPRA and the omission of the unavailabilitycontribution
from Unit 2 (and swing) diesel overhauls. The combined effect of these neglections may result in
underestimation of the associated top event split fractions and through them the expected core damage
frequency value of Unit 1.

As an overall sensitivity study on the Diesel Generator and Diesel Fuel Transfer Systems, the BNLvalues for
the conditional split fractions found in Tables B1.2.5 and B1.2.6 were substituted into the dominant sequence
model. The overall unnormalized Fussel-Vesely importance of this class of events was 4.255-05 (PG&E
values) and 4.115-05 (BNLvalues) respectively. This demonstrates excellent agreement between BNL and
PG&E.
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Table B1.3.1
Systems and Components Contributing Most to Failures

at AllTypes ofDGs and at ALCOType DGs

Systems and Components
Percent of
AllFailures

Percent of Failures
at ALCODGs

Instrument and Controls System
Governor
Sensors
Relays
Startup Components

26
10
3

2
2

15

3

1

1

Fuel System
Piping on Engine
Injector Pumps
Fuel Oil Pumps

10

Starting System
Controls
Starting Air Valve
Starting Motors
Air Compressor

10

Switchgear System
Breakers
Relays
Instrument and Controls

10 10

Cooling System
Pumps
Heat Exchangers
Piping

14

Lubrication System
Heat Exchangers
Pumps
Lube Oil

Other Systems 28 26

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

Indian Point 1 and 2,Power Authority of the State of NY
Salem 1 and 2, Public Service Electric and Gas Company
Palisades, Consumers'ower Company
Pilgrim 1, Boston Edison
Ginna, Rochester Gas and Electric
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ATTACHMENTB1.A

HARDWARE UNAVAILABILITYCUT SETS FOR THE
DIESEL GENERATORS
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Hardware Unavailability Cut Sets in Case of One DG Failure

Total Hardware, HW =

1 3.673 6E-02
2 2.133 9E-04
3 1.1073 E-04
4 1.1073 E44
5 1.1073E44
6 1.1073E-04
7 1.7703 E45
8 1.6417E45
9 1.6417E-OS
10 1.6417E-OS
11 1.6417E-OS
12 1.6417E-OS
13 1.6417E-OS
14 5.8176E-06
15 5.8176E-06
16 5.8176E-06
17 5.8176E-06
18 4.1268E-07
19 4.1268E-07
20 4.1268E-07

FID1F +
HEV 'IV1F
DDC+
DDA+
DDD +
DDB +
GDG +
'I13A +
TDC +
TDB +
TBD +
TDF +
TDD +
HEV 'VC+
HEV 'VA+
HEV 'VD+
HEV 'VS +
HEV ~ TVA+
HEV 'VC+
HEV 'VE +

Independent Hardware, HWI =

1 3.673 6E-02
2 2.1339E-04

FID1F +
HEV 4 FIV1F
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Total Hardware, HW =

1 1.3495 E-03
2 1.1073 E-04
3 1.7703 E-05
4 1.6417E-05
5 1.6417E-05
6 1.6417E-05
7 7.8392E-06
8 7.8392E-06
9 5.8176E-06
10 4.0678E-06
11 4.0678E-06
12 4.0678E-06
13 4.0678E-06
14 4.0678E-06
15 4.0678E-06
16 1.1384E-06
17 6.0309E-07

FID1F 'ID1G +
DDA+
GDG +
TDB +
TDA +
TDC +
FID1F 'EV 'IV1G +
HEV 'IV1F 'ID1G +
HEV 'VA+
FID1F 'DF +
FID1G 'DC+
FID1F 'DG +
FID1F 'DE +
FID1G 'DD +
FID1G 'DB+
HEV 'IV1F 'IV1G +
FID1F + IDI„+

Independent Hardware, HWI =

1 1.3495E-03 FID1F 4 FID1G +
2 7.8392E-06 FID1F 'FV 'IV1G +
3. 7.8392E-06 HEV 'IV1F ~ FID1G +
4 1.1384E-06 HEV 'IV1F 'IV1G

i
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Hardware Unavailability Cut Sets in Case of Three DG Failures

Total Hardware, HW =

1 4.9576 E-OS

2 1.7703 E45
3 1.6417E-OS
4 4.0678E-06
5 4.0678E-06
6 4.0678E-06
7 6.0309E47
8 6.03 09E-07
9 6.0309E-07
10 6.0309E-07
ll 6.0309E47
12 6.03 09E-07
13 4.125 6E-07
14 3.1996E47
15 2.8798E47
16 2.8798E47
17 2.8798E-07
18 2.1372E-07

FID1F ~ FID1G 'ID1H +
GDG +
TDA +
FID1H 'DA+
FID1F 'DS +
FID1G 'DB+
FID1H 'DC +
FID1F 'DH+
FID1F 'DG+
FID1G 'DD +
FID1H ~ TDB +
FID1G 'DE+
HEV 'VA+
HEV 'FO+
HEV 'IV1F 'ID1G ~ FID1H +
FID1F 'EV 'IV1G 'ID1H +
FID1F 'EV 'ID1G 'IV1H +
HEV 'ID1H 'VA+

Independent Hardware, HWI =

1 4.9576E-OS
2 2.8798E-07
3 2.8798EW7
4 2.8798E-07
5 4.1821E-08
6 4.1821E-08
7 4.182 1E-08
8 6.0733 E-08

FID1F ~ FID1G 'IDIH+
FID1F 'EV 'IV1G ~ FID1H +
,HEV 'IV1F 'ID1G 'ID1H +
FID1F 'EV 'ID1G 'IV1H +
FID1F 'EV 'IV1G 'IV1H +
HEV 4 FIV1F 'IV1G 4 FID1H +
HEV 'IV1F 'ID1G 'IV1H +
HEV 'IVlF'IV1G 'IV1H+
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Total Hardware, HW =

Appendix Bl

1 1.7703 E-05
2 1.3212E-06
3 6.0309E47
4 6.0309E-07
5 6.0309E47
6 6.0309E-07
7 3.1996E47
8 1.4943 E47
9 1.4943 E-07
10 1.4943 E47
11 1.4943 E-07
12 1.4943 E-07
13 1.4943 E-07
14 2.2155 E-08
15 2.2155 E48
16 2.2155 E48
17 2.2155E48
18 2.2155E-08
19 2.2 155 E-08
20 1.5 160 E-08

GDG +
FID1F 'ID1G 'ID1H 4 FID2G
FID2G 'DA+
FID1H 'DB+
FID1G 'DD +
FID1F ~ TDG +
HEV 'FO+
FID1H ~ FID2G 'DA+
FID1F 'ID2G 'DE +
FID1G 'ID2G ~ DDB +
FID1G; FID1H ~ DDD +
FID1F 'ID1G 'DH +
FID1F 'ID1H 'DF +
FID1F ~ FID2G ~ TDH +
FID1G 'ID2G 'DE +
FID1G 'ID1H 'DF +
FID1H 'ID2G 'DG +
FID1F 'ID1G ~ TDJ +
FID1F ~ FID1H 'DI+
HEV ~ FID1G 'VD +

Independent Hardware, HWI =

1 1.8212E-06
2 1.0579E-08
3 1.0579E-08
4 1.0579E48
5 1.0579E-08
6 1.53 63E-09
7 1.53 63E-09
8 1.5363E49
9 1.53 63E49
10 1.5363E-09
11 1.5363E-09
12 2.2311E-10
13 2.2311E-10
14 2.2311 E-10
15 2.2311E-10
16 3.2400 E-11

FID1F 'ID1G 'ID1H 'ID2G +
FID1F 'EV 'IV1G 'ID1H 'ID2G +
HEV 'IV1F 'ID1G 'ID1H 'ID2G +
FIDIF 'EV 'IDIG 'ID1H 'IV2G +
FID1F 'EV 'ID1G 'IV1H 'H32G +
FID1F 'EV 'IV1G 'ID1H 'IV2G +
FID1F 'EV 4 FIV1G 4 FIV1H 4 FID2G +
HEV 'IV1F 4 FID1G 'ID1G 'IV2G +
HEV 'IV1F 'ID1G 'IV1H 'ID2G +
HEV 'IV1F 'IV1G 'IDlh 'ID2G +
FID1F 'EV 'FID1G 'IV1H 'IV2G +
HEV 'IV1F 'IV1G 'IV1H 'ID2G +
FID1F 'EV 'IV1G 'FIV1H 'IV2G +
HEV 'IV1F 'ID1G 'IV1H 'IV2G +
HEV 'IV1F 'IV1G 'ID1H 'IV2G +
HEV 4 FIV1F 4 FIV1G 4 FIV1H 4 FIV2G
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Hardware Unavailability Cut Sets in Case of Five DG Failures

Total Hardware, HW =

1 1.7703 E-05
2 3.1996 E47
3 6.6905 E-08
4 2.2155 E48
5 2.2 155 E-08
6 2.2 155 E-08
7 2.2155 E-08
8 2.2 155 E-08
9 2.2155 E-08
10 2.2 155 E-OS
11 2.2155 E-08
12 2.2155 E48
13 2.2155 E48
14 5.489 6E-09
15 5.4896E-09

GDG +
HEV 'FO+
FID1F 'ID1G 'ID1H 'ID2H +
FID1F 'ID2G 'DH+
FID1G 'ID2G 'DE +
FID1G 'ID2H 'DD +
FID2G 'ID2H 'DA+
FID1H 'ID2H 'DB +
FID1F 'ID2H 'DG +
FID1H 'ID2G 'DC +
FID1G 'ID1H 'DF +
FID1F 'ID1H 'DI+
FIDIUS 'ID1G 'DJ +
FID1G ~ FID2G 'ID2H 'DB +
FID1G 'ID1H 'ID2H 'DD +

Independent Hardware, HWI =

1 6.6905 E-08
2 3.8864E-10
3 3.8864E-10
4 3.8864 E-10
5 3.8864E-10
6 3.8864E-10
7 5.643 9E-11
8 5.6439E-11

FID1F 'ID1G 'ID1H 'IDZG 'ID2H +
FID1F 'FV 'IV1G * FID1H 'ID2G 'TD2H +
HEV 'IV1F 'ID1G 'ID1H 'ID2G 'ID2H +
FID1F 'EV 'ID1G 'ID1H 'ID2G 'IV2H +
FID1F 'EV 'ID1G 'ID1H 'IV2G 'ID2H +
FID1F 'EV FID1G * FIV1H 'ID2G 'ID2H +
FID1F 'EV 'IV1G 'ID1H 'ID2G 'IV2H +
FID1F 'EV ~ FIV1G * FID1H 'IV2G i FID2H +
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APPENDIX B2: ELECIRICALPOWER SYSTEMS

B2.1 Introduction

B? 1.1 Objective

The objective of this appendix is to summarize the results of reviewing the unavailability analyses of the
following electric power systems in the DCPRA:i

~ Nonvital Electric Power System

~ Vital 125V DC System
~ Vital AC System
~ Unit 2 Vital AC and DC Systems

~ Instrument AC System

This Appendix reflects BNL's understanding of the subject systems.~

B? 14 Organization

Section B2.2 provides condensed descriptions about the configurations and functions of the above electric
power systems. It also describes the dependency of these systems on support equipment, the surveillance
and maintenance conditions, the unavailability modelling in the DCPRA, and the original DCPRA results.

~

~

~ ~The purpose of this approach is to present stand alone documentation to which the review's findings can
be directly compared. Section B2.3 contains the results and findings of the BNL review.

B2.2 Unavailability Modelling of Electric Power Systems

B?? 1 General
'he

electric power systems are analyzed in the DCPRA as a series of top events in the support system
event trees.

The electric systems and the associated top events are as follows:

Electric System Top Event Designator

Nonvital Electric Power System
Vital 125V DC System
Vital AC Power System, Unit 1

Vital AC and DC Power, Unit 2
Instrument AC Power System

OG, NV
DF, DG, DH
AF, AG, AH, SF, SG, SH
BF, BG, BH
Il, 12, I3, I4

The subsequent sections provide the condensed descriptions of the electrical system analyses.'igure
B2.2.1 shows an overall schematic of the electrical distribution for Unit 1. The definitions and success
criteria of the associated top events are detailed in Tables B2.2.1a through B2.2.1f.
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BX22 Nonvital Electric Power System

BX22 1 Faacti~ Coa6garatiom, Operatioa

The functions of this "nonvital" electric power system are:

~ To provide power to the plant's vital (4.16kV) and nonvital (12kV and 4.16kV) buses during
normal operation.

~ To provide power to the plant's 4.16kV and 12kV buses during startup, plant trips, or situations
when the plant is not able to shed loads down to house levels.

~ To transfer power generated at Diablo Canyon to PG&E's distribution system.

The first function is provided by the plant main generator. Under normal operating conditions the main
generator supplies power to the 4.16kV vital buses and to the nonvital 12kV and 4.16kV buses (see Figure
B2.2.1 and in more detail Figure B2.2.2). Power is generated at 25kV and auxiliary transformer 11 drops
this voltage down to the 12kV level to power nonvital 12kV buses D and E. Auxiliarytransformer 12
drops the 25kV down to the 4.16kV level to power the 4.16kV vital F, G, H, and nonvital E, D buses.

The second function is satisfied by the 230kV system (switchyard). Under plant conditions when the main
generator cannot supply house loads (see above), the 230kV switchyard provides power to the 12kV and
4.16kV buses. Startup transformer 11 (SU11) delivers power to the 12kV SU (startup) bus. This bus
supplies power to the nonvital 12kV E, D buses and to startup transformer 12 (SU12). Startup
transformer 12 has two secondary sides: one side supplies 4.16kV to the vital F, G, H, and the nonvital D
buses and the other side supplies also 4.16kV to the nonvital E bus. Me breaker OCB 212 is normally
closed (one can identify it in Figure B2,2.2). It connects the 230kV switchyard to the plant via the startup
transformers. Thus, the secondary side of SU12 is energized at all times down to the 4kV leveL Breakers
52HF14, 52HG14 and 52HH14 keep the vital F, G and H buses (Figure B2.2.2) separated from the
standby power source. Given a loss of offsite power event or a large drop in the load, the plant is
designed to run back to house loads (about 50 MW) and not trip.

The third function is satisfied by the 500kV system. This system (switchyard) may also be used as a
backup for the second function. To align the system for backup, however, requires long duration (several
hours) operator action, therefore it was not quantified in the event tree analysis.

BXXXX UnavIQabiTity Modelling (Nonvital Electric Power System)

For the unavailability analysis the nonvital electric power system was considered to be composed of two
subsystems: the standby offsite power to the 4kV vital buses (F, G and H) and the nonvital 12kV buses
(D and E). The associated top events are: OG and NV. Top event OG questions the availabilityof
power from the offsite grid (230kV switchyard) to the 4.16kV vital buses after an initiating event. Top
event NV questions the availabilityof the nonvital 12kV buses after a plant initiatingevent. The success
criteria of these top events are described in Table B2.2.1a. Technical SpeciTication and FSARz
requirements with respect to the operability of the subsystems are also indicated. Me reliabilityblock
diagrams of top events OG and NV are shown in Figure B2.2.3. The diagram is constructed from blocks
(supercomponents) whose boundaries are indicated in Figure B2.2.2.
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The reliabilityblock diagrams (Figure B2.2.3) show the dependencies on other electrical systems: 230kV
~ ~ ~ ~

~

~

~offsite power and dc power (dc train 12 supplies power to the controls of 12kV bus D and dc train 13

supplies the controls of bus E). Each of the plant switchyards (500kV and 230kV) has its own battery
(and battery chargers) providing motive power for its respective circuit breakers. It is claimed that given a

loss of offsite power, the charge on these batteries will last longer than the station batteries due to the
smaH loads. The 4.16kV buses E and D supply power to the 500kV and 230kV switchyard battery
chargers and air compressors, respectively. The auxiliary power for the SU transformers is taken from the
4.16kV bus E. Both sets of auxiliary and startup transformers require 480V power to operate cooling fans
and cooling oil pumps. Buses 11D and 11E provide this power.

Upo'n loss of auxiliaty power the 12kV buses automatically transfer to the startup bus and all five 4.16kV
buses automatically transfer from auxiliary transformer 12 to startup transformer 12. Upon an SI signal
the vital buses transfer immediately, the nonvital ones after the main unit trip. Simultaneously a signal
opens the auxiliary feeder breakers and closes the startup feeder breakers.

B2.2.29 Quantllicatlon of Yop Event Split Fractions (Nonvital Electric Power System)

The definitions of the boundary condition split fractions associated with top events OG and NV are listed
in Table B2.2.2a, The quantification of OG top events involved the foHowing assumptions:

~ When the plant trips and the 500kV circuit breakers 532 and 632 do not open, the nonvital 12kV
and 4.16kV buses willnot transfer over to the startup power; i.e., feeders from the auxiliary
transformers 11 and 12 need not open to keep the 500kV and the 230kV systems separated.
Loss of offsite power initiator includes failure events to accomplish load rejection to house loads.

~ No credit for backfeed from 500kV.
~ Circuit breaker 212 may be bypassed for maintenance (by using air switches 213 and 215).

The quantification of top event NV involved the assumption that maintenance of auxiliary feeder breakers
does not contribute to the unavailability since given an initiating event, the buses would be realigned to the
backup startup power supply.

For both top events it was assumed that breaker maintenance is performed in less than one hour, because
usually they replace the existing breaker with an operable spare. Breaker overhauls are performed at
every five or six years. Transformer maintenance is performed about once per year for about eight hours.
This is done while the plant is at power. Other preventative maintenance activities are done during plant
shutdowns.

Table B2.2.3a presents the quantified values of the split fractions (entries denoted by PG&E). To provide
complete information, besides the total value of a split fraction (TK) the table also indicates the main
contributors, such as unavailabilitiesdue to hardware failures (HW), maintenance (MN), test (TS), and
human error (HE). The table also provides the constituent parts of the hardware unavailability: the
independent (HWI) and the dependent (HWD, i.e., common cause) failures.

Notice, there is no contribution due to test and human error. Technical Specifications require only system
operability checks once every seven days by verifying correct breaker alignment and power availability.
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The seismic analysis included only the 230kV offsite grid fragility. All the other components were assumed
to have higher capacities and therefore the offsite grid was considered to be the limitingcase. It is mentioned
that the switchyard/plant isolation breakers 542 and 632, which are Westinghouse

sulfur-hexafluoride

breaker
willbe replaced by seismically much better qualified GE/Hitachi dead-tank SF6 breakers by the end of 1987.

BXX3 Mtal 125V DC System

BX29.1 %Eaactioa, Coa6guratioa, Opcratioa

The vital 125V dc system provides power to controls, protection circuitry (equipment) and instrumentation
and annunciatorsthroughout theplant. Thesystemisconfiguredfrom three125Vdcsubsystems: 125Vdc
train 11, 125V dc train 12, and 125V dc train 13 (see Figure B2.2.1). Each subsystem consists of a 60 cell
125V battery, a 125V distribution switchgear assembly, and a battery charger. The battery chargers are located
in the dc switchgear room (see also Figures B2.2.4.1, B2.2.4.2, and B2.2.4.3 for details). The switchgear
assemblies each include a completely enclosed 125V dc bus, circuit breakers, fuses, metering equipment, and
two distribution panels. One of the panels supplies the vital loads and the other supplies the nonvital loads;
they are physically separated on the left and right sides of the switchgear. Breakers on the panels may be used
to disconnect all non-Class 1E loads from the batteries.

A total of five battery chargers are supplied; three chargers serve two of the 125V dc buses (11 and 12) and
two chargers serve dc bus 13. Under normal operation, each bus is powered by one battery charger and the
battery charger provides the dc power for thc plant. Buses 11 and 12 share a single backup battery charger
in case either primary charger should become unavailable. A second battery charger is a backup charger for
bus 13. Technical speciTications require that chargers 11, 12, and 13 be the normaHy aligned chargers. 480V
vital buses power the battery charges (charger 11 from bus 1F, charger 12 from 1G, charger 121 from bus 1H,
charger 131 from bus 1F, charger 132 from bus 1H). Each of the chargers is connected to a dc bus through
a thermal-magnetic breaker located in the dc switchgear. Manual transfer is required to align the backup
battery charger.

Distribution panels 11 and 12 are connected to their respective buses by drawout (manually operated air)
breakers. Panel 13 is hardwired to its bus. The batteries are sized to provide sufficient power to operate the
dc loads for the time necessary to safe shutdown should a 480V ac source to one or more battery chargers be
unavailable. Batteries have a minimum two hour capacity.
Should a failure occur on any 125V dc circuit on panel 11 or 12, the breaker to this circuit would trip to
isolate the failure. Ifthe circuit breaker failed the drawout breaker would trip to isolate the whole panel from
the battery (i.e., would cause the loss of all the loads). For panel 13 there is no drawout breaker. The
isolation of this panel would have to occur through a 3000A fuse. Natural ventilation is sufficient for the
battery rooms to maintain safe levels of hydrogen gas generated during charging.

The most important loads on the 125V dc system are: the inverters, the 4kV feeder breaker controls, the
diesel generator controls, control room main annunciator system and the 480V motor control center relay
boards. Detailed lists of loads are given in Figures B2.2.4.1 through B2.2.4.3.
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~4 UaavailabaBty ModellliIg(Vital 125V DC Systesa)

For unavailability modelling, the vital 125V dc system was considered as a three train system: after an
initiating event the unavailability of one, two and three trains were determined. Three top events are
associated with the model: DF, DG and DH, where the first letter identifies the dc power and the second the
vital ac bus to which it supplies control power. These top events question the availability of vital 125V dc
power on dc buses (and distribution panels) 11, 12 and 13, respectiv'ely. The success criteria for these top
events are described in Table B2.2.1b. Technical Specification and FSAR requirements with respect to the
operabilityof the system are also indicated. A representativereliabilityblock diagram for the top events DF,
DG and DH is shown in Figure B2.2.5. The diagram is constructed from blocks (supercomponents) whose
boundaries are indicated in Figures B2.2.4.1, B2.2.4.2, and B2.2.4.3, respectively. Notice, top events DG and
DH contain similar components to the blocks for top event DF; however, for top event DH, there are
differences in blocks 1 and 3. Block DH-1 does not contain the circuit breaker that blocks DF-1 and DG-1
have, and block DH-3 has one more fuse than blocks DF-3 and DG-3. The reliabilityblock diagram shows
that the model is conservative because the failure of a battery charger does not immediately fail the system.
(In some PRAs the battery charger and battery are treated as parallel components, but it is not always true
that a battery charger's capability is sufficient to function adequately without its associated battery.)

The reliabilityblock diagram (Figure B2,2.5) also shows the dependency on other electrical systems: the vital
480V buses. There is no common cause failure mode modelled between the three dc trains (except seismic
and ventilation; ventilation is needed to supply cooling to the 125V dc switchgear rooms which also house the
battery charger, but ventilation is powered by the 480V buses).

%2'uaatinaitioa ofTop Eveat Split Frscboas (Vital 125V DC System)

Technical Specifications restrictions, that one train may be unavailable due to maintenance at any one time,
introduce certain dependencies between the trains and this renders the split fractions conditional on the
success or failure of the preceding dc train in the event tree. A single train unavailabilitywillbe the sum of
the hardware unavailability (HW) and the maintenance (MN) unavailability. Since there are no scheduled
tests performed resulting in an unavailable dc train, there is no test contribution to the unavailability.

The definitions of the boundary conditions and the associated conditional top event split fractions are listed
in Table B2.2.2b. The quantification of the top event split fractions involved the following assumptions:

~ Redundant battery chargers and associated breakers are given credit only during charger/breaker
performance test and charger/breaker maintenances.

~ Panel feeder breaker (dc trains 11 and 12) maintenance is included in the maintenance of the panel
itself.

~ Vital 480V ac buses 1F, 1G, 1H are available.
~ During switching of ac power to the battery chargers, the batteries supply power to the loads.
~ Allscheduled maintenance and testing is performed in a way that does not disable the system during

power operation.

Table B2.2.3b presents the.quantiTied values of the conditional split fractions; CSF. To provide complete
information the table also indicates the total value of a split fraction (TrL) and other contributors. The
dominant contributors to the hardware failure are battery failure on demand and battery charger failure during
peration.
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In terms of seismic failures, the batteries, buses and breaker panels are modelled. (Seismic failures of the
battery charger are modelled with the vital ac system.) The auxiliarybuilding is modelled with the dc system,
because failure of the dc system impacts all the important support and frontline systems.

B22 4 Vital AC System - Unit 1

B22A.1 Rsactioa, Con5guratioa, Operatiou

The function of the vital ac system is to provide power to safety related equipment under all foreseeable
conditions.

The DCPRA considered this system as composed of six subsystems: Three of the subsystems are the 4.16kV
(F, G, H) and 480V (1F, 1G, 1H) vital ac buses and the associated hardware at Unit 1, the other three are
the standby startup feeder breakers to these buses (see Figures B2,2.1 and B2.2.7.1).

During normal operation the 4.16kV system is powered through auxiliaty transformer 12. The standby power
source is the 230kV system via the startup transformers SU11 and SU12 and the 12kV startup (SU) bus. The
480V vital buses 1F, 1G, and 1H are fed from the 4.16kV vital buses F, G, H, respectively, through 4160/480V
transformers. The control power to the 4.16kV breakers is provided by the 125V dc system (manual transfer
is also possible):

DC panel 11 to 4.16kV bus F
DC panel 12 to 4.16kV bus G
DC panel 13 to 4.16kV bus H

In the case of an auxiliary feeder breaker trip the 4.16kV buses automatically transfer to the standby sources.
Transfer is also initiated by various plant conditions listed in Table B2.2.4. This table shows the transfers and
the diesel states as a function of plant conditions. The transfer usually occurs after a short delay (.8 sec) to
allow for voltage decay. Usually only low voltage loads operated by magnetic controllers (such as containment
fan coolers) are tripped and restarted. In the case when there is an SI signal or in other conditions the
transfer is immediate, the "loads do not strip" (see these notes also in the table) and the diesels start. Ifthere
is a LOSP, direct transfer to the diesel occurs. If in 10 sec after a transfer to the startup transformer
undervoltage was detected on the vital buses, a 2/2 relay logic (relays 27HFB3 and 24HFB4) would start the
diesel and load stripping would occur in 20 seconds.

In order that a transfer could occur, certain permissives have to be satisfied.

For transfers without and with an SI signal:

1. Presence of the initiating signal.
2. No undcrvoltage on the startup transformer.
3. No electrical fault on the bus.
4. Startup and diesel feeder breaker tripped.
5. Transfer to diesel not in progress.
6. Auto transfer switch cut in main control room.
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For transfer to the diesel:

1. Vital bus undervoltage.
2. No electrical fault on the bus.
3. Diesel is up to rated voltage.

Table B2.2.4 also lists the most important loads on the 4.16kV system. The loads on the vital 480V buses are:
primary makeup water pumps, lighting, battery chargers and inverters, diesel generator auxiliary loads,
ventilation fans and containment fan coolers.

The 4.16kV switchgear is located indoors and requires ventilation; the breakers are in individual cubicles
cooled by fans powered from the associated 480V bus. The 480V ac and 125V dc vital switchgear
compartments (see Figure B2.2.6b) are supplied cooling air by two trains of supply and exhaust fans; The
power supplies to these trains are 480V buses 1F and 1H. Each room has an inlet and outlet duct with a
fuseable link fire damper. The inadvertent closing of the fire dampers was included in the unavailability model
of the vital ac system.

The failures of the vital ac system represent potential for event initiation: loss of a 4.16kV train could result
in loss of component cooling water or auxiliary saltwater. Loss of 480V could cause a loss of switchgear
ventilation (later a loss of inverters, instrument buses) and trigger a plant trip.

B22A2 Unavailability Modelling (VitalAC System - Unit 1)

Ae Unit 1 vital ac electric system unavailability model is represented by six top events corresponding to the
~

~

~

~

~

six electric subsystems. These are: AF, AG, AH, and SF, SG, SH. In the electrical support system event tree
top events AF, AG, and AH question the availabilityof vital ac power on 4.16kV buses F, G, H and 480V
buses 1F, 1G, 1H, respectively. Top events SF, SG, SH question the closure of circuit breakers 52HF14,
52HG14, 52HH14 supplying 4.16kV buses F, G, H, respectively, from the startup transformer followinga plant
trip. The success criteria for these top events are described in Table B2.2.1c. Technical Specification and
FSAR requirements with respect to the operability of the system are also indicated. The reliabilityblock
diagrams of both types of top events, AF and SF are shown in Figure B2.2.6. The diagrams are constructed
from blocks (supercomponents) whose boundaries are indicated in Figures B2.2.7.1 and B2.2.7.2. The
reliabilitydiagrams also show the dependency on dc power. Ifany dc train is unavailable, the corresponding
ac train is also assumed to be unavailable.

B2.2.49 Quantification of Top Event Split Fractions (Vital AC System - Unit 1)

The quantification of the top events associated with the vital ac system involved the following assumptions:

~ The 4.16kV switchgear room does not require ventilation.
~ The two trains of fans for the 480V switchgear rooms would not be out for maintenance at the same

time.
~ Detection of power loss on the 4.16kV/480V buses would be immediate (not by the weekly

surveillance check).
~ Maintenance of 4.16kV breakers would only take one hour (replacement of a spare breaker).
~ Breakers, buses, transformers for ac trains require infrequent maintenance.

i
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Common cause failure was assumed between breakers to open (auxiliaryfeeder breakers) and to close (startup
feeder breakers) on demand. These common cause failures were assumed to be recoverable (even for three
trains) for all accidents except for large and medium LOCAs, because of the iasufficient time available.
Recovery would consist of operator action to manually operate the feeder breakers in the 4.16kV switchgear
rooms.

Due to the common cause failure (and recovery) as well as Technical Specification dependencies, the split
fractions evaluated are conditional on the success or failure of the preceding top events ia the electrical
support system eveat tree. The dependency on the dc system has also complicated the quantification of the
vitalac systems split fractions. Table B2.2.2c lists the definitions of the boundary conditions aad the associated
conditional top event split fractions. The quantified values of the coaditional split fractions are listed in Table
B2.2.3c (entries deaoted by PG&E).

Notice that the maintenance contribution to the unavailability is small because the components modelled
require infrequent maintenance. There are no test or human error contributions because relevant tests are
done during shutdown and human errors committed would be detected before resuming operation.

Seismic unavailability is modelled for the following plant components:

~ Turbine Building Shear Wall
~ 125V DC Battery Chargers
~ 4.16kV/480V Transformers
~ Turbine Building Strut
~ 4.16kV Switchgear (in the case of when the strut failed and when not failed)
~ 4.16kV Safeguard Relay, Panel (for'bus transfer in the case when the strut failed and when not

failed)
~ 4.16kV Unit 2 Bus F Potential Transformer (in the case of when strut failed and when not failed).

B22$ Vital AC/DC Systems; Unit 2

BX2$.1 General

This system is modemed in the DCPRA primarily to determine the unavailability of the Unit 2 Auxiliary
Saltwater System, where a crosstie to Unit 1 is beneficial. For seismic initiators the crosstie is not modelled.

BX2$4 Panctions, Configiiration, Operation

The vital ac/dc system of Unit 2 is modelled in the DCPRA for the case when offsite power is unavailable.
The systems function, during such an event, is to provide motive and control power to the engineered safety
loads (AuxiliarySaltwater System) of Unit 2. The system was analyzed to determine the unavailabilityof the
combined 4.16kV ac, 480V ac, and 125V dc power to these loads.

The system, similarly to the vital ac and dc systems of Unit 1, was considered to be composed of three
subsystems representing the three vital ac and dc trains of Unit 2. Correspondingly, there are three top events
associated with the subsystems: BF, BG and BH. These top events describe the unavailabilitiesof:

Unit 2, 4.16kV bus F, 480V bus 2F, and 125V dc train 21; Top Event BF.
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Unit 2, 4.16kV bus G, 480V bus 2G, and 125V dc train 22; Top Event BG.
Unit 2,4.16kV bus H, 480V bus 2H, and 125V dc train 23; Top Event BH,

Appendix B2

The configurations and operations of the buses and trains are similar to those of Unit 1 described in Sections
B2.23 and B2.2.4,

BXLK3 UaandlaMlity Modelliag (VitalAC/DC System-Unit 2)

Top events BF, BG, and BH are equivalent to the combined top events AF and DF, AG and DG, AH and
DH previously discussed. The reliabilityblock diagram for top event BF is shown in Figure B2.2.8. Block
diagrams for top events BG and BH are similar. The diagrams are constructed from blocks
(supercomponents) whose boundaries are indicated in Figures B2.2.9.land B2.2.9.2. Block 4 (backup charger
2-21) is treated as being unavailable; thus the block diagram reduces to five blocks in series. The success
criteria of the top events are described in Table B2.2.1d. Technical Specifications and FSAR requirements
with respect to the operabilityof the system are the same as those given in Table B2.2.1b and B2.2.1c for Unit
1 and are therefore not repeated.

BXXSA Qeanti6catioa ofTop Event Split Motions (VitalAC/DC System -Unit 2)

Unit 2 ac/dc train'H is slightly different from trains F and G. Train H has one less breaker but one additional
fuse. This difference is not modelled. It does not affect the results since the two failure frequencies are of
the same order.

~! e assumptions concerning the failure rates of the components, test and maintenance conditions, common
cause failures and recoveries, operational conditions, human errors, etc. are the same described in Sections
B2.2.3 and B2.2.4 for the Unit 1 vital dc and ac systems.

Due to Technical Specification dependencies and common cause failures, the quantified split fractions are
conditional on the success or failure of the preceding top events in the electrical support system event tree.
The definitions of the boundary conditions and the associated conditional top event split fractions are shown
in Table B2.2.2d. The quantified values of the conditional split fractions are given in Table B2.2.3d (entries
denoted by PG&E).

One can see from the data that there are only small maintenance and no test or human error contributions
to the unavailability of top events BF, BG, and BH. This is a consequence of the assumptions made; the
contribution to the maintenance unavailability is small because the components modelled require infrequent
unscheduled maintenance (during operation) and tests. Scheduled maintenance and tests that would make
the system unavailable are done during shutdown and it is unlikely that any human error committed would
not be detected before resuming operation.

Seismic unavailabilitywas not explicitlymodelled. It was assumed that seismic failures for similar components
are correlated and do not allow recovery by crosstying buses. Thus, itwas decided that seismic unavailability
does not impact the model.
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B2.2.6 Instrument AC System

B2.2.6.1 Bmction, Configuration, Operation

The function of the instrument ac system is to maintain a supply of 120V ac to the vital instrument loads of
the plant unit. The system consists of four channels: I, II, III, and IV. Channels I, III, and Channels 11, IV
are somewhat different: for Channels I and III, each involves two inverters and two distribution panels; while
for Channels II and IV, each represents only one inverter and one distribution panel. There are three power
sources for the inverters:

~ 480V vital bus,
~ 480V vital bus via a battery charger, and
~ 125V dc battery.

The inverters feed the 120V ac panels. In addition, there is a standby transformer/regulator set (transformer)
that may substitute for one of the inverters (when the inverter is in unscheduled maintenance). For
clarification, more details are given in the following system description table (see also Figure B2.2.1):

Instrument AC System Description

Channel Panel

I PY-11
PY-11a

II PY-12
III PY-13

PY-13a
IV PY-14

Panel Power
Sources

Inv.11, X-r
Inv.1la~, X-r
Inv.12, X-r
Inv.13, X-r
Inv.13a~, X-r
Inv.14, X-r

For Inverters
480 V AC 125 V DC

1F 11

1F 11

1G 12
1H 13

1H 13

1H 12

For X-r
480 V AC

1G
1G
1G
1G
1G
1G

~inverters 11a and 13a are not safety related (only supplemental) equipment; they are required for modelled
systems in the plant model, e.g.,the 10% steam dump valves.

Adequate cooling to the inverters is maintained by the 480V switchgear ventilation (the non-reviewed Top
Event SV questions its availability). One has to keep in mind that the dc trains supply support power to the
ac trains. Therefore, aAer a plant trip if a dc train is unavailable, the associated ac train will also be
unavailable. It is clear from the above table that for Channels I, II, and III there is such dependency.
Channel IV is different because its dc and ac support systems are independent.

Among the instrument ac system loads the most important are the Nuclear Steam Supply System (NSSS)
instrumentation and the Solid State Protection System.

For operating the inverters there is no prefened source of power; the inverter has an input diode, which gates
the highest instantaneous voltage source.'he 480V ac and 125V dc feeder breakers are closed. Plant
statistics show that 90% of the, load is supplied by the dc source and 10% is supplied by the ac source. Ifboth
sources fail the standby transformer may be used to supply any one of the power panels. The transformer is
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fed from vital bus 1G by the breaker,52-1G43. Ifan inverter failed it would take 15 minutes to realign a

panel to the standby, transformer (close the feeder breakers).

Given loss of ac power, the inverter switches to the battery without delay. AAer ac is restored (diesel

generator) there is a 40 second delay to switch back to 480V ac to allow voltage to stabilize. Loss of ac power
to the inverters is alarmed in the control room.

No scheduled maintenance is performed on the inverters while at power. Testing is done during refueling (18

month inteivals). The availability of the instrument ac system is very important for plant safety. Loss of two
instrument ac channels could lead to a plant trip; ifthis happens while the plant is above 10% power, the plant
willtrip because the instruments indicate that a RCP has failed. In addition, even a loss of one channel could
result in a plant trip, because loss ofpower to steam flowcontrol instruments (on the Hagan racks) may cause

wrong steam fiow control, which could then cause a plant trip.

B2.2.6.? Unavailability Modelling (Instrument AC System)

Four top events represent the channels of the instrument ac system. They are: I1, I2, I3, and I4. These top
events are in the mechanical and actuation systems support event tree (not in the electrical support event

tree). They question the availability of 120V instrument ac distribution Channels I, II, IH, and IV,
respectively. The success criteria of these top events are described in Table B2.2.1e. Technical Specification
and FSAR requirements with respect to the operability of the system are also indicated. The reliability block
diagrams of the top events are shown in Figure B2.2.10. The diagrams are constructed from blocks

~

~ ~

(supercomponents) whose boundaries are marked in Figures B2.2.11.1through B2.2.11.4. The reliability
diagrams also show the dependency on the supporting power supplies (notice the difference for top event I4).

B2.2.6.3 Quantification of Top Event Split Fractions (Instrument AC System)

The quantification of the top events associated with the instrument ac system involved the following main
assumptions:

~ Although the inverters have both an ac and a dc power source, the breakers for these sources are
modelled as being both required; this was done to reduce the number of split fractions and boundary
conditions. The procedure is conservative.

~ There is no common cause failure mode between instrument ac system channels.
~ Any or all of the instrument channels may be in maintenance and aligned to the backup transformer.

This assumption is considered to be conservative since the plant is required to shutdown when more
then one panel is not powered from its inverter source.

~ To realign a distribution panel to the backup power supply (-15 minutes) the channel is considered
to be unavailable. No human error is assumed in aligning the backup.

The top event boundary conditions were determined on the availabilities of the support systems to the inverter
and the backup transformer. They are listed in Table B2.2.2d. Each top event has essentially three boundary
conditions. For Top Event I2, two additional split fractions are required for seismic events; these are I23 and
I24. These conditional split fractions calculate the conditional probability of failing instrument Channel II,
given failure of instrument Channel I for boundary condition 1 and boundary condition 2, respectively.

B2-11 NUREGICR-5726



Appendix B2

'ableB2.23d presents the quantified values of the (non~nditional and conditional) split fractions (see
entries denoted by PG&E). Notice, that there is no contribution due to common cause failures, test and
human errors. P'echnical Specifications require only the verification of the alignment of the buses at least
once every seven days.) The maintenance contribution appears because of the time period required to align
the backup transformer for unscheduled maintenance of an inverter.

0
For seismic initiators,only the inverters,process control and protection racks, and pressure delta-p transmitters
were modelled. The remaining components have median fragilities greater than 10g and therefore were not
modelled.

h
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DSTRIBUTION
PANEL 11

125V DC
BUS 11

125V DC
BATTERY 11

125V DC
BATTERY
CHARGER 11
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Figure B22$ Reliability block diagram for vital 125V dc power system top event DF
(block diagrams for top events DG and DH are similar)
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Figure B22.6 Reliability block diagrams for vital ac electric

power system top events AF and SF
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TaMe RX2.1a
Top Event Definitions and Siiccess Criteria

Eledrical Power Systems
Nonvital Electric System

Top Event
Designator Top Event Definition Top Event Sncce.n Criteria

Nonvital ac power from 230kV
switchyard.

Power is maintained from the 230kV
switchyard down to the 4.16kV vital buses P,
G, H for 24 hours following an initiating
event.

Nonvital ac'power from i2kV buses. One of two 12kV buses (D, E) transfers to
standby oflsite power source and amain
energized for 24 hours following an initiating
event.

SAR Succe.e Criteria:

~

~ ~Explicitlyare not specified, however one can infer the following:
1. If the unit trips, the unit must switch to the 230kV system via the startup transformers to maintain

power to the phmt loads.
2. Ifthe 230kV system is unavailable, the vital 4.16kV buses must be isolated from both the auxiliary and

startup power systems so that the diesel generators may supply the load.

Technical S fications (LCOs):

2.
3.

Por continuous operation, two independent offsite circuits must be maintained (one SOOkV and one
230kV line).
Ifone offsite circuit is lost it must be restored within 72 hours or else the unit must shutdown.
Ifone offsite circuit and one diesel generator is out of service they must be restored within 12 hours.
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Table B2.2.1b
Top Event Definitions and Success Criteria

Eledrical Power Systems
Vital 125V DC Systan

Top Event
Designator

DF

Top Event Ddinition

125V DC Power

Top Event Success Criteria

Each dc power train is successful ifit remains

de-energized for 24 hours following an

initiating event. If ac power is lost each

battery is required to power each train for two
hours, and provide power to its respective

diesel generator.

SAR Success Criteri
Explicitlyare not specified, however, one can infer that in the event that any or all 480V vital buses are lost,
the 125V batteries willprovide dc control power necemuy to shut down safely the plant.

Technical S cations COs:
Ifone battery or charger or both are inoperable, restore within two hours or be in hot standby within the next
six hours or in cold shutdown within the following 30 hours.
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Table B2.2. 1c

Top Event Definitions and Success Criteria
Electrical Power Systems

VitalAC System - Unit 1

Top Event
Designator Top Event Definition" Top Event Success Criteria

AF, AG, AH Vital AC Buses Each 4.16kV bus is successful if it isolates from the

auxiliary power source and each 4.16kV and 480V vital
train remains energized for 24 hours. (Success of this
event implies that given failure of top event OG the

corresponding diesel generator must start and load to

power the equipment supplied from the vital train.
Failure of this event means that vital ac is not available
even if the startup transformer and the diesel could

supply ac power.)

SF, SG, SH Startup Feeder Breakers Each standby startup feeder breaker to each 4.16kV bus

is successful if it energizes the bus and remains

energized for 24 hours. (These top events are asked if
the corresponding top events AF, AG, AH are „,

successful. Success of these top events and of OG

implies that vital ac power is available on the

corresponding buses. IfOG fails and these top events

are not asked the corresponding diesels must start and

load to power the equipment from these buses.)

S R Success Criteria:
During a plant trip or loss of offsite power, the system must maintain power to at least two of three vital
4.16kV buses. Any two of the three vital buses are adequate to serve at least the minimum required ESF
loads of a unit.

Technical S ifications COs:
~ With one 4.16kV and/or associated 480V vital buses not energized, must rewnergize within eight hours or

be in hot standby within the next six hours and cold shutdown within the following 30 hours.
~ Loss of diesel generator 13 which supplies vital bus F of both units would require both units to shutdown

ifnot restored within 72 hours.
~ Ifone diesel or one offsite circuit is unavailable the other two power trains must be verified within one

hour and the unavailable source restored within 72 hours.
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Table B2.2.1d
Top Event IMinitionand Success Criteria

Electrical Power Systems
VitalAC/DCSystem - Unit?

Top Event
Designator Top Event Ddinition Top Event Success Criteria

BF, BG, BH Vital AC/DC Electric Power
Subsystems of Unit 2

4.16kV bus (F,G,H) at Unit 2, 480V bus

(2F,2G,2H) and 125V dc panel (21,22,23)
respectively, must remain available for 24
hours, (The success of top event BF implies
that if offsite power is not available, swing
diesel 13 aligns to Unit 2, power is available at
the associated buses,)
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Tabk B2.2.1e

Top Event Definition and Success Criteria
Electrical Power Systems

Instrument AC System

Top Event
Designator

I1
I2
I3
I4

Top Event Definition

Instrument AC Channels

Top Event Success Criteria

Each channel is successful if120V ac power to
the loads on the instrument ac distribution
panels (panels PY-11, PY-11a for Channel I,
panel PY-12 for Channel II, panels PY-13,
PY-13a for Channel III, and panel PY-14 for
Channel IV) is maintained for 24 hours.

S Success 'a: Similar to that applied in the modelling.

ec cal S 'at'o s COs: With one vital instrument ac bus not energized by its associated inverter
or with one inverter not connected to its associated dc bus, re-energize the vital instrument bus from another
source within two hours or be in hot standby within six hours and cold shutdown within 30 hours; re-energize

the vital instnunent ac bus from its associated dc bus within 24 hours or be in hot standby within the next six
hours and in cold shutdown within the following 30 hours.
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Table B2.2.2a
Boundary Condition and Split Fraction Identifications for

Top Events OG and NV
Nonvital Electric Power System

Top Event Split Fraction ID Definition

OG1

OGF
Given offside grid success.

Given offside grid failure
(guaranteed failure).

NV1
NV2

Given all support available.

OG succeeded, dc 12 or dc 13

failed.

OG failed, dc 12 and dc 13

failed (giiaranteed failure).

Table B2.2.2b
Boundary Condition and Split &action Identifications

for Top Events DF, DG, and DH
Vital 125V DC System

0
Top Event Split Fraction ID Definition

DF DP1 Vital 480V bus 1F available.

DG1

DG2
DGF

Vital 480V bus 1G available, DP succeeded.

Vital 480V bus 1G available, DF failed.
Guaranteed failure.

DH DH1
DH2
DH3
DH4

Vital 480V bus 1H available, DF succeeded, DG succeeded.

Vital 480V bus 1H available, DF succeeded, DG failed.
Vital 480V bus 1H available, DF failed, DG succeeded.

Vital 480V bus 1H available, DF failed, DG failed.
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Table B2.2.2c
Boundary Conditions and Conditional Split Fraction Identification

for Top Events AF, AG, AH,and SF, SG, SH
VitalAC System - Unit 1

Top
Event

Split Fraction
Identification Definition

AP1 Allsupport available, with recovery from common cause breaker failure.
APA Allsupport available with no recovery from common cause breaker failure.
AFF Guaranteed failure.

h

In the following the notations: DF-S, DP-F, and DG-S, DG-P, represent
the success (S) and failure (F) of dc trains 11 and 12, respectively. The
notation AF-S, AF-P, AGC, and AG-P represent the same for ac trains F
and G, respectively.

AG AG1
AG2
AG3
AGA
AGB
AGC
AGP

DFC, AP-S, with recovery.
DFN, AF-F, with recovery.
DF-F, with recovery.
DF-S, AF-S, no recovery.
DF-S, AF-F, no recovery.
DF-P, no recovery.
Guaranteed failure.

AH1
AH2
AH3
AH4
AHS
AH6
AHA
AHB
AHC
AHD
AHE
AHG
AHP

DF-S, DG-S, AF-S, AG-S, with recovery.
DF-S, DG-S, AF-S, AG-F, or DF-S, DG-S,
DF-S, DG-S, AF-F, AG-F, with recovery.
DF-S, DG-F, AF-S or DF-F, DG-S, AGC,
DF-S, DG-F, AF-F or DP-P, DG4, AG-F,
DF-F, DG-F, with recovery.
DF-S, DG-S, AF-S, AG-S, no recovery.
DF-S, DG-S, AF-S, AG-F or DF-S, DG-S,
DP-S, DGC, AF-P, AG-F, no recovery.
DF-S, DG-F, AF-S or DF-F, AG-S, AG-S,
DF-S, DG-F, AF-F or DF-F, DG-S, AG-F,
DF-F, DG-F, no recovery.
Guaranteed failure.

AF-F, AG-S, with recovery.

with recovery.
with recovery.

AF-F, AG-S, no recovery.

no recovery.
no recovery.

SF SF1 All support available with recovery.
SFA All support available, no recovery.
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Table B2.2.2c(continued)

Top
Event

Split Fracbon
Identification Definition

In the following the notation B stands for bypassed" state.

SG SG1

SG2

SG3

SGA
SGB

SGC

SF-S, with-recovery.
SF-F, with recovery.
SF-B, with recovery.
SF-S, no recovery.
SF-F, no recovery.
SP-B, no recovery.

SH SH1

SH2
SH3

SH4
SHS

SH6
SHA
SHB

SHC
SHD
SHE
SHG

SF-S, SG-S, with recovery.
SF%, SG-F or SP-F, SG-S, with recovery.
SF-P, SG-F, with recovery.
SPS, SG-D or SF-D, SGC, with recovery.
SP-F, SG-D or SF-D, SG-F, with recovery.
SF-D, SG-D, with recovery.
SF-S, SG-S, no recovery.
SFC, SG-F or SP-P, SGC, no recovery.
SF-F, SG-F, no recovery.
SF-S, SG-D or SF-D, SG-S, no iecovery.
SP-F, SG-B or SF-B, SG-P, no recovery.
SF-D, SG-B, no recovery.
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Table B2.2.2d
Boundary Conditions and Conditional Split Fraction IdentiTication

for Top Events BF, BG, BH
VitalAC/DCSystem - Unit 2

Appendix B2

Top
Event

Split Fraction
Identification Definition

BP

BG

BH

BF1

BG1
BG

BH1
BH2
BH3

Offsite grid failed, OG-F.

OG-F, ac/dc train F Unit 2 successful, BF-S.
OG-F, ac/dc train F Unit 2 failed, BF-P.

OG-F, BF-S, BG4.
OG-P, BP-S, BG-F, or OG-P, BF-P, BG-S.
OG-F, BF-F, BG-P.

".
Event

Split Fraction
Identification Definition

Table B?.2.2e
Boundary Conditions and Split Fraction Identification

for Top Events I1, I2, I3, and I4,
Instrument AC System

I12
I1P

DC11 succeeded AC 1F succeeded or failed and AC 1G succeeded; DP-S,
AFN, AG-S or DPC, AF-F, AG-S.
DP-S, APC, AG-P or DPC, AF-F, AG-F.
DF-P, guaranteed failure.

I21
I22
I23
I24
I2F

AGN.
DG-S,
AGN,
DGC,
DG-F,

AG-F.
I1-F.
AG-F, I1-F.
guaranteed failure.

I3

I4

I31
I32
I3F

I41
I42
I4F

DH-S, AH-S, AG-S or DHC, AH-F, AG-S.
DHN, AH-S, AG-F or DH-S, AH-F, AG-F.
DH-F, guaranteed failure.

DG-S, AH-S, AG-S or DG-S, AH-F, AG-S.
DG-F, AH-S or AG-F, DG-S (AH-S or AH-F).
DG-F, AH-F, guaranteed failure.
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Table B223a
UnavailabilityValues (Split Fractions) for the

Nonvital Electric Power System
Top Events OG and NV

Top Case
Event

OG OG1 PG&E 7.6294 4.8134 4.8134 0.0

BNL 7.5924 4.8414 4.8414 0.0

OGF PG&E 1.0

BNL 1.0

NV NV1 PG&E 1.6294 1.6214 8.471-6 15374

BNL 1.6234 1.6164 4.561-6 15704

NV2 PG&E 2.455-3 2.285-3 2.131-3 1.5374

BNL 2.460-3 2.293-3 2.136-3 13704

NV3 PG&E 10

BNL 1.0

2.8164

2.7514

7.645-7

7.688-7

1.7054

1,6774

HE Comment
No.
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Table BL23b
Unavailability Values (Conditional Split Fractions)

for the Vital 125V DC System

Appendix B2

Top Case
Event

Calc. CSF 'ITL HWI HWD TS MN HE Comment
No.

DF DF1 PG&E 7.05M 7.0504

BNL 7.1754 7.1754

6.8554

6.9754

BNL 7.1704 5.144-7 4.865-7

DG DG1 PG&E 7,0514 7,0504 6.8554

BNL 7.1754 7.1754 6.9754

DG2 PG&E 7.0244 7.164-7 6.892-7

1.952-5

2.003-5

1.952-5

2.003-5

2.724-8

2,794-8

DGF PG&E 1 0

BNL 1.0

1,0

1.0

DH DH1 PG&E 7.0044 7.0044 6.8054

BNL 7.1294 7.1294 6.9294

DH2 PG&E 6.9774 7.131-7 6.860-7

BNL

DH3 P GATE

7.1244 5.112-7 4.833-7

6.977-4 7.131-7 6.860-7

BNL 7.1244 5.112-7 4.833-7

DH4 PG&E 6.9624 1.093-9 1.051-9

BNL 7.119-4 3.662-10 3.371-10

1.952-5

2.003-5

2.715-8

2.785-8,

2.715-8

2.785-8

4.181-11

2,911-11
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Table B2.2.3c
Unavalhbility Values (Conditional Split Fractions) for the VitalAC System

Top
Event

C SF TH. HW HWI HWD TS MN HE Comment
No.

AG AG1

AG2

AG3

BNL

BNL

BNL

BNL

BNL

6.922M 6.922M 6.569M

7.002M 7.002'.6454
7.392M 7.392M 7.039M

7.453M 7.453'.09&4
6.921< 6.922'as

AF1
7.001M 7.002<

8.371M 1.077% 1.029%

7.827M 5.480-7 5.006-7

6.922M 6.922M
}as AF1

7.002M 7.002%

6.56&4

6.56%4

9.720-7

4.414-7

1.003-7

1.036-7

4.713-5

4.524-5

5.699-8

5.923-8

3.526-5

3.568-5

3.526-5

3.568-5

4.805-8

4.742-8

AGA

BNL

'7.12&4 7.392-4

7.195< 7.453'asAFA

AGB

AGC

BNL

BNL

BNL

BNL

BNL

BNL

BNL

BNL

5.179-2 2.770-5 2.765-5

3.537-2 2.636-5 2.631-5

7.392M 7.392M

7.4534 7.453%

6.921'.922M
)as AF1

7.001-4 7.002M

8.005M 1.077%
)as AG2

7.617% 5.480-7

4.724-2 1.656-8 1.644-8

2.771-2 1.519-8 1.513-8

6.921K 6.922%
}as AF1

7.001-4 7.002M

8.371% 1.077%
)as AG2

7.827M 5.480-7

6.922K 6.922M
)as AF1

7.002M 7.002M

9.720-7

4.414-7

2.876-9

2.933-10

2.668-5

2.587-5

1.357-8

1.484-8

5.128-8

5.064-8

1.153-10

5.359-11

AHA

BNL

6.921M 7.392%

7.001% 7.453M
)as
AFA
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Top
Event

SG

SH

Case Gdc. CSF

AHB PG&E 4.419-2

BNL 2.765-2

AHC PG&E 3.028-1

BNL 2.459-1

AHD PG&E 7.126-4

BNL 7.1954

AHE PG&E 5.179-2

BNL 3.537-2

AHG PG&E 7.3924

BNL 7.4534

SF1 PG&E 1.598-3

BNL 1.583-3

SPA PG&B 1.708-3

BNL 1.696-3

SG1 PG&E 1.598-3

BNL 1.583-3

SG2 PG&E 1.740-3

BNL 1.674-3

SG3 PG&E 1.59S-3

BNL 1.583-3

SGA PG&E 1.645-3

BNL 1.631-3

SGB PG&E 5.312-2

BNL 3.995-2

SGC PG&E 1.708-3

BNL 1.696-3

SH1 PG&B 1.598-3

BNL 1.583-3

SH2 PG&E 1.699-3

BNL 1.650-3

SH3 PG&E 3.033-2

BNL 1.595-2

SH4 PG&E 1.598-3

BNL 1.583-3

2.770-5

2.636-5

6.232%

6.4834

7.3924

7.4534

2.770-5

2.636-5

7.3924

7.4534

1.598-3

1.583-3

1.708-3

1.696-3

1.598-3

1.583-3

2.651%

1.598-3

1.583-3

1.708-3

1.696-3

6.947-5

6.777-5

1.708-3

1.696-3

1.598-3

1.583-3

2.651<

1.051-7

4.228-8

1.598-3

1.583-3

)as,
AGB

6.229M 2.876-9

6.4806 2.933-10 6.4804

}as
AFA

)as
AGB

1.533-3 1.533-3 2.448-7

1.520-3 1.520-3 2.604-7

1.643-3 1.533-3 1.1004

1.634-3 1.520-3 1.1374

)as SF1

6.257< 6.115% 1.420-7

2.459% 2.3106 1.494-7

)as SP1

)as SPA

6.926-5 6.115% 6.315-5

6.756-5 2.3106 6.525-5

)as SFA

)as SF1

)as SG2

1.041-7 6.496-8 3.912-8

4.182-8 3.511-9 3.831-8

)as SF1

2.882-9

2.816-9

6.500-5

6.288-5

6.500-5

6.288-5

1.891-7

1.912-7

2.032-7

2.054-7

1.053-9

4.639-10

Comment
No.
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Table B223c (Continued)

Top Case Cak.. CSF TTL
Event

SH5 PGEcB 1.740-3 6.4464

BNL 1.674-3 2.651%

SH6 PGEcE 1.598-3 1.598-3

BNL 1.583-3 1.583-3

SHA PGAE 1.598-3 1.708-3

BNL 1.583-3 1.696-3

SHB PGEcE 4.421-2 6.947-5

BNL 3.133-2 6.777-5

SHC PGEcE 2.901-1 1.634-5

BNL 2.471-1 1.674-5

SHD PG&E 1.645-3 1.708-3

BNL 1.631-3 1.696-3

SHE PGEcE 5.312-2 6.947-5

BNL 3.995-2 6.756-5

SHG PG8f E 1.708-3 1.708-3

BNL 1.696-3 1.696-3

)as SG2

)as SF1

)as SFA

}as SGB

1.633-5 6.496-8 1.626-5

1.673-5 3.511-9 1.673-5

)as SFA

)as SGB

)as SFA

1.315-8

1.274-8

Comment
No.

Allof these conditional split fractions involve powers (>2) of unavailabilities whose quantifications
require convolutions of unavailability distributions. Since for audit calculations BNL used point value
approximation the BNL results should be considered as lower limits of the correct (PG&E) values.

Note: ") as "means that the remaining values in those lines are the same as the referenced split fraction
occurring earlier in the table.
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B2.2.3d

Unavailability Values (Conditional Split Fractions) for
the VitalAC/DCSystem - Unit 2

Top Case
Event

Cak. CSF TTL HW HWI HWD TS MN HE Comment
No.

BF

BG

BH

BF1 PGEcE

BNL

BG1 PG&E

BNL

BG2 PGEcE

BNL

BH1 PGEcE

BNL

BH2 PGEcE

BNL

BH3 PGEcE

BNL

1.440-3

1.431-3

1.440-3

1.431-3

1.476-3

1.471-3

1.440-3

1.431-3

1.476-3

1.461-3

1:187-2

8.486-3

1.440-3 '1.386-3 1.386-3

1.431-3 1.376-3 1.376-3

1.440-3

14313 )as BF1

2.930-6 2.7754 2.7134

2.105% 1.952% 1.892%

1.440-3

}as BF1
1.431-3

2.9304

2.105%
)as BG2

2.439-8 2.390-8 7.794-9

1.786.8 1.754-8 2.603-9

1.074-7

1.036-7

6.182-8

5.930-8

1.610-8

1.493-8

5.410-5

5.571-5

1.546-7

1.533-7

4.884-10

3.262-10

~ese conditional split fractions involve powers (>2) of unavailabilities whose quantifications require
convolutions ofunavailability distributions. Since for audit calculations BNL used point value approximation
the BNL results should be considered as lower limits of the correct (PG&E) values.

Note: ") as means that the remaining values in those lines are the same as the referenced split fraction

occurring earlier in the table.
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Table B2.2.3e
Unavailability Values (Split &actions and Conditional Split

Fractions) for the Instrument AC System
Top Events: I1, I2, I3, 14

Top Case Calc. CSF TTL HW HWI HWD TS
Event

Il I11 PGEcB 1.152-3 1.133-3 1.133-3 0.0
BNL 1.144-3 1.125-3 1.125-3 0.0

1.817-5

1.847-5

Comment
No.

112 PGEcB

BNL
1.736-3 1.133-3 1.133-3 0.0
1.744-3 1.125-3 1.125-3 0.0

6.0254
6.182%

12 121 PG&B
BNL

I22 PGEcB

BNL

5.757% 5.6664 5.6664 0.0
5.179% 5.627% 5.6274 0.0

8.677% 5.66&4 5.6664 0.0
8.7184 5.627% 5.6274 0.0

9.088%
9.23&6

3.010-4

3.091<

123 PG&B 5.757%
BNL 5.718%

124 PGEcB 8.677%
BNL 8.71&4

13 '31 PGEcB

BNL
1.152-3 1.133-3 1.133-3 0.0
1.144-3 1.125-3 1.125-3 0.0

1.817-5

1.847-5

I32 PGEcB

BNL

I4 I41 PGEcB

BNL

142 PG&B
BNL

1.736-3 1.133-3 1.133-3 0.0
1.744-3 1.125-3 1.125-3 0.0

5.757'.66&4 5.6664 0.0
5.719-4 5.627M 5.627% 0.0

8.677M 5.6664 5.6664 0.0
8.718-4 5.627% 5.627M 0.0

6.0254
6.182M

9.0884
9.23&6

3.0154
3.091M
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Table B2.2.4
Vital4.16kV Bus Loading

Phnt Condition 4.16kVBus Operation Diesel Operation
Start Load

Lose 500kV +
shed load

Lose 500kV +
230kV shed
load

Stay on aux, transformer.

Stay on aux. transformer.

No No

Yes No

Lose 500kV +
unit trip

Transfer to startup transformer. No No

Two 500k V
breakers open
+ unit trip

Transfer to startup transformer, loads No
don't strip.

No

Unit trip + SI Transfer to startup transformer, loads Yes
don't strip.

No

SI (alone) Transfer to startup transformer, loads Yes
don't strip.

No

Unit trip +
LOSP (all)

Transfer to diesel. Yes

Unit trip + Transfer to diesel,
LOSP + SI

S ste /Co nent
~ 480 MCC~
~ AuxiliarySaltwater
~ Centrifugal Charging
~ Reciprocatmg Charging
~ Component Cooling Water
Safety Injection
Residual Heat Removal
Containment Spray ~~

AuxiliaryFeedwater
Containment Fan Coolers~ (MCC load)

gus F
F
I
I

gus G
G
2
2
3

2'us
H

H

~ System used during normal operation.
~ These never trip (except containment fan coolers).
N'~ Load only if"P" (Phase B) signal is present.
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B2.3 Results of the BNL Review

B2.3.1 General

'Ihe unavailability analysis of Qe Electrical Power System in the DCPRA was reviewed by BNL with an

emphasis on completeness and adequacy in modelling the electrical systems.'n addition, to check for
calculational inconsistencies,

all of the split fractions (w/o seismic) were recalculated (audited).

B2BD Observations on the Unavailability Modelling ofElectric Power System

The review of the Electric Power Systems resulted in the following observations and questions.

B2.3.2.1 Nonvital Electric Power System

1. The startup transformers (SU-11 and SU-12) are depicted in the nonvital electric power system description
(Figure D.2.1-1,Sheet 4) as somewhat complex systems; e.g.,transformer SU-11 has two cooling oilpumps
and 25 cooling fans (powered via breaker 52-11D-23 from bus 11D 480V) as well as radiators. It was
stated that the transformers can carry only up to 60-70% of the load without cooling. Upon further
discussions with PG&E it was established that the transformers can handle 100% of the load in the short
term but for long term aging considerations the supplemented cooling is desirable.

2. It was not clear ifthe switch yard/plant breakers (542 and 632) had already been replaced by "seismic
resistant" Hitachi breakers or not. PG&E documented that the breakers were indeed changed out.

3. Assumption 2 for quantifying Top Event OG states that failures to accomplish load rejection down to
house loads are included in the loss of power initiator. Upon further questioning, PG&E stated that no
credit was taken for Diablo Canyon's load rejection capability in the model and that the generic data used
for the LOOP initiator most likely did contain a contribution from load rejection failure but it was not
easily identifiable.

4. Block 3 shown in Figures B2.2.2and B2.2.3was not developed at the equation level. It was said that it
might be modelled as a recovery action ifit were needed. Upon further investigation by BNL, PG&E
stated that the recovery action would have been backfeeding power from the 500kV grid which was never
made part of the model,

RL3~ Vital125V DC System

1. Figure B2.2.1as well as Figures B2.2.4.land B2.2.4.2indicate a bus tie between dc buses 11 and 12 (which
might be in use during maintenance), The system analysis does not consider common cause failures
between dc trains. Upon further investigation, PG&E explained that the two bus-tie breakers are
interlocked to prevent simultaneous closure. The purpose of this tie is to allow connection of the space
charger.
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2. In modelling of the electrical recovery actions, the DCPRA states (p.3-5-18): "based on the actual plant

operation data, PG&E electrical design personnel estimated an extended battery availability of more than

12 hours with no reduction in dc loads during a station blackout." In the unavailability analysis of the

diesel generator itwas assumed that the batteries are not recoverable afler depletion. Depletion time was

taken to be 12 hours. PG&E was asked to clarify the consistency of the assumptions used for battery

depletion time in the DCPRA (2 hours or 12 hours) and its impact on accident sequences where battery

depletion is important (operation of turbine driven AFW pump, etc.). PG&E responded with the

following:

'For scenarios in which dc power is successful but ac power is lost, credit is only given for
electric power recovery within the 12-hour battery depletion time, This treatment of the

dc power unavailability is conservative in the estimate of core damage frequency, especially

when battery depletion is important.

32622 VitalAC System, Unit 1

1 ~ The system analysis stated that the 4.16kV switchgear room needs cooling (heavy equipment being used

during normal operation) via cooling fans, The unavailability modelling of the system assumes that the

4.16kV switchgear room does not require ventilation. PG&E was asked to provide clarification of this
situation, PG&E- stated that although cooling fans are part of the plant design they are not required in
order to keep the room below critical temperatures.

2. The 480V switchgear room ventilation was considered so important that a top event was dedicated to it~

~
! (Top Event SV; not reviewed in detail). BNL questioned the fact the "failure of fire damper"'n the 480V

switchgear room (a fairly infrequent event) was included in the top event analysis of the vital ac system
and not in that of the switchgear room. The PG&E response clarified the situation in that first, this is
not applicable to the 4.16kV switcbgear room and second, that each of the 480V switchgear rooms has

its own damper that could block ventilation to only its own room as is reflected in the model,

3. It appeared that the failures of the hardware (relays, electronics) associated with the permissives
(allowing/disallowing power source transfer) were not modelled. PG&E responded that these elements

were included in the boundary conditions and not as speciTic elements in the top event analysis.

BX3&4VitalAC/DCSystem - Unit 2

The Unit 2 ac/dc system unavailability is modelled in the DCPRA as a combination of the vital ac and dc
systems as was done for Unit 1 with the only difference that Unit 2 components are substituted for the Unit
1 components. This approach compelled BNL:

1. to reiterate all the observations made in the previous two sections (Sections B2.3.2.2and B2,3,2.3)also
with respect to the Unit 2 vital ac/dc system, and

2. to disagree on the assumptions made in the analysis about maintenance, tests and human failure
contributions to the total unavailability. This latter item is detailed below.

The DCPRA apparently overlooked the fact, that throughout a time period while Unit 1 is in operation," Unit
2 willhave one refueling (and/or several cold shutdowns), During a refueling (or cold shutdowns) the
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components of the Unit 2 vital ac/dc system could be subjected to longer lasting scheduled maintenance and

tests (required by Technical Specifications, etc.) which could render the various trains of the vital ac/dc system

unavailable for protracted periods of time. Therefore, the contributions due to these scheduled

maintenance/test activities to the total unavailability of the vital ac/dc systems were believed to be non

negligible. PG&E's response to this issue indicated that since Unit 2 electrical power is basically modelled

in support of the Unit 2 Auxiliary Saltwater System, the following addressed this concern: 1) like train
maintenance for the ac/dc power and auxiliary saltwater would be scheduled simultaneously and 2) these

durations were reflected in the PG&E update of the auxiliary saltwater systems analysis.

Given the PG&E response, BNL still feels that there may be some new sequences (due to a coupling of
failures between Unit 1 and Unit 2) that would appear and contribute to the total core damage frequency.
'Gus expectation is based on the similar conditions that arise when e.g.,the swing diesel is in overhaul or the

train associated with BF is unavailable. These types of new sequences were neatly calculated in PG&E's
Diesel Generator Allowed Outage Time Study." A similar calculation here would also have been beneficial.

RL3~ Iastameut hC Satan

1. The unavailability analysis of the Instrument AC System assumes no common cause failures'etween the

instrument ac system's channels, On the other hand, the analysis calls attention to the condition that two
or more simultaneous instrument ac channel failures result in a reactor trip, i.e.,instiument ac channel

failures represent a potential event initiator. Indeed, the DCPRA identified by the Master Logic Diagram
(MLD) method the "Loss of Instrument AC Power" as an initiator category; MLD-20. However, the
DCPRA did not analyze this event category and stated (see Table C.1-3 of DCPRA): "a failure mode and

effect analysis shows that failure of more than one instrument channel is a low frequency event and is not
included as a separate initiating event." Table C.1-4reiterates: "The plant willbe tripped by loss of RCP

ifmore than one instrument ac channel failure occurs. Random failure of more than one passive system
is an extremely low frequency event and therefore is not included as a separate initiating event. However,
multiple failure of instrument channels due to external causes (e.g., earthquake and 480V switchgear
ventilation) are

addressed.'n

order to check whether the DCPRA's claim about the negligible occurrence frequency of multiple
instrument channel failures was valid or not, BNL referred to a recent study~ conducted on inverter aging.
According to this study, in the nine years from 1976 to 1984 (i.e.,during 720 reactor years of operation)
there were 42'reactor trips that resulted from (multiple) inverter failures, i.e, 058 trips/reactor year.
From 1984 to 1986 (i.e., during 308 reactor years) 57 reactor trips occurred due to (multiple) inverter
failures, i.e,.185 trips/reactor year (in both cases the majority of the trips occurred during high power
operation).

Each reactor trip has the potential for impacting safety because of the additional equipment response and

opemtor actions generally needed to bring the plant to a safe and controlled condition. In the DCPRA
the reactor trip initiator, RT, and the associated event tree does not account for events of the above type,
since the RT event tree is not conditioned for simultaneous guaranteed failure of more than one

instrument ac channel.

The closest event tree involving simultaneous guaranteed failures of instrument ac channels is the one

associated with the initiator "Loss of One DC Bus" with an initiator frequency; L1DC = 2.56-2/year.
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In order to make a rough estimate of the impact of the neglection of the loss of instrument ac power
initiator from the DCPRA model to the core damage frequeacy, the simplest way appeared to be to
increase the value of the L1DC initiator, e.g.,by the weighted average of the above reactor trip
frequeacies, i.e.,0.096 trips/reactor year. Then, the new value of the initiator would be: L1DC = 0.096
+ .0256 0.122/year. BNL then performed a seasitivity study using this new frequeacy to provide an

upper bound on the possible impact. The upper bound calculation yielded a 20% increase ia total non-
seismic CDF using the dominaat sequence model.

2. Figure B2.3.1shows the distribution of causes of inverter failures for LER events in the 1984-1986 period
(figure is also taken from Reference 7). One observes that 18% of the inverter failures were caused by
personnel error (made during unscheduled maintenance, test, etc.). Therefore, it would also seem that
human error contributions should be explicitly included in the split fractions of the instrument ac system.

82BB Results of the Audit Calculations

In order to scrutinize the quantified values of the split fractions themselves, BNL performed audit calculations
for each of the split fractions associated with each of the boundary conditions. Seismic split fractions were
not checked. The reason for the detailed audit was that these electrical system associated split fractions
determine the support system eveat tree: some of the fault trees because of their simplicity, were originally
"hand calculated" in the DCPRA. In the BNL calculations the SETS code6 and locally generated PC software
were used. In these audit calculations the same assumptions, input data, human error probabilities as well
as maintenance and test frequency and duration values were used as in the DCPRA,

The results obtained by the audit calculations are presented in Tables B2,2.3a through B2,2.3d. They are
denoted by "BNL"to be compared with the values given in the DCPRA (denoted by "PG&E"). By comparing
the PG&E and BNL results, one can see that there is aa overall agreement between the data. The agreement
is even better ifone takes into account that BNL used point estimates while PG&E used a Monte-Carlo
approach in the split fraction quantification.

R2&.4 Comments on the IOOP Initiator

In a very recent article in the EPRI Journal7 there is a discussion concerning solar magnetic storms. This
subject would not normally be a concern in a PRA, however, the article includes a map which shows all of
California within a "high-potential" zone and includes a discussion with specific examples that demonstrates
a real threat to power grid integrity. Based upon this article, BNL requested that PG&E evaluate whether
or not this phenomenon would have an impact on the derivation of their LOOP initiator frequency. PG&E
looked into this phenomeaon and stated that it would not change their thinking/derivation concerning the
DCPRA LOOP initiator frequency. As a sensitivity study, BNL made the followingassumptions: during the
next 30 years, one disruptive event would occur on the PG&E grid with a 0.5probability of causing a LOOP
event at Diablo Canyoa. When this contribution was added to the PG&E LOOP value and substituted into
the dominant sequence model, the non-seismic CDF iilcreased by just over 4%.
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82BA Coadasioas

The BNL review identified several inconsistencies and potential omissions in the unavailability modelling of
the Diablo Canyon electrical power systems, These resulted in several questions that were discussed with
PG8cH as highlighted herein. The combined results of the. identified omissions may result in a slight

underestimation of the expected core damage frequency of Unit 1. BNL's audit calculations were in close

agreement with those within the DCPRA concerning the electrical power systems.
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Figure B2.3.1 Inverter failure causes (1984-1986 LERs).
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APPENDIX B3: AUXILIARYSALTWATER SYSTEM

B3.1 Introduction

B3.1.1 Objectives

I
The main objective of this appendix is to summarize the results of reviewing the unavailabilityanalysis of the
auxiliaiy saltwater (ASW) system described in the DCPRA.i An additional objective is to determine a new

value for the initiator "Total Loss of Auxiliary Saltwater (LOSW)" based on generic plant experience

appropriately updated for Diablo Canyon with Bayesian techniques. This was done to compare with the
DCPRA value obtained by, calculating the total yearly failure frequency of the ASW system.

B3.12 Organization

Section B3.2 provides a brief description of the configurations and the functions, the dependency on support
equipment, the surveillance and maintenance conditions, the unavailability modelling in the DCPRA, and the

original DCPRA results. The purpose of this approach is to present stand alone documentation to which the
review's findings can be directly compared. Section B3.3 contains the preliminary results and findings of the
BNL review as well as a new value for the LOSW initiator.'

As this particular systems analysis review was conducted and documented in a letter report to NRC midway
through the overall DCPRA review, PG&E was able to respond to the preliminary findings and in this
particular case made changes to their model. Section B3.4 briefly describes the changes made and PG&E's
new results as well as BNL's updated findings/conclusions.

For completeness, the documentation of the data used by BNL for determination of the initiator frequency

(LOSW) is presented in Attachment B3.A. In addition, the ranked cut sets of hardware unavailabilities(both
independent and total) obtained by BNL for a representative condition (AS1) and the calculated initiator
values ar'e y'ven in Attachment B3.B.

BBZ Unavailability Modelling of the AuxiliarySaltwater System in the
DCPRA

B3.? 1 System Description, Con6gurations and Functions

The function of the Diablo Canyon auxiliary saltwater (ASW) system is to provide cooling water to transfer
heat from the component cooling water (CCW) system to the Pacific Ocean. The ASW system of Unit 1

consists of two trains. Each train includes the motor-operated ASW bay gate, and ASW pump, the discharge

check and manual isolation valves, the secondary side of the Component Cooling Water (CCW) System heat

exchanger, and the exhaust fan that supplies ASW pump room ventilation, when the pump is running.

Two normally open train-to-train crosstie valves insure that each pump can serve both CCW heat exchangers.

IfUnit 1 ASW pumps fail, Unit 2 pumps are able to provide flow to Unit 1 equipment through opening of
a normally closed unit crosstie valve. Equipment that can be considered common to both ASW pump trains
of Unit 1 are the traveling screen and the train-to-train crosstie valves.
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The ASW system is normally operating with one pump running and one CCW heat exchanger in service. The
nonoperating ASW pump is in a standby mode. It starts automatically

a. on low header pressure,
b. bus transfer to startup power,
c. diesel generator start, or on
d. safety injection signal.

If the ocean temperature exceeds 64'F it is manually started. The ASW pump bay gates are normally open
so the standby pump has an available suction source. ASW ventilation fans start automatically when the ASW
pumps start and stop when the pumps stop.

4

B322 Top Event Definition, Success Criteria

Associated with the unavailabilityof the ASW function, the DCPRA defines only one top event to used in the
support system event tree ("mechanical" part). The designator of this top event is: AS. It is evaluated for 14
boundary conditions depending on the initiator and/or the unavailability of ASW trains of Unit 1 and Unit
2. One of the boundary conditions, "Loss of ASW Supply to Unit 1 (designator: ASI)" was taken as an
initiatoramong one of the initiatorgroups of the DCPRA called: "common cause initiatingevents." The name
of the boundary condition as initiator is: "Total Loss of AuxiliarySaltwater (LOSW)" as was mentioned in
Section B3.1.1. Its value is computed as: ASI = LOSW.

The AS model assumes that initiallypumps 1-1 (Unit 1) and 2-1 (Unit 2) are the normally running pumps.
The other two pumps are in standby.

The success'riteria of the top event AS is described in Table B3.2.1 for post accident injection and
recirculation phases, as well as for normal plant cooldown. For comparison, the success criteria for ASW
required by the DCFSAR2 are also indicated.

B3~ Logic Model, Dependency on Other Support Systems

The logic model of the top event AS describes the system configuration shown in Figures B3.2.1 and B3.2.2.
The logic model is constructed from blocks (supercomponents) of AS components. The boundaries of the
blocks are given in Figures B3.2.1 and B3.2.2.

The logic model itself is shown by the diagram in Figure B3.2.3. The diagram indicates the logic relationship
among the blocks and the dependencies on trains or supercomponents of the plant (ac and dc) electrical
systems. The start signal to the standby ASW pump is provided either by auto start circuitry or by the Solid
State Protection System (SSPS) given an event that generates such an actuation signal.

B32 4 Boundary Conditions of Top Event AS

Top event AS was evaluated for 14 boundary conditions (including the initiating condition, ASI). The
boundary conditions (except ASI) resulted from initiatingevents with an without offsite power available and
the combination of various states of the electrical systems of both Units 1 and 2. To be more specific, when
offsite power was assumed to be available, only the auto start of the standby ASW pump on low discharge

NUREG/CR-5726 B3-2



Appendix B3

~ ~

~

pressure was modelled and all Unit 2 support systems were taken to be available. In the case of loss of offsite
power, the ASW pumps were required to restart automatically and function after the vital busses had been
re-energized. In this case it was not assumed that all Unit 2 support systems were available.

Different operator failures were applied for modelling the opening of the inter-unit crosstie valve depending
upon whether this operation required remote or local actions. The detailed list of the boundary condition
definitions and the designators of the associated top event split fractions are given in Table B3.2.2.

B3~ QuanMcation of Top Event Split &action, AS

The methodology of systems analysis applied in the DCPRA requires that the top event "split fraction"
(associated with a system under a given boundary condition) should reflect the notion that the system (or its
portion) in question is in one of the followingmutually exclusive alignments; 1) normal alignment, 2) testing
alignment, 3) maintenance alignment, or 4) misalignment. Thus, the contribution to the system unavailability
from a speciflic alignment is determined by the conditional system unavailability, given that the system is in
that alignment multiplied by the fraction of time that the system spends in that alignment. That is the way
that the DCPRA considers the constraints imposed by Technical Specifications which disallow simultaneous
maintenance or test activities on redundant components and the human errors causing the system or its
components (usually occurring after these activities) to be inoperable.

Table B3.2.3 lists the values of AS split fractions associated with the various boundary conditions quantified
by PGEcE. The table presents the total unavailabilities(TII.), along with the main contributors to the total

~

~

~

~

~ ~ ~

unavailabilities,such as hardware (HW), maintenance (MN), test (TS) and human error (HE). At a given
undaiy 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.

The maintenance alignment is a significant contributor to the unavailabilitybecause it includes the demusseling
and chlorination of the trains. Demusseling occurs every 60 days and takes four to five hours per train.
During normal maintenance, only the pump of the train in maintenance is unavailable; the two heat
exchangers still get cooling water from the running pump or through the crosstie to Unit 2. During
demusseling, however, since the intertrain crosstie is closed, the train in maintenance would appear to become
complete isolated and unavailable. In this case, the DCPRA changed the success criterion of the ASW system
from 2/2 to I/1. Unit 2 train demusseling and maintenance are modelled identically.

The test alignment is a small contributor to the unavailabilitybecause of the relatively short duration involved.
During pump start testing the standby pump does not get a start signal ifa low prcssure condition develops
on the discharge header (e.g., due to failure of the running pump) because the pressure sensor is isolated.
The status of the ASW system in that case is equivalent to the case when a pump is in maintenance. The
ASW pump operability test does not alter the normal configuration except once per year, when the vacuum
breakers are tested. Vacuum breakers are used on this system to prevent the occurrence of water hammer
(see more about this later in this appendix). During this test the intertrain crosstie is closed, and a situation
is similar to demusseling occurs.

Unavailabilitycontributions due to operator failures to realign the system after test or maintenance were
assumed to be negligible. This is because the crosstie valves and the motor-operated bay gates have position
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indicators in the control room and maintenance procedures require that the open status of the discharge
isolation valves and the service readiness of the discharge pressure switch should be verified before an ASW
pump would be returned to service.

B3&6 Quantl5catlon of the Mtiator: "LOSPP

The DCPRA models and quantifiesthe initiatorLOSW as loss of all ASW supply to both of the Unit 1 CCW
heat exchangers. The plugging of the ASW traveling screens is not included in the quantiTication, because

given plugging the DCPRA assumes completely successful and timely mitigating actions.

Two fault trees were constructed by PG&E to determine the initiator frequency: one, desc'ribing the yearly
failures of the ASW system during normal operation, and one describing the yearly failures of the system
which occur when the running and the standby trains are rotated (26 times per year). The fault trees involve
independent and dependent component failures ofUnit 1 and Unit 2 trains as well as failures occurring during
maintenance. The numerical results of the quantiTication obtained by PG&E are indicated at boundary
condition ASI and denoted by "LOSW" in Table B3.2.3.

BBB Results of the BNLReview

B38.1 General

Special attention was directed by BNL to the review of the unavailability modelling and quantification of the tauxiliary saltwater system based upon the following:

1. the DCPRAuses a "non-plant-specificexperience-based"value for the LOSW initiatorderived from
a fault tree,

2. the system is exposed to rather harsh environmental effects (biological fouling, salt water, etc.), and
3. it is an important support system impacting the safety of the majority ofplant operations, including

cold shutdown.

For the review, therefore, the following approach was used to check the adequacy of the DCPRA modelling
for "system-speciTic" effects. BNL performed a survey of failure events involving the Service Water (SW)
Systems at U.S. PWRs by using the RECON3 data base and the NPE4 operating events listing. After having
determined the nature and characteristics of these failures, an evaluation was made as to how well the
DCPRA model reflects this 'experience.'he evaluation was carried out by a thorough review of the failure
modes involved in the AS top event logic diagram and by comparing the failure rates occurring in the
associated fault trees (including those describing the initiator- LOSW) with failure rates used by the DCPRA
in the fault trees for other standby systems. In order to check for calculational consistencies, all of the fault
trees were requantified. (The fault trees are not reproduced here, they can be found in Chapter D.2.6 of the
DCPRA.) Furthermore, sensitivity calculations were carried out to determine the impact of changes in the
assumptions concerning the availability of the Unit 2 ASW trains. Finally, an attempt was made to
independently determine a Diablo Canyon-specific LOSW initiator frequency based upon experience data.
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B362 Results of the Survey on SW Systems Failures

The results of the BNL survey on failures of SW systems at U.S. PWRs are presented in Attachment B3.A.
The failure events are classified into three groups:

a. operating events involving the total loss of the SW system due to component failures or due to
environmental effects (Table B3.A.3),

b. operatingevents involving the total loss of the SW system due to system interactions(e.g., electrical
failures) or other initiators (e.g., flooding) (Table B3.A.4), and

c, operatingevents involvingthe partial degradationof the SW system due to any cause (Table B3.A 5),

The results also revealed that partial degradation of the SW system is rather frequent and there are some
dominant failure modes of the SW system as a result of proneness to failure of certain components. These
dominant failure modes are:

a. Biological fouling and/or sediment deposition. This is an indication that the quality of the cooling
water is not very well controHed since SW systems are typically of an open-cycle design. (Systems
of open cycle design take and discharge cooling water from and to an ultimate heat sink such as:

ocean, lake, river, pond, etc.) The affected components are generally strainers and heat exchangers
which become clogged and restrict the flow of the cooling water.

b. Unusually high rate of corrosion ofpipe walls, tubes, valves, and consequent leakage. Additionally,
mechanical and electrical problems with the operation of the SW pumps.

Failures which lead to the complete loss of the SW function typically involve:
c. The unavailability of the intake structure due to

1. problems associatedwith the traveling screens (clogging, corrosion, loss of motive power), and
2. cold weather (icing) or flooding.

d. Loss of motive or control power to the operating train (systems interaction) associated with loss
of redundancy owing to maintenance or procedural failures.

e. Mechanical or design failures of the SW pumps.

A significant failure mode of SW sy'stems can occur with piping of steep slope. The steep slope creates a
situation which may be conducive to water hammer, such as the event that happened at Diablo Canyon in
1982. The following is a quote from Diablo Canyon LER-275/82-10-07 (see Appendix A for further details).

"the (AuxiliaiySaltwater) system is susceptible to water hammer effects during anticipated
operational transients. These transients include pump trip and restart sequences such as would
occur followinga loss of offsite power. The peak pressure observed during testing exceeded the
100 psig system design pressure specified in the FSAR. The cause of the system water hamme'r
is believed to be water column separation and subsequent column recombination at a point of
significant piping slope change."

The recovery times of the observed SW failure events (as estimated by examining the time evolution of the
various events) indicate a distribution extending from a representative time period of 1-2 hours to more
unpredictable time periods of a few hours or of even one or more days (weather, flooding).
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It is noted that biological fouling and/or sedimentation do not tend to cause total loss of the SW system even
though these are the dominant causes of partial degradation. This may be explained by the relatively long
time available for preventive actions after the failure/degradation is recognized for a given train or component.

ISBB ModelHug of the AS%'; the Logic Diagram!~ Fault Trees

The review of the unavailabilitymodelling of the ASW system performed by BNLwas based upon the latest
version of the DCPRA information provided by PG&Es and the data obtained from the BNLsurvey of SW
failures described above. The information included the fluid flow diagrams with indication of the
supercomponcnts, Technical Specifications, FSAR, as well as operating and surveillance test procedures
relevant to the ASW system.

The review found that the DCPRA unavailability model of the ASW system only weekly reflects the industry-
wide proneness of an SW train to be randomly blocked or to be prevented from functioning properly (e.g.,
by leaking) because of the environmental effects prevalent in such systems. Specific observations include:

1. Consider, e.g., thc failure mode "Failure of the traveling screens, (ZTSC3P, plugging)." This is a
common cause failure in the ASW unavailability model which one can take to be representative
of some environmental effects. It was assumed in the DCPRA that this failure mode fails both
trains at Unit 1 or both trains at Unit 2 but was not considered as a common mode failure for both
units taken together. In other words, the cut set for common mode failure of the travelingscreens
for both units would be the Unit 2 common mode failure ANDEDwith the Unit2 common mode
failure. Even so, the DCPRA analysis idcntiTiedit to be a leading contributor to the ASW

systems'navailability.

In the initiator model, however, this failure mode was not included for Unit 1, on the basis that
complete recovery was assumed. As was mentioned in Section 83.3.2, experience indeed gives
some indication that these types of failures can be recovered (similar to loss of offsite power
initiators). To neglect them completely, however, is judged to be somewhat optimistic.

2. Demusseling (and chlorination) is performed on average once per 60 days for about 4.5 hours per
train and has been assumed to be so effective, that the DCPRA did not consider the blockage of
the ASW trains as a conceivable failure mode. Neither the ASW unavailability model, nor the
model of the component cooling water system takes into account the "plugging of the shell side of
the CCW heat cxchangers."

3. The ASW unavailability model does nol contain failure events which would reflect the frequent
leakage/rupture failure events caused by corrosion and observed at numerous other plants.

4. In the ASW model, the same values were taken for the rate of the failure mode "pump fails to
start" and for the pump maintenance frequency and duration as those used for pumps of standby
safety systems or systems operating in closed cycles and using treated water.

5. As a consequence of neglecting the higher failure rate data observed throughout the industry for
SW train components, the unscheduled switchover frequency between running and standby trains
and the unscheduled maintenance contribution to the system's overall unavailability may be
somewhat underestimated.

As concerns other aspects of the modelling, the rcvicw identiTicd the following items:

6. The DCPRA changed the success criteria from 2/2 to 1/1 during demusseling activities and during
testing of the vacuum breakers in order to avoid the otherwise guaranteed failure condition during
these periods per thc model's assumptions.
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7. The DCPRA assumes that when an ASW train at Unit 2 is unavailable (failure state or in
maintenance/demusseling/test) the other train of Unit 2 can still provide enough cooling fiow for
the CCW heat exchangers of both units. BNL requested that this assumption be supported by
engineering calculations.

8. The DCPRA considers only unscheduled maintenance for Unit 2 trains. Large train overhauls
lasting over a protracted period of time performed when Unit 2 is in cold shutdown were not
included in the model. During this time the full flow from the running ASW pump of Unit 2 is
needed for Unit 2. These periods of complete unavailabilityof Unit 2 (in terms of Unit 1) should
have been represented in the ASW unavailability model, particularly in the fault trees for the
LOSW initiator. Similarly, periods when Unit 2 goes to cold shutdown or during warm ocean
water conditions (when two ASW trains per unit are required) were omitted from thc
determination of the initiator frequehcy.

9. The ASW unavailability model is tacit about the possible occurrence of waterhammer given loss
of offsite power. According to PG&E, the plant eliminated this problem by applying vacuum
breakers (see LER No.82-009-01T-1, quoted also in Attachment B3.A).

B36.4 Audit and Sensitivity Calculations

In order to scrutinize the quantiifiied split fractions themselves, BNLperformed audit calculations for each of
the split fractions associated with each of thc boundary conditions. In these calculations thc same
assumptions, input data, maintenance frequency and duration values were used as in the DCPRA. The SETS-

'code~ and locally generated PC software were used for the computations. The use of the SETS code allowed
the identification of the most important cut sets contributing to the hardware unavailabilities. These cut sets,
are not readily accessible for direct review in the DCPRA. Attachment B3.B lists'the ranked cut sets for AS1
and for the initiator, LOSW, as example calculations. The definition of the basic events appearing in the cut
sets are identical to those given in Appendix D.2.6 of the DCPRA, except HW1, HW2, HW3, HW11, HW22,
and HW33. The definitions of the latter events are indicated in A'ttachmcnt B3.B.

The results obtained by the audit calculations are presented in Table B3.2.3, denoted by "BNL1," to bc
compared with the values given in the DCPRA (PG&E). BNLalso performed a sensitivity calculation for all
the boundary conditions to see the impact on the split fractions of abandoning the DCPRA's assumption that
a Unit 2 ASW train would still be availablc for Unit 1 even if the other Unit 2 train had failed or was in
maintenance/demusseling/test. The results of this sensitivity calculation are denoted by "BNL2" in Table
B3.2.3. One can observe that this latter assumption results in a considerable increase in the split fractions
associated with some boundary conditions.

B39$ Comments/Findings

The BNL review and calculations resulted in the following comments:

1. In the expanded block level fault tree (offsite power available) given in Figure D.2.6-5 there were some
inconsistencies:
a. In the sheet 1 of 5 (page D.2.6-38) for the events "loss of flow to header 11 only" and "loss of flow

to header 12 only" one should use "AND"gates, instead of "OR" gates, given in the figure.
b. In the sheets 4 of 5 and 5 of 5 (pages D.2.6-41, 42) the failure modes of the running and standby

pumps were reversed.

2." For the failure modes "pump fails to start," "pump fails to run," as well as for similar failure modes of the~~

~

~~fans, the single failure rates used in the fault tree quantification were higher than the total failure rates.
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3. The DCPRA fault trees describing the initiator LOSW did not include unavailability contributors due to

a. failure of the Unit 1 train-to-train crosstie,

b. the maintenance of the unit-to-unit crosstie,

c. the demusseling of standby trains at both units,

d. failure of the demusseling process, and

e. failure of the traveling screen at Unit 1 (but was considered in block E for Unit 2).

4. While it was assumed for the LOSW fault trees that failures of the traveling screen at Unit 1 can be
successfully mitigated, there was no maintenance duration de6ned with these actions.

The audit calculations denoted by BNL1 incorporate items 1 and 2 above. BNL2 calculations include these
corrections and involve (as discussed before) the assumption that a Unit 2 ASW train cannot provide water
to Unit 1 CCW heat exchangers ifthe other Unit 2 train is down due to failure/maintenance/ demusseling/test.
In addition, the BNL2 calculation for LOSW incorporates items 3 and 4 above as well as a provision
addressing train rotations and some scheduled outages of Unit 2 trains resulting in an unavailability value (for
both trains) of .07.

B3B.S Determination of Initiator Frequency, LOS%V Bmed on Industry Experience

In order to compare the LOSW initiator frequencies obtained in the DCPRA by using ASW unavailability
models with values based on industry experience, BNL made an attempt to determine such Diablo Canyon-
specific values by applying a Bayesian technique.7

Two approaches were used in the calculations:

a. The first approach was based on the observed frequency of appropriately selected LOSW events
whose potential occurrence was deemed possible at the Diablo Canyon plant. According to this
approach, the mean initiator frequency of LOSW events (non-recoverable within some time t) can
be calculated ifthe Unit 1 ASW trains were independent of the Unit 2 trains, by the expression:

A
LOSW~ (1) = .85 ~ LOSW(1) ~ P(T> t) (1a)

and, ifthe Unit 1 trains are dependent on Unit 2 trains (actual case) by the formula:
A

LOSWp (1,2) = .85 ~ LOSW(1) ~ P(T> t) ~ Rc (2~1)

A
= LOSWH (1) +R (2~1)

(1b)

where LOSW(1) is the "posterior" mean frequency of the selected LOSW events. The selected events
are counted independently; i.e.,events in which two units were involved counted twice. P(T>t) is the
probability that the time to recover a LOSW event willlast longer than some given time, t. Rc(2~1)
is the conditional probability that given loss of both ASW trains at Unit 1, the Unit 2 trains also
become unavailable. This quantity can be calculated by an ASW unavailability model. And .85 is the
assumed capacity factor of a Diablo Canyon plant unit.

NUREG/CR-5726 B3-8
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b. The second approach derives the mean initiator frequency directly from the experienced frequency

of selected LOSW events when SW trains of two units were lost. The mean frequency of these

events non-recoverable within some given time t can be obtained by the formula:
B

LOSWu (1,2) = .85 ~ LOSW(1,2) ~ P(T> t) (2)

where LOSW(1,2) is the "posterior" mean frequency of LOSW events experienced at twin units.
The two other quantities in Eq.2 are the same as those defined above.

The advantage of Approach A (compared to Approach B) is that its "statistical basis" is better than that of
Approach B. However, its disadvantage is that Eq.lb is a hybrid expression; it still needs the calculated

quantity ~2~1),

The posterior frequency distributions of the quantities (LOSW(1) and LOSW(1,2)) occurring in the above

equations were determined by BNL using two-stage Bayesian updating calculations.

The first seven events of Table B3.A.3 and the reactor-years listed in Table B3.A.1 (except those of Diablo
Canyon Units 1 and 2) were taken as "experience," and zero number of LOSW events during the operation
times of both Diablo Canyon units was taken as "evidence for the LOSW(1) frequency updating calculation.

By assuming lognormal prior and posterior frequency distributions and by using "best estimate" parameters
for the prior of the second stage updating, the obtained Diablo Canyon specific posterior mean, median,
standard deviation, 5th and 95th percentile values are presented in Table B3.2.4 (see "experience based
values" ).

The calculation of the frequency distribution LOSW(1,2) is based on the San Onofre events, when Unit 2 and
Unit 3 SW trains were lost, and on the (overlapping) reactor-years associated with multi-plants listed in Table
B3.A.2. The Diablo Canyon-specific posterior values are also given in Table B3.2.4(see also "experience based
values" ).

In order to determine the recovery probability of LOSW events, all the events listed in Table B3.A.3 were
used. Event No.8 was also included in the sample to represent some fraction of LOSW events which are non-
recoverable within (say) 12 hours. An exponential distribution was assumed for the recovery probability
density function:

f(t) = Xe", t>O,X>0.

Thus, the distribution function

(3)

t
F(t) = P(T(t) = J f(x)dx,

0
(4)

gives the probability that a LOSW event willbe recovered within t hours, and

P(T>t) = 1-F(t) (5)

provides the probability that the time to recover a LOSW event willbe longer than some given time, t.

The cumulative distribution of the LOSW events as a function of the time to recover, the fitting curve, (Eq.5),
as well as the ninety percent uncertainty bounds are shown in semi-logarithmic representation in Figure

B3.2.4. The maximum likelihood estimate of the parameter X is given by the expression:

) = N/E t; = .271/hour (6)
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where t„ t~, ..., tz represent the sample data, and 1lX = t is the mean time to recovery".

Based on a rough estimate of the heat capacity of the water available in the CCW system given a LOSW (t,
— '/~ hour) and the time ncccssary to develop a seal LOCA with appreciable leak rate given unavailable
cooling (tz —15 hours), the critical time for non-recovery of LOSW events was taken to the t< + tz —2
hours. At this point in time the probability of non-recovery of an LOSW event was estimated from the best
fitting curve in Figure B3.2.4 to be P(T) 2) = .57.

The conditional probability R<(2)1), that Unit 2 ASW trains become unavailable for Unit 1 CCW heat
exchangers given loss of both ASW trains at Unit 1 was determined by the ratio:

LOSWc(1,2)
Rc(2I 1) (7)

where LOSW<(1,2) denotes the calculated frequency of total loss of ASW trains at both Diablo Canyon Units
(Units 1 and 2), and LOSW<(1) denotes the calculated frequency of total loss of ASW trains belonging only
to Unit 1.

The value of LOSW<(1,2) is identical to the values of LOSW listed in Table 83.2.3 for the cases "BNL1"and
BNL2." For the sake of completeness, however, they are again presented in Table 83.2,4 (see "model based
values" ). Table B3.2.4 also shows thc corresponding values for LOSW<(1) and Rz(2) 1).

For comparison, a ratio based on the experienced data and defined as

R LOSW(1,2)
LOSW(l)

is also calculated and presented in Table 83.2.4. This value is indicative of the large dependence between the
failures of the ASW trains at twin units.

After all the necessary quantities were determined, Eqs.la, lb, and 2 were evaluated. The obtained mean
values for the initiator frequencies,

A A B
LOSWn (1), LOSWz (1,2) and LOSW< (1,2) are given in Table B3.2.4 (see"experience" and "experience and
model" base values).

A comparison of the purely model-based initiator values with those obtained by expcriencc or by "experience
and model," shows that there is a satisfactory agreement between the following values:

a. IfUnit 1 ASW trains were independent of Unit 2 trains:

LOSW< (1) 5.16-3/ry(" BNL2") and LOSWz" (1) = 4.14-3/ry.

NUREG/CR-5726 B3-10
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b. Actual situation of interdependency between units:

LOSWc (1~2) = 5.11M/ry("BNL2")and LOSWB (Ii2) = 4 564/ry

Since these values are higher than the initiator values (LOSWG(1,2)) calculated by using the original PG&E-
assumptions (PG&E, BNL1) it appeared that the DCPRA could have underestimated the real value of the
LOSW initiator by at least a factor of 5. The underestimation would be further exacerbated

ifone compares the experience-based value, LOSWE = 2.23-3/ry with the frequencies given above at b,
because even those values may underestimate the real value. According to BNL's calculations, the "real" value
of the LOSW initiator, LOSWR(1,2) should lie in the interval:

LOSWH (1,2) = 2.23-3/ry) LOSWR (1,2) ) LOSV|JB (1,2) ~ 4.564/ry.
B

Fine-tuning this interval would require much more realistic modelling of both the inter-unit dependencies of
the ASW trains as well as the use of more accurate information about the unavailabilities of the Unit 2 trains.
Therefore, there is obviously a large amount of uncertainty associated 'with this interval. In order to factor
in an element of expert opinion and to provide an additional data point for the sensitivity analysis (see Section
B3.4), BNL took the geometric mean of the above interval (denoted: BNL "Midway"= 1.01-3/ry).

B3.4 Overall Hndings/Condusions

As a result of the BNL system analysis review of the AuxiliarySaltwater System, PG&E performed a number
of additional calculations. One of the calculations demonstrated that only under certain circumstances (not
all) could a single Unit 2 ASW pump supply both Unit 1 (via the crosstie) and Unit 2 with sufficient ASW
flow. PG&E then carried out a sensitivity study to determine the impact of this finding on their overall
results. PG&E determined that the change in non-seismic CDF was not appreciable and stated that none of
the conditional split fractions in Table A3.2.3 required requantification as a result.

In terms of the initiator frequency, LOSW, PG&E did accept some (not all) of the BNL work and developed
a new value for this initiator. This value was not presented in time for BNL to incorporate it into the
dominant sequence model for BNL's quantification purposes. However, the following chart shows the
relationship between the original and updated PG&E values and the BNL work.

Case

PG&E Original

PG&B Updated

BNL1

BNL2

BNL "Midway"

BNL-Upper Bound

LOSW
(Events/Year)

9.74-5

1.454

1.62-4

4.564

1.01-3

2.23-3

Un normalized
Fuss el-Vcsely
Importance

1.4474

2.0854

2.407-6

6.775%

1.500-5

3.313-5

Resulting
Non-Seismic

CDF

1.77284

1.7791<

1.78244

1.82654

1.90834

2.089&4

%h CDF

0.36

0.54

17.87
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Based upon the above chart, it is clear that the LOSW initiator (according to the dominant sequence model)
is not an important contributor to the Diablo Canyon core damage frequency. In addition, the chart
demonstrates that BNL's quantification effort using the original PG&E value, rather than the updated value,
does not provide a distorted picture of the overall Diablo Canyon core damage profile.
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Table B3.2.1
Top Event IMinitionand Success Criteria

AuxiliarySaltwater Function

Top Event
Designator

AS

Top Event
Definition

ASW provides cooling water to Unit 1

CCW heat exchangers during 24 hours

following an initiating event.

Top Event Success Criteria

1. Post accidental in'ection and recirculation

phases. Cooling water is required to be

available to both CCW heat exchangers of
Unit 1 for all initiating event (of course,

except LOSW). Event ifboth Unit 1 ASW

pump trains fail, top event AS still succeeds

ifthe operator aligns a Unit 2 ASW pump
train to supply the Unit 1 CCW heat

exchangers by opening a crosstie valve.

2. Under normal lant cooldown conditions.

Two operable ASW pump trains to two
CCW heat exchangers are required for
success (trains are operated separately).

.The unavailability of CCW heat exchangers

is modelled in the CCW analysis.

SAR Success Criteria:

~Atiratdtit: Modes: Power operettas, l; Startup, 2; Hot slsodby, 3; Hot shutdown, 4. At least two auxiliary
saltwater trains shall be operable.

~etio: With only one ASW train operable, restore at least two trains to operable status within 72 hours or be in
at least hot standby within the next six hours, in cold shutdown (Mode 5) within the following 30 hours.
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Table B3.2.2
Boundary Conditions for Top Event, AS

Split Fraction ID Boundary Condition

AS1

AS2

AS3

AS4

ASS

AS6

AS7

AS8

AS9

ASA

ASB

ASC

ASI
ASF

No LOSP. All pump trains available (2 running, 2 standby). Power at Unit 1

available for 4.16kV Busses F and G and 125V DC Bus 12. Open crosstie valve,

remotely: OP 1.

No LOSP. Three pump trains available (Train 11 fails). 4.16kV Bus F failed at

Unit 1. Open crosstie valve, manually: OP2.

No LOSP. Three pump trains available (Train 12 fails). 4.16kV Bus G or 125V

DC Bus 12 failed at Unit 1. OP1.

No LOSP. Two pump trains available (Trains 11 and 12 fail), 4.16kV Bus F and

4.16kV Bus G or 125V DC Bus 12 failed at Unit 1. OP2.

LOSP. Three pump trains available (Train 11 fails), 4.16kV Bus at Unit 1 fails.
OP2.

LOSP. Three pump trains available (Train 21, Unit 2, fails). 4.16kV Bus at Unit
2 fails. OP1.
LOSP. Two pump trains available (Trains 11 and 12 fail). 4.16kV Busses F and

G failed. OP2.

LOSP. Two pump trains available grains 11 and 21 or 22 fail). 4.16kV Bus F at
Unit 1 and 4.16kV Busses F or G at Unit 2 failed. OP2.

LOSP. Two pump trains available (Trains 12 and 21 failed). 4.16kV Bus G at Unit
1 and 4.16kV Bus F at Unit 2 failed. OP1.
LOSP. Two pump trains available (Trains 21 and 22 failed). 4.16kV Busses F and

G at Unit 2 failed. Useless operator action to open crosstie valve, because both
Unit 2 trains are unavailable, OPF.
LOSP. One pump train available (Trains 11, 12, and 21 or 22 failed). 4.16kV
Busses F and G failed at Unit 1 and 4.16kV Busses F or G at Unit 2 failed. OP2.
LOSP. One pump train available (Trains 11 or 12 and 21 and 22 failed). 4.16kV
Busses F or G at Unit 1 and 4.16kV Busses F and G at Unit 2 failed. OPF.
Initiator. Total loss of ASW for Unit 1.

Guaranteed failure.
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TaMe B3.23
Unavailability Values (Split Fractions) for tbe Auxiliary

Saltwater System Function

Appendix B3

Top
Event TS

Comment
No.

AS AS1 PG&E 1.8494
BNL1 1.8094
BNL2 3.256%

AS2 PG&E 3.550-4
BNLl 3.614-4
BNL2 4.532%

AS3 PG&E 1.224-4
BNL1 L631<
BNL2 2.617%

AS4 PG&E 1.686-2
BNL1 1.666-2
BNL2 2.944-2

AS5 PG&E 3.582%
BNLl 3.637M
BNL2 4.968-4

AS6 PG&E 7.857%
BNL1 7.068%
BNL2 4.559-5

AS7 PG&E 1.693-2
BNL1 1.674-2
BNL2 3.166-2

AS8 PG&E 4.709<
BNL1 4.685%
BNL2 1.082-2

AS9 PG&E 2.741%
BNL1 2.635%
BNL2 1.065-2

ASA PG&E 1.834%
BNL1 1.799%
BNL2 L799%

ASB PG&E 2.699-2
BNLI 2.697-2
BNL2 1.000

1.5984
1.555%
1.555%

2.4584
2.48&4
2.4804

2.349-5
2.361-5
2.361-5

1.664-2
1.644-2
1.644-2

2.481<
2.5024
2.5024

5.321<
4.5734
4,5734

1.667-2
1.647-2
1.647-2

2.80&4
2.7!&4
4.193-3

1.01&4

9.549'.023-3

1.3154
1.271<
1.271<

2.063-2
2.053-2
1.000

1.5744
1.5314
1.531%

2.4524
2.4744
2.474-4

2.344-5
2.356-5
2.3564

1.664-2
1.644-2
1.644-2

2.453%
2.474-4
2.4744

2.9124
2.191%
2.191%

1.665-2
1.646-2
1.646-2

2.6604

2.635'.157-3

8.702-5
8.124-5
3.987-3

1.1724
1 ~ 130-4
1.130-4

2.060-2
2.049-2

2.406-8
2.340-8
2.340-8

6.438-7
6.340-7
6.340-7

5.028-8
5.000-8
5.000-8

5.223-7
5.200-7
5.200-7

2.8044
2.8004
2.8004

2A084
2.3824
2.3824

1.424-5
1.410-5
1.410-5

1.461-5
1.450-5
3.647-5

1.455-5
1.425-5
3.650-5

1.424-5
1A09-5
1A09-5

3.674-5
3.647-5

2.459-7
2.493-7
1.66&6

1.068<
1.108<
2.014-4

9.778-5
8.722-5
1.796-4

2.1894
2.2154
1.291-2

L0834
1.1154
2.438%

2.4994
2.4604
4.008-5

2.5954
2.629M
1.291-2

1.881<
1.881<
6.511-3

L705<
1.661%
6.510-3

5.104-5
5.190-5
5.190-5

6.369-3
6.457-2

4.8114
4.7749
3.505-8

2.531 6
2.5794
3.7794

L151%
5.226-5
5.847-5

5.2334
5.2224
3.0444

1.9094
1.9434
2.8374

3.518-8
3.500-8
9.316-7

4.651%
4.648%
2.283-3

2.3244
2.3434
1.142<

2.0074
1.9634
1.142M

9.113-7
9.171-7
9.171-7

1.141<
1.142%
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Table B3.2.3 (continued)

Top
Event Case Calc. HWD MN TS HE

Comment
No.

ASC PGEcE
BNL1
BNL2

1.065-2
1.179-2
1.179-2

4.171-3
4.193-3
4.193-3

4.134-3
4.157-3
4.157-3

3.674-5
3.647-5
3.647-5

6.369-3
6.457-3
6.457-3

1.141%
1.141-4
1.141%

LOSW ASI PGAE
BNL1
BNL2

9.734-5
9.588-5
5.108<

9.734-5 9.004-5
9.588-5 . 8.894-5
5.108< 4.581<

6.9754
6.943M
5.270-5

ASF PGEcE
BNL

1.0
1.0
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Table B3.2.4
Unavailability Model and Experience Based Frequencies of the LOSW Initiator

Unit capacity factor..85
Probability of Non-Recovery of LOSW, P(T>2) = S7

Frequency [LOSW Events/ry]

Quantity Mean

Standard
Deviation or
Variance 5th Percentile

R = LOSW(1,2)
Median 95th Percentile %03~()

Model based values
Loss of ASW trains at Unit 1

(they are assumed to be
independent of Unit 2 ASW
trains)

LOSWc(t)

Loss of ASW trains at Units
1 and 2 (sce also Table 2.3)

LOSWc(lg)

BNLl
BNL2

PGEcE
BNLI
BNL2

2.48-3
5.16-3

9.73-5 1.89-8,V.
956-5
5.11-4 ~

2.47-5 6.23-5 1.974
.039

Ex rience based values
Loss of SW trains at Unit 1

( posterior'), LOSW(1)

Eq.la, initiator, LOSWAz (1)

Loss of SW trains at Units
1 and 2 ("posterior'),
LOSW(18)

Eq.2, initiator, LOSWza (1,2)

Fw rience and model based

values
Loss of ASW trains at Units
1and2

Eq.1b, LOSWeA (1,2)

4.14.3

2.23.3

BNL1
BNL2

855-3

4.60-3

1.62-4
456-4

755-1,S.D.

7.07-1,S.D.

2.01-3

1.14-3

6.60-3

3.60-3

2.16-2

1.14-2 338



ATI'ACHMENT B3A.

INFORMATION ON FAILURES OF SERVICE WATER SYSTEMS
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This attachment provides the documentation of information used to analyze the nature of failures occurring
~

~ ~

~at the Service Water Systems of US PWRs and to determine the frequency of the initiator "Total Loss of
AuxiliarySaltwater, LOSW" for Diablo Canyon based on generic plant experience.

The information includes:

a.
b.
C.

d.

e.
f.

the total time exposure of service water systems (SWS) at US PWRs (Table B3.A.1),
the classiTication of SWSs for multi unit PWR sites (Table B3.A2),
a list of failure events obtained by a survey of the RECON data base and the NPE operating
event listings4 when the SWS is completely lost for one or more units due to failures of the
system itself or due to certain activities at the unit which is down gable B3.A3),
a list of failure events when the SWS is completely lost or susceptible to fail due to systems
interaction g able B3.A.4),
a detailed. description of the events listed in Tables B3.A3 and B3.A.4, and
a list of failure events when the SWS becomes partially degraded (Table B3.A5).
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Table B3%,1
Total Time Exposure of Service Water Systems at U.S. PWRs

Plant Name

Calvert Cliffs 1

Calvert Cliffs 2
Haddam Neck
Indian Point 2
Beaver Valley 1

Beaver Valley 2
Three Mile Island 1

'Ilmee Mile Island 2
Main Yankee
Indian Point 3
Millstone 2
Millstone 3
Salem 1

Salem 2
Robert E. Ginna
Yankee
ZIOIL 1

Zion 2
Byron 1

Byron 2
Braidwood 1

Braidwood 2
Palisades
Donald C. Cook 1

Donald C. Cook 2
Prairie Island 1

Prairie Island 2
Fort Calhoun 1

Davis-Besse 1

Callaway 1

Point Beach 1

Point Beach 2
Kewaunee
Wolf Creek
Joseph M. Farley 1

Joseph M. Farley 2
Arkansas Nuclear One 1

Arkansas Nuclear One 2
Robinson 2
Shearon Harris
Oconee 1

Oconee 2
Oconee 3
McGuire 1

Start of
Commercial
Operation

sns
4/77
1/68
7/74
4/77
11/87
9/74
12ns
12/72
8/76
12/75
4/86
6/77
10/81
3/70
6/61
12fl3
9/74
9/85
8/87
3/88
9/88
12/71
sns
7/78
12/73
12/74
9/73
11/77
4/85
12/70
10/72
6n4
9/85
12/77
7/81
12fl4
3/80
3n1
5/87
7/73
9fl4
12/74
12/81

Number of
Years to
End of 19N

14.27
125
215
15.0
123
1.7

14.8
5.8

16.0
12.9
13.0
33

12.1
7.8

19.3
28.1
15.6
14.8
3.8
1.9
.3
.1

17.6
13.9
11.0
15.6
14.6
15.8
11.7
43

18.6
16.8
15.1
3.8

11.6
8.0

14.6
9.3

183
2.2

16.0
14.8
14.6
7.6
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Plant Name

Table B3%.1 (continued)

Start of
Commercial
Operation

Appendix B3

Number of
Years to
End of 1988

McGuire 2
Catawba 1

Catawba 2
Turkey Point 3
Turkey Point 4
St. Lucie 1

St. Lucie 2
Crystal River 3
Vogtle 1

Waterford 3
VirgilC. Summer 1

Sequoyah 1

Sequoyah 2
Surry 1

Surry 2
North Anna 1

North Anna 2
Palo Verde 1

Palo Verde 2
Palo Verde 3
South Texas Project 1

Diablo Canyon 1

Diablo Canyon 2
Trojan
Rancho Scco
San Onofre 1

San Onofre 2
San Onofre 3

Total: PWR (72) = 751.4 Reactor Years

3/84
6/85
8/86
12n2
9n3
12n6
8/83
3n7
5/87
9/85
1/84
7/81
6/82
12n2
5/73
6/78
12/80
1/86
9/86
2/88
3/88
5/85
3/86
sn6
4ns
1/68
8/83
4/84

53
4.1
2.9

16.6
15.8
12.6
5.9

11.7
2.2
3.8
55
8.0
7.1

16.6
16.2
11.1
8.6
35
2.8
0.4
0.3
4.2
3.3

13.2
14.3
21.5
5.9
53

Note: Use of the commercial operation date precludcs an indeterminate amount of system operation time
prior to that point. An attempt has been made to correlate the reported failures to this same time
frame.
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Table B3~
ClassiTication of Service Water Systems for Multi-UnitPWR Sites

Multi-UnitPlants

ANO1 &2
Beaver Valley 1 & 2
Braidwood 1 &, 2
Byron 1 &2
Calvert Cliffs 1 &2
Catawba 1 &2
Cook 1 &2
Diablo Canyon 1 &2
Farley 1 &2t
Indian Point2

McGuire 1 & 2
North Anna 1 &2s

Oconee 1 &2
Oconee 3
Palo Verde 1,2 &34

Point Beach 1 &2
Prairie Island 1 &2

Salem 1 &2
San Onofre 1, 2 &3s

Sequoyah 1 &2
South Texas 1 &2
St. Lucie1 & 2
Suny1 &2s
Turkey Point 3 &4
Vogtle 1 &,2
Watts Bar 1 &2
Zion 1 &,2

Service Water
Pumps/1 Unit

2+ 1 Swing
2+ 1 Swing
2
2
3
2
2
2
2
9

2
2
1+ 1 Swing
2
2
3 (6/2 units)
2+ 1 Swing

6
4
4
3
2+ 1 Swing
3/2 units
3
6 (3 trains)
4
3

Success Criterion
for Highest Load

1 of 2
1of2
1 of 2
1 of 2
2of3
1 of 2
1 of 2
1 of 2
1of2
3of9

1 of 2
1of2
1of1
1of2
1 of 2
3 of 6 (2 units)
1 of 2

4of6
1 of 4
2of4
2of3
1 of 2
2 of 3/2 units
2 of 3
2 of 3/trains
2 of 4
1 of 3

Separate Water Source
(Or Intake)

Yes - two separate
intakes from the same
source.
Yes
Yes

Yes - two separate
intakes from the same
source.

Yes

tSW pumps take suction from the SW wet pit, which is directly supplied by 5
pumps/1 unit from the ultimate heat sink (river) and the success criteria for
these pumps are 2+ut-of-5.

28oth essential and non-essential loads are included.
7mo auxiliary SW pumps are available. However, the power supply for these
pumps are non-safety related.
The ESW system is on standby during normal operation. There is no crossties
between the units.

5Each SW train has two pumps, but only one is powered during normal operation.
The SW pumps (3/2 units) are only for emergency purposes. The normal supply is by gravity flow from the
circulating water system.
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Table B3~

Total Loss of the Service Water System

Event Plant

San Onofre 1

Reference

LER-206/804l6

Recovery

45 Min.

Description

One ESW pump shaft sheared due to excessive vibration, the
discharge valve of the standby pump didn't open and the
auxiliary pump lost suction.

4p

5

TMI-2

Salem 2

San Onofre 2 &3

Catawba 1

LER-320/81-11

LER-311/83-32

LER-361/83-72

LER-413/85M

>2 Hours'

Hour

>5
Hours'5

Min.

One ESW pump lost due to vibration other pump unavailable.

Hooding ESW bay due to a gasket failure.

Traveling screens were damaged, CCW heat exchangers clogged.

Both ESW trains declared inoperable due to torque switch
problems on the discharge valves.

Crystal River

Oconee 1

LER-302/8642

LER-269/86-11

>3 Hours~ AllESW pumps are shut down, two divers drowned.

Loss of LPSW suction due to inadequate design.

'Estimated.

z
C

Q
A
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Descri tion of 0 eratin Events Involvin the Total Loss of the SW tern Function able B3.A3 .

1. San Onofre 1 - LER-206 1980-006
During normal operation, the south salt water cooling pump (SCP) discharge pressure dropped sharply. The
north salt water cooling pump (NCP) automatically started on low pressure. However, its discharge POV
failed to open. The auxiliary salt water cooling (ACP) was then started but fiow could not be established.
As a result of (1) excessive vibration, the shaft of the (SCP) sheared, (2) mechanical failure, the (NCP) POV
did not open, and (3) apparent inadequate prime, the (ACP) lost suction. The POV on the (NCP) was
manually opened and the (ACP) regained suction.

2. TMI2 - LER-320 1981-001

April23, 1981, the "A"nuclear service river water pump was started for operation. The pump exhibited high
vibrations and high current readings. An evaluation showed that the pump should be declared inoperable to
prevent further damage. The inoperable status resulted in a violation of Tech Spec since the "B" pump had
been declared inoperable in October 1979. The cause of this event was most likelydue to excessive clearance
at the bottom of the pump which caused excessive vibration leading to damage. Procedures were rewritten
to ensure that backup pumps are powered to provide cooling water to operating diescls.

3. Salem 2 - LER-311 1983-032
On June 23, 1983, during routine shutdown operation, an equipment operator performing routine surveillance
discovcrcd a large leak in the No. 2 service water bay. Due to the accumulation of approximately six feet of
water in thc bay, and an apparently continuing rise in the water level following an initial attempt to isolate
the leak, all service water pumps were stopped, resulting in the loss of flow to the boron injection, residual
heat removal and diesel generator system. Investigation revealed that the leakage was due to a failed gasket
in thc joint downstream of check valve 225; the gasket failure was attributed to an isolated problem in
installation related to poor access to the joint. The connection had recently been opened then remade during
cleaning of the No. 21 nuclear header. Related problems with the bay sump pumps and alarms will be
corrected by a design change.

4,5. San Onofre 2 8c 3 - LER-361 1983-072 LER-362 1983-041
On July 6, 1983 at 0030 while Unit 2 was in mode 5 and Unit 3 was in mode 4 operator observed that the Unit
3 circulating water system traveling screen water level differential pressure was off scale indicating clogging
of the screens. The screen wash system was actuated to clear the screens of marine debris. The screen wash
system failed to clear the screen. The inability to clear the screens resulted in high CCW heat exchangers
(Unit 2 train A and Unit 3 trains A and B) differential pressure being alarmed in the control room at 0210
on July 6, 1983, and at 0227 SCW flow was reduced to the point that the heat exchangers were declared
inoperable. This resulted in exceeding limitingcondition for operation (LCO) 3.7.4 for Unit 3, only, since the
LCO is applicable to modes 1 through 4 and Unit 2 was in mode 5., Exceeding LCO 3.7.4, for Uhit 3, resulted
in invocation of LCO 3.0.3. Visual inspection of the traveling screens after the incident revealed that several
scrccn panels were dislodged from their housings either before or during this event resulting in marine debris
to be carried into the circulating water pump forebay. To preclude concurrent fouling of both trains of CCW
heat exchangers during excessive marine doris buildup in a single intake structure, C system operating
procedure is being revised.

6. Catawba 1 - LER-413 1985-068
On November 25, 1985, the in service test on the nuclear service water (RN) header 1B supply isolation valve
was performed. While stroking the valve, it stopped in the intermediate position. Train B of RN was declared

. inoperable and train Aof RN wah placed in service. Upon starting RN pump 1A, the discharge isolation valve
also stopped in the intermediate position. Train Aof RN was declared inoperable and Technical SpeciTication
3.0.3 was entered due to the simultaneous inoperability of both trains of RN. Both trains of RN were
inoperable for 43 minutes until the RN header 1B supply isolation valve was opened and train B of RN was
declared operable. Investigation revealed that the torque switches for the valves were set at the low end of
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~ ~ ~ ~

~

~

~

the allowable tolerance. These settings did not allow the valves to open completely. Therefore, this incident
is classifled as a design deficiency. Unit 1 was at 45% power.

7. C tal River - LER-302 1986402
On January 10, 1986, Ciystal River Unit 3 was in mode 5 during an outage. The intake structure was being
cleaned and inspected by two contract divers. At 1615, one diver failed to reappear following his dive. The
second diver attempted to locate and rescue the missing diver but was himself drowned. When the second
driver was reported to be in trouble, all seawater pumps taking suction at the intake structure were secured,
thus disabling both trains of the decay heat removal system. The body of the second diver was recovered
shortly thereafter. The first diver was found to have been drawn into the 48" suction line of the 'A'mergency
nuclear services and decay heat seawater system pumps (both pumps were running at the start of the event).
The body of the first diver was recovered in the auxiliary building. All seawater pumps were voluntarily
secured and/or disabled in an attempt to prevent loss of life.

8. Oconee 1 - LER-269 1986411
On October 1, 1986, with Units 1 and 3 at 100% fullpower, and Unit 2 shutdown for refueling, a load shed
test on Unit 2 was performed. Suction to the low pressure service water (LP) pump was lost about one hour
into the test. The loss prime in the condenser circulating water (CCW) siphon flow (or emergency CCW)
system was the cause for the loss of the LP pumps. The emergency condenser circulating cooling water
(ECCW) system is required to provide water through the main condenser for decay heat removal during loss
of all ac power event (station blackout). The immediate corrective action was to analyze the failures that
occurred during the load shed test, and shut down Oconee Units 1 and 3. Subsequent corrective actions
included redesign of the CCW pump flanges and determination of the design basis of the ECCW system.
The root cause of this event is the inadequate design and testing of the ECCW system. This led to a failure
of the ECCW system to perform the intended function as described in the final safety analysis rcport (FSAR).

~ ~ ~ ~

Events not included in the statistics.

San Onofre 3 LER-362 1986-011
Power level - 100% at 1550 on August 4, 1986, saltwater cooling (SWC) flow through train a component
cooling water heat exchanger (CCWHX) decreased, due to fouling with marine growth, to below the
postulated design basis flow rate required for removal of CCW heat loads (critical CCW loop), and was
therefore declared inoperable. At this time Train B CCWHXwas operating with reverse SWC flowto remove
similar fouling which had previously take place. At 1605, operators commenced realignment of Train B
CCWHX SWC flow to the normal direction in order to return one train of CCW to its design configuration
and thereby increase heat removal capability of that train. During the realignment, both trains of the SWC
system were considered to be inoperable contrary to technical specification limiting condition for operation
(LCO) 3.7.4, and LCO 3.0.3 was'entered. Train B SWC system was returned to operable status within thirty
minutes, and at 1635, LCO 3.0.3 was exited. As corrective action, operating procedures will be revised to
minimize the effect of marine fouling on the operability of the SWC system.
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Table B38.4
Total Loss of Service Water Due to Other Initiators

Event Plant

Salem 1

Farley 1

Salem 1

Reference

NPE/PWR-2

NPE/PWR-2

LER-272/82-15

Recovery

Few days'

Days

1 Hour

Description

Winter storm shuts down the ESW system. Traveling VIII-110,
1976screens blocked by ice.

Flooding of the intake structure. VIII-155, 1978

Vital bus 1A tripped, operating ESW train is lost, other train n
maintenance.

5 4 Calvert Cliffs

Palisades

Salem 1

LER-318/82-54

LER-255/8441

LER-272/84-14

30 Min.

1 Hour

1 Hour

Power was lost on a 4kV bus resulting in the loss of ESW pump on
the operating loop. Other train in maintenance.

Offsite power removed, no operable service water pump supplied
by the operating diesel.

Vitalbus 1A failed, bus 1B in maintenance, bus 1C didn't energize,
loss of ESW system.
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Descri tion of 0 eratin Events Involvin the Total Loss of the SW tern Due
to tems Interaction able B3.A.4.

1. Salem 1 - NPE WR2 VIII-110 1976
Numerous problems were experienced with the plant service water system. The first serious problem was
noted in Januaty 1976 when a winter storm shut down the system. Icing due to wind whipped spray and
screen wash spray created four'nches of ice on the operating deck of the structure making it hazardous to
operators and caused the traveling screens in operation to ice-over thereby restricting fiow to the pumps.
Screens which were out of service froze in their tracks causing shear pins to failwhen the screen was started.
The eventual buildup of ice and debris resulted in the shutting down of the remainingpumps due to low flow.
Some modifications were made to the system, however, the major improvement, a heated protective housing,
had not yet been installed.

2. Farle I - NPE WR- VIII-155 1978
At 2100 hours on1anuaty 25th, 600V load centers 1H and 1J, which were located in the riverwater structure,
were de-energized when flooding of this structure occurred. The flooding was the result of high
Chattahoochee River levels following heavy rains. The water level in the train A side of the river water
structurewas 1ft. Theriverlevelat thistimewas 110 feetmeansealevel(MSL); Theriverwaterpumps
were stilloperable. They set up temporary sump pumps to supplement the permanently installed pumps. The
Tech Specs required that load centers 1H and 1J be operable, energized, and aligned to an operable DG.

At 2300 hours a 50% reduction in turbine load was initiated. Power to river water pumps 8A, 9A, 10A was
racked out at 2330 hours. At 0007 hours on January 26th, the unit was at 40% reactor power and 430 MWe.
At 0040 hours a further load reduction was initiated at 5 MW/min to place the unit in hot standby as required
by the Tech Specs. At 0045 hours power to river water pumps 4B and 5B was racked out, and the rate of load

~

~

~

~

~

~

~

~

~

~

~

~

~

reduction was increased to 10 MW/min to have the unit in hot standby within the required one hour. At 0055
ours emergency service water recirculation flow to the pond (ultimate heat sink) was initiated. At 0135 hours

the unit was taken off line and at 0136 hours the reactor was manually tripped. The water level in the river
water structure train A section reached 5 feet; train B section reached 2 feet. The river reached a maximum
level of "115 feet MSL at the river water structure.

Water had entered the structure through a hole in each river water pump baseplate and through the gland
seal leakoff line on each pump. Additional leakage occurred through compression type cable penetrations of
structure.,

3. Salem I - LER-272 1982-015
Number 1A vital bus tripped resulting in a loss of component cooling water (CCW) and service water (ESW)
flows; the redundant CCW and pumps were tagged out for maintenance. Allcharging pumps, boron injection
flow paths, residual heat removal (RHR) loops and diesel generators were declared inoperable due to no
CCW or flow. Awire to the TD5 undervoltage relay had shorted to the feeder cubicle door, causing the 1A
vital bus infeed breaker to trip without automatic transfer. CCW and flows were restored.

4. Calvert Cliffs 2 - LER-318 1982-054
At 0547, during normal shutdown operation in mode 6, power was lost to 24 4kV bus resulting in the loss of
22 saltwater pumps and 22 LPSI pumps, thereby disabling the only operable shutdown cooling loop. Power
was restored to 24 4kV bus and shutdown cooling flow restored at 0605. The redundant shutdown cooling
loop was out of service for maintenance. Vendor failure report indicated the cause of the power supply failure
to be cracked printed circuit board.

5. Palisades - LER-255 1984-001~

~

On January 8, 1984, the Palisades Nuclear Plant experiences a complete loss of all normal communications
ks between the plant, the NRC and state/local authorities. The event was precipitated by the need to isolate
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a faulty switchyard breaker. To accomplish the isolation, itwas necessary to interrupt the offsite power supply
to the plant. At the time of the event, Palisades was in a refueling outage with all fuel removed from the
reactor and one diesel generator inoperable. While operating procedures require two operable diesel
generators prior to removing offsite power, the shift supervisor proceeded with the evolution after determining
the safety of the fuel would not be jeopardized, In preparing for the evolution, the operators failed to realize
that there would be no operable service water pumps supplied by the operating diesel. Consequently, after
50 minutes the diesel overheated due to lack of cooling water and was manually tripped. The resulting loss
of onsite ac power caused a loss of all plant telephones and radios for 45 minutes. Onsite power was
subsequently rewnergized from the switchyard, resulting in the restoration of normal communications.

6. Salem 1 - LER-272 1984-014
On June 5, 1984, during a refueling outage, 1A vital bus was de-energized when the 1A vital bus infeed
breaker failed to close during breaker testing. Since 1B vital bus was de-energized for inspection at the time,
a blackout loading signal started 1A and 1C diesels and opened the 1C vital bus infeed breaker, de-energizing
1C vital bus. 1A diesel loaded, but because the 1C 125V dc bus was de-energized for maintenance, the 1C
safeguards equipment cabinet (SEC) was completely de-energized. This prevented 1C diesel from loading.
1C vital bus remained de-energized, resulting in a loss of service water cooling. Numerous control room
indicators failed to mid-scale, leading the shift to believe that the 1C vital bus was still energized. As a result,
the diesels ran for an extended period of time without cooling water; although, no diesel damage occurred.
The root cause of this event was the lack of adequate procedural and/or administrative controls to ensure
sufficient electrical systems remained in an operable status during a period when the plant was in a
configuration which was not covered by the Tech Specs (i.e., defueled).

Diablo Can on - LER-275 2-10-18
Testing performed on the auxiliary saltwater (ASW) system has revealed that the system is susceptible to water
hammer effects during anticipated operational transients. These transients include pump trip and restart
sequences such as'would occur following a loss of offsite power. The peak pressure observed during this
testing exceeded the 100 psig system design pressure specified in the FSAR. The cause of the system
waterhammer is believed to be water column separation and subsequent column recombination at a point of
significant piping slope change. Further evaluation of the event and ASW system design is being conducted.
Results of the evaluation willbe reported in a revision to this LER.

Diablo Can on - LER-275 43-02
Prior to fuel load, testing on the AuxiliarySaltwater (ASW) System has shown that the system is susceptible
to water hammer effects during anticipated operational transients. These transients include pump trip and
restart sequences which would occur following a loss of offsite power. Peak pressures observed exceeded the
100 psig system design pressure specified in the FSAR and some valve damage did occur.

The cause of ASW System water hammer is water column separation and subsequent column recombination
at a point of significant piping slope change. Corrective actions included the replacement of damaged valves,
additional engineering analysis, the installation of vacuum breakers and further testing to ensure system
operability.

PacificGas and Electric Cpm an Diablo Can on Unit 1 Docket No.50-275 LER
8240941T-1 - Su lemental Information.
Engineering analysis has shown the root cause of the AuxiliarySaltwater (ASW) System water hammer to be
water column separation (resulting in vacuum formation) and subsequent column recombination at the point
of significant piping slope change. A detailed inspection of the ASW was conducted after the pressure
transients to inspect for damage. This inspection also included the ASW pump discharge check valves. There
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was no evidence of deformation in system piping due to the water hammer (pressure transient). Two butterfly

~
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~
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~

~

~

~

valves, the ASW Pump 1-2 discharge isolation valve and the Component Cooling Water heat exchanger 1-1
inlet isolation valve, suffered damaged valve discs. Mesc valves were replaced. In 1983, vacuum breakers
were installed in the ASW system to reduce the pressure transients of subsequent column recombination.
Further testing conducted after vacuum breaker installation verified that, for all operating conditions of the
ASW system, pressure transients greater than maximum allowable system pressure willnot occur.

i
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Table B3~
Operating Events Involving the Degradation of the Service Water System

Reference Description

San Onofre 1 LER-206/8041
/8048
/80-31
/8149
/8247
/82-15

/82-22

/82-24

/84-08

Pipe support installation error in SW system.
Pipe support corroded on one SW pump.
Discharge valve on pump failed to open automatically.
HX partially blocked, marine growth.
Pressure switch failed, pump discharge valve closed.
Intake structure flooded to dangerous levels, inadequate
maintenance procedures.
One pump bearing degraded, other pump out for maintenance,
auxiliary SW pump put in service.
Discharge valve opens, reverse flow through pump resulting in
damage.
Corrosion of the intake structure.

Haddam Neck LER-213/8341
/83-10
/8649

SW leak in fan cooler due to corrosion.
SW filterplugged.
SW flood protectors are ineffective.

Ginna

Indian Point 2

LER-244/83-01

LER-247/80-16
/81-09
/81-10
/81-11
/81-21
/82-13
/82-26
/82-31
/82-33
/82-37
/83-07
/83-10
/84-11
/84-21
/85-13
/87-11

SW valve failed to open to AFW pump.

SW leak in fan cooler coils.
SW pipe wall thinning.
Valve seat problem, reduces pump capacity.
Pipe wall thinning, corrosion.
SW pipe leak.
SW pump vibration excessive.
Impeller wear of three SW pumps.
SW leak in containment.
SW leak in fan coolers.
SW leak in fan coolers.
Strainer plugged.
Pump inoperable, rope tied the impeller.
Leak into the CCW pump.
SW pump discharge valves leak.
SW leak in fan coolers.
SW pumps fail performance tests, vortexing.

Turkey Point 3 LER-250/86-08
/86-18
/86-24

SW system design deficiency.
SW system design deficiency.
SW pump inoperable.

Turkey Point 4 LER-251/84-18
/87-16
/87-28

Strainer removed for longer period as allowed.
SW pump tripped, electrical problems.
Two of three SW pumps are inoperable.
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"Table B3~ (continued)

Description

Appendix B3

Palisades

H. B. Robinson 2

Oconee 1

~l

Oconee 2

Salem 1

LER-255/82-24
/86-24
/86-36

LER-261/81-19
/82-13
/83-03
/83-05
/83-06

/83-14
/83-22
/83-27

LER-269/80-02
/80-04
/80-24
/80-30
/81-14

/86-02
/87-04

LER-270/80-10
/81-01

LER-272/80-22
/80-23
/80-24
/80-39
/8049

'80-60
/81-03
/81-10
/81-11
/81-12
/81-31
/81-39
/81-46
/81-64
/81-67
/81-69
/81-71
/81-76
/81-77
/81-80
/81-83
/81-90
/81-94

SW design problem.
Loss of coolers, SW valve problems.
SW pumps performs below requirements.

SW booster pump tripped, bearing and breaker problems.
SW pump failed to restart, blown fuse.
Leak in the CF cooler.
Two of four SW booster pumps lost.
SW pump and its replacement fails, longer in AOT than
allowed.
SW leak at CF cooler.
SW leak at CF cooler.
SW leak at CF cooler.

HPSW. inoperable, motor insulation broke down.
HPSW inoperable, motor cooler leakage.
Automatic initiation of HPSW was affected by construction.
Valve failed to close in SW system.
HPSW pumps A and B had no control powers, breakers were
open, jockey pump used in place.
Seismic design deficiency in LPSW system.
SW heat exchanger capacity reduced, biological fouling.

SW valves fail in closed position.
Improper alignment of SW valves.

SW solenoid valve fhilure isolates CFCU coil.
SW flow reduced to CFCU, inoperable flow transmitter,
Solenoid on SW line failed, no flow to CFCU.
Solenoid on SW line failed, no flow to CFCU.
SW piping leak at charging pump.
SW valve mispositioned, all DG inoperable.
SW pipe leak, CCW HX removed from service.
SW pipe leak, CF coil inoperable.
SW pipe leak, CF coil inoperable.
SW hose leak.
SW pipe leak, CFCU inoperable.
SW pipe leak, CFCU inoperable.
SW valve failure blocks flow to CFCU.
SW pipe leak at CFCU.
,SW valve failure reduces flow to CFCU.
SW valve failure reduces fiow to CCW HX.
SW flow XMTR line plugged.
SW pipe leak at CFCU.
SW pipe leak at CFCU.
SW pipe leak at CFCU.
SW pipe leak, charging pump operation affected.
SW pipe leak, CCW HX.
SW pipe leak, CFCU.
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Plant

Surry 1

Surry 2

Reference

/81-96
/81-114
/81-119
/81-121
/82-18
/82-22
/82-24
/82-29
/82-37
/8241
/82-69
/82-91
/83-15
/83-26
/83-68
/84-06
/84-08
/84-27
/85-06
/85-08
/86-14

LER-280/80-54
/80-65
/82-100
/82-124

/8342
/86-24
/86-30
/86-31
/86-34
/87-02
/87-03
/87-05
/87-06
/87-07
/87-08
/87-18
/87-21
/88-07

LER-281/80-28
/80-37
/81-21
/81-34
/8147
/81-51
/81-73

Table B3%$ (continued)

Description

SW MOV failed to cycle.
SW MOV failed due to marine growth.
Loss of one SW pump due to personnel error.
SW inlet valve to RS HX was inadvertently closed
train.
SW strainer clogged.
SW lines in chillers are clogged.
SW lines clogged, marine growth.
'SW strainer malfunction, personnel error.
'SW strainer clogged.
SW valve malfunction, chiller affected.
SW valve malfunction, chiller affected.
SW strainer malfunction, chiller affected.
SW low fiow to chiller, electrical trouble.
SW leak at chiller.
SW valve malfunction affecting chiller.
SW strainer clogged.
SW strainer clogged.
SW flow problems (manual control).

, loss of one

Check disk missing in SW subsystem.
SW strainer clogged, charging pump affected.
SW strainer clogged, charging pump affected.
SW strainer clogged, charging pump affected.
SW'MOV breaker open at CCW HX.
SW MOV failed to close.
SW MOVmalfunction.

SW pipe leak, CFCU.
SW pipe leak, CFCU.
SW pipe leak, charging pump.
SW pipe leak, CFCU.
SW valve leaks in containment.
SW fiow control valve fails, reduces fiow to CFCU.
SW flow control valve fails, reduces flow to CFCU.
SW fiow control valve fails, reduces flow to CFCU.
SW flow control valve fails, reduces flow to CFCU.
SW pipe leak, charging pump affected.
SW pipe leak, charging pump affected.
SW leak, CCW HX.
SW valve malfunction, DG inoperable.
SW valve plugged, CFCU inoperable.
SW line freezes - fire OG inoperable.
SW line leak, CFCU.
SW pipe corrosion near CCW HX.
SW pipe leak at CFCU.
SW pipe leak at CFCU.
SW pipe leak at CFCU.
SW valve to turbine lube oil fails, reactor trip.

0
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Table BUS (continued)

Dcscflptlon

Appendix B3

Prairie Island 1

Indian Point 3

Oconee 3

TMI-1

Zion 1

Crystal River 3

/81-76
/8242
/8249
/82-39
/8245
/8249
/82-50
/82-52
/82-54
/83-25
/83-26
/83-50
/8542
/8646

LER-282/83-18
/83-21
/8543
/85-16
/87-07
/8748

I

LER-2SS/8145
/8741

LER-286/8144

/8747

LER-287/81-10
/8348

LER-289/80-15

LER-295/80-18
/80-24
/81-07
/83-32
/8444
/85-39

LER-302/84-11
/85-24
/85-35
/87-20

SW MOV malfunction.
SW check valve failed on booster pump discharge.
SW valve failure, flow obstructed.
SW MOV flooded.
SW'MOV breaker open - CCW HX.
SW strainer leaking.
SW strainer clogged, booster pump lost.
SW flow indicator fails, reduces flow.
SW MOV flooded.
SW MOV malfunction.
SW MOVbreaker open.
SW strainer clogged.
Improper alignmettt of SW flow to HX.
SW leak in containment spray HX.

Intake device fails, some SW pumps tripped.
SW isolation MOV failed.
SW valve inadvertently closed.
SW leak at CFCU.
SW booster pump fails due to deposition,

~ SW booster pump air bound, procedural error,

Relay problems in the starting circuit.
Three SW pumps are unavailable for two hours.

SW supply to non-essential HDR lost, both supply pumps are
in maintenance.
Seismic restraining plates removed, possible failure during a
DBA.
Pipe snubbers failed.

SW valve air line break.
SW valve failed, CFCU affected.

SW RTD failed.

SW valve failed, AFW pump affected.
SW pump failed to start, electrical switch problem.
SW pipe section made to non-safety specifications.
SW MOV failure.
SW leak at CFCU.
SW crosstie valve between two units cycled, loss of SW, standby
pump started.
SW valves inadvertently closed, isolates AFW for three weeks.

SW pump discharge check valve stuck open.
Cracked pipe support pedestal at CCW HX.
Design deficiency, fire may affect various pumps.
Design discrepancy in SW system temperatures.
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Zion 2

Kewaunee

Prairie Island

Maine Yankee

Salem 2

NUREG/CR-5726

Reference

LER-304/80-17
/80-30
/81-14
/81-17
/81-36
/82-09
/83-29
/83M
/8345
/84-13
/85-04

LER-305/80-35
/81-01
/81-07
/82-05
/82-33
/83-05
/83-21
/83-24
/83-25
/83-27
/83-37
/84-18
/86-15

LER-306/80-32

LER-309/81-07
/83-15
/83-17
/83-33

LER-311/81-04
/81-10
/81-38
/81-64
/81-90
/81-94
/81-99
/81-114
/81-115
/81-117
/81-118
/82-06

Table B3%$ (continued)

Description

SW pump disabled due to electrical fault at dc bus.
SW MOV failure.
SW MOV failure.
SW valve inoperable, loss of initiating signaL
SW valve inoperable, loss of initiating signal.
SW valves fail, silt deposition.
SW valves fail, electrical problems.
SW valves fail, electrical problems.
SW leak at CFCU.
SW leak, tube degradation.
Control valve malfunction.

SW pump fail to start.
SW valve failure, CFCU inoperable.
SW pump failed to start.
SW pump failed to start.
SW MOV failed to open.
SW MOVmalfunction.
SW pump unavailable, strainer tested.
SW pump failed.
Flow indicator failed, SW pump unavailable.
Pipe leak due to corrosion at CCW HX.
SW strainer leaked, SW pump unavailable.
Silt deposition in CFCU coils reduces flow.
SW valve failed in closed position.

Intake area isolated for one unit, causinga loss of SW pump on
the other unit.

SW cooling to SCC interrupted due to overload.
SW pump tripped, redundancy reduced.
SW MOV failed to operate.
SW MOV failed to operate.

SW pipe leak at CFCU.
SW pump failed, another in maintenance.
SW leak at CFCU.
SW leak at CFCU.
SW leak at CFCU.
SW leak at CFCU.
Instrument line clogged with silt, valve inoperable.
SW leak at CFCU.
SW leak at CFCU.
Line clogged with silt, limit SW failure on MOV.
SW leak.
Valve stuck closed at CFCU.
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Plant Reference

/82-17
/82-28
/82-35
/82-39
/82M
/8241
/8246
/8249
/82-50
/82-58
/82-63
/82-65
/82-70
/82-73
/82-74
/82-75
/82-77
/82-78
/82-80
/82-83
/82-84
/82-86
'/82-88
/82-89
/82-91
/82-92
/82-93
/82-96
/82-98
/82-99
/82-100
/82-101
/82-105
/82-109
/82-112
/82-113
/82-115
/82-117
/82-119
/82-120
/82-122
/82-123
/82-128
/82-130
/82-135
/82-136

Table B3%$ (continued)

Description

Valve stuck closed, line clogged with silt.
SW leak at CFCU.
SW valve inoperable.
SW leak at CFCU.
SW leak at CFCU.
Marine growth reduces flow to CFCU.
Oysters reduce flow to CFCU.
Oysters reduce flow to CFCU.
Oysters reduce flow to CFCU.
Oysters reduce flow to CFCU.
One vital bus lost, diesel didn't load.
Valve failure stopped flow to CFCU.
SW leak at CFCU.
SW leak at CFCU.
SW leak at CFCU.
SW leak at CFCU.
SW leak at CFCU.
SW leak at CFCU.
SW leak at CFCU.
Oysters reduce flow to CFCU.
SW leak at CFCU.
One train of SW lost, one pump failed, other maintenance.
Low flow to CFCU due to valve problems.
SW leak at CFCU.
SW leak at CFCU.
SW leak at CFCU.
SW leak at CFCU.
Silt buildup in line reduces flow to CFCU.
Silt buildup in line reduces flow to CFCU.
Silt buildup in line reduces flow to CFCU.
Silt buildup in line reduces flow to CFCU.
Silt buildup in line reduces flow to CFCU.
Silt buildup in line reduces flow to CFCU.
Silt buildup in line reduces flow to CFCU.
SW leak at CFCU.
SW leak at CFCU.
SW leak at CFCU.
Oysters block SW valve.
SW leak due to corrosion from silt.
SW leak due to corrosion from silt.
SW leak due to corrosion from silt.
Flow controller setpoint is incorrect, low flow.
SW leak due to silt buildup.
Reduced flow to CFCU, silt buildup.
SW leak at CFCU.
SW leak at CFCU.
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Table B3~ (continued)

Plant

Rancho Seco

ANO-1

Cook 1

Cook 2

Calvert Chffs 1

Reference

/82-146
/82-155
/8541
/85-18
/85-19
/87-09

/88-02

LER-312/80-19
/81-16
/81-52
/83-05
/83-16
/83-33
/85-14
/87-11

/87-36
/87P1

LER-313/8141
/8345

LER-315/80-29
/81-04
/81-15
/82-06

*

/82-09
/8243
/8248
/82-94
/82-95

/83-14

LER-316/8143
/82-02
/82-11
/82-80
/83-97

LER-317/80-27
/80-32
/8041

Description

SW strainer plugged, one train lost.
Valve problem reduces Qow to CFCU.
SW air-operated valve failure to DG cooling.
Valve failed to open, both CCW HX unavailable.
SW leak at CFCU.
Design deficiency, cable separation didn't satisfy Appendix R
requirements.
SW pump leaked, a number of pumps unavailable.

SW pump breaker didn't close,
Lube oil cooler malfunction.
SW pump tripped, no apparent cause.
SW pump failed to start.
Snubbers failed in the SW system.
Incorrect personnel actions in tests.
SW pump breaker not properly documented.
Snubbers and pipe system in operation in spite of incorrect
acceptance criteria.
Pipe to spray pump bearing plugged.
Incorrect level switches could prevent the starting of the SW
pumps.

Deficiency in SW pipe system design.
Deficiency in SW pipe system design.

MOVs are tested not in accordance with requirements.
MOV failed.
Relays lead to malfunction of SW pump circuitry.
MOV failed to close at CCW HX.
SW leak at CCW HX.
SW puinp discharge valve failed, loop unavailable.
SW MOV failed at CCW HX..
MOV leaked.
SW valve left in closed position, containment spray HX
unavailable.
Silt buildup in strainer.

Strainer shut down, enabling SW pump.
Sw MOV tested less frequently as required.
SW pipe leak at CCW HX.
SW valve leak at CCW HX.
SW MOVelectrical ground problem.

Airbound due to instrument air cooler tube leak.
Valve failed, corrosion causes seizure.
Cooler failed.
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Table B3%$ (continued)

Plant Reference Description

/80-52
/8144
/81-10
/81-29
/81-63
/81-77
/82-32
/83-67
/83-74

SW leak, HX tube failed.
SW MOV failed open at CFCU discharge.
SW valve malfunction.
Pipe support design deficiency.
SW valve operator failed at CCW HX.
Solenoid valves in SW are underrated.
SW MOV electrical trouble.
Valve failed at ECCS pump room air cooler.
Operator disconnected, SW pump lost, one train inoperable.

Calvert Cliffs2 LER-318/80-17
/8149
/81-53
/82-34
/82-35
/82-51
/83-17

SW HX leaked.
SW MOVdidn't operate, electrical trouble.
Reduced SW flow due to valve problem.
SW valve failed, HX inoperable.
Valve broken, leak at SW HX.
SW loop degraded due to valve failure.
Power on valves lost, one train unavailable.

~ TMI-2 LER-320/80-08
/81-02
/81-37
/82-03

SW pump locked out, not on standby.
SW unavailable to DG, improper operator action.
SW pump lost, mechanical trouble.
SW pump failed to start, loose connections.

1

Sequoyah 1 LER-327/80-75
/81-72
/81-95
/81-97

/81-101
/82-17
/82-27
/82-35
/83-10
/83-26
/83-182
/84-69
/85-05
/86-28
/86-29
/86-41
/87-08
/87-11
/87-27
/87-37
/8745
/87-51

damage

B341 NUREG/CR-5726

SW pump failed, personnel error.
SW pipe hanger removed, not reinstalled.
Strainer failed.
Protective device not installed to prevent SW system
from a steam line break.
Inadequate fiow to safety equipments.
Inoperable snubbers.
Clams block flow to CS HX.
Solenoid valve failed closed to air compr. HX.
SW valve failed to DG.
SW valve failed to DG.
Relay failure in SW electrical system.
SW valve overload improperly set.
SW pipe inadequately supported for seismic event.
Design deficiency in SW pump instruments.
SW pump failed to meet test acceptance criteria.
Misaligned valve, improper flow to DG.
SW valves are not tested as required by TS.
SW valves are not tested as required by TS.
SW valves are not tested as required by TS.
Inadequate calculations, design deficiency on coolers.
Inadequate design for traveling screen speed SW.
SW valves are not tested as per TS.
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Table B3~ (continued)

Plant Reference

/87-64
/87-65
/87-71

Description

SW spool pieces out of tolerances.
Screen was pumps are not tested regularly.
Electrical interlock on strainers disabled.

Sequoyah 2

Beaver Valley 1

LER-328/8247
/85-06

LER-334/80-27
/8042
/80-65
/80-68
/82-19
/82-60

Reduced flow to CS HX, valve position adjusted.
SW valve in closed position, indicator plate mislabelled.

SW check valve eroded to DG.
Pipe line improperly restrained for seismic event.
SW pipe over-stressed, design deficiency.
Check valves installed backwards.
SW leak at CS HX.
Starter on MOV failed.

St. Lucio 1

Millstone 2

LER-335/81-54

LER-336/80-24
/80-38
/81-10
/81-23
/81-A
/82-10
/82-52
/82-53
/83-06
/83-31
/85-12
/86-01
/86-20
/86-22
/87-06
/88-05

SW pump not tested as required.

SW pump A seized, C unavailable.
Strainer leaked.
Strainer drive motor had loose mounting bolts.
SW strainer leaked.
Solenoid failed, DG inoperable.
SW pipe leaked.
SW pump leaked.
Misalignment of HX components.
SW pump/strainer leaked.
Pipe hangers undersized.
Strainer plugged, loss of one header.
Pipe hanger failed.
SW pump failed to start on loss of offsite power.
SW pump failed to start.
Improperly positioned control valve.
SW pump manually started on loss of offsite power sequencer
failed.

North Anna 1 LER-338/80-22
/80-10
/80-16
/81-24
/8146
/81-71
/81-83
/82-06
/82-81
/83-04
/83-48
/85-04

Increased stresses on pipe/valve supports.
Increased stresses on pipe/valve supports.
Increased stresses on pipe/valve supports.
SW pipe leaked.
SW pipe leaked.
SW pipe leaked.
SW pipe leaked.
SW pipe leaked.
SW pipe leaked.
SW MOV failed, trouble with operator.
SW pipe leaked.
SW supply line not adequately covered against tornados.
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Table B3%$ (continued)

Plant

North Anna 2

Reference

/87-18

LER-339/82-81
/83-07
/83-14

Description

MOVoperator didn't have proper documentation;

SW MOVbreaker open.
SW pipe leaked.
SW pipe leaked.

Trojan

Davis Besse

Farley 1

San Onofre 2

Farley 2

ANO 2

LER-344/80-14
/82-19
/84-02
/84-21

LER-346/80-38
/81-57
/82-28
/82-32
/86-01
/87-11

LER-348/80-07
/80-69
/80-72
/81-45
/83-03
/86-14
/87-09

LER-361/82-148
/82-174
/83-89
/8446

LER-364/80-01
/82-28
/82-39
/83-34
/83-68
/86-11

/87-02

LER-368/80-27
/80-54
/80-70
/80-72
/81-35
/81-43

Incorrectly installed pipe restrain.
SW valves not surveyed as required.
Sediment accumulation in SI lube oil HX.
Partial plugging of strainers, reduced flow to both trains.

SW relief valve failed.
SW pipe leaked to ECCS room air coolers.
SW check valve didn't operate.
Valve out of position, personnel error.
Inadequate SW pump room ventilation,
SW pump failed to start.

SW pump failed to start.
Design error, inadequate train separation.
Relays malfunction in pump starting circuitry.
One train inoperable, MOV failed.
Valves failed to open, DG inoperable.
Clogged coolers to charging pumps.
RHR room cooler valves closed, personnel error.

SW pump failed, grounding of electrical wire.
Mechanical binding prevents valve to open.
Pump suction costs due to debris.
Improper instrument readout.

Inadequate train separation.
Mislabeling of SW valves.
One train unavailable, valve failed.
SW valves left in closed position.
MOV failed, DG inoperable.
SW trains removed for maintenance, operation on the other
unit affected.
Inadequate train separation.

SW pipe hanger fails.
-SW CV failed.
Control valve and pressure switch improperly set.
Clam buildup on CFCU HX.
Reduced flow through seal water cooler of Sl pump.
SW MOV, breaker open..
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Table B3~ (continued)

Plant Reference Description

/82-03
/83-06
/83-27

Reduced fiow through seal water cooler of SI pump.
Improper switch and valve settings.
Over-tight SW valve failed to operate.

McGuire 1 LER-369/81-138
/83-21
/83-84
/85-30
/8646
/86-19
/87-09
/87-18
/88-03

SW system leak.
Valve actuator replaced incorrectly.
SW pump inoperable, one train unavailable.
Valve locked in incorrect position.
SW system no fully tested.
SW valve not tested as per requirements.
Improperly positioned valve.
Inadequate test performance of SW pumps.
Mispositioned control valve at CCW HX.

McGuire 2 LER-370/85-01
/87-14
/87-17

Valve not locked open as per requirements.
One SW pump tripped, other in maintenance.
Both SW trains are in maintenance.

St. Lucie 2 LER-389/83-54
/8641

SW pipe leak.
SW pipe leak.

Summer 1 LER-395/82-30
/83-33
/8349
/85-14
/86-12
47-10

Check valve stuck closed.
Speed switch failed, one train inoperable.
Check valve failed to close on reverse flow.
SW pump lost during DG test, RHR transient.
SW pump failed to start, faulty relay.
Screen pump failed to start, loose connections.

Shearon Harris LER~/87-59
/88-06
/88-08

Travelling screen didn't start at loss of offsite power.
SW valves failed, debris.
Emergency SW pump unavailable due to test.

Catawba 1

Millstone 3

LER-413/85-04
/85-26
/85-32
/86-24
/86-27
/86-53
/86-57
/87-08
/87-35
/87-36

LER-423/86-56
/87-01

Loss of SW to RCP motor, improper airline design.
Loss of suction to SW pumps, incorrect valve operation.
SW intake aligned to standby source, personnel error.
Misalignment of SW intake.
Misalignment of SW intake.
Misalignment of SW intake.
SW MOV torque switches improperly set.
Tornado missile cover missing on SW pipe manways.
Incorrect procedures could prevent SW train operation.
Incorrect crossover supply alignment.

No flow to SI HX, valve closed.
SW low pressure causes turbine/reactor trip.
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Appendix B3

Plant

Vogtle 1

Seabrook

Byron 1

Byron 2

Braidwood 1

Wolf Creek

Reference

LER-424/8743

LERM3/87-25

LER-454/86-31

LER-455/87-03

LER-456/87-16

LER-482/85-12
/85-69

Description

Incorrect sealant used in penetrations.

Incorrect test monitoring for Sw pump vibrations.

Both SW strainers improperly tested.

SW makeup pumps out of service.

Incomplete test of SW systems.

SW MOVdidn't close properly.
Travelling screens collapse due to plant growth.
SW valve failed to operate.

Callaway 1

South Texas 1

LER483/87-24

LERA98/87-03
/87-18
/88-20
/88-23

SW valve not tested as required.

SW pump tripped, discharge check valve stuck closed.
SW pipe leak, one train inoperable.
Screen wash booster pump inoperable.
Test on screen wash booster pump performed not as frequently
as required.

Palo Verde 1 LER-528/86-14
/86-37

SW pump failed to start, faulty relays.
SW pump failed to start.

Crystal River 3 LER-302/87-20 On September 3, 1987, Crystal River Unit 3 (CR3) was
operating at approximately 63% rated thermal power. An NRC
audit of plant cooling water systems revealed that the ultimate
heat sink (UHS) temperature exceeded the maximum value
assumed in the plant design basis. Also, the plant Tech. Spec.
limit for UHS temperature was higher than the design basis.
This event was the result of an inadequate plant design
specification. The maximum seawater temperaturespecified for
plant design was 85'F, while actual temperatures exceed this
value during the summer months. The Tech.Spec error appears
to have been caused by inadvertently selecting a temperature
limit from a closed cycle cooling loop rather than the UHS
design specification. Analyses indicate that the nuclear services
closed cycle cooling system 105'F. Temperature limit can be
met with seawater temperatures as high as 92.4'F. FPC
continues to evaluate the past operability of the decay heat
closed cycle cooling system when the seawater temperature
exceeded 85'F. The results of the evaluation are due to be
submitted to the NRC in a separate report by July 29, 1988.
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ATI'ACHMENT BB.B

HARDWARE UNAVAILABILITYCUT SETS FOR

THE AUXILIARYSALTWATER SYSTEM

Top Event: AS
Initiator: LOSW
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Top Event AS

Boundary condition designator: AS1

Hardware unavailability cut sets due to dependent and independent failure; HW =

1 12962E-06
2 1 355 2E-07

3 4.9457E-08

7
8

9

10

11

12

5.8375E-09

3.440 0E-09
1.2472E-09

2.6989E-10

1.70 70E-10
1.7070E-10

13023 E-10

13023E-10

15 13023E-10

4 3.6275E-08

5 1.6176E-08
6 8.9693 E-09

BKA 'KB1 +
HW11 +
BKD 'KG 'BKB 'G4PR 'D4PR12 'D4PR13 'T4PR123 'l'4PR124

'T4PR134+
BKB1 'KB 'KO +
G4PR +
BKO 'KB * /BKC 'G4PR 'D4PR12 'l'4PR123 'l'4PR124 * /G4PV

'D4PR23
* /D4PR24 'D4PV23 'D4PV24 * /DRPV12 * fl'4PR234 * fl'4PV234 *

/r4PV123 'l'4PV124 +
BKB1 '4PR12 +
PIPE1 +
BKA 'j03 +
BKA 'KF 'KG +
BKB1 '4PR124 +
BKB1 '4PR123 +
BKD '4PV24 'BKB 'G4PR 'D4PR12 'D4PR13 'D4PR14 'l'4PR123 *

/I'4PR124 'r4PR134 +
BKD * D4PV12 'BKB 'G4PR 'D4PR12 'D4PR13 'D4PR14 'l'4PR123 ',
/r4PR124 'l'4PR134 +
BKD * D4PV23 'BKB 'G4PR 'D4PR12 'D4PR13 'D4PR14 'I'4PR123 *

fl'4PR124 'T4PR134 +

Hardware unavailability cut sets due to independent failures; HWI =

1.2962E-06
13552E-07
4.9457E-08

3.6275 E-08
8.9697E-09
3.4400E-09

1.2472E-09
2.6989E-10

BKA * BKE1+
HW11 +
BKD ~ BKC*/BKB+
BKE1 'KB 'KC +
BKD 'KB*/BKC+
PIPE1 +
BKA 'KD +
BKA 'KF * BKG +

HW11 = BKBT'ZTVCOO
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Appendh B3

Initiator: LOSW
1 - During Normal Operation (BNL1 Calculation)

Hardware unavailability cut sets due to dependent and independent failure; HW =

1 3.6893 E45
2 256 14E45
3 1.7057E-05

4 9.0116E-06

5 5.0186E-06
6 1 5967E-06
7 4.6689E-08
8 4.6689E-08
9 2.6596E48
10 2.6596E-08
11 2.6126E48
12 2.6126E-08
13 2.6126E48
14 1.4064E-08
15 1A051E-08
16 1.2795E-08

17 1.0640E-08
18 1.0640 E-OS

19 6.0611E49
20 5.6213E-09

HW1 +
PIP +
BKBX 'FDC'KEX +
BKBX 'KCX 'KEX+
G4PL +
D4PL12 ~ BKEX +
T4PL124 'KEX+
T4PL123 ~ BKEX +
T4PL134 ~ MFDC+
T4PL123 'FDG +
BKBXi D4PV12 'KEX+
BKBX~ D4PV23 'KEX+
BKBX~ D4PV24 ~ BKEX +
T4PL123 ~ BKGX +
T4PL134 'KCX+
HW2 +
D4PL13 ~ MFDC ~ BKEX +
D4PL14 'FDC ~ BKEX +
D4PL13 'FDC ~ MFDG +
D4PL13 'KCX 'KEX+

Hardware unavailability cut sets due to independent failure; HWI =

1 3.6893E45
2 25614E-05
3 1.7057E45
4 9.0116E46
5 12795E-08
6 33978E49
7 1.7967E-09

, 8 1.7951E-09

9 9.4923 E-10

HW1 +
PIP +
BKBX 'FDC ~ BKEX +
BKBX~ BKCX 'KEX+
HW2 +
BKBX ~ MFDC i MFDG ~ BKFX +
BKBXi MFDC ~ BKGX ~ BKEX +
BKBX 'KCX 'FDG i BKFX +
BKBX 'KCX 'KGX 'KFX

HW1 = BKBXT*ZTVCOD
HW2 = BKBXT'(BKCI"ZTVCOD)
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Initiator: LOS%
1 - During Normal Operation (BNL2 Calculation)

Appendix B3

Hardware unavailability cut sets due to dependent and independent failure; HW =

1

2
3

4
5

6

7

8

9

10

11

12

13

14

15

19

20
21

22

24

1.1913E44
92449E-05
5222 1E-05

3.7404E-OS

3.663 7E-OS

25614E-05
1.0177E-OS

9.9771E-06
9.968 1E46
9.2523E46
5.0186'
3.991 1E46
3.991 1E46
3.2833 E-06
2.7145'
2.2333E46
1.8031E46
1.7661E-'06

1.7661E-06

1.7661E-06

9.980 6E-07
63984E-07
62672E47
4.8095E-07

BKBX~ MFDC 'OLD +
HW11 +
BKBX~ BKCX 'OLD +
BKBX 'FDC ~ BKEX +
BKBX 'FDC 'FDG +
PIP +
BKSX 'KCX 'KEX+
BKBX 'FDC 'KGX +
BKBX 'KCX 'FDG +
D4PL12 'OLD +
G4PL +
T4PL123 +
T4PL124 +
BKA 'OLD +
BKBX 'KCX 'KGX+
BKBX~ DRPV24+
D4PL12 'KBX+
D4PL12 ~ MFDG +
D4PL14 'FDC +
D4PL13 'FDC+
BKBX 'FDC'KFX+
BKA BKEX +
BKA 'FDG+
D4PL12 'KCX+

HW11 = BKBT 'TVCOO
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Initiator: LOSW
1 - During Normal Operation (BNL2 Calculation)

Hardware unavailability cut sets due to independent failure; HWI =

1 1.9193 E44
2 92449E45
3 52221F 05

4 3.7404E-05
5 3.6637E45
6 25614E45
7 1.0177E45
8 9.977 1E46
9 9.968 1E46
10 32833E46
11 2.7145E46
12 9.900 6E47
13 63984E47
14 62672E47
15 2.6937E-07
16 1.7067E47
17 320 64E48
18 1.6936E-OS

19 1.7924E49
20 4.8768E-10
21 3.0662E-11

BKBX 'FDC ~ COLD +
HW11 +
BKBX 'KCX 'OLD +
BKBX ~ MFDC~ BKEX+
BKBX 'FDC 'FDG+
PIP +
BKBX 'KCX 'KEX+
BKBX 'FDC 'KGX+
BKBX 'KCX 'FDG +
BKA ~ COLD +
BKBX~ BKCX 'KGX+
BKBX~ MFDC 'KEX+
BKA 'KEX+
BKA 'EDG+
BKBX 'KCX 'KFX+
BKA 'KGX+
HW22 +
BKA ~ BKEX +
BKBX 'FDC 'KDC +
BKBX 'KCX 'KDC +
BKA 'KDC

HW11 = BKBXT~ ZTVCOO
HW22 = BKBXT~'(BKCT ~ ZTVCOO)
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Initiator: LOSW
2 - During Pump Rotation (BNL1 Calculation)

Appendix B3

Hardware unavailability cut sets due to dependent and independent failure; HW =

1 12972E-08
2 1.8744E-10

3 4.1754E-11

BKCY ~ BKBY 'KEX+
HW3 +
D4PV12 'KBY'KEX+

Hardware unavailability cut sets due to independent failure; HWI =

1 12972'
2 1.8744E-10

BKCY ~ BKBY 'KEX+
HW3 +

HW3 = BKCYT'BKBYTZTVCOD
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Initiator: LOSE
2 - During Pump Rotation (BNL2 Calculation)

Hardware unavailability cut sets due to dependent and independent failure; HW =

1 75169E-08
2 1.4649E48
3 1.4348E48
4 3.9874E-09
5 35692E49
6 6,9168E-10
7 6.9168E-10
8 4.6969E-10
9 42403E-10
10 42403 E-10
11 3.8775E-10
12 2.9237E-10
13 2.4196E-10
14 2.4196E-10
15 4.7153E-11
16 4.7153E-11
17 4.6889E-11
18 4.6186E-11
19 4.6186E-11
20 2.8745E-11
21 25433E-11

BKCY ~ BKBY 'OLD +
BKCY ~ BKBY 'KEX+
BKCY ~ BKBY ~ MFDG +
BKCY i BKBY 'KGY+
D4PV24 ~ BKBY+
BKCY ~ D4PR14 +
BKCY ~ D4PR13 +
HW33 +
T4PV124 'KBY+
T4PV234 'KBY+
BKCY ~ BKBY~ BKEY +
G4PV ~ BKBY+
D4PV23 'KBY'OLD +
D4PV12 'KBY~ COLD +
D4PV23 ~ BKBY 'KEX+
D4PV12 ~ BKBY 'KEX+
BKCX '4PR12 'OLD +
D4PV12 'KBY'FDG +
D4PV23 ~ BKBY 'FDG +
T4PU123 'KBY'OLD +
BKCY '4PR +

Hardware unavailability cut sets due to independent failure; HWI =

1 75169E48
2 1.4649E-08
3 1.4348E-QS

4 3.9074'
5 4.6969E-10
6 3.8775 E-10
7 25433E-11
8 7.0199E-13

BKCY 'KBY'OLD +
BKCY 'KBY'KEX+
BKCY 'KBY~ MFDG +
BKCY 'KBY'KGY+
HW33 +
BKCY ~ BKBY~ BKFY+
BKCY '4PR +
BKCY 'KBY'KDC

HW33 = BKCYT 'KBYT~ ZTVCOO
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APPENDIX B4: COMPONENT COOLING WATER SYSTEM
I

B4.1. Introduction

B4.1.1 Objectives

The main objective of this appendix is to summarize the results of reviewing the unavailability modelling of
the Component Cooling Water System (CCWS) and the Reactor Coolant Pump (RCP) Seal Cooling
equipment described in the DCPRA.i An additional objective is to determine a BNLvalue for the initiator
"Total Loss ofComponent Cooling Water (LOCCW)"based on genericplant experienceappropriatelyupdated
for Diablo Canyon using Bayesian techniques. This was done to compare with the PG&E value obtained by
calculating the total yearly failure frequency of the CCW system via fault tree analysis.

B4.14 Organhation

Section B4.2 provides a brief description of functions and the configurations, the dependency on support
equipment, the surveillance and maintenance conditions, the unavailability modelling of the CCWS as given
in the DCPRA, and the original PRA results. Similarly, Section B4.4 describes the approach used by PG&E
to analyze the unavailabilityof the equipment necessary to maintain RCP seal cooling and the corresponding
PRA results. The purpose of this approach is to present stand alone documentation to which this review's
findings can be directly related or compared. Section B4.3 contains the results of the BNL review of the
CCWS and presents a new value determined for the LOCCW initiator. Section B4.5 presents some additional
information requested by BNL in reviewing the unavailability analysis of RCP seal cooling. Section B4.6
provides a summary of the review results/findings.

For completeness, the documentation of the information used by BNL for determination of the initiator
frequency (LOCCW) is presented in Attachment B4.A.

B44 Unavailability Modelling ofthe Component Cooling Water System in the
DCPRA

B42 1 System's Functions, Description and Operation

The functions of Component Cooling Water System (CCWS) at Diablo Canyon are:

a. to supply cooling water to vital and non-vital loads after an accident,
b. to provide cooling water to various plant components during normal operation, and
c. to provide cooling water to the RHR system during plant cooldown.

The CCWS also represents a monitored intermediate barrier between radioactive fluids and the Auxiliary
Saltwater System to which it rejects its heat.

The CCWS consists of three CCW pumps, two CCW heat exchangers, an internally baffled surge tank, and
two chemical addition tanks. Its piping consists of three parallel loops. Two are separable redundant vital
service loops, "A"and "B",serving only the unit's emergency safety feature equipment and post-LOCA sample
cooler. A miscellaneous service loop, "C", serves non-vital equipment. The loads on the three loops are listed~

~ ~

~

~in Table B4.2.1. The system's drawing is shown in Figure B4.2.1. Ae Reactor Coolant Pump (RCP) seal
( I
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Appendix B4

water heat exchanger, as well as the RCP thermal barrier and motor oil coolers do not represent "vital"loads
as they are located on Loop C.

The CCWS is normally operating with all loops in service. Usually, two CCW pumps and one CCW heat
exchanger are in operation. The third pump and the second heat exchanger are in standby. The standby
pump starts on low pressure in loops A or B. (The pump breaker willnot close until lube oil pressure is 6
psig; the lube oil pressure is provided by a lube oil pump.) With ocean water temperature in excess of 64'F,
two CCW heat exchangers are in service.

The flow through the heat exchangers is controlled from the control room by switching the CCW heat
exchanger control valves.

During cooldown, all loops are operated with two or three pumps and two heat exchangers. Ifone of the
pumps or one of the heat exchangers is inoperative, orderly shutdown is not affected, but the time for
cooldown is extended.

Following an initiating event an "S" signal starts all non-operating CCW pumps. (The S signal bypasses the
lube oilpressure interlock.) A transfer to emergency power trips all three CCW pumps on under voltage, then
restarts the three pumps when bus voltage is restored. Loop C is'automatically isolated on high-high
containment pressure (Phase B isolation, "P signal) or it can be isolated manually. The operator can also
reduce flow to the containment fan coolers.

B4~ Top Event De5nition, Success Criteria

Associated with the unavailabilityof the CCW function, the DCPRA defines only one top event to be used
in the support system event tree ("mechanical" part). The designator of this top event is: CC. It is evaluated
for nine boundary conditions depending on the initiator and/or the unavailability of certain trains of support
systems.

One of the boundary conditions (designator: CCI) was taken as an initiatoramong one of the initiatorgroups
of the DCPRA called "common cause initiatingevents." The initiatorname "total loss of LPCC" indicates the
initiating event frequency when aH the CCW pumps fail. Its value is computed as: LPCC=CCI.

The success criteria of the top event CC are described in Table B4.2.2 for post accident injection and
recirculation phases as well as for normal plant operation and cooldown. The table also indicates the
applicable Technical SpeciTiication. A comparison of the top event success criteria with the success
requirements for this system described in the DCFSAR~ showed that the top event success criteria cover those
given in the DCFSAR.

B4~ Log@ Model, Dependency on Other Support Systems

The logic model of the top event CC describing the CCW system configuration is shown in Figure B4.2.2. The
CCWS is modelled with one heat exchanger, because the second heat exchanger is isolated during normal
operation and there is no operating procedure for placing the standby heat exchanger in service following
failures of the operating one. The isolation valve for Loop C (FCD-355) is not modelled because flow to
Loop C is not required for system success. (Loop C is located within the reactor primaty shield wall. It is
the most vulnerable of the CCW loops to a failure concurrent with a major LOCA.) The DCPRA assumes

NUREG/CR-5726 B4-2
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~

~

~

that excessive leakage from the CCWS would be discovered and corrected prior to any initiating event;
therefore, failure of makeup to the surge tank willnot fail the system function during the 24 hour mission
time. It assumes also that pumps 1-1 and 1-2 are the running pumps and pump 1-3 is in standby, and a check
valve failure at the discharge side of the standby pump produces sufficient bypass fiow to fail the system
function.

B42 4 Boundary Conditions of Top Event CC

Boundary conditions include loss ofoffsite power and degraded states of support systems such as: vital4.16kV
ac buses, vital 480V ac and 125V dc buses, the SSPS trains A and B. The nine split fraction boundary
conditions cover all combinations of support system effects on the CCWS.

The failure of the operator action to throttle CCW flow to the containment fan coolers is included in the
unavailability model. The detailed list of the boundary condition definitions and the designators of the
associated top event split fractions are given in Table B4.2.3.

B4~ Quantification of Top Event SpHt Fractions, CC
I

Table B4.2.4 lists the values of CC split fractions a'ssociated with the various boundary conditions quantified
by PG&E. The table presents the total unavailabilities(TII,) along with the main contributors to the total
unavailabilities,such as hardware (HW), maintenance (MN), test (TS), and human error (HE). At a given
boundary condition the hardware contribution relates to the normal alignment of the CCWS, when no test

~

~

~

~

~ ~

~

or maintenance activities are being performed. 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 supercomponents of the CCWS. The definition and the failure rates of the supercomponents
of the CCWS are given in Chapter D.2.7 of the DCPRA and are therefore not repeated here.

The CCW pumps are tested for auto start on low header pressure at a nominal three year frequency. The
CCW pumps and their respective discharge check valves are tested for operability on a quarterly basis. When
the CCW heat exchanger outlet valves are tested and the RCPs are running both heat exchangers must be in
service (the valve would be closed for less than one minute). Since these tests were not considered as making
the system unavailable, there was no contribution due to test included in the system unavailability modeL
Similarly, following a test, misalignment errors were assumed to be insigniiflicant on the basis that several
independent errors would have to be made to make the system unavailable.

Maintenance on the heat exchangers was not included because only one heat exchanger is modelled (no
unavailability is incurred if the standby heat exchanger happens to be in maintenance) ~

The impact of seismic failure is modelled by assuming structural failures in the vital loads (see Loops A and
B in Table B4.2.1).

B4-3 NUREG/CR-5726
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B42.6 Quan56ca5on of the Motor: LPCC 0
The DCPRA modelled and quantified the initiator LPCC as loss of all CCW pumps or loss of two CCW
pumps in the event ifthe third pump would be in maintenance. In the calculation it was assumed that there
would be a weekly changeover between the operating and standby pumps. The numerical result of the
quantification is indicated at boundary condition CCI and denoted by "LPCC" in Table B4.2.4. BNL review
comments on LPCC are found in Section B4.3.5.

NUREG/CR-5726 B44
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Table B4.2.1

Component Cooling Water System Loads

Appendix B4

Loop A Loop B Loop C

Containment fan coolers

Residual heat removal heat exchangers 1

Residual heat removal pump seal water coolers 1

Centrifugal charging pump oil and seal water coolers 1

Safety injection pump oil and seal water coolers 1

Component cooling water pump oil coolers and stuffing boxes 2

Post-LOCA sampling cooler 1

Spent fuel pool heat exchanger

Reactor coolant pump

Seal water heat exchanger

Letdown heat exchanger

Excess letdown heat exchanger

SSS sample heat exchangers

iled fuel detector heat exchanger

Steam generator blowdown sample heat exchangers

Reactor coolant pump thermal barriers and motor oil coolers

Reciprocating charging pump coolers

Boric acid evaporator condenser, distillate cooler, vent condenser, and 1

sample cooler

Waste concentrator condenser, distillate cooler, vent condenser, and
sample cooler

Auxiliarysteam drain receiver vent condenser

Waste gas compressors

Reactor vessel support coolers

Sample panel coolers

B4-7 NUREG/CR-5726
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Table B4.2.2

Top Event Definitions and Success Criteria
Component Cooling Water System %Unction

Top Event
Designator Top Event Definition Top Event Success Criteria

CC CCWS provides cooling water to vital
components during 24 hours following an
initiating event.

1. Post accidental in ection and recirculation
phase: Two CCW pumps and one CCW
heat exchanger must provide cooling fiow
to loads on two vital CCW loops A and B,
if the operator does not reduce flow to
containment fan coolers or to header C.
If the operator throttles flow to the fan
coolers or header C, or header C is
isolated automatically by a containment
high-high pressure signal (Phase B), one
of three CCW pumps and an operable
heat exchanger are sufficient for system
success.

2. Under normal lant cooldown conditions:
Allthe three loops are operated with two
or three pumps and two heat exchangers.
(If one of the heat exchangers is
operative, orderly shutdown is not
affected, but the cooldown time is
extended.)

3. Under normal o eration. All the three
loops are used, with one or two pumps
and one heat exchanger. If ocean
temperature exceeds 64'F, the second heat
exchanger is also placed in service.

Technical S ecifications
LCOst
1. Slay operate 72 hours with one vital loop of CCW inoperable; if two vital loops are inoperable, must be

in at least hot standby within the next six hours and in cold shutdown within the foHowing 30 hours.
2. When ocean water temperature exceeds 64'F two CCW heat exchangers must be in operation within eight

hours.
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i Table B4.23
Boundary Conditions for Top Event, CC

Appendix B4

Split Fraction ID Boundary Condition

CC1 Allsupport available (N/3 pumps starts and/or runs).

Loss of 4kV Bus H (N/2 pumps runs).

Loss of 4kV Bus G (N/2 pumps starts and/or runs).

Loss of 4kV Buses F and G (1/1 pump runs).

CC6

CCI

Loss of 4kV Buses F and G (1/1 pump starts and runs).

LOSP - Allsupport available (N/3 pumps starts and runs).

LOSP - Loss of one 4kV Buses F, G, or H (N/2 pumps starts and runs).

Initiating event frequency (all pumps fail).

CCF

Note: N=1 ifoperator throttles fan coolers.
N=2 ifoperator fails to throttle fan coolers.
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Table B4.2.4
UnavailabilityValues (Split Fractions) for the
Componen't Cooling lVater System Function

Top
Event

CC

Case

CC1

Calc.

PG&E 1.878-5 1.840-5 1.835-5

PG&E 5.689-4 3.981< 3.978M

PG&E 5.849'.141M 4.1374

5.5554

3.547-7

3547-7

MN TS HE

3.808-71.708'.708'omment

No.

LPCC CCI

PG&E 2.674-2 1.450-3 1A49-3

PG&E 2.865-2 3.373-3 3.373-3

PG&E 2.431-5 2,255-5 1.955-5

PG&E 6.6254 4.437M 4.355-4

PG&E 1.9654 2.231< 2.0194

6.622-7

6.622-7

3.0034

8.1394

2.114-5

1.019-2

1.019-2

1.7634

2.1894

1.510-2

1.510-2

8.037<

CCF PG&E 1.0

1. The CCI value is indicated here. CCI=.85'TH„where.85 is the capacity factor of Diablo Canyon Unit 1.
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B49 Results of the BNL Review

B49.1 General

In spite of the fact that the CC split fractions were not subjects for full quantitative audit calculations, BNL
performed a quite thorough qualitativereviewof the unavailabilitymodellingof this top event. The thorough
qualitative review was done because the CCWS is an important support system impacting the safety of the
majority of plant operations, including cold shutdown.

Special attention was directed to the determination of the initiator frequency, when the CCWS is completely
lost, because the DCPRA uses a "non-plant-speciTic experience-based"value for this initiatorbased upon fault
tree analysis.

An approach, similar to that applied in reviewing the AuxiliarySaltwater System was used: check the adequacy
of the DCPRA modelling for "system-specific" effects derived from applicable experience. For that purpose
BNLobtained information from a recent study investigating the operating experience of the CCWSs at U.S.
PWRs. From this study (which is based mainly on analyzing NPRDS events) one can extract information
about the nature and the main characteristics ofgeneric CCWS failures. In addition, BNLperformed a survey
of CCWS failure events at PWRs by using the RECON4 data base to obtain information about the
characteristics of those events in which the CCW function was completely lost or had the potential for such
a complete loss. After having ascertained the nature and characteristics of these failures, an evaluation was

~

~

made as to how well the DCPRA model reflected this experience. Finally, an attempt was made to determine
a Diablo Canyon-specific "Loss of Component Cooling Water,". LOCCW initiator frequency based upon
industry experience as a prior and updated accordingly.

B43.2 Results of the Survey on the CCW Systems Fai]ures

The CCWS is a continuously operating system, like the AuxiliarySaltwater System (ASW), but in contrast with
the ASW, it is a closed system circulating treated water. Its predominant failure mode was found (based on
1179 NPRDS records by Reference 3) to be: leakage (37%), associated mainly with both pumps and valve
failures. The second failure mode (12%) was found to be: loss of function and failure to meet specification.
Valve does not close (9%), does not open (5%), incorrect signals (9%), plugging (4%), noise/vibration (3%),
short circuit (2%), and other failures (together 11%) were found to represent the other characteristic failure
modes of the CCWS. The majority of the CCWS failures resulted in degraded operation of the system or in
a loss of redundancy. Valves ( 53%), pumps ( 21%) and load heat exchangers ( 12%) were found to be
the components having most of the failures (roughly reflecting their occurrence frequency in the CCWS
design). Pump failures were dominated by seal and bearing failures (resulting in leakage), while valve failures
were dominated by valve operator failures and wear of the valve seats.

For the present study the distribution of pump and valve failure modes is very important. These were found
to be:

Pump failures:

Valve failures:

leakage (49%), fail to run (23%), vibration (11%), fail to start (5%), low output
(4%), other (8%).
leakage (30%), spurious operation (27%), fail to open (25%), fail to close (2%),
other /unknown (16%).

B4-11 NUREG/CR-5726



Appendix B4

The description of events (found by the BNL survey) which resulted in or had the potential to result in a

complete loss of CCWS is given in Attachment B4.A. Failures which lead to the complete loss of the CCW
function typically involved:

a. Loss of an operating CCW heat exchanger while the other was in maintenance. The loss was

caused either by a closed outlet valve or loss of shell side (service water) cooling flow (clogging,
leak).
The events of the latter type are essentially failure events "linked"with the Service Water System
("linked initiators").

b. Loss of the CCW pumps (in the reported case: due to flooding by human error).

The recovery times of the CCW failure events (as estimated by the time evolution of the various events)
indicate a distribution similar to that of the service water, extending from a representative1-2 hours to more
predictable time periods of a few hours or of even one or more days (fixingcorroded CCW heat exchangers).

B48.4 Comments on the CC Top Event Modelling

The review of the unavailability modelling of the CCWS was based upon an updated version of the DCPRA
informations and the information obtained from the CCWS failures described above.

a. The review found that the DCPRA model of the CCW used the same or even lower failure rate
values for the continuously running CCW pumps as was used for standby pumps (this is against
the industry wide experience with the CCWS mentioned in the previous section). Compare, e.g.,

'he pump fails to run failure mode:
S3PCCR, 1 of 3 CCW pumps fail to run: 2.91-5/hour.
While for standby systems:

S2PAMR, 1 of 2 AuxiliaryFeedwater pumps fail to run; 2.86-5/hour
S2PCSR, 1 of 2 Spray pumps fail to run; 3.48-5/hour
S2PRHR, 1 of 2 RHR pumps fail to run; 3.11-5/hour
S2PS1R, 1 of 2 SI pumps fail to run; 3.48-5/hour
Similarly:
S3PCCS, 1 of 3 CCW pumps fail to start; 1.76-3/d. This value should be compared with:
S2PAMS, 1 of 2 AuxiliaryFeedwater pumps fail to start; 2.04-3/d
S2PCCS, 1 of 2 Spray pumps fail to start; 2.54-3/d
S2PRHR, 1 of 2 RHR pumps fail to start; 2.22-3/d
S2PSIS, 1 of 2 SI pumps fail to start; 2.59-3/d
The CCW pump "fails to start" failure rate itself seems to be rather low, considering that the
normal start of the CCW pumps goes through interlocks which prevent the start of these pumps
if the lube oil pressiire is below 6 psig. This latter requirement, however, involves the operation
of lube oil motors and heat exchangers which themselves are subject to failures.

b. Ae DCPRA is tacit about the other failure modes of the pumps, such as leakage, vibration, and
low (insufficient) output, which are the generic characteristic failure modes of the CCW pumps,
mentioned previously.
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c. The DCPRA is also tacit about one of the most important failure modes of the CCW heat

exchanger, the clogging of the shell side. This failure has caused most of the industry outages of
CCW heat exchangers. The DCPRA simply modelled a CCW system having only a single,
maintenance-free CCW heat exchanger with a rarely occurring "tube or shell rupture" failure mode.

B43$ Determination of fhe Mtiator Frequency, LOCCVf, Based on Industxy Experience

In order to avoid the pitfalls of determining the initiator frequency of "Total Loss of Component Cooling
Water-LOCCW" events, based on unavailability modelling of the CCWS (i.e., fault trees), an attempt was

made by BNL to determine this frequency based on industry experience.

The approach used to obtain a Diablo Canyon-speciTic value is similar to that applied to obtain an initiator
frequency for the Loss of Saltwater System (Appendix B3). Using a double Bayesian updating technique,~ a

plant- speciTic posterior mean frequency was calculated by using the Diablo Canyon experience and a prior
distribution consisting of appropriately selected observed LOCCW events, whose potential occurrence was
deemed possible at the Diablo Canyon plant.

'.

For the updating calculation, events without the non-applicable (N/A) signs in Table B4.A.2 and
the reactor years listed in Table B3.A.1 (except those of Diablo Canyon Units 1 and 2) were taken
as "experience". For "evidence", zero number of LOCCW events during the operation times of
both Diablo Canyon units was taken. By assuming lognormal prior and posterior frequency
distributions and by using "best estimate" parameters for the prior in the second stage updating,
the obtained Diablo Canyon specific posterior mean, median, standard deviation, 5th and 95th
percentile values are given below:

Total Loss of Com onent Coolin Water LOCCW'vent

Mean Stand. Dev. 5th Percentile Median 95th Percentile
6.49-3 7.44-1 1.45-3 4.93-3 1.68-2

'LOCCW is applied as designator for these events instead of LPCC used in DCPRA. PG&E
considers only the total loss of CCW pumps, as the sole originator of these events.

b. To estimate the recovery probability of LOCCW events, all the events listed in Table B4.A.2 were
used. Those events which were omitted from the frequency calculations were also included in the
sample to represent some fraction of LOCCW events which are non-recoverable within (say) 16

hours.

Figure B4.3.1 shows in semi-logarithmic representation the cumulative distribution of LOCCW
events as a function of the time to recover, thc best fittingcurve, PP') t) (providing the probability
that the time to recover a LOCCW event, P, willbe longer than some given time "t"), as well as

the 90% uncertainty bounds.

The maximum likelihood estimate of the parameter of an exponential recovery probability density
function is

X = N/Xt; = .16/hour,

i
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where ti, tz, ...t> represent the individual recovery times in the sample and I/k = t is the mean
time to recovety.

Based on an optimistic estimate of the heat capacity of the water available in the CCW system
given a LOCCW event (t, - ~/i hour) and the time necessary to develop an RCP seal LOCAwith
appreciable leak rate leading to core uncovery given unavailable cooling (tz - 1.5 hours), the
critical time for non-recoveiy of an LOCCW event was taken to be ti + tz - 2 hours. At this point
in time the probability of non-recovery of an LOCCW event was estimated from the best fitting
curve in Figure B4.2.3 to be P(T)2) = 0.74. (To apply this non-recovery factor for all of the
initiatingevents is optimistic, because, it is applicable only - strictly speaking - for that fraction of
the initiating events when the circulation of the CCW does not stop. For the other fraction of
initiating events, when the CCW circulation stops, a sizeable contribution from RCP seal failure
and core uncoveiy may occur earlier than two hours.)

c. A fraction of the initiatingevents (see Table B4.A.2) represent "linked" initiators, i.e., events when
one of the CCW heat exchangers was in outage and the other heat exchanger was lost because of
a failure of its associated service water system train. In the case of Diablo Canyon, this "linked"
(L=~/i) fraction of the total events has to be multiplied by the conditional probability that given
loss of both ASW trains at Unit 1, the Unit 2 trains also become unavailable: RE(2 ) 1). The
"experience" value for this latter quantity was taken from Table B3.2.4: RE(2 ) 1) = .538.

Thus, the mean initiator frequency of LOCCW events (non-recoverable within some time t) can be calculated
by the expression:

LOCCW(T ) t) F85 + P(T > t) + LOCCWM,» * [(1-L) + L ~ Rn(2 ( 1)],

where the quantity.85 is the capacity factor of Diablo Canyon Unit 1 and the other quantities were defined
above.

By substituting their numerical values, the mean frequency of LOCCW initiator is:

LOCCW(T ) 2) = .85 + .74 + 6.49 - 3 e ['l~ + 'li + .538] = 3.14-3 events/ry.

This frequency is one order of magnitude higher than that originally obtained in the DCPRA by fault tree
calculation.
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84A Unavailability Analysis of the Equipment Necessary to Maintain
Reactor Coolant t Pump Seal Cooling, Top Event: SE

84.4.1 General

The unavailabilityanalysis of the equipment necessary to maintain RCP seal cooling is strongly correlated with
the analysis of the unavailabilityof CCWS. Therefore, it was deemed to be appropriate to include it with the
review of the CCWS.

B4.42 . Eydpment Description, Definition and Boundary Conditions of Top Event, SE

Top event SE represents the unavailability of the equipment providing cooling to the RCP seals to keep intact
their integrity. IIie equipment consists of seal cooling injection pathways associated with a seal cooling
injection source and backup pathways with the RCP thermal barrier cooling acting as a backup cooling source.
The seal injection water can be supplied by any one of the three charging pumps. The cooling for the thermal
barrier heat exchanger is provided by circulation of CCW. The split fractions for SE are evaluated for both
non-seismic and seismic initiating events.

Four different boundary conditions were modelled. They are as follows:

a. For event sequences in which there is a guaranteed chance for success; the split fraction designator
is SEO. Its value is:

SEO=0.0. (Guaranteed success)

This is assumed to be true ifCCW flow to Loops A, B, and C is available.

b. If the CCW is unavailable, the seal cooling can only be recovered by manual operator action
(ZHESE1); such as restoring seal injection by providing cooling to the charging pumps (i.e., to the
charging pump heat exchangers) from the fire water sprinkler system as described in the plant
procedures. The charging pump, otherwise should be operable. The pump suction is from the
RWST or from the Volume Control Tank. This means that the success of boundary condition 2
requires the success of top event CH. In addition, it requires the successful trip of the RCPs
within five minutes after the loss of CCWS (i.e., it requires the success of top event RP). If the
centrifugal charging pumps are not available(quotationfrom p.6-142 of Ref.1) "a makeshift system
for temporary cooling of the positive displacement charging pump (that is, wet rags and portable
fans) could also be established, although such actions are not currently covered by procedures."
The designator of this split fraction is: SE1. Since the unavailability of seal injection paths and
the fire water system is much less than the failure frequency of the operator recovery action only
the operator action, was included for non-seismic quantification of this split fraction:

SE1=ZHESE1=9.907-3.

c. When either the CCWS is unavailable for thermal barrier cooling (all support systems are
available) or when the CCWS Loop C is isolated (e.g., P-signal occurred due to steam line break
inside the containment or power is lost to two vital buses, prompting the operator to isolate Loop
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C) so that thermal barrier cooling, as well as, cooling to the positive displacement charging pump
is lost, injection flow still can be maintained by a charging pump (cooling to the charging pumps
via CCW Loops A or B is available). The success of this boundary condition requires the success
of top event CH (i.e., the cooling fiow from the RWST by an operating charging pump should be
available). The designator of the corresponding split fraction is SE2. By the same reason as
discussed for boundary condition 2 above, for non-seismic quantiflcation of this split fraction
DCPRA used a value of:

SE2=0.0.

d. Split fraction SEF is used in conditions where seal cooling is guaranteed to be unavailable; e.g.,
ifCCWS Loop C is isolated and the charging pumps fail, or CCWS is unavailableand RCPs are
allowed to run. The value of this split fraction is:

SEF=1.0. (Guaranteed failure)

B45 Additional Information Requested as Part of the Review

In order to validate the DCPRA unavailability analysis for the seal injection and the Qre water system paths,
BNL requested the following.

1, A schematic fiow diagram of the present status of the RCP seal cooling design at the Diablo
Canyon plant. The fiow diagram should indicate the injection and seal leakoff systems, all
components (valves, heat exchangers,joints, rubber line sections, etc.) in the pathways which served
the basis of the seismic analysis, as well as of the hardware unavailability estimate, that led to the
statement used in calculating the split fractions of SE1 and SE2 (that the unavailabilityof injection
path plus charging pump cooling paths and the RCP seals are negligible compared with the human
failure probability).

2. Some details of the hardware unavailabilitycalculation of RCP seal equipment: supercomponents
and associated failure rates.

3. Frequency of RCP seal LOCAinitiator, i.e., its fractional contribution to the smaH LOCA(isolable
and unisolable) initiator frequency.

B4.6 'omments/Findings

BNLdid not conduct as in depth an audit of this system as those of the previous support systems documented
in this appendix. This system was originally not on the list of systems to be audited in the review. However,
its importance to the overall Diablo Canyon plant led BNL to at least qualitatively examine the system
analysis. Investigation of the initiator frequency, LPCC, was included in the original review plan and that
helped to tie these aspects of the review together. Section B43.4 contains BNL's comments on the systems
analysis and it is not felt that they would have a major impact on the core damage frequency.
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With respect to the initiator frequency, LPCC, in the DCPRA model, its very definition leaves it lacking.
LPCC was limited to loss of the three CCW pumps. BNL bclicvcd a more global loss of CCW initiator was

called for and proceeded to develop one. The experiential evidence included in Attachment B4.A was not
fullyaccepted by PG&E on the basis that certain events did not directly apply to Diablo Canyon. However,
PG&E did update their model/calculations and derived an updated value of LPCC as 2.88-4/yr which is a 47%
increase over the original value. The following chart is included as an attempt to put this situation into
perspective.

Loss of CCW
(Events/Year)

Unnormalized
Fussel-Vesely
Importance

Non-Seismic
CDF %d CDF

PG&E Original
Value

PG&E Update

BNL Value

"Midway"

1.96-4

2.88-4

3.14-3

9.51-4

3.187-6

4.684-6

5.106-5

1.547-5

1.772M

1.7877-4

2.2515-4

1.89ss-4

0.8

27

6.9

In summary, BNLbelieves that the PG&E value is still too low (as discussed previously) and PG&E bclicves
that BNL's value includes events not applicable to the Diablo Canyon plant. Given the high uncertainty
associated with these values, wc have attempted to apply an element of cxpcrt opinion to derive an additional
data point. Ifone takes the PG&E updated value as a lower bound and the BNLvalue as an upper bound
and then derives the geometric mean thereof (9.51-4, denoted as "Midway" above) the resulting increase in
non-seismic CDF becomes 6.9%.
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Attachment B4.A

Information on Failures of the Com onent Coolin Water S stem

%as attachment provides the documentation of information used to determine the frequency of the
initiator "Total Loss of Component Cooling Water, LOCCW" for Diablo Canyon Unit l, based on generic
plant experience.

The information includes:
a. Characterization of Component Cooling Water Systems (from Reference 3) for plants which have

experienced "Total Loss of CCW" events (Table B4.A.I).
b. A list of failure events obtairied by a survey of the RECON4 data base, when the CCWS is

completely lost due to failures of the system itself or due to linked failures with the Service Water
System (Table B4.A.2).

c. A detailed description of the events listed in Table B4.A.2, and of the events that occurred at
Surry Units l and 2, when the Charging Pump Cooling Water System was lost. The Surry events
were omitted from Table B4.A.2, because the Surry units have CCWS of limited design purpose;
this system cools only the charging pumps.
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TaMe B4A.I
Component Cooling%ater System Sammaries for Plants Which Haw

..Experienced'Total Loss of CCWS" Events

Plant,
System Vendor Pamps

Sarge
HXs Tanks Comments

Salem 2, Westinghouse

Turkey Point 3, Westinghouse

O

Indian Point 2, Westinghouse

Calvert Cliffs l and 2
Combustion Engineering

San Onofre 2 and 3

Combustion Engineering

Surry I and 2 Chg.P CW
Westinghouse

3 2

3 3

3 2

3 2

3 2

2 2

I RHX, SFPHX, SWHX, XLDHX,Non-Reg. HX, RHR-P, SI-P,
Recirc.-P, Chg.-P, Misc., RCPm and t.b

I SDHX, LPSI-P, HPSI-P, LDHX,Misc., RCPm and SC, CRDM
clg (cooling)

4-ACCW-P's for
recirc.-P loop.

2 SDHX, LDHX,SFPHX, HPSI-P, LPSI.P, CS-P, CCW-P, RCPm
and SC, Misc., Cont. AirCirc., CR- Chiller, CEDM dr.

I Chg.-P

I RHR HX, RCPm and t.b, LDHX,SWHX, XLDHX,RHR-P, SI- No cross connection
P, Chg:P between Units I and

,2.

I RHRHX, RCPm and t.b, Non-Reg. HX, XLDHX, SWHX, Somecrossoonnection
Misc., RHR-P, SI-P, Chg.-P, SFPHX, Cont. CRD dr at loads between Unit

3 and 4.

to
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Yable B4%.1 (continued)

Abbreviations
CEDM
Chg.-P
CR
CS
Cont.
CCW
CRDM clg.
CRD chg.
CEDM clr.
HPSI
LPSI
LD
HX
Misc.
Non-Reg.
P
RCPm and t.b
Recirc
RHR
RHX
SC
SDHX
SI
SFP
SWHX
XLD

Control Element Drive Mechanism
Charging Pump
Control Room
Containment Spray Fan Coolers
Containment
Component Cooling Water
Control Rod Drive Mechanism Cooling
Control Rod Drive Cooling
Control Element Drive Mechanism Cooler
High Pressure Safety Injection (CE)
Low Pressure Safety Injection
Letdown
Heat Exchanger
Miscellaneous Loads
Non-Regenerative .

Pump
Reactor Coolant Pump Motor and Thermal Barrier
Recirculation
Residual Heat Removal
Residual Heat Exchanger
Seal Cooler
Shutdown Heat Exchanger

I
Safety Injection
Spend Fuel Pool
Service Water Heat Exchanger
Excess Letdown

NUREG/CR-5726 84-22



Table B4%2
"Total Loss of the Componeat Cooling Water System" Events

Event Plant Reference Recovery Descriptioa Comments

IP Calvert Cliffs 1,2 LER-317/84-5 16 hrs. At Unit I, CCHXs 11 and 12 outlet channel heads N/A
had three areas with apparent through wallweepage
due to corrosion. Similar failures at Unit 2 CCHXs
21 and 22 (CCHXs were made from cast iron).

Salem 2 LER-311/85-18 > 4hrs. CCHX (No22) service water outlet valve failed to
the closed position (vibration caused the valve
actuator to separate from the valve stem). The
redundant CCHX (Nodal) was in maintenance.

San Onofre 2 LER-361/8446 I hr. Train "A"CCWHX was out of service for cleaning.
Train "B" CCWHX indicated fault condition (high
differential pressure).

5 Indian Point 2 LER-247/84411 See notes While at cold shutdown for a refueling outage, all
component cooling pumps were disabled due to
flooding of the pump compartment. Water entered
the compartment through an opening in the service
water piping after a valve had bccn removed for
maintenance.

Turkey Point 3 LER-250/86-18 5 hrs.'CWHX "B" was taken out of service for deaning. N/A
Subsequently intake cooling water inlet temperature
increased such that the three CCWHXs were
required to be in service.



Table ~ (continued)

Event Plant Relerence Recovery Description Comments

San Onofre 3 LER-362/86-11 3/4 hr. CCNHX "B"was taken out of service for cleaning. Linkedinitiator
The salt water flow through CCWHX "A" was
blocked due to fouling with marine growth.

Notes:
- 1st motor recovery: 3 hours.
- 2nd motor recovery: 4'li hours.
- 3rd motor recovery: 6~/i hours.

Comments:

N/A = Not applicable at Diablo Canyon.

= Estimated.
= This event may be classiflcd as the flooding initiator, FS11, in the DCPRA, however it yields the same consequences: RCP seal LOCA.
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Descri tionof0 eratin Events lnvolvin the Total Loss of Cpm onent Coolin Water S stem (TableB4.A.2)

Calvert Cliffs I LER-317 1984-005

Power level - 100% on 5/2/84, during Unit 2 refueling outage a through wall'hole occurred during removal
of the graphite layer on one ¹22 component cooling heat exchanger (CCHX) channel head. The graphite
layer was being removed in preparation for coal tar epoxy application. On 5/3/84, a second hole was created
during graphite removal, prompting notiTication to the Nuclear Regulatory Commission. Avisual examination
was subsequently conducted on the operating ¹I I, ¹12, and ¹21 (CCHX) and service water heat exchanger
(SRW HX) channel heads. The ¹11 and ¹12 CCHX outlet channel heads had three areas with apparent
through wall weepage. On 5/6/84, Unit I shutdown and all Unit I'nd Unit 2 CCHX and SRW HX were
opened as conditions permitted. Due to the size, location, and number of below minimum wall areas found
on the channel heads, several repairs were pursued. Encapsulations were installed on ¹12 and ¹22 CCHX
channel heads, while new channel heads were installed on ¹11 and ¹21 CCHX. Bolted plate patches were
installed on ¹12 and ¹22 SRW HX to correct thc deficiencies. Numbers II and 21 SRW HX did not need

any repairs. However, all CCHX and SRW HX channel heads were coated with coal tar epoxy to prevent
future corrosion. New channel heads for all CCHX and SRW HX will be installed during the next outage
of sufficient duration. An expanded surveillance program for cast iron components in thc salt water system
is being developed.

Salem 2 LFR-311 1985-018

Power level - 100% on 8/27/85, No.22 component cooling water heat exchanger (CCHX) service water outlet

~

~ ~

~ ~valve (22SW356) failed to the closed position. Attempts to'jack the valve open failed to adequately restore
E

service water flow to the h'eat exchanger. Because the redundant CCHX (No.21) was out of service for
maintenance at the time, Tech. Spec. 3.03 was entered, arid a controlled shutdown was initiated. The
malfunction of 22SW356 was attributed to a vibration induced failure which caused the valve actuator to
separate from the valve stem. The vibration resulted from the prior'removal of the cavitrol tube bundle from
No.22 CCHX service water control valve (22SW127), due to plugging and deterioration. Investigation revealed
that operation with this tube bundle removed has caused turbulence downstream of the control valve. Duc
to the close proximity of this valve to the heat exchanger outlet valve (22SW356). The turbulence caused
22SW356 to vibrate which resulted in actuator damage. The valve actuator was replaced, tested and No.22
CCHX restored to an operable status. A ncw cavitrol tube bundle for 22SWI27 is presently scheduled for
delivery by 11/85. Replacement of this component should alleviate the vibration problem associated with
22SW356.

San Onofre 2 LFR-361 1984-046

Power level - 100%. On 8/15/84, at 1130, with both Units 2 and 3 in Mode I thc local readout for salt water
cooling flow to the train "B"component cooling water (CCW) heat exchanger indicated a fault condition. The
train 'A'CW heat'exchanger indicated a fault condition. Thc train 'A'CW heat exchanger was out of
service for cleaning. Because a high differential prcssure existed across the train 'O'CW heat exchanger,
it was conservatively assumed that train 'B'altwater cooling flow was less than the flow required for system
operability. Train 'B'CW was declared inoperable, and LCO 3.03 was invoked on Unit 2. Emergency
chiller E-335 was declared inoperable since train 'B'CW was supplying its cooling water. Loss of E-335
renders two vital invcrters inoperable in each unit, and LCO 3.03 was also invoked for Unit 3. Shutdown of
both units was initiated. A train 'B'alt water cooling pump in the Unit 2 intake was started, and the
differential pressure across the heat exchanger decreased. At 1230 the salt water cooling flow indication was
estorcd. Salt water cooling flow was dctcrmined to bc above the minimum required flow, and LCO 3.03 was
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exited. The salt water cooling flow indication was restored by switching readout channels. It is suspected that
the initial fault indication was due to reading an inoperable channel.

Indian Point 2 LER-247 411
Date of event - 081384. Power level - 100%. On August 13, 1984, at 1050, while at cold shutdown for a
refueling maintenance outage, two operating component cooling water pumps and subsequently the standby
pump automatically tripped on receipt of an over current protection signal. The over current condition was
caused by wetting of the component cooling water pump motors with service water. Leakage through a service
water valve permitted service water flow into the component cooling water pump compartment through an
opening in the service water piping being prepared for a test. The central control room was promptly notiTied
of water conditions in the compartment and the CCR operators immediately secured the operating service
water pumps which stopped the flow. The water was pumped and drained from the compartment. No.21
component cooling pump was flushed with fresh water, dried and returned to service at 1344.

Turke Point 3 LER-250 1986-018

Power level - 100%. While Unit 3 was at 100% power, a unit shutdown was commenced due to exceeding
administrative guidelines for intake cooling water (ICW) system operation. These guidelines were established
by engineering based on a postulated failure of temperature control valve, TCV-2201 during a design basis
event, which could degrade the ability to provide thc rcquircd ICW system flow through thc CCW heat
cxchangers during a design basis event. These guidelines establish limits on ICW inlet temperature,
component cooling water (CCW) heat exchanger clcanlincss and lineup, and ICW flow rates for unit
operation. On April 16, 1986, the 3B CCW heat exchanger was taken out ol'ervice for cleaning. Plant
conditions were evaluated at that time and it was determined that the administrative guidelines were met.
Subsequently, ICW inlet temperatures increased such that three CCW h«at exchangcrs werc required to be
in service for Unit 3 operation. At that time, the 3B CCW heat exchanger was still out of service which placed
Unit 3 outside of the administrative guidelines requiring a Unit 3 shutdown. A Unit 3 shutdown was
commenced and was stopped when the 3B CCW heat exchanger was placed back in service. Cause of event:
while the 3B CCW heat exchanger was being cleaned, ICW inlet temperatures increased such that three CCW
heat exchangers were required by the special administrative guidclincs, to be in service for Unit 3 operation.

San Onofre 3 LER-362 1986-011

Power level - 100% at 1550 on August 4, 1986, saltwater cooling (SWC) flow through train a component
cooling water heat exchanger (CCWHX) decreased, due to fouling with marine growth, to below the
postulated design basis flow rate rcquircd for removal of CCW heat loads (critical CCW loop), and was
therefore declared inoperable. At this time Train B CCWHX was operating with reverse SWC flow to rcmove
similar fouling which had previously taken place. At 1605, operators commenced realignment of Train B
CCWHX SWC flow to the normal direction in order to return one train of CCW to its design configuration
and thereby increase heat removal capability of that train. During the realignment, both trains of thc SWC
system were considered to be inoperable contrary to tcchnical specification limitingcondition for operation
(LCO) 3.7.4, and LCO 3.03 was entered. Train B SWC system was returned to opcrablc status within thirty
minutes, and at 1635, LCO 3.03 was exited. As corrective action, operating proc«durcs will b«rcvis«d to
minimize the effect of mnrine fouling on the operability of thc SWC system.
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Events Not Included in Table 84.A.2:

Su 1 LER-280 411
Power level - 100%. On 5/18/84 operations personnel performing a system walkdown following maintenance

discovered the intended heat sink for the charging pump component cooling water system was isolated. The
charging pump component cooling water isolated to intermediate seal cooler I-SW-E-1B and service water
isolated to intermediate seal cooler 1-SW-E-IA. A review of plant logs and operator interviews has confirmed
that both intermediate seal coolers were isolated during two separate events. The first event started 5/16 at

2045 hours, when 'B'ooler was improperly placed in service and 'A'ooler was removed from service until
2125. The second event started 2140 hours on the same day when 'A'ooler was again removed from service

with 'B'ooler remaining improperly valved in service. Both coolers were isolated for a total of 40 minutes

during the first event and 32 hours for the second event. Due to the complexity of the maintenance involved,
the existing procedures were not adequate to provide the necessary valve alignments. Immediate corrective
actions involved placing 'B'ntermediate seal cooler in service to provide a necessary heat sink and making
'A'ooler available as a backup. To prevent recurrencc, maintenance operating procedures were written to
ensure control of removal and return to service of the intermediate seal coolers.

Sur 2 LER-281 6410
Power level - 100%. On 7/11/86 with Unit I in refueling shutdown and Unit 2 at 100% power, operators were

attempting to return the 'A'harging pump component cooling water pump to service following cmcrgcncy
maintenance. At 15.18 hours, the redundant 'B'ump, which had been supplying cooling water to the

charging pump seal coolers, lost discharge pressure. This resulted in both pumps being inoperable. It is

~

~

~

assumed that air introduced into the system during maintenance on the 'A'ump caused the 'B'ump to
become vapor bound. The 'A'ump was vcntcd, water was added to the system, and the pump was returned
to service at 18.25 hours. Subsequently, operability of thc 'B'ump was demonstrated, and it was also

returned to service.

Sur 2 LER-281 188-009

Power level- 100%. On April20, 1988 at 12.27 hours, with Unit I in a refuclingoutage and Unit 2 at 100%

reactor power, the "A"and "B"component cooling water (EIIS-CC) heat exchangcrs (EIIS-HX) (CCHX) were
declared inoperable. The "C'nd "D" CCHXS had previously been removed from service for maintenance.
Unit 2 entered a six hour clock to hot shutdown in accordance with technical specifications 3.0.1. An
engineering review of the potential dependence of CCHXS on the station vacuum priming (VP) system had

determined that five VP valves (EIIS-ISV) which isolate the CCHXS service water (SW) piping from the VP
lines, were not seismically mounted. In a seismic event, the potential would have existed for rupture of the

VP piping and air ingress into the CCHX, breaking the siphon effect on the SW, and causing a loss of SW

to the heat cxchangers. The seismic supports were installed and the "A" and "B" CCHXS were returned to
service at 17.10 hours on April20, 1988 and T.S. 3.0.1 was cxitcd. Additional engineering evaluations willbc

performed to assess the necessary design changes to permit future CCHX operation with vacuum priming in
service. The VP valves will remain normally closed pending the results of the engineering evaluations.
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APPENDIX B5: SOLID STATE PROTECTION/REACTOR
PROTECTION SYSTEMS

B5.1 Introduction

B5.1.1 Objectives and Background

One of the main tasks to be performed within the framework of reviewing the DCPRA outlined in BNL's
approach to the DCPRA review (sce Section 3.2), was to scrutinize the unavailability analyses of several
selected support and frontline systems. The objective of this appendix is to provide the results of reviewing
the unavailability analyses of the Solid State Protection System (SSPS) and the Reactor Protection System
(RPS). According to the DCPRA, the SSPS and RPS represent the only non-plant-specific (i.e., generic)
systems analyzed in the PRA. The systems were provided by Westinghouse and belong to designs of fairly
recent vintage.

I

The generic review methodology described in the PRA Review Manual'uggests that a comparison be made
between the results obtained for the unavailabilities of systems of these types in a PRA under review and the
results obtained in unavailability studies (if they exist) dedicated to "generic" systems. Recently, the
Westinghouse Electric Corporation conducted very comprehensive unavailabili'.y studies on the Solid State
Protections (from now on to be referred to as "WOGI") and Reactor Protection Systcms3 (from now on to

~ ~

be referred to as "WOG2") on behalf of the Westinghouse Owners Group (WOG). The studies served as

bases for requesting certain changes in thc surveillance requirements of the Tcchnical Specifications for these
systems from the NRC. Both studies were reviewed by BNL. BNL conducted a thorough audit calculation
for the SSPS4 (to be referred to as "BNLl")and a time-dependent Markovian analysis for the RPS'to bc
referred to as "BNL2").

Therefore, for a comparative unavailability analysis of the DC'.PRA models and results, the WOG/BNL models
were selected as bases. In order to render these models comparable to thc conditions and assumptions used
in the'DCPRA, both models (WOG and BNL) were modified accordingly prior to the comparative analysis.

B5.12 Organization

This appendix documents the results of the comparative analyses noted above and is organized as follows:
Section B5.2 describes the SSPS and its testing provisions/methods. Section 853 presents thc comparison of
the approaches used in the DCPRA and in thc WOG/BNL calculations to model the SSPS and the results
obtained. Section B5.4 discusses the RPS, its testing methods and thc results of those comparative analyses.

B52 Solid State Protection System

B5.2.1 System Description

The Solid State Protection System provides actuation signals to emergency safeguard equipment and to the
reactor protection system when process and nuclear paramctcrs exceed certain preset limits ensuring that safe

operating conditions exist at all times.
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The main components of the SSPS are:

1. the analog chnnnels,
2. the combinational logic units, nnd

3. the actuation relays.

BK2.1.1 Analog Channels

An analog channel involves: an analog sensing device (scnsor/ transmitter), a loop power supply, a signal
conditioning circuit, and a signal comparator. The sensing device monitors a given process or nuclear
parameter, such as pressure, level, flow, tcmpcraturc or flux, etc. The parameter signals are converted to
proportional voltage signals by the power supply of the loop (Figure 85.2.1). The sensed signal is "shaped"

by the signal conditioning circuit (signal modifiers). The shaped signal is compared with a preset parameter
value by the comparator (bistable). The comparator controls two output relays; one of them provides input
signals to thc combinational logic train A and the other to combinational logic train 8.

B$2 12 Combinational Logic Unit and Master Relays

The combinational logic unit is a dual train electronic system. Trains A and 8 contain several 2/4, 2/3, and
1/2 logic circuits built on universal logic (UL) cards. The analog channel output relays operate grounding
contacts at the inputs of thc combinational trains. A trip signal is generated in each of the trains if an

appropriate number of card inputs arc grounded. Outputs of various logic circuits in each of the trains can
be further interconnected by using additional logic circuits to achieve desired reactor trip and safeguard
initiator signal combinations. The safeguard initiator signals drive the master relays by creating a current flow
which energizes them. The block diagram of a typical SSPS is shown in Figure 85.2.2.

BR2.18 Slave Relays

Given an initiator signal, thc energized master relays close contacts in the slave relay circuits and energize
master relays close contacts in the slave relay circuits and energize the associated slave relays. The slave relays
activate the safety systems by energizing contacts in motor starters, solenoid circuits, etc. Usually each slave

relay activates several safety system components. The number of master and slave relays energized is

dependent upon the complexity of a given protective function required by a specific initiating event. The SSPS

trains are train oriented: ESFAS,train A cnergizcs train A of a safety system, etc.

Figure 85.23 shows the schematics of slave relay arrangements. Figure 85.2.4 presents the parameter signals
and the master and slave relay arrangements modelled in the DCPRA which generate actuation signals for
various safety functions.

B5.22 Testing of the ESFAS

B522 1 Testing of the Analog Channels

The functional testing of the analog channels is performed at power. Its purpose is to verify the entire
operation of thc channel excluding the sensor. Calibration and verification of proper operation of the sensors

(the associated electronics included) is usually performed at shutdown. Th« functional testing scheme of the
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~

~analog channels for the SSPS is also shown in Figurc 85.2.1. The sensor is disconnected during testing. By

using test jacks, test signals are sent through the circuit. A proving lamp is connected to the output of the

bistable; usually the bistable is adjusted to ensure that the whole channel performs as required. The input

relays of the logic trains are energized from outside circuits ifthe channel is tested in bypass. The input relays

are de-energized if the channel is tested in trip.

During normal operation, a failure of a sensor or a loop power supply would cause abnormal indication and/or

alarms. The status lights are checked by operators every shift, therefore, an analog channel failure is

detectable within eight hours.

B5222 Testing of the Combinational Logic Units

While a plant is at power, each of the combinational logic trains (located in separate cabinets) is allowed to

be tested or maintained separately in "bypass" condition. Time sequenced pulses are applied to the logic

circuits through switches located on a logic test panel dedicated to each train (semi-automatic tester). The

pulses check the logic, but are of such a short duration that slave relay (or trip breaker) actuation is not

possible. The semi-automatic tester allows quick nnd efficient testing of all the possible logic combinations

of actuate or non-actuate conditions as well as the effects of the permissives. If onc train is in test or in

maintenance, the other is charged with providing all the" safety function signals. It is not possible to lock out

both logic trains without tripping the reactor. The tests of the combinational logic trains arc performed

according to a staggered testing schedule.

BR2.23 Testing of the Actuation Relays

The master relays are "continuity" tested as part of the logic test to demonstrate total circuit operation. The

master relays are actuated during master relay testing nnd proper contact operation is checked. Figure 85.2.3

also shows the test conditions for the actuation relays. Proper contact operation is verified by "continuity"

checking of the associated slave relay. This test is performed by applying a voltage to thc master relay contact

which demonstrates the continuity but which is insufficient to activate the slave relay.

The "actuation" test of a slave relay is performed individuallyby energizing the relay and demonstrating proper

contact operation. Proper contact operation can be demonstrated with or without operating the associated

equipment. The slave relay test sometimes requires the reconfiguration of the equipment to be tested in such

a way that the test would not cause adverse effects on the plant operation. After the test, the equipment has

to be returned to its normal operating configuration. Therefore, associated with each slave relay test there

is also a potential for human" error in that the personnel conducting the test could fail to return the equipment

to its proper operating configuration. At Diablo Canyon the test of the slave relays is performed at shutdown.

(This condition, therefore, was considered in the modified WOG/BNL modelling.)
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CPA

OR

SLC

MD~a

TAB

OR K501 K601, K603, K608, K610, K617 SI

K521 K602, K604, K609, K611 SI

K502 605, K607, K613 CIA

K522 606, K612, K614 CIA

K503 K622 CVI

CPB* K505/K519 Slaves modelled in CSS CS

SGA
K515 K633

K516 K634

CPB* K506 K619, K618 CIB

OR K504 623, K616 HSI

OR

*Or CPC on loss of an ac instrument channel.

Figurc B5.2.4 SSPS block logic.
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Notes to Fi ure BS.2.4

~Lo ic

CSS Containment Spray System
CPA Containment Pressure High
CPB Containment Pressure High-High
SGA Steam Generator Level Low-Low
PRL Pressurizer Pressure Low
SLA Streamline Pressure Low
SLB Streamline Differential Prcssure High
SLC Streamline Flow High
TAB Low-Low Tang
AFW AuxiliaryFeedwater Startup
SI Safety Injection and Associated Actions

CIA Containment Isolation, Phase A
CIB Containment Isolation, Phase B
CVI Containment Vent Isolation
CS Containmcnt Spray

MSI Main Streamline Isolation

2/3

2/4
2/3 per SG (for l/4 SG)
2/4

I/l pcr loop for 2/4 loops
2/3 pcr loop for I/4 loops
I/2 per loop for 2/4 loops
I/I pcr loop for 2/4 loops
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BSD Comparison ofSSP Systems Analysis ofDCPRA with that ofWOG/BNL

In this section the SSP systems analysis is compared with that of WOG/BNL. Only those aspects of both

approaches arc discussed which are deemed to be relevant for clear understanding of the differences.

B5B.1 Unavailability Modelling of the SSPS Signals in DCPRA

In the DCPRA six classes of initiating events were selected for which the unavailabilities of thc SSPS were

modelled. This selection was based on a unique set of safety functions required to be actuated by the SSPS

given any type of initiating events. Table 85.3.1 lists the modcllcd initiating event classes with thc required

safety functions to be actuated. The table nlso lists the (minimum) number of master and slave relays per
SSPS train which nre involved in generating thc appropriate safety system responses. The success criterion
of the SSPS is: at least one of the two trains must produce an actuation signal for all necessary safety

functions; that is; each slave relay (appropriately identified in the DCPRA) must produce actuation signals

in at least one SSPS train.

Notice, this DCPRA success criterion is conservative, because it lumps together the success of the diverse

safety functions. Ifany one required safety function fails, all thc diverse functions are also tssumed to be lost.

(This conservatism also exists at the train level: ifone safety function on train A is lost, all train A actuation

signals are assumed lost.)

Figure 85.3.1 shows, as an example, the master fault tree for a class of initiating events: steam generator tube~ ~

~

~

~

rupture. Given this initiator, the model assumes a diversity of paramctcr signal failures which may contribute
to the failure of an SSPS train (see the SSPS block diagram on Figure 85.2.4). These are: Pressurizer Low
Pressure (2/4), Stcam Generator Low-Low Level (2/3 on 2/4 SG), High Steam Flow (2/4), or the combined

T Average Low-.Low (2/4), and Low Streamline Prcssure (2/4) signals. In addition, thc whole train is assumed

to fail ifeither the power supply or the logic or any of the master or slave relays (in this case 8 master relays

and 20 slave relays) fail.

On the component level, the model includes.thc failures of the bistables, the input relays, the signal
transmitters, the failures of the input, mnster and slave relays, as well as the power supplies converting
instrument ac to 48 and 15V dc. The failure of the logic card is not modelled in terms of the components,
it is characterized by a single overall failure rate.

The model assumes common cause failures bctwccn bistablcs and input relays for a particular function (there
is no assumption for overall failure of the sensor signals). Common cause failures for master and slave relays

are modelled for all two-member cutsets based on two or more failures out of the total number of relays (I I

master and 22 slave relays). Common cause failure is also considered between the logic cards.

The DCPRA includes the unavailability contribution duc to surveillance performed during power operations.

This unavailability contribution is considered only for thc analog channels and logic cabinets. Table 85.3.2

presents the relevant data (and their designators). Thc only mnintenance event modelled in thc DCPRA is

the repair of randomly fnilingpower supplies. The relevant information is also given in Table 85.3.2. Human

error is modelled only for miscalibration of analog channels.
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The effects of the unavailability of thc ac instrument channels arc included in,thc various boundary conditions,
for which the various fault trccs (corresponding to the initiating events) were evaluated.'able 8533
reproduces the basic SSPS signal unavailabilitics (split fractions) of a single train and of the whole system for
various boundary conditions. The table separately shows the total unavailability, as well as the unavailability
contributions due to independent and dcpcndent hardware failures, test, maintenance, and human errors.

According to this model the leading contributor to a single train unavailability is independent hardware
failures ( 80%). The leading contributors to total systems failure are: thc human errors of miscalihration
and dependent hardware failures.

B522 Unavailability Modelling of SSPS Signals by the WOG/BNL Approach

In the WOG/BNL modelling of the SSPS (WOG12 and BNL14) the unavailabilities of the various safety
function actuation signals are not lumped together, but rather are individually calculated. Table 853.4 lists
the various safety function actuation signals considered in the annlyses. The number of master and slave relays
per train involved in each of these safety function actuation signals are also given in the table. The success
criterion of the system is similar to that used in the DCPRA: each slave relay must produce actuation signals
in at least one SSPS train.

The fault tree model of each safety function actuation signal was evaluated for various process parameter
signals and logic. Table 8535 presents a subset of those safety function actuation signals which were selected
according to their relevance to Diablo Canyon.

The basic structure of the fault tree models for the various safety function actuation signals is somewhat
similar to that of the DCPRA. However, in contrast with the DCPRA models, the diversity of process
parameter signals was reduced (in most cases only one type of process parameter signal was assumed). On
the other hand, the modelling of the permissives, which was neglected in the DCPRA, was considered.

The detailed fault trees are rather intricate and complex. The level of detnil is shown to minute electronic
parts, therefore, they are not shown here. They can be found in Appendix C of WOGI.- The fault trees
usually consist of three parts: a top fault tree, one or morc middle fault trees, and the analog channel fault
trees. The top fault tree describes the master and slave relays. The middle fault trees describe the master
relay drivers and the logic cards including the permissive circuits. The analog channel fault trees describe the
sensors, the power supply, the signal conditioning and signal comparator circuits. The rates of various failure
modes of the components were taken from the Westinghouse data base, MilitaryHandhook 217C, and IEFF
500.

Common cause failures were modelled for the analog channels, the logic cabinets and the master and slave
relays. For the analog channels the Atwood/Binomial failure rate method was used. For the logic cabinets
as well as the master and slave relays the beta factor method was applied. Human errors such as
miscalibration or misposition of sensors, amplifiers, etc., werc considered only in the analog channel fault
trees, by using the guidclincs of Swain's Human Reliability Handbook.

Thc modelled survcillancc conditions are given in Table 853.2. This table also shows the maintenance
conditions considered in thc WOGl/BNLl calculations. A comparison with the conditions used in the
DCPRA shows two minor differences:
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The WOG1/BNL1 calculations «onsidcr thc unavailability contribution of the master relays due

to test.
In addition, they assume once/ycnr maintenance for the analog channels, logic and master relays.

This assumption was deemed to be more conservative than the randomly occurring maintenances

modelled in the DCPRA.

Notice that the unavailabilitycontributions due to test nnd maintenance of the slave relays were not taken into
account in either approach.

Table 8535 gives the system unavailabilities for the various safety function actuation signals for two cases.

In the first case the effects of common cause failures are not considered and in the second case when the

common cause failures are included in the results.

A breakdown of the results is given in Table 85.3.6 for two safety function signals: the safety injection signal
and the'auxiliary feedwater pump signal (the results of the calculations are presented in similar format as those

given in the DCPRA).

The analysis provided the followingfindings: in general, common cause failures (logic trains, master and slave

relays) are the main contributors to overall SSPS unavailability. The main contributors to train unavailabilities
are: independent hardware failures (mainly master and slave relay failures due to mechanical binding and

short circuits) and unavailability duc to test. Analog chnnnel contribution to signal unavailability proved to
be negligible. Sensitivity calculations assuming more diversity in the parameter signals gave similar

results.-'599

Comparison of the DCPRA and WOG1/BNL1 Results

A comparison of the data given in Table 85.33 with the results shown in Tables 853.5 and 85.3.6 shows that
the DCPRA appears to systematically underestimate the SSPS signal unavailabilities. In the worst case the
underestimation contains a factor of about 4.6, however the situation is exacerbated by the fact that the
DCPRA gives the unavailability for a group of safety function signals (i.e., an OR gate) while the
WOGI/BNLI results relate to the unavailability of a single safety function signal alone. In other words, a

direct comparison would yield a larger discrepancy.

BNL believes the root cause of the discrepancy is that an oversimpliTied fault tree model was used for the
SSPS in the DCPRA. In order to place this finding in perspective, BNL performed an importance analysis

and a sensitivity study on the DCPRA reduced model provided by PGAE. The importance analysis showed

that the contribution to core damage frequency (CDF) for system failure (both trains failing) was about 2%
of the total non-seismic CDF and the sensitivity study showed that multiplying each of the SA split fractions

by a factor of five and the SB split fractions by a factor of two increased the overall non-seismic CDF by 18%.

BNL therefore believes this discrepancy does not have a signiTicant impact on the DCPRA results, especially
considering the modelling conservatisms discussed previously (e.g., a single signal failure fails a channel, etc.).
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Table BS3.1
SSPS Safety Functions Modelled in

Diablo Canyon PRA

Initiating Event Safety Function

Required
Master Relays

Per Train

Required
Slave Relays

Per Train

General Transient'ux. Feed. Trains
Main Steamline Isol. (M)
Cont. Isol. Phase A ~
Cont. Vent Isol.

2
2
6

1

Total

Large LOCA (LLOCA) Safety Injection (S)
Cont. Isol. Phase A (T)
Cont. Isol. Phase B (P)
Cont. Vent. Isol,
Cont. Spray (P)

2

2
1

1

2

Total 18

Stcam Gen. Tube
Rupture (SGTR)

Safety Injection (S)
Cont. Isol. Phase A
Cont. Vent Isol.
Aux. Feed. Train
Main Steamline Isol. (M)

Total 20

Stcamline Break
Ins. Cont. (SLBIC)

Safety Injection (S)
'ux.Feed. Trains

Cont. Isol. Phase A (T)
Cont. Isol. Phase B (P)
Cont. Vent Isol.
Main Steamline Isol. (M)
Cont. Spray (P)

9

2
6

2

1

2

2

Total 22

Steamline Break
Outside Cont. (SLBOC)

Safety Injection (S)
Aux. Feed. Trains
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Table BS3.1 (continued)

Appendix 85

Initiating Event Safety
Function'equiredMaster Relays

Per Train

Required
Slave Relays

Per Train

Cont. Isol. Phase A (T)
Cont. Vent Isol.
Main Steamline Isol. (M)

6

1

2

Total 20

Small LOCA (SLOCA) Safety Injection (S)
Cont. Isol. Phase A (T)
Cont. Vent Isol.
Aux. Feed. Trains
Main Stcamlinc Isol. (M)

2

2

I
2

I

9

6

I
2

2

20Total 8

l

'Reactor trip, turbine trip signal unavailabilities are modelled presumably with this initiating event.

(N
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Table BS3.2
SSPS Surveillance Modelling

Modelled in
DCPRA

(Designator)

Modelled in
WOGl/BNL1

Logic Cabinets
Test interval (month)
Test time (hour)
Maintenance interval (month)
Maintenance time (hour)

Master Relay
Test interval (month)
Test time (hour)
Maintenance interval (month)
Maintenance time (hour)

Slave Relay
Test interval (month)
Test time (hour)
Maintenance interval (month)
Maintenance time (hour)

Analog Channel
Test interval (month
Test time (hour)
Maintenance interval (month)
Maintenance time (hour)

2 (TS2F)
2 (ZHDSS2)

Unscheduled'lant-spcciTic'*

1(TSlr)
2 (ZHDSS2)

2
1.5

12
2

2
1.5

12
2

1

2
12

1

*ZTPS1R (Power Supply Failure Rate) = 1.71-5/hr.
*'ZMGNBF(Time to Repair Failed Power Supply).
?The test and maintenance of master relays arc apparently not accounted for in the DCPRA model.
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Case

Table B5.3.3
SSPS Signal Unavailabilities

(Split Fractions in Diablo Canyon PRA)

TTL HW HWI HWD TS MN

Appendix 85

HE Comment ¹
Sin le Trai Train A Fa u e

SA1, SB3 6.47-3 5.68-3 5.68-3 1.48-10 7.89-4 4.23-10 4.18-6

SA2 9.69-3 8.50-3 8.50-3 1.39-6 7.89-4 4.23-10 3.98-6

SA4, SBB 9.95-3 9.16-3 9.15-3 1.39-6 7.89-4 4.23-10 6.28-6

SA5

SA7

1.18-2 1.06-2 1.06-2 1.39-6 7.89-4 4.23-10 4.00-4

9.95-3 9.15-3 9.15-3 3.20-11 7.89-4 4.23-10 4,18-6

SA8, SBN 9.95-3 9.15-3 9.15-3 1.48-10 7.89-4 4.23-10 4.18-6

B' stem Trains A and B Failure

SB2''BE'BJ'BM'.86-5

8.54-5 1.14-5 7.40-5 9.02-6 5.74-12 4.18-6

6.07-4 1.96-4 2.19-5 1.74-4 1.36-5 8.12-12 3.98-4

2.17-4 1.96-4 2.26-5 1.74-4 1.46-5 8.68-12 6.28-6

6.37-4 2.20-4 2.56-5 1.94-4 1.69-5 9.09-12 3.40-4

2.13-4 1.94-4 2.18-5 1.72-4 1.45-5 8.68-12 4.18-6

2.13-4 1.94-4 2.18-5 1.72-4 1.45-5 8.68-12 4.18-6

SA2
SA4, SBB

SA8

SB2'B6'BA'BE'BJ

'

lit Fraction Identificatio
SA1, SB3 General transient, all needed electrical power is available, or ac

Instr. Chnl. I is down.
Large LOCA, all needed electrical power is available.
Steam Generator Tube Rupture (SGTR), all needed electrical power
is available, or ac Inst. Chnl. I is down.
Steamline Break Inside Containment (SLBIC), all needed electrical
power is available.

SA7 Steamline Break Outside Containment (SLBOC), all needed electrical
power is available.
Small LOCA, all needed electrical power is available.
General transient, both trains, A and B, fail.
Large LOCA, both trains, A and B, fail.
Steam Generator Tube Rupture (SGTR), both trains, A and B, fail.
Steamline Break Inside Containment, both trains, A and B, fail.
Steamline Break Outside Containment, both trains, A and B, fail.
Small LOCA, both trains, A and B, fail.
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Appendix BS

Table B5.3.3 (Continued)

TTL - Total unavailability,
HW Unavailability due to hardware contribution which is the sum of

independent failures and common cause failures.
HWI Unavailability due to independent failures.
HWD Unavailability due to common cause failures.

TS Unavailability due to test.
HN - Unavailability due to maintenance.
HE Unavailability due to human error contribution.
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Table BS3.4
Master/Slave Relay Arrangements for Various

Safety Function Actuation Signals

Safety Function Actuation Signal
Master
Relays~ Slave Relays~

1. Safety Injection A
8

Al, A2, A3
Bl, 82, 83

2. Steam Line Isolation

3. Main Feedwater Isolation

4. AuxiliaryFeedwater Pump Start

5. Containment Spray

6. Containment Isolation

A

Al, A2

Al, A2

Al, A2

Al, A2

Al, A2

'Relays per SSPS train as applied in the unavailability analysis.
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Table
B5.3.5'SPS

Signal Unavailabilities (WOQ1/BNL1)

Safety Function
Actuation Signal Process Parameter Signal

Unavailability
w/o CCF w/CCF

1. Safety Infection
2 Master Relays,
6 Slave Relays per
Train.

1.1 Pressurizer pressure - low - 1.1-4 1.1-3
2/4, interlocked with
permissive Pll - 2/3.

1.2 Steamline pressure - low-
2/4, interlocked with Pll-
2/3.

1.1-4 F 1-3

1.3 Steamline pressure - low-
2/4, interlocked with P12-
2/3 or 2/4."

1.1-4 1.1-3

1,4 Containment pressure - high
2/3.

1.5-4 1.1-3

1.5 Differential steamline
pressure - high,
3 instr./steamline.

1.6 Steamflow - high - 1/2
coincident with T,„~ - low-
low - 2/4 or steamline
pressure - low - 2/4,
interlocked with P12 - 2/3
or 2/4.

1.1-4 1.1-3

1.8-4 1.3-3

2. Steamline
Isolation,
1 Master Relay,
2 Slave Relays per
Train.

2.1 Steamline pressure - low-
2/4.

4.7-5 4.9-4

2.2 Containment pressure - high-
high - 2/4.

4.8-5 4.9-4

2.3 Steamflow - high - 1/2
coincident with T,„s - low-
low - 2/4 or steamline
pressure - low - 2/4 .

1.4-4 8.6-4
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Table B5.3.5 (Continued)

Safety Function
Actuation Signal Process Parameter Signal

Unavailability
w/o CCF w/CCF

2.4 Steamline pressure - low-
2/4 and steamflow - high-
1/2 coincident with T,„s
low-low - 2/4 interlocked,
with P12 - 2/3 or 2/4.

4.7-5 5.0-4

2.5 Steamflow - high - 1/2
interlocked with P12 - 2/4
coincident with SI.

1.4-4 8.2-4

3. Containment
Isolation Phase B,
Containment Spray
1 Master Relay,
2 Slave Relays per
Train.

4. Auxiliary Feedwater
Pump Start Signal,
1 Master Relay,
2 Slave Relays per
Train.

3.1 Containment pressure - high-
high - 2/4.

4.1 Steam generator water level
low-low - 2/4 in one loop.

1.1-4 9.6-4

6.1-5 „ 5.7-4

4.2 Steam generator ~ater level
low-low - 2/3 in one loop.

1".3-4 6.4-4

4.3 RCP bus undervoltage - 2/3.

4.4 RCP bus undervoltage - 1/2
twice.

1.8-4

1.5-4

7.6-4

7.2-4

5. Main Feedwater
Isolation,
1 Master Relay,
2 Slave Relays per
Train.

5.1 Steam generator water level - 1.3-4 6.4-4
- high-high - 2/3 in one
loop.

CCF Common cause failures.
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Table B5.3.6
SSPS Signal Unavailabilities Calculated by WOG1/BNL1

Case TS HE Comment ¹
Sin e ra n Failure

8.00-3 6.08-3Auxiliary
Feedwater
Pump Start
Signal
1 Master Relay and
2 Slave Relays per Train

6.06-3 1.50-5 1.56-3 3;47-4 4.8-8

1.12-2 7.42-3Safety
Injection
Signal
2 Master Relays and
6 Slave Relays per Train

7.40-3 1.50-5 3.12-3 6.94-4 5.7-8

S stem Failure

Safety 1.08-3 1.0
Injection
Signal
2 Master Relays and
6 Slave Relays per Train

Auxiliary 5.66-4 5.43-4
Feedwater
Pump Start
Signal
1 Master Relay and
2 Slave Relays per Train

2-3

3.67-5 5.06-4 1.90-5 4.22-6 4.8-8

5.48-5 9.64-4 4.62-5 1.03-5 5.7-8

1, See
also
Table 5.

2, See
also
Table 5.

1. The process parameter signal is: steam generator level low-low (2/4 in 1
loop). The Auxiliary Feedwater Pump Start Signal is also indicative of
Steamline Isolation and Main Feedwater Isolation.

2. The process parameter signal is: low pressurizer pressure (2/4 interlocked
with P-11 2/3). The Safety Injection Signal is also indicative of
Containment Spray Actuation and Phase B Isolation.

~stations
TTL Total unavailability.

HW - Unavailability due to hardware contribution which is the sum of
independent failures and common cause failures.

HWI - Unavailability due to independent failures.
HWD Unavailability due to common cause failures.

TS - Unavailability due to test.
MN - Unavailability due to maintenance.
HE - Unavailability due to human error contribution.
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BS.4 Comparison of RPS Unavailabilities Obtained in DCPRA and in
WOG/BNL Calculations

B5.4.1 System Description

The Reactor Protection System (RPS) could be considered a continuation of the SSPS in the sense that it trips

the reactor on a "trip" signal from the SSPS. The RPS also trips the reactor if loss of power occurs,"'or the

plant operator manually actuates the system. The RPS consists of two trnins each containing two undervoltage

coils in an energized condition and nssociatcd breakers. One undervoltagc coil for the reactor trip breaker

and one for the bypass breaker. When an'SSPS train generates a trip signnl thc UV coils are de-energized.

This willopen the reactor trip and bypass (ifclosed) breakers removing power from the control rods, allowing

the rods to fall into the core. A schematic of the RPS at Diablo Canyon is shown in Figure 85.4.1. The

success of the.RPS is defined as at least 52 of the 53 control rods successfully inserted into the core on

demand.

B5.42 Testing of the RPS

Testing of the analog channels and logic is essentially identical with thnt described in Sections B5.2.2.1 and

B5.2.2.2. When the breaker actuation test is performed, the associated bypass trip breaker is closed to prevent
an unwanted reactor trip. The manual trip test can be performed by using four push buttons.

t

B549 Unavailability Modelling of the RPS in the DCPRA and in the WOG/BNL

~

~

~ ~ ~

~

1 Calculations

B5.49.1 'Ihe RPS Fault Tree Model in the DCPRA

The RPS fault iree model of the DCPRA is shown in Figure 85.4.2. It is a block level fault tree with
identified common cause events (a-factor model). The block events involve the control rod insertion failure,
circuit breaker failures, undervoltage rely and trip coil failures, bypass undervoltage relay, bypass circuit
breaker, and shunt trip coil failures.

The surveillance and maintcnancc conditions of the RPS modelled in the DCPRA are shown in Table B5.4.1.
The model correctly describes the staggered testing of the trip breakers. The effect of loss of dc power,
instrument ac and loss of SSPS signals are considered in the boundary conditions. The quantification fndicated
that the common cause failures of the circuit breakers and trip coils dominate the system unavailability.

B5AD2 'Ihe RPS Unavailability Models in the WOG/BNLCalculations

In thc WOG2 calculation a set of fault trees was used to quantify the unavailabilities of the RPS for various
trip signals. The fault trees are rather complex as they were developed and updated over many years. The
NRC and BNLhave scrutinized them and they are therefore not rcproduccd here. Representative fault trees
can bc found in Reference 4.

The trip signal unavailabilities obtained in these calculations relate to thc whole system including the analog
channels and the logic. The fault trcc model in the DCPRA docs noi show these components because that
approach considers them by the bound iry conditions.
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The WOG2 calculations contain the complete set of unavailability contributors; random, common cause, and
human errors as well as unavailabilities due to test and maintenance. The common cause and human errors
for the analog channels and logic portions of the RPS are identical to those described earlier for the SSPS
modelling by WOG1/BNL1 (Section B53). Additional common cause failures have been quantified for the
reactor trip and bypass breakers. The surveillance and maintenance conditions considered are given in Table
B5.4.1 for comparison with those used in the DCPRA.

As a representative result, we give here the trip signal unavailability prompted by pressurizer low pressure
(2/4) parameter signal - RPS trjp failure: 2.9-5/d (w/o CCF) and 1.2-4/d (w/CCF). These values were obtained
without considering diversity of parameter signals. With diversity, RPS trip failure became 1.44-5/d.

BNLprovided an independent analysis of the unavailability of the RPS in References 5 and 6 (BNL2 results).
BNL utilized a time-dependent (Markovian) model. The model thoroughly analyzed the dynamic behavior
of the RPS. It also considered the common mode failures of all the main components of the full system
(including the analog channels and logic units). The surveillance and maintenance data are identical to those
listed in Table B5.4.1 for the WOG2/BNL2 calculations - RPS trip failure (BNL2-Markov) = 2.9-5/d.

BS.433 Comparison of the RPS Unavailabilities

In order to compare the DCPRA results with those obtained in the WOG/BNL calculations, a representative
DCPRA system unavailability value (RT1) is reproduced here. This was obtained under the boundary
condition when two SSPS signals are received and all power is available. The total failure of the RPS to
initiate reactor trip was originally calculated in the draft DCPRA to be: RTl = 932-6/demand. And, except
for the operator-initiated trip given SSPS failure, the other boundary conditions resulted in only slightly
increased values.

The BNL review of the RPS was essentially completed during the "interaction" phase of the DCPRA review
and as such was based upon draft material. When the final version of the DCPRA was submitted, BNL
discovered that RT1 was given a new, lower value (658-6/demand). The followingsensitivity study is offered
to help place this situation in context with the overall PRA results.

norma ize esu ting
RTI Fussel-Vesely Non-Seismic

Failures/Demand Importance CDF % hCDF

PG&E Final

PG&E Draft

BNL

658-6

932-6

2.90-S

7.447-7

2317-6

1.7749-4

1.7907-4

5.257-7 1.7728-4

0.12

I.OI

The results obtained in the DCPRA seem to be somewhat lower than those obtained in the WOG2/BNL2
calculations. However, since in the DCPRA calculations the analog channel/logic unavailabilities are not
explicitly included (only through the boundary conditions) the obtained conditional unavailability values can
be taken as reasonable. In terms of the importance of RTI, it is clear that the model is not very sensitive to
changes in this split fraction. This result is at least partially due to the fact that the model accounts for the
fact that Diablo Canyon has undergone modifications with respect to the RPS in accordance with the ATWS
Rule.
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BSS References

1. El-Bassioni et al„PRA Review Manual, NUREG/CR-3485, September 1985.

2, WOG1; Andre, G., Howard, R., Jensen, R., and Leonelli, K., "Evaluation of Surveillance Frequencies and
Out-ofService Times for the Engineered Safety Features Actuation System," WCAP-10271 Supplement 2,
February 1986 and WCAP-10271 Supplement 1, Revision 1, March 1987.

3. WOG2; Jansen, R., Lijewski, L., Masarik, R., "Evaluation of Surveillance Frequencies and Out-of-Service
Times for the Reactor Protection Instrumentation System," WCAP-10271-P-A, May 1986.

4. BNL1; Bozoki, G., Aliefendioglu, K, Fitzpatrick, R., Yoon, W., "A Review of the Westinghouse Owner's
Group Technical Specification Relaxation Analysis for the Engineered Features Actuation System, Draft
Report for NRC, April 1988.

5. BNL2; Papazoglou, I. and Cho, N„"Evaluation of Surveillance Frequencies and Out-of-Service Times for
the Reactor Protection System (WCAP-10271)," Letter Report to NRC, July 13, 19N.

6. BNL2; Papazoglou, I. and Cho, N., "Probabilistic Evaluation of Surveillance and Out-of-Service Times for
the Reactor Protection Instrumentation System, Draft Report, April 1984.

B5-25 NUREG/CR-5726



Appendix BS

ROD OS))VE SUPPLT .ONE L)kE OTACRA)S

O. 0=
sm col)c toEs attlt

) COSTS ) SCISTS

) CSISTS ) SSIO ~

ao a)le toss as
CIOTC I)

GSl'S
g C~!hl

-TlCL))~ CIOICS I l S) ~ aI
CIOTC l)

~a4IC TRSIS J

5
5

55p~
f9L!I4 g
ate](Ac

L
'C

i
(IOTCS I S S)

IIOC l)
EIS CtOI

SOS IC ~IS ~

IOICS I
) ~ TTII+IICTIE IC)CIOI TTI~ WCIt)TE TCISTI IIO MISTS Cs)OIsTST CC OTTCITCS TIE EO CEITCS, aJ, Ilsl SOCTN Coo)sl ass oo

svnaee ICCS SIC OCTEXT ISSSlSO ITW Ou)ITT IICECIIOI Itts os Isl~ IOE.
S. ~~ CTOOOOI Is TO SC ~ IOI ICSCTOS TSIt OESCCSS COSTS OO SSISTS IS SCSTla OO STWSSS Os)SOS )SIST) OO MISTS

~ IOCSIItI,
OTIIW TCST OE tI tlss OE)tss IS Ts SC alI IO SC7IIa oo Thol TIE ICOTCTIIC IslCTol TTI~ WE)ss ~ IS OTSIIIo Islay I I>IISJICo
~Cl IO Tll~ I104L I~ IIS llaIO I)CCS TCIT, OS ISL;TOI ~ Ill IOI IC ITI~TI OS IIIISSICO ~ IOIII, SIISC bS tT'TIllSCJNSI I~
COTCSS)S ITOI OS OOCS TTSIa. Ols OE Is)COS )SIT OEItSS IS IO SC TISTCO l) ~ ITIS.

s JIS CIICVITS OI )III) oECT I)C IOI ss))IOItT IECIIss amI Tslhd SIC oosl,
~ . oovcuem IIOISIIIoIITs Clol TTI~ OEItss IIo cs)I CITISS oEIIss I~ IOITEL ss)I.

Figure B5.4.1 Schematic of Reactor Protection System in DCPRA

NUREG/CR-5726 85-26



Appendix B5

PAec(rr Pirkc,T''

; Cga'~ +Z$ fy
S~f'finfC RC44/ir

r

7I o/n'g

~fry
e,gi
< R

Pong
qCR

>n>< V~I~~<I
Pip < aal

I8'L ~ Vr~<
U»r~e'lk/lag<
fr< coll

S'.lf PC~

L
5 ~&7nP

t Wi'Is
0» ~Q

P.I .

><sac ~«A x sec

Figure 85.4.2 RPS fnuit tree with common cnuse identified in DCPRA

95-27 NUREGICR-5726



Appendix B5

Table BS.4.1

RPS Surveillance Modelling

Component

Modelled ln
DCPRA

(Designator)
Modelled by
WOG2/BNL2

Logic for Breaker Actuation:
Test interval (month)
Test time (hour)
Maintenance interval (month)
Maintenance time (hours)

2 (TS2F)
2 (ZHDSS2)

Unscheduled'lant-specific"

2

2
12

6

Breakers:
Test interval (month)
Test time (hour)
Maintenance interval (month)
Maintenance time (hour)

1

2

6

I

2

2

12

6

Analog (Sensor) Channels:
Test interval (month)
Test time (hour)
Maintenance interval (month)
Maintenance time (hour)

-- 2

12

'ZTPS1R (Power Supply Failure Rate) = 1.71-5/hr.
"ZMGNFB (Time to Repair Failed Power Supply).

'"Modelled in the SSPS analysis.
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OCPRA DATASASH

DCPP PLANT SPECIFIC DATA BASE AS OF 7/8/88
TOTAL Oi 5$ 5 DISTRIBUTIONS
REFE)tENCE PLG CCHP(ITER TAPE: JOB 1147 "PGE PHASE IIIB, 10/5/88
FILES:
~+PGK. 1123. 2~SXMAH3.PHASE3>SE IS

PH3B>TITLES�.

DBF . 0 500. 7/9/86~PGE. 1123. 2~SXHAN3.PHASE3iSEISPH3BiTITLKS. DBF. 501 555. 7/9/88
HOPE: MINOR EDITORAL CHANGES HADE IH DESCRIPTIONS

S. HO. HAHE OF DISTRIBUTION VARIANCE 5TH TILE MEDIAN 95TH TILE

l. 52CB1C CCA
2. D2CBlC CCA
3. SSCB1C CCA
4. DSCB1C CCA
5. T3C81C CCA
6. SSCB1C CCA
7. DSCB1C CCA
8. TSCB1C CCA
Q. GSCBlC CCA

10. 52CB10 CCh
11. D2CB10 CCA
12. S3CB10 CCA
13. D3CB10 CCA
14. TSCB10 CCA
15. S2CB3D CCA
16. D2CB3D CCA
17. SKCPPR CCA
16. DECPPR CCA
IQ. S2CPFS CCA
20. DECPFS CCA
21. S2DAOD CCA
22. DEDAOD CCA
23. SXDAOD CCA
24. DXDAOD CCA
25. TXDAOD CCA
26. GXDAOD CCA
27. S2DBDD CCA
28. D2DBDD CCA
2Q. S5DGSS CCA
30. D5DGSS CCA
31. T5DGSS CCA
32. G5DGSS CCA
33. S5DGS1 CCA
34. D5DGS1 OCA
35. TSDGS1 CCA
.36. G5DGS1 CCA
37. S5DGS2 CCA
38. D5DGS2 CCA
39. T5DGS2 CCA
40. GSDGS2 CCA
41. 62DtlD CCA
42. UZI)D CCA
43. S6DH30 CCA
44. Ddot%0 CCA
45. T8DH30 CCA
46. GdDtQD CCA
47. SSFHZR CCA
48. D5FN1R CCA
4Q. TSFN1R CCA
50. G5FH1R CCA
51. S5FNlS CCA
52. D5FH1S CCA
53. T5FN1S CCA
54. G5FNlS CCA
SS. S4FHZR CCB

1 Oi 2 CIRCUIT BREAXER (460VAC AND ABOVE) FAIL TO CLOSE
2 oi 2 cIRGUIT BREAKER (4eovhc AND heovK) FAIL To cLosK
1 OF 3 CIRCUIT BREAKER (460VAC AHD ABOVE) FAIl, TO CLOSE
2 Oi 3 CIRCUIT BREAKER (460VAC AHD ABOVE) PAIL TO CLOSE
3 Oi 3 CIRCUIT BREAKER (460VAC AND ABOVE) FAIL TO CLOSE
1 OP 5 CIRCUIT BREAXER (idoVAC AHD ABOVE) FAIL TO CLOSE
2 OP 5 CIRCUIT BREAKER (480VAC AHD ABOVE) FAIL TO CLOSE
3 OP 5 CIRCUIT BREAKER (460VAC AHD ABOVE) FAIL TO CLOSE
4/5 OR 5/5 C.B.BREAXER (480VAC AHD ABOVE) FAIL TO CLOSE
1 OF 2 CIRCUIT BREAXER (460VAC AHD ABOVE) FAIL TO OPEN
2 Oi 2 CIRCUIT BREAKER (460VAC AHD ABOVE) FAIL ZO OPEN
1 OF 3 CIRCUIT BREAXKR (460VAC AND ABOVE) FAIL TO OPEH
2 OF 3 CIRCUIT BREAKER (460VAC AND ABOVE) FAIL TO OPEN
3 OF 3 CIRCUIT BREAKER (480VAC AHD AMVE) FAIL TO OPEN
1 OP 2 REACTOR TRIP BREAKERS FAIL ON DKHAND
2 OF 2 REACBK IRIP BREAKERS FAIL ON DEMAND

1 OF 2 FREON COMPRESSORS FAIL TO RUN
2 OF 2 FREON CCHPRESSO(tS PAIL TO RUN

1 Oi 2 FREON CCHPRESSORS FAIZ IO START
2 OF 2 FRE(N CCHPRKSSORS PhIL TO START
1 OF 2 AIR OPERATED DAMPERS FAIL OH DEMAND

2 OF 2 AIR OPERATED DAHPERS FAIZ ON DEMAND

1 OF 20 AIR OPERATED DAMPERS FAIL ON DEHAND
2 Oi 20 AIR OPERATED DAHPERS FAIL ON DIHAND
3 OF 20 AIR OPERATED DAHPERS FAIL 4N DEMAND
4 OR teRE OF 20 AIR OPERATED DAHPERS FAIL ON DEMAND

1 OF 2 BACXDRAFT DAMPERS OPEN/CLOSE ON DEHAHD
2 OF 2 BACXDRAFT DAMPERS OPEN/CLOSE ON DZHAHD
1 OF 5 DIESEL GENERATORS FAIL TO START
2 OF 5 DIESEL GENERATORS FAIL TO START
3 OF 5 DIESEL GENERATORS FAIL TO START
4 OR M3RE OF 5 DIESEL GENERATORS FAIL TO START
1 OF 5 DIESEL GENERATORS FAIL TO RUN DURIHG 1ST HR.
2 OF 5 DIESEL GENERATORS FAIL TO RUN DURING 1ST HR.
3 OF 5 DIESEL GENERATORS FAIL TO RUN DURING 1ST HR.
4 OR 5 OF 5 DIESEL GENERATORS FAIL TO RUN DURING 1ST HR.
1 OF 5 DlESEL GENERATORS FAIL TO RUN AFTER 1ST HR.
2 OP 5 DIESEL GENERATORS FAIL TO RUN AFTER 1ST HR.
3 OF 5 DIESEL GENERATORS FAIL TO RUN AFTER 1ST HR.
4 OR 5 OF 5 DIESEL GENERATORS FAIL TO RUH AFTER 1ST HR.
1 OF 2 MOTOR OPERATED DAHPERS FAiL ON DKHAND
2 OF 2 tNTOR OPERATED DAHPERS FAIL ON DEHAND
1 OF 8 tCTOR OPERATED DAMPKRS FAIL ON DKHAND
2 OF 8 tDTOR OPERATED DAHPERS FAIL ON DEMAND

3 OF 6 MOTOR OPERATED DAMPERS FAIL OH DEMAND
4 OR tXdtE OF 8 H3ZOR OPERATED DAHPKRS FAIL ON DEHAND
1 OF 5 CONTAINMENT PAN COOLERS FAIL TO RUH

2 OF 5 CONTAINMKNT FAN COOLERS FAIL TO RUN

3 OF 5 (X)NTAINMKNTFAN COOLERS FAIL TO RUN
4 OR 5 OF 5 CONTAINHKNT FAN COOLERS FAIL TO RUN

1 OF 5 CONTAIHMKNT FAN COOLERS FAIL TO START
2 OF 5 COHTAIHHENT FAN COOLERS FAIL TO START
3 OF 5 OONTAZNHKNT FAH COOLERS FAZl TO START
4 OR 5 OF 5 CONTAINMENT FAN COOLERS FAIL TO START
1 OF 4 ROCH VENT. FANS FAIL TO RUN

1.50E-03
1.12E 04
1.50E-03
4.88E-05
1.65E-05
1.50E-03
3.1QE-OS
4.33E-06
2.86E-06
6.05E-04
4.50E 05
e.a$ K-a4
1.94E 05
8.44K-06
1.53E-03
1.14E-04
3.34E 05
3.39E-07
2.35E-03
2.26K ae
7.26E 04
5.48E-OS
7.27E 04
1.53E-0$
2.15K 06
1.40E 08
2.52E-04
1.85E-05
1.$8E-O2
8.2ri.-ae
5.23E 07
6.17E-07
8.63E-03
3.48E 05
4.d5E 06
6. 15E-06
2.07E 03
5.06E-06
1.27E 06
1.48E-08
2.67E 03
2.0OE-04
2.67E 03
5.79E 05
7.77E-06
5.08E-06
1.26E-05
7.9eK-od
2.46E-10
6. 55E-10
1.60K-03
7. 15K-06
6.24K 07
4. 16E 07
8.65K 06

3.52E-06
3.20E-08
3.50E-06
b.ddE 09
1.07E 09
3.53E-06
3.01E-OQ
S.QQE-11
4,46E 11
5.72E-07
5.30E-OQ
s.eeK-az
1.19E-OQ
1. 81E-10
1.08K-O8
1.15E 08
2.52E-OQ
4.31E 13
5.05E 06
1. 41E-11
1.52E 07
2.46E-09
1.51E-07
2. 2OE-10
6. 43K-12
4.39E 12
9.63E 08
7.9QK 10
3.81E 05
4.64K 11
5. 16E-13
1.01E 12
1.34E 05
$ .62E-10
2.87E-11
6. 16E-11
4.05E-08
5. 44K-11
4,11E 12
6.47E-12
1 ~ 52K 08
3.00E-08
1.51E 06
2.73E 09
6. 16E-11
5. 88E-11
7.04E-ll
6.'32K-17
l.91E-19
7.00E-19
1.41E 06
5. 17E-11
7.03K 13
6. 04E" 13
2.8OE 11

2.62E 04
b.43K-06
2.60E-04
$ .38E 07
2.25E-07
2.60E-04
3.30E-07
4.6QE-08
2.00E-08
5.53E-OS
2.01E 06
S.SQE 0$
1.84E-07
5.62E-08
3.88E 04
1. 51E-05
2.89E-06
1.04E 06
2.50E-04
4.97E-08
2.37E 04
6.56E-06
2.35E 04
1.66E 07
2.48K 08
1.46E 08
5. 16E-05
1.73E-06
7.46E-03
9.46K-ar
8.71E 09
7.57E-OQ
3.66E 03
7.78E 06
3.75E-07
3.65E-07
2.11E 04
2.38E 07
4.63E 08
4.79E-08
9.93E-04
2.56E-05
9.82E 04
1.76E-06
7.67E-08
S.QOE 08
4. 16E-06
7.33E 10
1.07E 12
3.03E 11
3.23K-04
7.63K-07
3.04K 08
9. 01E-09
2.80E-06

1.09E-03
5.52E-OS
1. 10E-03
2.35E 05
6.79E-06
1.09E-03
1.52E 05
1,82E-06
Q.OOE-07
3.43E-04
2.00E 05
3.43E-O4
7.74E-06
2.25E-06
1.20E 03
7.25E 05
1.65E 05
1. 12E-07
1.45E-03
7.75E-07
6.07E-04
3.55E-OS
8.0QE oi
9.53E-06
1. 13K-06
S.eoE-or
1.45E-04
9.70E-06
1.45E-02
5.5QK-06
2.22E-07
2.30E 07
7.62E-03
2.66E-05
2. 61E-06
3.08E 06
1.41E 03
2.37E-06
5.27E-07
5.99K 07
2.31E 03
1.31E-04
2.32E-03
3.7QE-05
4. 13E-06
2. 10E-06
Q.55E 06
5.02K-OQ
7.62E-11
3. 10E-10
1.22E-03
4. 31E-06
2. 81E-07
1.42E 07
8.Q3E-08

2.99E-03
2.80K-04
2.99E 03
1.22E-04
4 46K-05
2.99E-03
8.02E-05
1.20E-05
8.22E-06
1.32E-03
1.22E-04
1.32E-03
5.43E 05
1.83K-05
3.03E 03
2.71E-04
8.88E-05
9.88E 07
6.36E-03
7 ~ 09E-06
1.35E-03
1.33E-04
1.35E 03
3.82E 05
S.QSK-06
4.3OE-O6
5.02E-04
4.50E 05
2.7OE-O2
1.95K-05
1.5QE-06
1.85E-06
1.41E-02
7.26E-05
1.22E-05
1.68E 05
4.37E 03
1.44E-05
3.74K-06
4.31% od
4.66E 03
4.81&04
4.85E-03
l.41E-04
2.16E-05
1.52E-05
2.77ET05
1.98K-08
7.88E 10
1.91E 09
3.30E 03
1.82E 05
1.79E 06
1.25K-06
1.55E-05
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APf%MXXC
OCPAA DATA8ASE

55.
57.
58.
59.
50.
61.
d2.
63.
54.
5$ .
56.
67.
68.
8Q.
70.
71.
72.
73.
74.
7$ .
76.
77.
78.
79.
80.
61.
d2.
83.
84.
8$ .
56.

Ql
92
93
Q4

95
I 96

97
98
99

100
101
102
103
104
10$
106
107
106

~ < 109
110
111
112
11$
114
11$
116
117
115
119
120
121
122
123
124

D4FN2R CCB
T4FN2R CCB
G4FHSR CCB
84FN28 CCB
D4FH2S CCB
T4FH2S CCB
G4FN25 CCB
SKLC1D CCB
DKLCXD CCB
SKPAHR CCB
D2PAHR CCB
S2PAHS CCB
D2PAHS CCB
S4PASR CCB
D4PASR CCB
T4PASR CCB
G4PASR CCB
S4PASS CCB
D4PASS CCb
T4PASS CCB
G4PASS CCb
SSPCCR CCB
DSPCCR CCB
TSPCCR CCb
SSPCCS CCB
D3PCCS CCb
T3PCCS CCB
62PCGR CCB
D2PCGR CCB
S2PCGS CCB
D2PCGS CCB
S2PCSR CCB

2PCSR CCB
2PCSS CCB
2PCSS CCB

S2PFUR CCB
D2PFVR CCB
SKPFUS CCB
D2PFUS CCB
S2PRHR CCB
D2PRHR CCB
S2PRHS CCB
D2PRHS CCB
52PSIR CCB
D2PSIR OCB
S2PSIS CCB
D2PSIS CCB
S2RLXD CCC
D2RL1D CCC
SSRL1D CCC
DSRL1D CCC
TSRL1D CCC
S4RL1D CCC
D4RLlD CCC
T4RL1D CCC
G4RL1D CCC
S5RL1D CCC
DSRLXD CCC
T5RL1D CCC
G5RL1D CCC
S6RL1D CCC
D8RL1D CCC
T8RL1D CCC
G8RL1D CCC
SbRL1D CCC

DBRL1D 'CC
TBRLiD CCC
GBRL1D CCC
SHRL1D CCC

HAHK OF DISTRIBIJTIOH

2 or 4'Rocel vENT. FAHs FAIL To RUN
3 OF 4 ROCH VENT. PANS PAIL TO RUJI
4 Or 4 HOCH VENT. FANS FAIL To RUN
1 OF 4 ROCH VENT. FANS PAIL To START
2 Or 4 HOCH VENT. FANS PAIL TO START
3 OF 4 ROCH VENT. FANS FAIL TO START
4 OF 4 ROCH VENT. PANS FAIL To START
1 OF 2 LOGIC CONTROL (TRIP) Ie)OULK FAIL OH DXHAND
2 OF 2 LOGIC CONTROL CTRIP) IK)DVXZ FAIL ON DEMAND
1 OF 2 AUX FKEDMATKR PUMPS FAIL To RUN
2 OF 2 AUX FEEDMATER PUMPS PhIL To RVN
1 OF 2 AUX FEEDMATER PUHPS PAIL To START
2 OF 2 AUX FEEDMATER PUMPS FAIL To START
1 OF 4 ASM PIBIP FAIL To RUH
2 OF 4 ASM PIBIP FAIL TO RUH
3 OF 4 ASM PUHP FAIL To RUH
4 Oi 4 ASM PUHP FAIL To RUH
1 OF 4 ASM PUMP FAIL TO START
2 OF 4 ASll PUHP FAIL TO START
3 OF 4 ASM PUHP FAIL To START
4 OF 4 ASM PUHP FAIL To START

1 OP S CCM PUHP FAIL TO RVN
2 OF 3 CCM PUHP FAIL To RUN
3 OF 3 CCM PUHP FAII To RUN
1 OF 3 CCM PUMP FAIL To START
2 OF 3 CCM PUHP PAIL TO START
3 OF 3 CCM PUMP FAIL To START
1 OF 2 CHARGIHG PUHPS PhIL TO RUH
2 OF 2 CHARGING PIQJPS FAIL To RIJN
1 OP 2 CHARGING PUMPS FAIL To START
2 OF 2 CHARGING PUHPS FAIL TO START
1 OF 2 SPRAY PUHPS PAIL To RUH
2 OF 2 SPRAY PUMPS FAIL To RUN
1 OF 2 SPRAY PUHPS FAIL To START
2 Or 2 SPRAY PUHPS FAIL To START
1 OF 2 FUEL OIL PUMP FAIL To RVN
2 OF 2 FUEL OIL PVMP FAIL To RUN
1 OF 2 FUEL OIL PUMP FAIL To START
2 OF 2 FUEL OIL PUMP FAIL To START
1 OF 2 RHR PUMPS PAIL To RUN
2 OF 2 RHR PUHPS FAIL To RUN
1 OF 2 RHR PUHPS FAIL TO START
2 OF 2 RHR PUHPS FAIL TO START
I OF 2 SAFETY INJECTION PUHPS FAIL TO RUN
2 OF 2 SAFETY INJECTION PUHPS FAIL TO RUN
1 OF 2 SAFETY INJECTION PIBCPS FAIL To START
2 OF 2 SAFETY INJECTION PWPS FAIL To START
1 OF 2 RELAYS FAIL TO OPERATE OH DBIAND
2 OF 2 RELAYS PAIL To OPERATE ON DKHAND
X OF 3 RELAYS FAX). TO OPERATE OH DXHAND
2 OF 3 RELAYS PAIL To OPERATE OH DEMAND
3 OF 3 RELAYS FAIL TO OPERATE ON DKHAND
1 OF 4 RELAYS FAIL ON DBIAND
2 OF 4 RELAYS FAIL OH DIHAND
3 OF 4 RELAYS FAIL OH DBIAHD
4 OF 4 RELAYS FAIL ON DKHAND
1 OF S REIAYS FAIL OH DBIAND
2 OF 5 HKXAYS FAIL ON DBIAHD
3 OF 5 RELAYS FAIL ON DEMAND
4 OR 5 OF 5 RELAYS FAIL OH DKHAND
1 OF 8 RELAYS FAIL ON DEMAND
2 OF 8 RELAYS FAIL ON DEHAND
3 OF 8 RELAYS FAIL OH DXHAHD
4 OF 6 RELAYS FAIL ON DEMAND
1 OF 11 RElAYS FAIL OH DEMAND
2 OF 11 RELAYS FAIL ON DZHAND
3 OF 11 RELAYS FAIL ON DBIAND
4 OR HJRE OF 11 RELAYS FAIL ON DEMAND

1 OF 22 RELAYS FAIL OH DEHAND

5.5$ E-OQ
1.5SE 10
4,$ 5E 10
9.54E 04
4.3$ z-od
3.57E-07
2.44E 07
6.77z-os
6 ~ 25K-08
2.86E-OS
2.69E-07
2.04E 03
1.59E-04
1.99K-05
1.26E-08
3.73z-lo
2.36E 10
2.05E 03
5.42z-oe
7.68E-07
S.24E-07
2.9XK-OS
1.34z-ob
2.06E 09
1.75E 03
7.46E 06
2.54E-06
2.20E OS

1.92E-07
1.92E-0$
1.45E-04
3.46E-OS
3.36E 07
2.S4E 03
1.20E 04
3.46E 05
3.52E 07
2.26E-03
1.72E-04
3.11z-os
2.7QE-07
2.22E 03
1.43E-04
3.48z-os
3. 14E-07
2.59E 03
1.93E-04
2.25K-04
x.e)z-os
2.26E-04 ~

7.b4E-O6
1. 16K-06
2.27E-04
5.40E 06
2.70E 07
3.54E-07
2.26E-04
5.23E-06
2.82E 07
3.38E 07
2.28E-04
5.16E-06
2.94E-07
3.35E-07
2.28E-04
S.21E-06
2.98K-07
3 '4E-07
2 '8K-04

2.56E 17
1.02E 19
2. 87K-19
9.24E 07
2.9QE 11
S.SKE-1$
2.44E 1$
$ .47z-ob
4.99E 14
1.25K-OQ
l.95E-1$
5.20z-od
4.6dz-ob
4.18E 10
3.$ 0E 15
e.48z-lo
3.65E-19
3.89K-06
6. 10E-11
1.55E 12
1. 10E-12
S.23z-lo
4.41E 15
1.72E-17
2.54E 06
1.04E 10
l.43K-11
S.93E 10
6. 79Z-14
3.28E-06
3.4m-ob
2.doz 09
4.55E 13
8.Q)E-06
3.35z-ob
2.56E 09
5. 43E-13
2.85E 06
3.63E 08
1,72E 09
2. S2Z-13
6.52E-06
4.24E 08
2.doz-oo
3. Qlz-13
9.52E 06
8.19E-08
1.30E 07
1.10E 09
1.30E 07
2.39Z 10
d.dlz 12
1.27E 07
1.36E 10
$ . 85E-13
1. Ooz-12
1.29E-07
1.15E 10
6.10K 13
9.22E-13
1.29E-07
1.10E 10
$ .73K 13
1.04E 12
1.29K 07
1.23z-lo
6.72E-13
5.58E-13
1.29E-07

5.45K 10
8.Qbz 1S
2.XXK-XX
1.26E-04

3.30E-07'.35z-ob

4.$ 5E 09
2.49E-05
6.72Z-XO
2. 61E-06
1.25z-ob
1.7QE-04
9.84E-06
2. 14E-od
6,08E 10
1 ~ 20E 12
5.85E-13
2.44E-04
2.56E-07
2. 71E-08
8.66E-OQ
5.55E-od
l. 7dz 10
6.53E 12
2.29E 04
3.57E 07
1.00E-07
2.30E 06
8.65E-09
2.26E 04
1.04E OS

2.66E-06
1.3$ z-ob
2.02E 04
6.14K 06
2.66K 06
1.36z-od
4.33E 04
1.41E-OS
2.82E-06
1.22z-ob
1.90K-04
8.21z-od
2.68E-06
1.30z-od
1.99E 04
1.04z-os
1.5SE-OS
6.$ 8E 07
1.54E-05
8.55E 08
3. 1SE-09
1.54K-OS
5. 19E-08
7.$ 5E 10
7. 20z-lo
1.54E-OS
4.35z-ob
7. 50E-10
6.20z-lo
x.sez 0$
4.62z-oe
6.27E 10
7 ~ ddz-10
1.$ 5E-05
S. 61K-08
6.07E 10
8. 16E-10
1.56E-05

S.esz-oo
4.94E 11
2. 11z-lo
5.83E-04
2.16E-05
1.44E 07
6.9XK-06
3.33E-05
1.84z-ob
1.72E OS

1.17E 07
l.15E-03
7.58E-OS
1.22E 05
5.0QK-OQ
b. Soz-11
4. 20E-ll
1.$ 1E-QS
2 '3K 06
3.12Z-07
1.50E 07
2.23E-05
5.25E 09
5.Sbz-lo
1.15E-OS
3.55E 06
1.08E 06
1,29E OS

8.16E 08
1.22E 03
7.$ 5E-05
1 ~ 79E OS

1 ~ SSE-07
1.36E-03
S.OOE 05
1.79E 0$
1.35E-07
1.66E-0$
9.40z-os
1.76K-05
1 ~ 16E-07
1.25E-03
6.49E 05
1.79z-os
1. 16E-07
1.40E-03
5.4QE OS
1'.2$ E-04
5. 71E-05
1.23E-04
2.73z-od
2.60E-07
1.23E 04
1.75E-06
d.22Z 06
7.15z-ob
1.23E-04
1.74E 06
6.35K-06
7.08E-08
1.23E 04
1.76E-06
d.52Z 05
7.28z-ob
1,23E 04
1.74E-06
5.26E 08
7.00z-ob
1.23E-04

MEAN VARIANCE 5TH ZILK HEDIA)l 95TH KXLK

1 ~ $ 2E 08
5.00z-lo
1.22z-oo
2.40E 03
1.22E 05
1.07E od
7.40E-07
2.52E-04
2.41E 07
6.50E 05
7.50E-07
5.50E-03
4,$ 6E 04
S. 14E-0$
3,49E 06
1.24E-09
7.56z-lo
5.07E-03
I.S5K-OS
2.$ 6z-od
1.5dz-06
S.bQK-05
3.90E 06
6. dlz-09
4.14E 03
2.04E 05
7.42E-06
S.sbz-os
S.39E 07
4.77E 0$
3.97E-04
9.32K-OS
Q.06E 07
6.74E 0$
3.49E-04
Q. 17E-OS
9.$ 5K 07
5.38E-0$
4.65E 04
7.21E 05
7.44E-07
5.d2K 03
4.04E-04
Q.32E-05
8.70E-07
7. 13E-03
S.elz-04
6.20E-04
5.00E-OS
6.21E 04
2.32E 05
3,45E 06
6.19E 04
1.55E-05
8.24E-07
1.0$ E 06
6.19E-04
1 52E 05
7.8$ E-07
9.70E-07
6.20E-04
1.48Z-05
8.75E-07
9.23E 07
6.17K-04
1.44E-05
8.SSE 07
9.72K-07
6.16E 04
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APPENOtX C
OCPIIA DATABASE

S. NO.

125. DIQILID CCC
125. IHRL1D CCC
127. GHRL1D CCC
126. SXSICD CCC
120. DXSTCD CCC
130. S2SMbD CCC
1$ 1. D25MXD ccc
1$ 2. $$SMbD CCC

X$$ . D3SMXD CCC
134. T$SMbn CCC

1$ 5. SiSMED CCC
1$ 5. DiSMXD CCC
137. T4$Mbn ccc
138 G4sllbD CCC
139. S2SMLD CCC
140. D2SMLD CCClil. SDSMLD CCC
142. DDSMLD CCC
143 ~ TDSMLD CCC
144. GDSMLD CCC
145. S4SMPD CCC
145. D4SMPD CCC
147. T4SMPD CCC
145. G4SMPD CCC
140. $2UVCD CCC
150. D2UVCD CCC
151 $2vhM CCC
152. D2VADO CCC
15$ . $3VACO CCC
1$ 4. DSVAIB CCC
155. Tsvhoo CCC
155. SAVAIB CCC
157. D4VAOD CCC
158. T4VAOD CCC
159. G4VADD CCC
150. Snvhnn CCC
1d1 DUVAL CCC
162. TDvhoo ccc
xas. GDvhoo ccc
154. SXVCOO CCD
185. D2VCCO CCO
ldd. 53VCOO CCD
157, DslCOO CCD
ldb. TSVCOO CCD
15Q. $4vcnD ccD
170. D4VCCO CCD

171. T4VCCO CCD
172. G4VIXB CCD
17$ . 55vcco ccn
174. Ddvcno ccD
175. Tave%) ccD
17d. GbVCOO CCD
177. SDVCOO CCD
178. Dnvcoo ccD
179. TDVCOO CCD
160 GDVCDO CCD
181. SSVCOO CCD
162. DSVCOD CCD
lbs. 54VE2D CCD
164. D4VX2D CCD

165. T4VE2D CCD
166. G4VE2D CCD
167. 52VHDC CCD
166. D2vlbxC CCD
160. 52VIKO CCD
190. D2VHDO CCD
191. $2VPRO CCD
192. D2VPRO CCD
193. 53VR10 CCD

NAHK OF DISIRIXUTION

2 OF 22 RELATS thIL ON DBQND
3 Of 22 RELATS FAIL ON DBQND
4 OR HDRE OF 22 RELATS Fhxl ON DEMAND
1 Or 2 RT SXUNT IRIP COILS FAIL ON DBQNDi or 2 RT SHUNT TRIP Coxls Fhxl. ON omen
1 OF 2 RISTASLES FAIL OH DBQND
2 OF 2 RISTASLES PhIL ON DBQND
1 OP 3 bISTAbLXS FAIL ON DBQND
2 OF 3 DISTASLES FAIL ON DBQND
3 OF 3 DISTASLES FAIL ON DEMAND

1 Ot 4 RISTAXLES FAIL ON DBQND
2 OF 4 DISTAXLES PAIL ON DBQND
3 OF 4 RISTAXLES PAIL ON DEHAND
4 OF 4 RISTAbLES PAIL ON DEMAND
1 OP 2 LEVEL SMITCZES PAIL To OPERATE ON DEMAND
2 OF 2 LEVEL SMIICZES PAIL TO OPERATE ON DEMAND
1 OF 10 LEVEL SMIICZKS FAIL IO OPERATE ON DEMAND
2 OF 10 LEVEL SMIICbXS PAIL To OPERATE ON DEHAND
3 OF 10 LEVEL SMITCZES FAIL TO OPERATE ON DBQND
4 OR HONE OP 10 IXVEL SMITCHES PAIL TO OPERATE ON DEHAND
1 Ot 4 PRESSURE SMIICXES FAII To OPERATE ON DEMAND
2 OP 4 PRESSURE SMITCZXS FAIL TO OPERATE ON DBQND
3 OF 4 PRESSURE SMITCXES PAIL TO OPERATE ON DBQND
4 OF 4 PRESSURE SMITCZXS FAIL TO OFERATE ON DEMAND
1 OF 2 R.T. UV COILS FAIL OH DEHAND
2 OF 2 R.T. Uv COILS FAIL ON DEMAND
1 OF 2 AIR OPKRATBl VALVES PAIL ON DEMAND
2 OP 2 AIR OPERATED VALVES FAIL ON DEMAND
x or s AIR opxRATED vhLvzs FAIL GN omID
2 OF 3 AIR OPERATED VALVES FAIL ON DEHAND
3 OF 3 AIR OPKRATED VALVES PhIL ON DBQND
1 OF 4 AIR OPERATED VALVES FAIL ON DEHAND
2 Or 4 AIR OPERATED VALVES FAIL ON DEHAND
3 OF 4 AIR OPERATED VALVES FAIL ON DEHAND
4 OF 10 AIR OPERATED VAI.VES FAIL ON DBQND
1 OF 10 AIR OPERATED VALVES FAIL ON DEMAND
2 OF 10 AIR OPERATED VALVES FAIL ON DBQND
3 OF 10 AIR OPERATED VALVES FAII ON DEHhND
4 OR HDRE OP 10 AIR OPERATED VALVES FAIL ON DBQND
1 OF 2 CHECK VALVES PAIL ON DEHAND
2 OF 2 CHECK VALVES PhIL ON DEMAND
1 Ot 3 CZBX VALVES FAIL ON DEMAND
2 OF 3 CHECK VALVES PAIL ON DEMAND
3 OF 3 CHOAX VALVES FAIL ON DEMAND
1 OF 4 CHECK VALVES PAIL ON DBQND
2 OF 4 CHECK VALVES FAIL ON DBlhND
3 Ot 4 CHECK VAI,VES PAIL ON DEHAND
4 OF 4 CHECK VAI.VES FAIL ON DBQND
1 OF d CHECK VALVES FAIL ON DBQND
2 OF 5 CHECK VALVES FAIL ON DEMAND
S OF 5 CbXCK VALVES FAIL ON DIHAND
4 OR FIBRE Ot 5 CHECK VALVES FAIL ON DEHAND
1 Or 10 CHECK VALVES FAIL ON DEMAND
2 OF 10 CHECK VALVES FAIL ON DBQND
3 OF 10 CZECX VALVES FAIL ON DBQND
4 OR MRK OF 10 CICK VALVES FAIl. ON DBQND
x or 2 APM STKAH SUPPLT LINE vhLvzs rhlL ON DBQND
2 OF 2 AFM STEAM 5UPPLT LINE VALVES PAIL ON DBQND
1 OF 4 TURBINE CONTROL/STOP VALVES FAIL ON DEMAND
2 OF 4 TURDINE CONTROL/STOP VALVES FAIL ON DEMAND
3 OF 4 TURRINE CONIROI /STOP VALVES FAIL ON DEMAND
4 Or 4 TURSINE CONTROI./STOP VALVES FAIL ON DEHAND
1 OF 2 I67TOR OPERATED VALVES FAIL TO CLOSE ON DBQND
2 or 2 ISIIOR OPERATED vhLvzs rhIL To C.osz ON DBQND
1 OF 2 lb7IOR OPERATED VALVES FAIL TO OPEN ON DEHAND
2 OF 2 INTOR OPERATED VALVES FAIL TO OPEN ON DEHAND
1 OF 2 PRESSURE REGULATING VALVES FAIL TO OPEN ON DEHAND
2 OF 2 PRESSURE REGULATING VALVES FAIL TO OPEN ON DEHAND
1 OF 3 RELIEF VALVES FAIL TO OPEN

1.12X 10
5.31E-13
dohbz 13
8.702-00
1.06z-lo
1.202-1$
l.ldX-15
1 ~ 10E" 13
3.0dz-lb
1 ~ OQE 17
1.192-13
1.23E 15
5. Saz-10
1,04E 18
1,83E 07
1.45E 09
1.83E-07
1 ~ 47K 10
6 ~ 28E-13
0. 41K-13
l.biz 07
1,M 10
d. 80E-13
2.11E 12
2.07E 05
5.34z-ob
1.20E-07
1 ~ 78K 09
1.20E 07
3 ~ 75E-10
5. Qbz-11
1 ~ 20K-07
1 ~ 57K-10
5,16E-12
3.0XX-X2
1,10E 07
1. eir.-xo
4. 57K-12
3 ~ 97E-12
7.72E-DQ
2.41E, 12
7 ~ 71f;09
4.03E-1$
7 '7K 14
7.73r:OQ
1. 04E-13
4.90E-15
b. 02E-15
7,72E OQ

2,06E 13
4.40E-15
7 QOE 15
7.72E-QQ
2.06E 1$

5.2QK 05
3.16K 07
3.40E-07
1. $ 1E-04
9.2dz 05
3.ddz 07
2.d5E 06
3.55E-07
1.292-08
1.00E OQ

3.66E 07
8.42E 09
4.52E 10
5.51K-lo
2.54E 04
1.01E 05
2.54E 04
5. 61E-Od
3.06E 07
3.72E-07
2,54K 04
5.05K-06
3.22E 07
4. 12E-07
2.18E 03
2.01E 04
5.63E 04
4.20E 05
5.82E 04
1.87E-05
5.23z-od
5.822-04
1.252-05
1.74z-od
1,12E od
$ .67X 04
1.25E 05
1 70E 05
l,ldz 05
x.arz-oi
1.5dz 05
x.erz-oi
d.obE 07
2.37K-07
1.57E 04
4.57E-07
5.75z-ob
6. 81E-08
1.57E 04
i.axx-o7
5.54z-ob
6.762-nd
I.a7z-oi
4.axx-07
5.54z-nb
5.M 08
l.daz 04
2.52z-od
1.06E-04
2.33E 05
3.16E 07
2.06E-07
1.52K 03
1.12K 04
1.55E-03
6.43E-05
1.66E-06
1.53z-ob
3.19E 04

4.40E 15
7.QOE-15
7.54E 00
4. 20E-12
5 ~ 46E OQ

5.54E-12
1.82E 13
1.$ 7E 13
4.00E 07
2.65E-09
4, 132-07
1.75E-DQ
l.21E-11
1. 672-15
2.91K-07

4.92E 06
7.07E 10
8.04E 10
3.26E 05
Q,lbz 07
d.14E 08
1,06E 00
5.14E 08
2,d7E 10
7 50E 12
a.o7z-nb
1.75z-lo
1.04E 12
2.12E 12
1,51E 05
5,44E 07
1 ~ 4QE 05
5,96E 08
6.57x-xo
7.59z-lo
1. 51E-05
e.sbz-oe
7,33E 10
7.85E-IO
5.79E 04
5.87E-05
1,54E 04
4 74E 05
1.62X-04
3 Sbz 07
0 08E 08
1,53E-04
2.54E 07
2.52E 08
1.36z-ob
1.83E-04
2.$ 4X 07
2,36E 06
1.45z-nb
4.07E-OS
1.$ 3E 07
4.07E-05
5.602-nd
1,552-nd
i.oez-os
$ .0XX-08
3.51E OQ

s,idz 00
4.07E-05
3 ~ QQE 08
3. 51E-09
3.30E OQ

4,07E 05
3.09z-ob
3.51E 00
$ .30E 09
4.04X-05
3.57K-07
2.73E 05
3.91E 06
4.52E-09
1.47E 09
5.55E 04
3.95E 05
5,67E 04
2.05E 05
5. 19E 08
2.36E 10
1.39E-05

1 7dE 05
d,dbz 05
d,75E 06
9,55E 0$
5,35K 06
2.42E 07
1 sez-06
2,41E 07
6.50X-OQ
5.74z-xo
2,42E-07
4,XSX-OQ
1.532-10
1.752-10
1,15E 04
5.50E-06
x,ldz 04
x,dlz 06
5 ~ QQE 08
6.95z-ob
1.15z-oi
x.asx-oe
a.xsz-ob
d.54z-ob
1.73E-03
2.07E-04
4 dbz 04
2,50E 05
4,58E 04
1.11E 05
3.oax-oa
4,56X 04
7.55z-od
6.24E-07
4 34K 07
4.67E-04
7.43z-oa
8.49E-07
4.$ 5X-07
1.40z-oi
0.54E 07
1.40E 04
4.24E 07
1.25E-07
1.40z-oi
2.67E-07
2.93z-nb
3. 172-nd
1.402-04
2.79E-07
2.7QEW5
3.21E 08
1,40E 04
2,70E 07
2.702-nd
$ .21z-ob
1.40E 04
1.75E 06
8.34E"05
1.35x-oe
1,5$ K 07
7,31E 06
1,35E 03
Q.54E 05
1 sbz-03
7.06E 05
4.06E 07
3.75K 09
1,34E 04

1.552-05
0.22E 07
9.6QE 07
2,76E 04
2.$ 5E 05
5.75E-07
7.24z-ob
8.732-07
3.44E 08
5,71E-09
6.72E 07
2,30E 08
x.saz-ob
l.d7E-OQ
7,45E 04
5.97E-05
7 46E-04
Xo76E 05
Q.dbz-07
1 Xsz-06
7.47z-oi
1.75K-05
1.002-nd
1.11z-ne
4.35E-03
d.59E 04
1.20E 03
1,09E 04
1.20E 03
4.77E-05
1 ~ 75X-05
1.20E-0$
3.242-05
4.94E od
3,$ 5z-od
1.19E-03
$ ,23E-OS
i.abx-oe
$ .35E 05
2.M 04
3,09E od
2,76E 04
1, M-05
5.592-07
2.76E 04
1.15E od
1.57X-07
I.Q52-07
2.762-04
1.10z-od
1.522-07
1.87E-07
2 76E 04
1,10E 06 ~-

1.522-07
1,67K. 07
2.772-04:
5.56z-eb
2.1$ 2-04
5.06E 06
6.85E-07
6.15E 07
2.53E-03
1.99K 04
2.57E 03
1.53E-04
5.05K 06
5.04K-05
1.022-03

HEAR VARIANCE 5TH 2 ILE HIDIAN 9518 2 ILX
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APPENOIX C
OCR(4 DATABASE

NAHK OF DISIRIBUTION MEAN VARIANCE 5IH 2 ILK MEDIAN 95TH TILE

194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
209.
210.
211.
212.
213.
214.
215.
216.
217.
218.
219.
220.
221.

223.

228.
22Q.
230.
231.
232.
233.
234.
235.
236.
237.
238.
239.
240.
241.
242.
243.
244.
245.
246.
247.
248.
249.
250.
251.
252.
253.
254.
255.
256.
257.
258.
259.
260.
261.
262.

DSVR10 CCD 2 OF 5 RELIEF VALVES FAIL TO OPEN
T3VR10 CCD 3 OF 3 RELIEF VALVKS FAIL TO OPEN
S5VR10 CCD 1 OF 5 SAFETY VALVES PAIL TO OPEH
D5VR10 CCD 2 OF 5 SAFETY VALVES FAIL TO OPEN
T5VR10 CCD 3 Oi 5 SAFETY VALVES FAIL TO OPEN
G5VR10 CCD 4 OR NQRK OF 5 SAFETY VALVES FAIL TO OPEN
SSVRIS CCD 1 OF 3 RELIEF VALVES FAIL TO RESEAT
D3VR1S CCD 2 OF 3 RELIEF VALVES FAIL TO RESEAT
T3VR1S CCD 3 OF 3 RELIEF VALVES FAIL TO RESEAT
S3VR1W CCD 1 OF 3 SAFETY VLVS. FAIL TO RESEAT AFTER PASSING llATER
D3VR1M CCD 2 OP 3 SAFETY VLVS. FAIL TO RESFAT AFTER PASSING MATER
T3VR1M CCD 3 OF 3 SAFETY VLVS. PAIL TO RESEAT AFTER PASSING 'MATER
S3VR30 CCD 1 OF 3 PORVS FAIL TO OPEN ON DB(AND
D3VR30 CCD 2 OF 3 PORVS FAIL TO OPEN ON DB(AND
T3VR30 CCD 3 Oi 3 PORVS FAIL TO OPEN ON DEMAND
S3VR3S CCD 1 OF 3 PORVS FAIL TO RESEAT AFTER PASSING STEAH
D3VR3S CCD 2 OF 3 PORVS FAI( TO RESEAT AFTER PASSING STEAN
TSVRSS CCD 3 OF 3 PORVS FAIL TO RESEAT AFTER PASSING STEAN
SSVR3M CCD 1 OF 3 PORVS FAIL TO RESEAT APTER PASSINC MATER
D3VR3W CCD 2 OF 3 PORVS FAIL TO RESEAT AFTER PASSING MATER
TSVHSM CCD 3 OF 3 PQRVS FAIL TO RESEAT AFTER PASSING MATER
52VSOD CCD 1 OF 2 SOLENOID OPERATED VALVES FAIL ON DEMAND
DKVSOD CCD 2 OF 2 SOLXNOID OPERATED VALVES FAIL ON DEMAND
S3VSOD CCD 1 OP 3 SOLENOID VALVES FAIL TO OPERATE ON DEHAHD
D3VSOD CCD 2 OF 3 SOLENOID VALVES FAIL IO OPERATE ON DEHAND
T3VSOD CCD 3 OF 3 SOLENOID VALVES FAIL TO OPERATE ON DB(AHD
ETBATD 125V DC BATTERY FAILURE OF OVTPUT ON DB(AND
ETBATR BATTERIES FAIL DURING OPERATION
ETBCHR BATTERY CHARGER FAIL DURING OPERATION
ETBS1R BUSSES FAIL DURING OPERATION
ETCBIC CIRCUIT BREAKER (460 VAC AND ABOVE) FAIL TO CLOSE ON DEHAND

10 CIRCUIT BREAKER (480 VAC AHD ABOVE) - FAILURE TO OPEN ON DKHAND
1T CIRCUIT BREAXER (460VAC'AND ABOVE) TRANSFER OPEH DURING OPER.

TCB2C CIRCUIT BKR(AC OR DC,LT.480V) PAILURE TO CLOSE ON DEHAND
ZTCB20 CIRCUIT BKR(AC OR DC,LT. 480V) PAILURE TO OPEH ON DEMAND
ETCB2T CIRCUIT BREAKER (c460V DC) TRANSFER OPEN/CLOSED DUR. OPER.
ETCB3D REACTOR TRIP BREAKER MECHANISM FAIL TO OPERATE ON DEHAND
EICPPR CCNPRESSOR FREON PhIL TO RUN
ETCPFS CCNPRESSOR FREOH FAIL TO START
KTCRAD SINCLE CONIROL ROD L FAIL TO INSERT OH DEHAND
CR HO )NRE THAN ONE CONIROL ROD FAILS
ETD01L RANDCH FAILURE OF DISX LEADING TO LEAK HATE OF 150 GPH
ETD02L RANDCH FAILURE OF DISK LEADING TO LEAK RATE OF 1700 GPH
ETD03L RANDCN FAILVRE OF DISX LEADING TO LEAK RATE OF 800 GPH
ETDAOD AIR OPERATED DAMPER FAIL TO'OPBULTE ON DEMAND
ETDAOF AIR OPERATED DAHPER - FAILVRE TO TRANSFER TO FAILED POSITION
ETDAOT AIR OPERATED DAMPERS TRANSFER OPEN/CLOSED
KTDBDD BACKDRAFT DAMPER FAILURE TO OPEN ON DEHAND
ETDBDT BACKDRAFT DAMPER - TRANSFER CLOSED
KTDFRI FIRE DAMPER - INADVERTANT ACTUATIOH
ETDCS1 DIESEL GENERATOR - FAIL TO RUH DURING FIRST HR. OF OPERATION
ETDGS2 DIESEL GENERATOR FhlL TO RUH AFTER FIRST HOUR OF OPERATION
ETDGSS DIESEL GENERATOR FAIL TO START
ETDHOT HANUAL DAHPKR - TRANSFER OPEN/SHUT DURING OPERATlON
ETD88)D N3TOR OPERATED DAMPER FAIL TO OPERATE ON DEMAND
ETDNQT N3TOR OPERATED DANPERS TRANSFER OPEN/CLOSED
KTDRYP AIR DRYER FAILURE DURING OPBULTION
ETDSKD DISK FAILURE ON DB(AND
ETFL1P VKNTILATION FILTER PLUGGED
ETFL2P VENTILATION LOUVRE PLUGCED
ETFLSP FUEL OIL FILTER - PLUGGED
ETFNlR CONTAINMENT FAN COOLERS - FAIl TO RUN
ETFN1S CONTAINHEHT FAN COOLERS FAIL TO START
ZTFH2R VENTILATION FANS - FAIL TO RUN
ETFH2S VENTILATION FANS - FAIL TO START
ETFUIR FUSE - FAIL OPEN DVRIHG OPERATION
PTHXRB HEAT EXCHANGER - EXCESSIVE LEAK,PLUGGING
KTIHVR INVERTER FAILURE DURIHC OPERATION
ETLClo TRIP LOGIC NQDULX - FAILURE TO TRIP ON DEHAND

1.67E 06
2.42X 07
3.19E 04
1. 13E 06
6.67E 08
i.aoz-od
2.77E-03
1.04E-05
7.18E-06
9.93E-02
3.66E"04
2.57E-04
3.68E-03
1.23E 04
4.0QE-05
2.30E 02
7.38E-04
2.46E-04
9.31E 02
3.09E 03
9.78E 04
2.21E 03
1.61E 04
2.20K-03
7.62E-05
1.18E-OS
4.84E 04
7.0QE-07
6.50E-06
4.48E 07
1.81E 03
6.49E-04
6.2eK-o7
2.27K-04
8.39E-04
2.66E-07
1.64E 03
3.36E 05
2.35E 03
3.20E-05
6.16E-05
4.67E-04
8. 1SE-05
1.38E-04
7.81E 04
2.66E-04
4.55E-06
2.69E 04
1.04E 08
4.20E 08
6.76E-03
2.10E-03
1.59E-02
4.20E 08
2.87E 03
9.54E-07,
1.00E 06
2.13E 04
9.45E 07
1.07K-07
1.06E 06
1.27E 05
1.62E-03
8.61E-06
9.59E-04
9.20E 07
1.54E-06
2.19E 05
8.52E-05

1.30E 11
4.25K-13
2.91E 07
6.06E-12
3.03E-14
1.99E 14
2.94E-05
S.d7E-10
3.92E 10
1.20E-02
3.22X-07
2.12E-07
7.69E-06
1.91E 08
3. 17E-09
2.72E-04
6.64K 07
1.0QE 07,
1.06E 02
2.31E 05
2.83E-06
1.88E-05
1.16E 07
1.83E-OS
3.64E-08
1.27E-09
2.15E-07
Q. 07E-13
4. 12E-11
1.63E 13
3.94E-06
6.54E 07
1.57E 12
2.31E-07
3.15E 06
7.90E 14
1.27K-06
2.50E 09
5.07E-06
3.50E 09
1.42E-OQ
1.01E-06
5.13E od
1.46E-07
1.72E-07
3. 17E-07
7.64E-12
1.07E-07
5.64E-17
6.02E 15
1.42E-OS
4.35E-06
3.65E-OS
8. 02E-15
1.78E-06
1.45E-12
4.10E 12
5. 51E-08
3.31E 12
5. 08K-14
5.06E-12
7.31E 11
1.48K~06
2. 79E-11
9.50E-07
4.02E-12
1.45E-12
l. 82E-10
3.25E 08

4.3dE 08
1.83E 09
1.3QE 05
2.60E 08
3. 30K-ll7
1. 39E-10
9.46E 05
1.52E 07
1.07E-07
3.0QE 03
6.12E-06
3.34E-06
9.52E 04
2.94E-06
5.87E-07
5.66E-03
1.90E 05
3.40E-06

,„2.90E 03
2.74E-OS
7.42E-06
7.72E-05
3.39E-06
7.70E-05
6.70E-07
2.36E-08
7.51K-05
5.75E-08
5.75E-07
7.39E-08
2.80E-04
5.95E 05
5.06E 06
6.46E-06
2,3QE 05
2.50E 08
4.14E 04
2.75E-06
2.51E-04
2.00E-06

1.64K-05
1.49E 06
2. 51E-06
2.40E-04
7.57E-06
1.08K-06
5.56E-05
2.43E 09
1.69E 09
3.6SE 03
2.14E 04
6.95E-03
l.d9E-QQ
1.03E 03
7.37E 08
3.04E 08
2.97E-OS
3.04E-08
3.04E 09
3.04E 08
3.86E-06
3.25K 04
2.54E-06
1.22E 04
2.83E 08
3, 18E 07
6.03E-06,
2.43E 06

4.64E-07
5. 10E-08
1.34E 04
3 ~ 21E-07
1.35E-08
a.osi.-oo
1. 11E-03
2.8E 06
1,69E 06
8.30E 02
1. 51E-04
6.38E-05
2.93E 03
a.edz-os
1.94E 05
1.73K-02
4.26E 04
1.16E 04
7,6QE 02
1.24E-03
3.30K 04
8.91E 04
4.60E 05
6.90E-04
2.14E 05
2.09E 06
3.26E 04
3.72E-07
3.97K 06
3e 19K-07
1.22E 03
3.67K 04
3.9QE 07
8.6QE 05
3.26E 04
1.41E 07
1.28E-03
1.64E-05
1.44E-03
1.02X 05

1.70E-04
2. 17E-05
3.67E-OS
6.7IK-04
1.04E-04
3.69E-06
1. 50K-04
7. 80E 09
1.41E 08
7.72E-03
1.43E-03
1.37E 02
1.41E 08
2.49E-03
4.66E-07
4 12E 07
1.37E-04
4.07K 07
4.L6E 08
4.LdE 07
9.29K 06
1.22E 03
d.bQE-06
5.52E 04
3.16E 07
1.13E 06
1.68E-05
3.33E-OS

4 68E 06
7 OOE 07
1.02E-03
3 44K 06
2.20E 07
1.36E-07
7,76E 03
3.00E-OS
2.05K-OS
2.39E-01.
1.05E 03
7.74E-04
7.97E 03
3.25E-04
1.14E oi
4,78E 02
1.93E 03

,d.d6E 04
2.24K-OI
6.49E 03
2.95K-03
6,19E 03
4.7SE 04
6.18E-03
2.16E 04
3.35E-OS
1.15E 03
1.71E 06
1.67K-05
l.01E-06
3.23E 03
1.41E-03
2.36E 06
6.52K-04
2.40E 03
Q. 11E-07
3.37E 03
9.00E 05
6.42E-03
Q. 12E-OS

1.70E 03
3.05E-04
5.14E-oi
l.40E,03
7.62E-04
9.41E-06
5.43K-04
2.19E 08
1.31E 07
1.41E 02
4.64E 03
2.72E 02
1. 31E-07
4.83E-03
2.37K 06
2.91E 06
6.14E 04
2.76E-06
3.05E 07
3.05E 06
2.8QE 05
3.35E-03
1.50E-OS
2.42E 03
2.83E 06
3.2QK 06
4.09E 05
2.44E-04
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APPENOI X C
OCPAA OATh BASE

S.NO. NAME Oi DISIRIBUTION MEAN VARIANCE 5TH IILE MEDIAN 05TH IILE

253. XTLC)R IRIP LOGIC t&DULE FAILURE DURING OPERATION
264. tTPAMR ttoTOR OPERATED AFM PUMP FAIL IO RVN

255 ~ XTPAMS MOTOR OPERATED AFM PUMP PAIL TO START
266. XTPASR AUX SALIWLTER PUMP FAIL TO RUN
267. XTPASS AVX SALTWLTER PUMP - FAIL TO START
268. XTPATR TURBINE DRIVEN hrtt PUMP FAIL TO RUN

250. XTPATS TURBINE DRIVEN htT( PUMP - FAIL TO START
210. XTPCCR COMPO((KNT COOLING WLTER PUMPS FAIL TO RUN
271. XIPCCS CCMPOtlENT CODLING W(TER PUMPS - PhIL TO START
272. XTPCGR CENTRIFUGAL CHARGING PUMP - FAIL TO RVN
273. XTPCGS CENTRIFUGAL CHARGING PUMP - FAIL TO START
274. XTPCSR CONTAINMKNT SPRAT PUMP FAIL TO RUN
275. XTPCSS CONTAINMBlISPRAY PUMP FAIL TO START
276. XIPrUR FUEL Olr. TRANSFER PUMP - rhll. TO RUN
277. XTPFUS FUEL OIL THhtlSFER PUMP FAIL TO START
276. XTPP1B PIPE, GREATER TBAN THREE INCH, PZR PIPE SECTION
210. XIPPXB PIPE, LESS THAH THREE INCH, PER PIPE SECTION
280. XTPPDR P. D. CHARGING PUMP - FAIL TO RUN
261 ~ XTPPDS P. D. CHARGING PUMP FAII TO START
282. XTPRHR RHR PUMPS 1-1, 1-2 - FAIL TO RUN
283. XTPRHS RHR PUMP FAIL TO START
284. XTPS1R P(N(ER SUPP(I FAIL DURING OPERATION
265. XTPSBL SAFETY INJECTION PUMP - FAIL TO RVN
2dd. XTPSIS SAFETY INJECTION PUMP - FAIL TO START
287. XIRLID RELAY FAILURE TO OPKRATE ON DB(ILND
288. tIRL)R RELAY - FAILURE DURING OPERATION
280 ~ XTSC1P SIRAINER, OTHER THAN AUX SALT MATER FAILURE DURING OPERATION
200. XTSC3P IRAVELIINQ SCREEN FAILURE DURING OPERATION
201. XTSC4P SUMP SCREEN PLVQGINQ AFTER LARGE LOCh
202. XTSC5P SUMP SCREEN PLUGGING AFTER CORE MELT
203. XTSEQD ESFAS/LOP SEOVB(CER - DEMAND
204. XISPNP SPRAY NOZXLES (TRAIN) - PLUGGED
205. XTSPRI PIRE SPRINKLER BEAD IlOLDVZRIANTACTUATION
206. tTSTCD REACIOR IRIP BREAKER (SHUNT IRIP COIL) FAIL TO OPERATE ON DB(AND
207. XTSttbD BISTABLE FAILURE TO OPERATE ON DB(AND
29d. XTSMBI BISTABLE SPURIOUS OPERATION
200. XTSNLD LEVEL SMITCH - FAIL TO OPERATE ON DEMAND
300. XTSL(PD PRESSURE SMITCH FAIL IO OPERATE ON DB(AND
301. XTIK1B SIORAGE TANK RVPTURE DURING OPERATION
302. XTTRFR FLOLI TRANSMITTER - FAIL DURING OPERATION
303. XTIRLR LEVEL TRANSMITTER FAILURE DURING OPERATION
304. XTIRPR PRESSURE TRANSMITTER FAILURE DVRING OPERATION
305. XTIRIR TB(PKRATURE TRAHSMITTER FAIL TO OPERATE ON DEMAND
306. XTUVCD REACIOR TRIP BREAKER U)IERVOLTAGE COIL FAIL TO OPEN ON DEMAND

307. XTVAOO AIR OPERATED VALVE - FAIL IO OPERATE ON DB(AND
308. XTVAOF AIR OPERATED VALVE FAIL TO TRANSFER TO FAILED POSITION ON DB(AND
309. XTVAOT AIR OPERATED VALVES TRANSFER OPEN/CLOSED
310. XTVCOD CHECK VALVE (OTHER THAN STOP) - FAIL TO OPERATE ON DEMAND

311. XIVCOL CHECK VALVE (OTHER THAN STOP) GROSS LEAKAGE DURING OPERATION
312. XTVCOO N(HU(ALLY OPEN CHK VALVE (OTHER THAN STOP) FAIL TO PFSKAT
313. XIVCOP CHECK VALVKS (OIHER THAN STOP) TRANSFER CLOSED/PLUGGED
314. XTVCSD STOP CHECK VALVES FAIL TO OPERATE ON DEMAND

315. XIVCSL STOP CHECK VALVES EXCESSIVE LEAKAGE
316. EIVCST STOP CHECK VALVES - TRANSFER OPEN/CLOSED
317. XTVE1D ELECTRO HYDRAULIC VALVE (EXCEPT TSV,TCV) FAIL TO OPER. ON DEMAND
318. XTVE1T ELECTROHYDRAULIC VALVES - TRANSFER OPEN/CLOSED
310. XTVE21 TURBINE STOP/CONIROL VALVE - TRFR CLOSED DURING OPERATION
320. XIVE22 TURBINE STOP/CONIROL VALVE TRANSFER OPBl DURING OPERATION

, 321. XTVE2D TURBINE SIOP/CONTROL VALVE FAILURE TO OPERATE ON DEMAND
322. XTVHOT MANUAL VALVE IRANSFKRS CLOSED/OPBl
323. XIV'ALVE(tz)IOR OPERATED OR CHECK) DISC RUPTURE
324. XTVtKN tNIOR OPERATED VALVE - FAIL TO OPERATE ON DEMAND
325. XTVMOE MQV FAILURE TO CLOSE ON DB(AND t(BILK SHOL(ING CLOSED
326. ZTVMOT tt)TOR OPERATED VALVES TRANSFER OPEN/CLOSED
327. ZTVPCT PRESSURE CONTROL VALVE, SELF COtlTAINZD FAILURE DURING OPERATION
325. XTVPRO FUEL OIL PRESSURE REGULATING VALVE, FAII.VRE TO OPEN ON DEMAND

329 ~ XTVPRT FUEL OIL PRESSURE REGVLATINQ VALVE, TRANSFER CLOSED DURiNG OPERA
330 ~ XTVR10 PRIMARY SAFETY VALVE - FAILURE TO OPEN ON DEMAND
331 ~ XTVRlS PRIMARY SAFETY VALVE FAILURE TO RESEAT OR DEMAND (STEAM)

2.03E 06
2.84E 05
2.18E 03
1.07E 0$
2.05E 03
8.67E 04
2.bdz 02
2.66E-OS
1.76E-03
2.20E-OS
2.05E 03
3.41E 05
2.d3E 03
3.30Z 05
2.44K 03
8.50E 10
8.50E 00
2.73K-05
2.25K 03
3.06E-OS
2.33E-03
l.71E-05
3.41E 05
2.75E 03
2.41E 04
4.20E 07
d.22E 05
4.07Z-06
8.07E 04
4.54E 02
2.40E 05
7.05E 05
0.99K 07
1.30Z 04
3.60E 07
2.21E 06
2.59E 04
2.60E 04
2.66t-ob
6 '5K 06
1.57Z-05
7.60E 06
1.57K-0$
2.46E-03
6.22E 04
2.66E-04
2 '0K 07
1.10E-04
$ .36E 07
4 '6K-04
1.04E 08
7.55E 04
5.36E 07
1.04z-oa
d. 12E-04
2.55E-07
4.61K 05
1.24E 05
1. 17E-04
3.32z-ad
1.55E-06
1.65E 03
1.01E 04
2.56E-07
3.00E-O6
1.14E 06
2.72z-oe
3.28z-oi
2 '7K-03

3.84E 11
1.24E OQ

5.87E 06
4.16E 10
3.70E 05
1.83z-od
2.45E 04
5.22E 10
2.64E 06
6.00E 10
3.78E 06
2.47K-09
9.72E-06
2.41E OQ

3.35E 05
l.d5E-17
1.55E 1$
1.27E 00
4.5bz-od
1.67E 09
7.13E 06
d.oiz 10
2.47E-OQ
1. 10E-05
1.47E 01
2.67E 13
4.47E 11
1.05E 11
9. 61E-07
3.45E-03
2.57z-ll
1.7SE-14
1.47z-lt
Q.oiz 09
1. 35E-13
1.51E 10
2.00E 07
2.09E 07
3. 17K-15
2. 67E-11
1.20E 10
5. 58E-11
1.2OE 10
2. 71z-od
l.41E-01
3.17E-07
1.53E 13
8,55E 00
4.15E 13
I.naz-oe
5.60E-D
1.24z-od
4.15E 13
5. 64K-17
2.25E 07
2. 45E-13
2.44E-09
6. 87E-10
S.SOK-09
3. 45E-15
2.95E-15
4.70K 07
1.29K-08
l.33E-13
2. 35E-10
1.49Z 11
1. 15E-10
3. 14E-07
3.46E 05

8.35E 08
2.83E-06
1.83E 04
2.00z-od
2.39E

04'.89E-0$

7.37E-03
4.24E od
2.25E 04
2.17E 05
2.30E 04
2.d3E-06
2.00E 04
2.83E 06
3.56E 04
1.96E-12
1.98K-II
2.40E-od
2.46E 04
2.83E-OS
1.50E-04
1.16E 06
2.53E 06
2.05z-oi
l.41E-05
2.63E 08
d.08E-07
6.46E 07
0. 51E-05
$ .71E-03
6.63E 08
2.70E-OQ
1. Ibz-07
3.27K-05
5.98E 06
2.55E-OQ
1.41E 0$
1.41E-OS
7.59E 10
6.03E 07
3.51E-06
d.llz 07
3.51z-oa
5.43z-oi
1.58E 04
7.57E-06
1.74z-od
4.05E-05
6 '1E-08
1. 10E-05
2.43E 00
6. 51E-05
8.21z-od
2.43K-OQ
1.66E-04
1.75E od
3. 71E-06
3.54K-07
2.02E 05
1.65E 09
1.03E 10
5.64E 04
1. 51E 05
2. 51E-08
2.49t-od
5.65E oa
1.74z-od
1.34K-OS
d. M-05

1.15K od
1 70E 05
1.24E 03
1.20E 0$
1.30t-03
4.32E 04
2.43E 02
2.14K 0$
1. 15E-03
1.30E-OS
1.30E 03
1.80E 05
1.43E 03
1.60E-05
1.73E 03
1.80E 10
1.60E 00
1.40E-05
1.40E"03
1.75E 0$
l.31E-03
1.25z-oa
1.80E 05
1.47E 03
1.35E 04
1.QOE 07
3.0oz-oa
2.01E od
4.6QE 04
2.04E 02
0.37E 07
3.02E 08
e.oaz-o7
1.05E 04
2.58E-07
4. 0IK-07
1.25E 04
1.25E 04
1.04E 08
4.18E 08
1.12Z 05
4.60z-oa
1.12E 05
1.95E 03
$ .00E 04
1.04E 04
1. 14E-07
1.41E 04
3.45E 07
1.34E 04
7.80E 00
4.02E 04
3.45E-07
7.60E 00
6.35K 04
1.20E-07
2.45E 05
4.85E 05
9.08E-05
1.39E Ob
4.00E 00
1.47E 03
e.eoz-o$
1. 08E 07
6.05E-07
6.11K 07
4.22E 07
1.41K 04
1.15E-03

8.30t-oe
6 '5K 05
5.35E 03
4.1SE-OS
5.21E 03
2.43E-03
4.01E 02
5.44E 0$
4.00E-03
$ .15E-05
5. 10E-03
8.10E 05
6.03E 03
6.13E 05
5.06E 03
2.02E-QQ
2.02z-ob
'7.04E 05
d.loz-03
'7.33E-05
S.d5E-03
4.30E-05
6.10E-0$
7.75E-03
5.40E-04
1.41E 06
1.58K-OS
0. 11E-06
2.43E-03
1. 45E-01
e. 57E
2.00E
Smolt
2. 01E
0 ~ ldz-07
4 dlz-05
7.doz-04
1.eot-oi
7.53z-oa
1. 41E-0$
3.34E 0$
1.7QZ 05
3.34E-05
4.Q2E-03
1.23K 03
7.62E 04
S.olz 07
2. M-04
1.37E-06
1.56E-03
2 diaz-05
1.97E-03
1.37E-06
2.1QE 08
1.53E-03
5. 58K&7
1.25K-04
3.55E-OS
2.41E-04
1.04E-01
4. lbz-ob
2.83E 03
1 ~ 45I.-04
l.04K od
1 ~ 41E 05
6.34z-od
9 ~ 63K-06
1 ~ odz-03
8.21K 03

NUREG/CR-5726 C1-6



hfPENOIXC
DCPAA DATABASE

'.NO. HAMK Oi DISTRIBUTION MEAN VARIANCE 5TH TILE MEDIAN Q5TB TILE

332. XTVRlM
3$ 3. XTVR20
3$ 4. XTVR2T
S35. XIVR30
336. XTVR3S
337. XTVR3M
338. XTVSOD
3SQ. XTVSOT
340. XIVSMG
341. XTVICD
342.
343. XTVTCT
344. XIXR1R
345. XIXR2R
346. ZIXR3R
347. ZHDDGI
346. ZBDDG2
34Q. ZBDDG3

350. ZHDFDl
351. XBDMX
352. ZBDSS2
353. ZADCHP
354. ZDGSMI
355. ZECISL
SS6. XECISS
357. XERCS1
355. XESGT1
350. ZMBCBF
360. ZMBS1F
3S1, BCB1F

Pii
r Si

1F
358. ZMFHXF
357. ZMFHCF
356. BQHAF
360. BQHBF
370. Z)%HCF
371. BCNDF
372. ZMBXCF
373. ZMHXRF

374. ZMINVF
375. ZMPAMF

376. ZMPASF
377. ZMPATF
376. ZMPCCF
370. ZMPCGF
380. ZMPCSF
3 81. ZMPFUF
382. ZMPPDF
363. ZMPRHF
364. ZMPSIF
365. ZMVAFF
366. ZMVASF
367. ZMVBOF

385. ZMVMSF
36Q. ZMVR3F
300. ZMXFRF
301. 2MBCHD

$ 02. BCOND
393. ZMDGSD

304. ZMFH1D
305. ZMFHZD
395. XMFICD
$ 07. I?CHZD
308. BKNSD
SQQ. 2?KN4D
400. ZtCNSD

PRIMARY SAFETY VALVE FAILURE IO RESEAT AFTER MATER REI IEF
RELIEF VALVE (EXCEPT PORV,SAFETY) FAILURE TO OPEH ON DEMAND

RELIEF VALVE (EXCEPT PORV, SAFETY) - PRZMATVIE OPEN

PORV " FAILURE TO OPEN OH DZMAND

PGRV FAILURE TO RESEAT AFTER STEAM RELIEF
PDRV FAILV)E TO RESEAT AFIKR RATER RELIEF
SOLENOID VA(.VE (DIRECT ACTING) - FAILURE TO OPERATE ON DEMAND

SOLENOID VALVE (DIRECT ACTING) TRANSFER OPEN/CLOSED DURING OPER

VALVE OPEN BUT SBGMIHG CLOSED DUE TG LIMIT SMITCH
AIR OPER. PRESSURE CONTROL VALVE - FAIL TO OPERATE DN DEMAND

AIR OPER. PRESSURE CONTROL VALVE - FAIL TO TRFR IO FAILED POS.
AIR OPER. PRESSURE CONTROL VALVE - IRHl OPKH/SHUT DUR. OPERATION
IRANSFGRMKR (MAIN, STARIUP, AUXILIARY)- FAI).URE DURING OPERATION
TRANSFORMERS (LOAD CENTER) FAILURE DURING OPERATION
INSTRUMENT TRANSFORMER (460V TO 120V) FAIL DUR. OPER.
DISCOVERY TIME FGR FAIL TO RETURN DG TO AUTO AFTER SURV TEST
DISCOVERY TIME FOR PAIL TO RTN DG TO AVID AFTER SURV TEST
DISCOV TIME FCR FAIL TO RTN FTP AND LCV GIRLS TO AUTO AFTER TEST

DISCGV TIME FOR FUEL XFR BYSTB( MISALIGNED (HRS)
DISCOV TIME FOR FAIL TO RTN FIP AND LCV CIRLS TO AVID AFTER TEST

TEST DURATION FOR SSPS LOGIC TEST (2 BRS FOR TESTING)
AVERAGE AVAILABILITYOF DIABLO CANYON PCMZR PLANT
SMITCH TO DETERMIHE MBICB MISSION TIME TO USE
FREQUBCY OF LARGE PREEXISTIHG LKAX IN CDNTAINMEHT
HEQUEHCY Gi SMALL HlEEXISTIHG LEAK IN CONTAINMEHT
FRACTION Oi TRANSIENT EVEHIS MITS PDRV'S CHALLENGED
NUMBER OF VALVE LIFTS MITB MATER RELIEF - SGTR.SL

BATTERY CHARGER MAINTB(ANCE FREQUENCY

BUSES, lCCS, PANELS - MAINT. HEQ.
BREAXKR MAINT, HEQUBCY
CONDENSOR/FAN MAINTENANCE FREQUENCY
FREON CCMPRESSOR MATNT. HEQ.
DIESEL GENERATOR - MAIHTB(h)CE HEQVENCY
COHTAINMKNT FAN COOLING UNIT - MAINTEHANCE FREQUENCY

VENTILATION FANS MAINTENANCE FRBWENCY
COHTRDL ROCM FANS MAINTENANCE FREQUENCY
- MAIHT. HQXWK)CY - ELECTRICAL CCMPOHZHTS VERY INFRB)UEHT MAI
- MAIHT. HIBWZNCY - ELECIRICAL CCMPOHENTS - INFREQUENT MAINT.
MAINTEHANCE HEQUKNCY - INSTRUMENT TRANSFORMERS
MAINTENANCE FREQUEHCY FOR VALVES
CCM HEAT EXCHANGER MAINTENhlCE HEQUENCY
RBR HEAT EXQ(ANGER MAIHTB(ANCE FREQUENCY
INVZRTER MAINTENANCE FREQVEHCY
AFM )K)TGR-DRIVEN PUMP - MAINTENA)CE FREQUENCY
AUX. SALT MATER PUMP - MAINTENANCE FRK(WENCY
TURBINE DRIVEN AFM PUMP MAINTENANCE HEQUKNCY
CCM PUMP MAINTBlANCKHIEQUE)CY
CENTRIFUGAL CHARGING PUMP MAINTENANCE FREQUENCY

CONTAINMZNT SPRAY PUMP - MAINTB(AICE FREQUENCY

FUEL OIL TRANSP'UMP - MAINTENANCE FREQUENCY

PGS. DISPL. CHARGING PIB(P MAINTENANCE FREQUENCY

RHR PUMP - MAINTBlANCE FREQUENCY

SAFETY INJECTION PUMP MAINTENANCE FREQUENCY

AFM VALVES, DC LEVEL CONTROLLERS - MAINTENANCE FREQUENCY

AUX. SALT MATER CROSS-TIE - MAIHTEHANCK FREQUENCY

ECCS SYSTEM VALVES MAIHTENANCE FREQUENCY

MAINSTEAM AIM. DUMP VALVES MAIHIENANCE FREQUENCY

PORV - MAINTENANCE FREQUENCY
TRANSFORMERS (OTHER THAN INSTRUMENT) - MAINTENANCE FREQUENCY

BATTERY CHARGER MAINT. DURATION
CONDENSOR/FAN - MAINT. DURATION
DIESEL GENERATOR MAINT. DURATION
CONTAINMZHT FAN COOLING UNIT - MAINT. DURATION
VENTILATION FANS MAINT. DURATION
CONTROL BC'( FANS MAIHT DURATION

MAINT. DURATION FOR VALVES MITS TECH SPEC LIMITS OF 24 HRS.

MAINT. DURATION FOR VALVES MITH TECH SPEC LIMITS OF 72 HRS.

MAINT. DURN. FOR EQUIP. OTHER THAH VALVES,PUMPS ~ HXRS 72 HRS TS

MAIHT. DURN. FOR EQUIP. OTHER THAN VALVES,PUMPS,HXRS-SHORT

1.01E 01
2.42E 05
6.05E-06
4.21E 0$
2.50E-02
1. 01E-01
2.43E-03
1.27E 06
1.08E 04
1.52K-03
2.65E 04
2.67E 07
1.53E 06
6.56E-07
1.55E-05
1. 72K+00
1.67K+00
l.36K+01
b. 51K+01
1.38K+01
l.17Etoo
8.50E 01
1.00Etoo
1.44E-03
3.80E-03
1.00K+00
4.80K+00
2.15K 05
l.dOE 05
4.60K OS

Q.QQE 05
1.56E 04
7.74E 04
5.09E 05
l. 83E 04
3.46E 04
2.dlE-06
2.44E-OS
4. 16E 06
2.03E 05
4,QOE 04
1.92E 05
3.58E-OS
5.53E-04
2.80E 04
6.08E 04
2.00E-04
2.60E-04
2.40E 04
2.38E-04
3,48E 04
3.26E-04
3. 71E-04
5.93E-05
0.31E 05
4.43E 05
l.10K-04
3.81E 05
2.50E OS

6.14K+01
2.11K+01
1.01K+01
2.08K+01
5.30K+01
3.38K+01
4.05K+00
1. 60K+01
1.31K+01
6.26K+00

1.25E 02
2.44E-OQ
4.24E 11
0.11E 06
3.25E 04
1.25E-02
2.44E 05
3.52E 12
1.20E 08
1.80E 06
3. 17E-07
2. 53E-13
2.00E 12
4.03E 13
7.08E-12
1.68K+00
2.13K+00
4. 60K+01
4.52Kt03
4. 60Eto1
1.S2E-01
0.00E-01
O.OOE 01
1.51K 05
5.37K-OS
0. 00E-01
3.46K+01
1.10E-10
3.78K 12
1.45E 11
3.62E 09
3.86E 06
2.33E 08
9.01E-10
4.01E 00
1.57K-08
2.36E 11
4.84E-10
6.32E 11
3.52E 11
2.27E-08
3.58E 10
5. 37E-10
2.58E-06
1.17E-08
7.56E-06
8.56E 00
1.21E 08
1.02E-08
0.90E 09
2.66E 06
1.47E-OS
1.68E-06
1.12E 00
1.51K-OQ
0. 33K-11
5.08E 10
5.40E 10
1. 28E-11
1.00K+02
6. 30Etol
3.00Etoo
6. 05Etol
1.78K+03
1.34K+02
l. 13K+01
5.97K+02
4.21K+02
4. 45K+01

2.68E-03
7.55E-07
1.08E-od
0.05E 04

5.85E-03'.88E-03

7.54E-OS
5.21E 08
1.75E 05
2.83E 04
7.57E 06
1.78E-08
2.83E 07
1. 31E-07
7.44E-06
8.33E-02
6.25E-02
2.30K+00
3.30K+00
2.30K+00
1.57E-01
4.25E-02
1.00K+00
1.76E 05
1.26E 04
S.OOE-02
1.25E-01
7.22E 06
1.24E 07
5.50E-07
2.25E-05
1.20E-OS
5.25E 04
1.40E-05
6.22K 05
1.62E 04
1.44E-07
2.24E 05
1.30E 07
1. 14E-05
2.45E-04
1.55E 05
1.32E-05
3.13E-04
1.18E 04
3.90E-04
1.37E-04
1.10E 04
9.37E-05
8.12E 05
1.0dK-04
1. 31E-04
1.52E 04
1.65E-05
3.58K 05
2.75E-OS
7.64E 05
6.90E-06
1.14E-07
3.60K+01
7.S5E+00
6.55E+OO
8.83K+00
1.07Etol
1.48Etol
6.83E-01
1.54Etoo
7.84E-01
5. 46E 01

1.20E 01
0.72E-Oe
3.04E od
3.16E 03
1.87E 02
1. 20E-01
0.70E 04
4.01E 07
7.36E-05
1.14E 03
1.04E 04
1.20K-07
1.OQK-Oe
4. 41E-07
6.57E-07
l.00K+00
8.33E 01
1.33K+01
4. 20K+01
1. 33K+01
6. 69E-01
4.25E 01
1.00K+00
4.60E 04
1.55E-03
5.00E 01
1 SSE+00
1.86E-05
0.84E 07
3.25E-05
8.24E 05
6.58E 05
7.52K 04
S. 14E-05
1. 71E-04
3.10E 04
1.12K Od
1.00E-05
1.44K-O6
1 ~ 91K-05
4.50E 04
1.22K-05
2.53E 05
S.XSK-04
2 '5K 04
7.46E-04
2.74E-04
2.54E-04
2,16E 04
2. 15E-04
3. 14E-04
2.08E-04
3.42K-04
4.91E 05
6.2dE-05
4.23E 05
1.14E-04
3.08E-05
1. 13K-06
5. 01Etol
1 80Etol
Q.74K+00
1. 04K+01
4.95K+0),
3. QQE+01
2,70Et00
l.01Eto 1

6.01K+00
3.42K+00

2.50K 01
6.02E 05
1.73E-05
8.84E 03
5.25E-02
2.50E 01
d.04E 03
S.50E-05
3.00E 04
3.15E 03
7.6ZE-04
5 ~ 71K-07
3.10E 05
1.30E-06
4.16E od
3.50K+00
4.00K+00
2. 25Eto1
1. 04K+02
2.25Etol
1,75K+00
8.06E-01
1.00Etoo
4.24E 03
I.OSK-02
Q.SQE 01
1.56K+01
3.45K-05
4.0ZE 06
1.16E 05
2.01E-04
3.67Z 04
0.66E 04
1. 11E-04
2.62E 04
5.25E 04
7. 11E-06
4.05E-05
1.27K 05
2.07E 05
7.36E-04
4.50E 05
7.24E 05
7.00E 04
4.$ 5E-04
1.10E-03
4.2SE 04
4.56E 04
3.QZE 04
4.08E 04
5.08E 04
5.10E-04
5.40E-04
1.15E 04
1.56E 04
5.08K 05
1.50E-04
7.94E 05
7.20E 06
6.24Etol
3. 61Eto 1

1.33K+01
3.23K+01
1.20Kt02
5.23Etol
Q.S2Kt00
5.13K+01
4. 04Ktol
2.02Etol

C1-7 NUREG/CR-S726



APPEM(XXC
OCPNA DATABASH

NAHE OF DISIRIBUTION MEAN VARIANCE 5TH TILE 'EDIAN QSTB Z ILK

401. X)%850 HAINT. DURN, FOR E()VIP. OTHER THAN VALVES,PUMPS,BXRS LONG
402. Z)dR(7D HAINT. DURN. FOR E()VIP. OTHER THAN VAZVKS,PUMPS,HXRS NTS
403. Z)NNbD P(h(PS FREON COMPRESSOR ~NT. DURATION 7 DAYS TECH. SPEC.
404. XldR(OD RHR HEAT EXCHANGER HAIRY. DURATINl 72 HRo TECH. SPEC. HRS.
405 ~ ZHSXCD CCM HEAT EXCHANGER HAZNT. DURATION
406. ZHINVD INVKRTERS HAIRY. DURATION
407. ZHPA)8) )d)TOR OPERATED AFM PUHP HAINT. DURATION
408. ZHPASD AUX. SALT MATER PUMP HAINT DURATION
409. ZHPATD TURBINE DRIVEN AFM PUMP HAIRY. DURATION
410. XMZCCD CCM P(8(P MAINTENANCE DURATION
411. ZHPCGD CENTRIFlJGAL CHARGING PVHP - HAINT. DURATIOH
412. ZHPCSD CONTAINMKNT SPRAY PUMP - HAINT. DURATION
413. XMPFVD FUEL OIL TRANSFER PUMP - HAINT. MRhTION
414. ZHPPDD POS. DISPI. CHARGING PUHP HAINT. DURATION
415. ZMPRBD RHR PtÃP HAINT. DVRATION
416. XMPSID SAPETY INJECTION PUMP HAINT. DURATION
417. XYI'AFD AFM DC CONTROL VALVES HAINT. DURATION
41d. ZMVASD ASW CROSSTIE VALVES HAINT. DURATION
419. Z)0JB(O ECCS SYSTXH VALVES HAZNT. DURATION
420. ZHVMSD HAIN STEAM ATH. DUMP VALVES HAINT. DURATION
421. XMVNTD HAZNTENA)ICE DURATION POR VALVES WITH NO TECH SPEC LIHITS
422. ZHVRSD PORV HAINT. DURATION
423. XHEAC1 B.E PAIL TO RECOVER FR(Z( CC STARTVP BRXR FAIZ.URE ON DZMAJID
424. XBEAIZ B.E. FAIL TO ISOLATE A STUCK OPEN 10Z STEAH DUHP VALVE
425. XBEASZ B.E. Fh!L TO REM X TIE Vl ta l)2 ASM - BOIH Ul PMPS FAIL - LOOP
426. XHKAS2 H.K. PAIL TO LOC X TIE Ul h U2 ASM OR FAIL TO OPEN X TIE VALVE
427. XHEAS3 H.E. FAIL TO LOCALLY X TZE Ul ASM TO U2 BOIH Ul PHPS FAIL
428. XHECC1 H.E. FAIL TO LOC ISOLATE CPCU FLOW WHEN ONl.Y 1 OCM PHP IS AVAIL
429. BKCVZ H.E. FAIL TO START STBY TRN OF C/R VENT RUN TRN EXH FAN FAIL
430. BKF11 H.E. FAIL TO TRIP RCPS DURING VB-1 FIRE
431. ZBEF12 H,E. FAIL IO RESTORE ASM h CCM P(8(PS DURING VB-1 FIRE
432. ZHEF21 H.E. PAIL TO CLOSE PORVS FROH BOT SHUTDOWN PNL DURING VB 2 FIRE
433. BKF31 H.E. FAIL TO CLOSE PORVS FRCH HOT STDN PNL - VB-2/VB 3 FIRE
434. RKF41 H,E. FAIL TO TRIP RCPS DURING VB-4 FIRE
435. XHEF42 H.E. FAIL TO RESIORE ASW * CCM PUMPS DURING VB 4 FIRE
436. XBKP51 H.E. FAIL TO TRIP RCPS DURING FIRE IN CABLE SPREADING ROON

437. BKF52 H.E. PAIL TO RESTORE ASM h CCM P(8(PS FIRE IN CABLE SPRD R(XH
436. ZHEF53 H,E.FAIL TO START RHR PUHPS AT 4XV FIRE IN CABLE SPRD R(XH
43Q. XHEF61 H.K.FAIL TO CLOSE PORVS FR(Z( HOT SIDN PNL FIRE IN CBL SPRD ROO

440. ZHEFO4 H.E. FAIL TO REALINI FUEL XFR PP POMKR SOURCE TO OPPOSITE UNIT
441. BKBSZ H.E. FAIZ. TO MAINTAINBOT STANDBY,INSTRUMENTATION OKAY
442. XBKBSZ FAIL TO INSTALL PORTABLE GENERATOR TO PROVIDE VITAL AC
443. ZHEHS3 H.E. SAME AS FGR BKBSZ, BUT AFTER A LOCA
444. ZHELAZ H.E. FAIL TO TRIP RBR IF RCS PRESSURE IS HIGH, FOR FEED h BLEED
445. ZHELA2 B.E. FAIL TO TRIP RBR IF RCS PRESSURE IS HIGH ~ FOR SMALL LOCA
446. XHZÃll H.K. FAIL TO ALIGN RHR PUMP SUCTION FROM BOT LEG 4 DROP LINE
447. BKOEZ B.E. FAIL TO INITIATE EMERGENCY SONATION
448. XBEOPZ H.E. FAIL TERHINATE SI GIVEN SGTR
449. BKOSZ H.E. FAIL TO HANUALLYACTUATE SI KOVIP 1 OR BOTH SSPS FAiLED
450. ZHEOX1 H.E. FAIL TO DECIDE TO ISOLATE RUPTURED STEAM GENERAIOR
451. XBKPR2 H.E. FAIL TO ISOLATE STUCK OPEN PORV

452. tHEPR3 H.K. FAIL IO ISOLATE AN ISOLABLE LOCh WITH PORV BLOCK VALVE
453. ZHEPR4 H.E. FAIL TO ISOLATE STUCK OPEN PORV M/0 RX TRIP
454. XHERE2 H.E. FAIL TO X TIE 2 VITAL BUSES STATION BLACKOUT h RECOVERY
455. ZBERE4 H.E. PAIL TO X TIE ~ VITAL POWER SOURCE TO FUEL OZL TRANSFER PUMP

456. XHERE5 H.E. FAIL TO DEPRESS S/GS DURCNG STATION BLACKOUT (SEISMIC COND)
457. ZBKRP1 H.E. FAIL TO SMITCH TO RZCZRC FMH INJ H$DE (ECCS) SLOCA M/0 CS
458. ZBERF2 H,E. FAIL TO SMITCH TO RECIRC FROH INJ )NDE (KCCS) HLOCA/LLOCA
459. tHERF3 H.E. FAIL IO SMITCH TO RECIRC FRCH INJ H$DE(KCCS) AFTER HKLTTBRU
460. tHERF4 B.E. PAIL TO SMITCH TO RECIRC lRCH INJ )ODE (ECCS) B h F M/0 CS
461. ZBERFS H.E. FAIL TO SMITCH TO RECIRC FR(Z( INJ H$0E (ECCS)SIOCA MITS CS
452. ZBERP1 H.E. FAILURE TO TRIP RCPS GIVEN CCM FAILS
453. XHERS1 H.E. PAIL TO SHUTDOWN REACTOR M RODS MITHZN 10 HZNS
464. ZBKRT1 H.E. FAIL TO PRESS MANUAL PUSH Bl/TTON TO IHIP REACTOR

465. XHZRT2 H.E. FAIL TO DEENERGIXE RPS BUS TO TRIP REACTOR
466. ZBESO1 H.E. FAIL TO ISOLATE A STVCX OPEN SAFETY VALVE
467 ~ XBKSRZ H.E. PAIL TO hl ION FOR CS RECIRC - SUMP RECIRC SUCCESS
466. ZHESV2 H.E. FAIL TO OPEN DOORS TO INVERTER h 480V SMITCBGKAR ROCHS

46Q. tBESM1 H.E. FAIL TO REALIGN SWING DG TO OPPOSITE UNIT

$ . 72Kt01"
3. 65ttbl
2. 67tt01
2. 09tt01
1. 59K+01
6.40K+00
2.13tt01
l.19K+01
1. 72Kt01
3.53K+01
1.44tt01
1. 56tt01
l.55Et01
8.48tt01
1 ~ 49ttbl
1.4QEt01
l.31tt01
1.67Et01
1.23tt01
5. 55tt01
l.78tt01
1.10K+02
2.2QE-03
1.32E-02
1.04E 02
lo31E 02
6.29E 03
7.86E-03
1.82E-02
5.55E-03
8.02E-03
4.44E-03
3.49E 03
b.lbt 03
2.12E 03
l.dOE 02
7.50E-03
6.84E 03
6.63E 03
2.23E-02
4.56E-03
5.00E 03
3.07K-03
4.70E-03
4.70E-03
3.73E-03
2.31E-03
4.1$ E-03
1.87E 03
5.00E-03
4.95E 03
6.13E 03
4.2QE-03
5. 31E-03
Q.ZTK-03
6.54E-03
2.99K 03
4.10E-03
7.10E-03
3.3QE 03
3.20E 03
4.26E 03
1.33E 03
1.88E-03
2.32E-03
1.42E-02
$ .64E 03
5.57K-0$
3.54E-03

Q. 50Et02
6.59K+03
1. 37K+03
2. lbtt01
2. 31K+01
2. 45K+01
2, 10tt01
3.89K+01
1,50E+01
4. 13tt01
l.OOEt01
2. 5QE+01
l.55K+01
2.23K+03
1. 39E+01
2. 29tt01
1.30tt00
9.85tt00
5.65E-01
1.08tt02
2. 82K+01
1.05K+05
1.54E-05
9.4QE 05
Z.bit-04
Q.$ 8E 05
5.64K-OS
9.11K 05
1.80E 04
9,06E 05
9.49E-05
2.91E 05
1.7QE-OS
Q.dbt 05
1.32E-OS
5.24E-04
1.55E 04
1.38E 04
1.29E-04
2.71E 04
6.39E 05
7.35E-05
1.39E-OS
3.25E-05
3.25E-05
2.05E-05
7,86E 06
2.52K 05
5.17E 05
S.dbt 05
3.62E 05
5.55E 05
2.72E-05
4.16E-05
1.24E 04
1.08E 04
1,32E 05
2.48E 05
7.44E 05
1.69E 05
1.51E 05
5.33E 05
5.24E 06
1.05E 05
2.50K-05
2.98E 04
3.90E 05
1.44E 04
3.68E-OS

6.20E+00
1,37Et00
2.58K+00
1.21K+01
7 77K+00
2.28K+00
1.3dE+01
3.50K+00
1.0QE+01
2.4$ tt01
9.12K+00
7.30tt00
9.45tt00
2. 15K+01
7.28tt00
6.51K+00
1. 12K+01
1. 1dt+01
l.09ttbl
3.70tt01
7 21tt00
4 '4K~01
1.35E 04
3.41K 03
1.2$ K 03
3.3QE 03
7.42E 04
9.26E 04
4.5QE 03
3.29E 04
9 45E 04
5.23E 04
4.11E 04
9.55E"04
1.25E 04
7.QOE 04
4.44E 04
4.05E 04
3.93E-04
5.75E-03
2.76E-04
2.9&E 04
$ .51K-04
5.54E-04
5.54K-04
4.3QE 04
2.72E 04
4.87K 04
2.21E-04
5.90E-04
5.64E 04
7.23E-04
5.06E 04
6.26E 04
1.08E 03
1.01E 03
$ .52E-04
4.83E 04
8.37E-04
4.00E 04
$ .77E 04
2.52E-04
7.QOE 05
1.12E 04
8.12E-05
1.68K-03
2. 16E 04
l.95E 04
2.0QE-04

2. 75E+01
1.37K t01
l.57K+01
1,94K+01
1. 49tt01
d.85tt00
2.05tt01
Q.QQE+00
l.55Et01
3.3QK+01
1.'37tt01
1. 45E+01
1. Sbtt01
7. 0QEt01
1. 41tt01
1.39tt01
1. 29tt01
1 ~ 59tt01
1.22K t01
5. 37Kt01
1. 70tt01
1 54Et01
1.05E 03
1.04E-02
5.33E-03
1.04E 02
3.62E-0$
4.77E-03
1.44E 02
2.55E 03
4.86E-03
2.dQE 03
2, 11E-Q3
4.96E 0$
9.7$ E 04
d. ZSE&3
$ .45E-03
3. 14E-0$
3.05E 03
1.76E 02
2. 14E-03
2.30E-03
1.86E 03
2.85E-03
2.85E-03
2.25K-0$
1.40K 03
2.50E-03
l.14K-03
3.03E-03
3.00E-0$
3.72E-03
2.50E-0$
3.22E 03
5.56t-03
S.lbt-03
1.61K 03
2.49t 03
4.$ ZK-03
2.05E-03
1.Q4E 03
1.96E-03
5.13E 04
8.66E-04
8 44K-04
8.62E-03
1.67E 0$
2.03E-03
1.6$ K 03

7.41ttol
1.17K+02
7.27tt01
2.77Et01
2.$ dtt01
1. 57K+01
2. 83Kt01
2. 17E+01
2.33K+01
4.55Et01
1. 95tt01
2.$ 5tt01
2.32K+01
1. Sbtt02
Xelbtt01
2.27tt01
1.48tt01
2.19tt01
1 o$ $tt01
7. ZJE+01
2.56K+01
4 12E+02
7.85E-03
3. 11E-02
3. 15E-02
$ .0QE-02
1.90E-02
2.37E-02
4.29E-02
1. 9lt-02
2.42E 02
1.34E 02
1.05K-02
2.47E-02
7.27E-03
4.58E-02
2.58E-02
2.35E-02
2 28E-02
5.25E-02
1.60E-02
1.72K-02
9.25E-0$
1.42E-02
1.42E-02
1.12E 02
6.95E 0$
1.25E-02
5.55E-0$
1.5ZK-OZ
1.49E 02
1.85E-02
1.29E-02
1.60E 02
2,77K-02
2,58E 02
9.01E 03
1.24E-QZ
2.14E 02
1.02E-OZ
Q.64E 03
1.45E 02
4.58E-03
6.47E 03
&.42E-03
4.29E-OZ,
1.2SE-02
2.02E-02
l.21K"02
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APf%NDIXC
DCPAA DATAdhSK

S.NO. HANK OF DISIRIBUTION BEAN VARIANCE 5TH TILE NEO?AN QSTH TILE

470. ZHETT1 B.K. FAIL IO RIP TURBINE FOLLOWING llANUAL REACTOR TRIP ATTKHPT
471. ZHKTT2 B.E. Fh?L TO TRIP TURBINE M/NO HANUAL REACTOR IR?P AITEHPT
472. ZBKF?3 B.E. FAIL IO START RHR PUNPS DURING VB 1 FIRE
473. ZBEOB1 H.E. FAIL IO INITIATE BLEED AND FEED COOLING
474. ZHKCHI H.K. FAIL IO CONTROL A?M FLOW TO RUPIURED STEAH GENERATOR
475. ZBKPRI H.E. FAIL IO THROTTLE CHARGING BEFORE PORV'S LIFT
47d. ZHKPR5 H.E. FAIL IO R?7OTELY ISOLATE STUCXWPEN PORV AFTER INADVERTANT
477. ZBEO1B?BB?AN ERROR RATE OF Ol?SSION - TYPE 1B
47d. ZBKD01 H.E. DYNAMIC Hi%AN ERROR RATE (KNOWLEDGE BASED>
47Q. ZHESSN H.E. UNAVA?L. DUE TO NON-RECOVHlhBLE CALIBRATION ERROR
480. ZHESSR H.E. UNAVA?L. DUE TO RECOVERABLE CALIBRATION ERROR
461 ~ ZHKAC2 H.E. Fh?L TO RECOVER PROD SEISHIC BATTERY CHARGER FAILURE
482. ZHESE1 H.E. PAIL TO RESTORE RCP SEAL INECTION FIKH FIRE MATER SIST?3l
463. ZHECT1 H.E. PAIL TO RESET ANNUNCIATOR 6 CIRL POWER BOARDS
484. ZHECT? B.E. FAIL TO RESET ANNUNC. h CIRL POWER BOARDS M/0 I D AIM PUMP
465. ZHECI3 H.E. FAIL IO RESET ANNUNC. h CTRL POWER BOARDS M/ QQLL RCS BRE
486. ZHECT4 H.E. FAIL IO RESET ANNUNC. 4 CTRL POWER BOARDS M/ BOTH OF THE h
467. ZHEFOS H.E. FAIL IO REALIGN FUEL OIL TFR PUMP GIVEN 1 LOSS OF POWER. 1
466. ZHKFO6 H.E. FAIL TO ALIGN A DEDICATED, ?ORTABLE FUEL OI? IRANSFER PUHP
469. ZBKF32 B.E. FAIL TO START AN FLOW FRN BOI STDN PNL VB 2/VB 3 FIRE
490. ZBKHS4 SANK AS ZHEHS1, EXCEPT WITH ATMI
491. ZH?3NJZ B.E. FAIL TO REDUCE INJECTION FLCM TO RCS AND PROVIDE HAXEUP TO
492. ZHEOB2 B.E. FAIL TO ESTABLISH INSTRUHKNT AIR TO CONTAIN. FOR THIRD ?ORV
493. ZHKOR1 H.E. FAIL TO COOL DOWN AND DEPRESSURItz RCS
494. ZHERE6 H.E. FAIL TO INSTALL PORTABLE POWER SUPPLY DURING SEISMIC BLACK-
495. ZHEIT3 B.E. FAIL TO IRIP TURBINE M/NO llhNUAL REIIC?OR TRIP ATI?HPT
496. ZHKSV1 OPER. ACTION TO RECOVER SIKR VENT. FAILURE AFTER I ~ E.
497. ZCBLDG CONTAINlKNT BUILDING
498. ZBISIR CONCRETE INTERNAL BIO SIRUCTURE
4QQ. ZINSTR INTAKE SIRUCIURE
500. ZABLDG AUXI? IARY BUILDING

BSHR TURBINE BUILDING SHEAR MALL
IX REFUELING MATER STORAGE TANK

PIP AUX. SALIMATER P?PING
V REACIOR PRESSURE VESSEL

505. ZRXINT REACTOR INTERNALS
506. ZSIHGN STKAH GENERATORS
507. ZPORVl POWER OPERATED RELIEF VALVES
506. ZRC?llP REACTOR COOLANT PUMPS
509. ZRHRPP RHR PUHPS'* 510. ZRHRHX RHR HEAT EXCHANGERS
511. ZSIACC SI ACCUHULAIORS
512. ZBOITX BORON INJECTION TANK
513. ZCCMPP CCM PlolPS
514. ZCCWHX CCM HEAT EXCHANGERS
515. ZCCMIX CCM SURGE TANK
516. ZCSPHP CS PUMPS
517. ZSPATX SPRAY ADDITIVE TANK
Slb. ZSD?WP AFM PUHPS (STEAN DRIVEN)
519. ZDGFPll DG FUEL O?l. PUMPS/FILTER
520. ZDSLGN DIESEL GENERATORS
521. ZDGRMP DG RADIATOR/MATER PUHP
522. ZDGEXC DG EXCITATION CUBICAL'23. ZDGCPN DG CONIROl PANEL
524. ZCONFC CONTAINHKNT FhN COOLERS
525. ZSUPFN SUPPf Y FANS
526. ZSRTFN SUPPLY/RETURN FANS
527. LSCKR 4XV SWITCHGKAR
526. ZTFRFF BUS F POTKNIIAL TRANSFORMER
529. ZSFGRP SAFEGUARD RELAY PANEL
530. ZBATRY BATTERIES
531. ZBATCH BATIKRY CHANGERS
532. ZSMGBP SM?TCHGEAR/BREAKER PANEL
533. ZINV?R INVERTERS
534. ZTRANS 4160/480V TRANSF~
$ 35. IARPNL AUXILIARYRELAY PANEL
$36. IlLNTB HAIN CONIROL BOARDS
537. ZHSPNL HOT SHUTDOWN PANEL
136. ZPCAPS PROCESS CON?ROL AND PROTECT?ON CABINETS

3.16E 03
8.83E 03
7.01E 03
1.3dz 02
1.32E-02
1.28E 02
4.50E 03
4.70E 03
1. Ooz-01
4.01K-04
2.09E-06
3. 01E-03
1.00E 02
1.99E 03
4.00E-03
4.00E 03
8.00E-03
2.00E-02
4.0OE 02
6.50K 03
6.15E 03
6.00E-03
6.00E 02
7.60E-02
Q.QQE 03
5.32E 02
6.83E 04
0.00E 01
1.00K+00
0.00E 01
0.00E-01
0. 00E 01
0.00K 01
0. Ooz-ol
D.ooz 01
0.00E-01
0.00E 01
0.00E 01
0.00E 01
0.00E-01
0.00E 01
0.00E-01
0.00E-01
0.00K 01
0.00E 01
0.00E-01
0. Ooz-01
O.ooz 01
0.00E-01
0.00E-01
0. Ooz-01
O.ooz 01
O.ooz 01
0.00K 01
O.ooz 01
0. 00K-01
0.00E 01
0.00E-01
0.00E 01
O.ooz 01
0.00E-01
O.ooz 01
0.00E 01
0.00E 01
O.ooz-ol
0.00E 01
0.00E 01
O.OOK 01
0.0OK-01

1.46E 05
2.29E 04
1.4SE 04
3.doz 04
3.56E 04
3.35E 04
2.99E 05
2.76E 05
1.10E 02
3.68E-06
1.18E 12
4.22E-05
5.43E-OS
1.?7K-05
4.71K 05
4.71E-05
1.89E-04
2.17E 04
2.36E-03
1.24E 04
1.23E-04
1.89E 04
3.47E 03
4.59E-03
2.94E 04
3.83E-03
5.96E 06
0.00E-01
0.00E 01
0. 00E-01
0.00E 01
0.00K-01
0.00E-01
0.00E 01
O.ooz 01
O.ooz 01
O.ooz 01
O.ooz 01
0. 00E-ol
0. Ooz-01
0.00E-01
0.00E-01
O.ooz-o?
0. Ooz-01
O.ooz 01
O.ooz 01
O.ooz 01
0. Ooz-01
0. Ooz-01
O.OOE-01
0.00E-01
O.OQE-O?
O.ooz 01
0.00E-01
0.00E-01
0.00K-01
0.00E-01
0.00E-01
0. 00E-01
O.ooz 01
0.00E 01
O.OOK-01
0.0OE 01
0.00E 01
0.00E 01
0.00E-01
O.ooz 01
0.00E-01
O.OOE 01

3.73E-04
5.23E 04
4.15E 04
6.73E-04
6.53z-od
6.32E 04
5.31E 04
5,40E 04
1.02K-02
3.60E 05
1.00E 07
1.05E-04
2.57E-03
1. 18E 04
2.37E-04
2.37E 04
4.74E oi
5.15E-03
4.72E 03
3.85E 04
1 doz 04
4.74E-04
2.06E 02
2.34E 03
5.92E 04
2.14E-03
5.97z-od
O.ooz 01
?.00K+00
O.ooz 01
O.ooz 01
D.ooz 01
O.ooz 01
0.00E 01
O.ooz 01
0.00E 01
O.ooz 01
O.ooz 01
O.ooz 01
0.00E-01
D.ooz 01
O.ooz 01
0.00E 01
0. Ooz-01
0.00E-01
0. 00E-01
0. OOE-01
D.ooz 01
0.00E 01
O.ooz 01
0.00E-01
O.ooz 01
O.ooz 01
0.00E-01
O.ooz 01
O.OOE 01
0.00E-01
0.00E-01
O.ooz 01
O.ooz 01
0. Ooz-ol
0.0OE-01
0.00E 01
0.00E 01
O.ooz-ol
O.ooz 01
O.ooz 01
0.00E 01
O.ooz 01

1.92E-03
4.06E-03
3.22E-03
5.23E-03
5.07K-03
4,91Z 03
2.73E 03
2.65K 03
d.obz-02
3.30z-oi
1.7oz-oa
1.10E 03
7.88E-03
9.1SE 04
1.84E-03
1.84E-03
3.66E 03
1.58E 02
2.43E-02
2.QQE-03
1.87E-03
3.66E 03
d.31E-02
1.62E-02
4.5QE-03
1.6dz-02
1.25E 04
0.00E 01
1.DOE+00
0.00E-01
0.00E-01
o,ooz 01
O.ooz 01
0. 00E-01
0. OOE-01
0. OOE-01
D.ooz 01
O.OOE-01
O.ooz 01
0.00E-01
0.00E 01
o,ooz 01
0.00E 01
0.00E-01
O.ooz 01
0.00E-01
O.ooz 01
0.00E-01
O.OOZ-01
O.OOE 01
O.OOE 01
0. OOE-01
O.OOE-01
O.OOE-01
O.ooz-ol
O.OOE-01
O.ooz 01
0.00E-01
0. Ooz-ol
0. Ooz-01
o,ooz 01
o,ooz 01
0.00E-01
0.00E-01
0 ~ OOE-01
O.ooz 01

'O.ooz 01
O.ooz-01
O.ooz 01

9,54K 0$
3.03E-02
2.41K-02
3. Qlz-02
3.79E 02
3.67E-02
1.36E-02
?.Idz 02
2.49K-01
a.7oz-oi
3.doz-od
1.09E-02
2.35E-02
a.diz-o3
1.37E 02
1.37E 02
2.75E 02
4.70E-02
l.21E-01
2.23E 02
1.87E 02
2.75E 02
1.86E-01
1.36E-01
3.43E-02
1.24E-01
2.51E 03
0.00E 01
1.00E400
O.ooz 01
O.ooz 01
o,ooz 01
0.00E-01
0.00E-01
0.00E-01
0.00E-01
O.ooz 01
O.ooz 01
O.ooz 01
0.00E-01
0.00E 01
O.ooz 01
O.ooz 01
0.00K-01
0.00E-01
O.ooz 01
0. 00E-01
O.ooz 01
0.00E 01
0.00E-01
0.00K-01
0.00K-01
O.ooz 01
O.ooz 01
O.ooz 01
0.00E 01
O.ooz 01
0.00E 01
0.00E 01
0.00E-01
0.00K-01
O.ooz 01
0.00E-01
O.ooz 01
O.OOE-01
0.0OK 01
0.00E-01
O.OOE-Oi
0 ~ ooz-01

C1-9 NUREGICR-5726



hRKNNXC
OCPRA DATABASE

S.NO, BANE OF DISTRIBUTION HEAR. VARIANCE 5TH 2 ILK HEDIAN 95TH TILE

559. ZRTSNG
540. XPADPT
541. XIPLNS
542. XOSPMR
545. XOSPR2
544. XBOPPS
$45. XPKNBX
546. XHVDAS
547. XSNGE2
546. BCBCH
549. XDCPCB
550. XSGPCB
551. XSRBCH
552. XSTRUT
555. XTFRFX
554. XSFGR2
555. XCBPNP

REACTOR TRIP SIGTCHGEAR
PRESSURE ta DP TRANSNITTERS
IMPULSE LINES
OFF-SITE POCR,230KV
OFF-SITE PC4IER 500 LV
BOP PIPING AND SUPPORTS
PKNEIRATIONS
BVAC DUCTING AND SUPPORTS
SNITCBGEAR /STRUT FAILED
CHATTER, HAIN CONIRQL BOARD
CHATTER, DG CONTROL PANEL
CHATTER, 4KV SNITCHGEAR
CHATTER, SAFEGUARDS RELAY BOARD
STRUT FOR TURBINE BUILDING
BUS F POTENTIAL TRANSFGRHER
SAFEGUARD RELAT PANEL
CENTRUFUQAL CHARGING PUHP

O.OOE 01
O.OOE 01
0 ~ OOE-01
O.OOE 01
O.OOE 01
O.OOE Ol
O.OOE 01
0.002-01
O.OOE 01
O.OOE 01
O.OOE 01
O.OOE 01
O.OOE 01
0. 002-01
O.OOE 01
O.OOE 01
0.00E 01

O.OOE 01
O.OOE 01
O.OOK 01
O.OOE-01
O.OOE 01
O.OOE-01
0.00E 01
O.OOE 01
O.OOE-01
0. OOE-01
O.OOE-01
0.00E 01
O.OOE 01
O.OOE 01
O.OOE-01
O.OOE 01
0.00E 01

O,OOE 01
O.OOE 01
O.OOE 01
O.OOK 01
O.OOE

01'.OOE01
O.OOE 01
O.OOE-01
O.OOE 01
0 ~ OOE 01
O.OOE 01
O,OOE 01
O.OOK-01
O.OOE-01
O.OOE-01
O.OOE 01
0. OOE-01

O.OOE 01
O.OOE 01
O.OOE 01
0. OOE-01
O.OOE 01
0. OOE-01
OoOOE 01
O.OOE 01
O.OOE 01
O.OOE 01
O.OOE 01
O.OOE 01
O.OOE 01
O,OOE 01
O.OOE 01
O.OOE-01
O.OOE 01

0.00E 01
O.OOE Ol
0.002-01
0. 002-01
0 ~ OOE 01
0.002-01
O.OOE 01
0 ~ OOE-01
0 ~ OOE 01
O.OOE 01
O.OOE-01
0. OOE-01
O.OOE 01
O.OOE 01
O.OOE 01
0.00E 01
O.OOE 01
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APPENDIX D

DCPRA'OMINANTACCIDENT SEQUENCE MODEL

D1: Description of the Diablo Canyon Reduced Core Damage
Frequency Model

D2: Pair importance Calculations by Condltlonal Split Fractions
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Appendix Dl: Descrilttlon of the Diablo Canyon Reduced Core Damage Frequency Model

D1.1 Introduction

As discussed in Section 3.2, BNLproposed to develop a reduced core damage frequency model composed of
the leading accident sequences in order to pursue insights into the DCPRA and/or the plant itself. As it
turned out, when BNL requested that PG&E supply a listing of the dominant accident sequences totaling a
minimum 80-90% of the internal events core damage frequency, BNL was informed that PG&E was
developing its own reduced model and it was offered to BNL. The PG&E reduced model included both the
internal as well as the leading non-seismic external event dominant contributors and covered approximately
88% of the total non-seismic core damage frequency as determined by the DCPRA.

BNL subsequently requested a brief description of the PG&E dominant sequence model and was provided
with the followingwhich we quote here without further comment:

"Non-Seismic Dominant Se uence Model Develo ment - The dominant sequence model is a
compilation of the highest frequency sequences which lead to core damage. These sequences
were compiled by the coinputer code SQLINK. SQLINKwas used to link the support model
sequences with the frontline model sequences and generate a listing of core damage sequences.
A cutoff of 1.0E-6 was used in SQLINK; this cutoff operates as follows: sequences with
frequency greater than 1.0E-6 times the total core damage frequency (prior to recovery) were
retained by SQLINK for inclusion in the dominant sequence model. The highest frequency
sequence excluded by SQLINK due to this cutoff would be approximately 6.0E-10.

Additionally, the maximum number of sequences which can be processed by SQLINK is 1999.
The DCPRA quantification reached this limit; due to reaching this limit the highest frequency
sequence excluded from the SQLINK output was approximately 8.0E-8.

Neither the cutoff nor the storage limitationaffected the composition of the dominant sequence
model. The dominant sequence model contains the first 420 sequences contained in the
SQLINK output. These 420 sequences total 88.1% of the total non-seismic core damage
frequency. The largest sequence excluded from the dominant sequence model, but contained
in the SQLINK output, had a frequency of 1 ~ 1E-7 (i.e., sequence 421).

The dominant sequence model was developed by writingthe sequences in the form of equations;
each sequence is written as the product of an initiatingevent and the failed split fractions. This
process was automated by using the computer code RMODEL: however, split fractions for
successful top events were not automatically included in these equations. The most important
success terms were manually added to the dominant sequence model where the rare event
approximationwas not appropriate. The dominant sequence model was then requantifiedusing
point estimates for initiating events and split fractions. The resulting value, from the 420
sequences, did not equal the total core damage frequency before any truncation. The 420
sequence total was actually higher. The result from the 420 sequences differed because of the
missing success terms (those not included in the sequences) and because of the limited number
of sequences included in the model; this indicated that the absence of success terms in the
dominant sequence model out weighed the total frequency of the sequences below the 420th.
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Appendix D

Therefore, to make the total frequency from the dominant sequence model match the total
frequency from the SQLINKoutput, a ratio was applied to the dominant sequence model total.

Finally, selected sequences in the dominant sequence model were multipliedby recovery factors;
the recovery factors were described previously in PG&E letter number DCI 89-283 dated
November 13, 1989.

In summary, the most important cutoffor limitationwith respect to the development of the non-
seismic dominant sequence model is the limitof 420 sequences. Sequences with frequency as

high as 1.0E-7 are not explicitly included in the dominant sequence model. In principle,
however, the frequency of these sequence is included because the total core damage frequency
from the dominant sequence model prior to recovery was adjusted to match the total core
damage frequency without any truncation."

Upon receipt of the floppy disk, BNL solved the provided set of equations as a FORTRAN expression and
obtained the same results as PG&E. This was done simply as a QA check of the floppy disk not the model
and data. In order to pursue insights into the model, BNLreconfigured the model into input compatible with
the SETS code. The purpose for using the SETS code was that the faithfulness to a Boolean expression could
be investigated, the individual sequences could be quantified and ranked, and then local software could be
applied to the SETS output for post-processing purposes.

BNLfirst converted the four hundred plus equations in the PG&E model into one large equation containing

~ ~

~

~

~

420 sequences. The ratio discussed in the above quote was of no further interest (beyond the QA check) to
BNL and was therefore discarded. Table D1.1 contains the final form of the model and associated
quantification that all succeeding BNL calculations were performed on and the remainder of this appendix
details its evolution. (Table D1.1a contains the Boolean model, and Tables Dl.lb through Dl.lfcontain the
quantiTication for the initiators, frontline system split fractions, support system split fractions, human actions
and recovery events, and elements added by BNL to preserve the original quantification respectively.)

The 420 sequence version of the model contained six sequences that had combinations of elements OR'ed
together within them. Table D1.2 shows these six sequences as modified by BNL and originally input to the
SETS code. In final version (Table D1.1) the original six sequences were left with the AW split fractions and
the ZHE terms were substituted in and became sequences 421 through 426. The hazard chemical sequence
became sequence 427 and the control room fire sequences (grouped together) became sequence 428. The
remainder of the equations define the recovery actions (see Table D1.3) and the complemented events that
PG&E placed into the model per their description above.

The first input to SETS was the 420 sequence version with the BNI defined combination events (COMB+,
no complement event definitions, and no substitution for the recovery events. This run revealed that sequence
43 had a ratio in it expressed as AW1/AW3 while SETS interpreted it as an erroneous cut set with a
complemented event (/) in it. This was fixed by substituting the new event AW1BAW3 for this ratio and
adding the numerical value of the ratio to the Valueblock. Given the above mentioned split of sequence 43,
AW1BAW3 wound up in the final model in both sequence 43 and 426. Also, in sequence 63 there was a
factor of two within the cut set. This was changed to the variable name FACTR2 and given a value of one
in the Valueblock (as SETS believes it to be a probability), however, in the post processing computations on
which all BNLresults are based it was given its original value of two. With the above changes made the SETS

de was successful in reading and quantifying the sequences. Again, reactor trip (RT) and turbine trip gT)
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were set to one for the SETS calculation and to their originalvalues (RT = 1.14 and TI'= 1.05) for the later
BNLquantification.

The next step was to solve the model with the COMB elements removed and the six additional sequences

added. This step Gagged two problems as the quantification for this run was less than the original run. One
problem was traced to sequence 43 which with the substitution became:

LOOP 'GF 'W1 'AF 'W3 'B1 ~ AW1BAW3 'W3.
The SETS code did a Boolean reduction on this sequences as AW3 appeared twice and simply threw away
the second one. In order to preserve the sequence quantification, the second AW3 was changed to
DUMMYAW3and given the same quantification.

The second problem was that a number of sequences were thrown away by the SETS code as it interpreted
them as non-minimal cut sets. BNLinvestigated and found that the cause was the lack of an expressed success

state in the nine sequences shown in Table D1.4. BNL, therefore, added the variable DUMMYto each of
these sequences in order that no sequence would be thrown away and gave it the value of 1.0 to preserve the
quantification.

When the equations for the recovery actions were substituted into the model the followingproblem was
discovered. Sequence 10 became:

LOOP 'GF 'H1 'G2 'W1 'AF 'W4 'F1S 'F1S 'M25 '(ZHESW1 +
AW4) 'ESLC1]

which has two AW4's in it. BNLchanged the definition of RSEQ10 to include DUMMYAW4substituted for
the second AW4 to preserve the quantification.

The final step was to add sequences 427 and 428 as discussed above. Sequence 427 has a 0.1 factor which was
renamed POINT1. 'When the 428 sequences were expanded with the substitutions of the recovery actions
within SETS the result became 452 "cut sets" defining the top event TOP. Using this model and the
accompanying data yields: TOP = 1.7728E44. The SETS solution (with RT, TI'nd FACTR2 reduced to
1.0) was: TOP = 1.7457E44.

PG&E supplied two updates to the original model sent to BNL. The first was an update of six split fractions
following the BNL review of the ECCS low pressure injection function. The current model refiects these
changes. The second update was to correct an error discovered in Sequence 43. The original sequence
provided to BNLwas the following:

LOOP i OGF 'W1 'AF 'W3 'B1 'AW1/AW3 'ZHESW1 + AW3))

which was split into two sequences as discussed previously. The updated version was as follows:

LOOP ~ OGF 'W1 'AF 'W3 'B1 'AW1/AW3 + ZHESW1 + AW3)

As can be seen from above, the correction (when expanded) would have added an additional cut set to the
model and would have increased the two in the model by a factor of (AW1/AW3) i. This would not have had
an appreciable effect on the model as discussed in Table D1.3 or on the BNL quantification and therefore
BNLdid not make this change to the model and rerun the calculations.
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Table Dl.la
Reduced Core Daruage Frequency Model

Appendix D

1~
2>

5
6=
7
8=
9=

10=
11=
12=
13=
14=
15~
16=
17=
18=
19=
20=
21=
22~
23~
24~
25=
26=
27=
28=
29=
30~
31=
32=

34~
35=
36=
37=
38=

40~
41m
42=
43~
44
45=
46=
47=
48=
49=
50=

RT
LOOP
TT
FSB
RT
RT
TT
TT
LOOP
LOOP
LOSWV
L1DC
PLMFW
LOOP
LOOP
SLBO
SLBO
SLBO
LOOP¹0
RT
PLMFW
PLMFW
F511
LOOP¹ 0
TT
RT
L1DC
LOOP
Fsi
TT
LPCC
LOOP
PLMFW
SLBO
L1DC

TOP=LOSWV ¹ IRF¹ SVF fRF45¹ CI 15¹ 5115¹0615¹5415¹SB15¹ZHESV3
L1DC fDGF¹ 12F¹ 4W7¹ OB3¹ RF4S¹CI 1S¹ ZHERW3.
LOOP fOGF¹ GFlfGG2¹ GH3¹CVF¹ASF¹RESLC2
SLOCN fIRF¹L41¹LB2¹CI 15¹ MU2
LOOP fOGF¹ GF1 fGH2¹ IRF¹4W4¹662S¹ TG3S¹TH3S¹RESLC1 ¹REOB1
L1DC fDGF¹ 12F¹ CC3¹RF45¹ZHERP2
LOOP fOGF fGF1 fG62¹ TG3¹ 14F fASF fGH3S¹ TH4S ¹RESLC2
LOOP ¹OGF¹F01¹ CVF¹ASF¹GF15¹6615¹ GH15¹TG15¹ TH15¹ RSEQB
LOOP fOGF¹6$ 1¹ GH2¹'14F¹PRD¹GF1S¹ ZHERE2¹RERC06
LOOP ¹OGF¹GHlfTG2¹SWlf IAF¹4W4¹GF1S¹GG1S¹TH2S¹RSE010
LOOP fOGF¹GH1¹TH2¹ SW1 f IRF¹AW4¹GF1S¹GG18¹T62S¹RSEQ10
FS1 fIAF¹AW4¹OBI¹RF45
LOOP ¹OGF¹SWlf IAF¹SV2¹GF15¹6615¹GH15¹T615¹TH15¹ ZHESV3
SLBO fIAF¹MS2¹ RWB¹OB1¹RF4S¹AW3
LOOP ¹OGF¹ GFlf662¹ IRF¹CC5¹ GH35¹T635¹ TH35¹ ZHERE2¹ RESLC3fDHlf13F¹ RWB¹RF45¹ CI 15

¹OGF¹ GFlfGG2¹ IAF¹ASB¹GH3S¹ TG3S¹TH3S¹ RESLC2fDHif13F¹ AWB¹RF45¹ CI15fAFFfAGF¹AHF¹ IRFfCCF¹DUMMY
fDG1¹12F¹ RW7¹ RF4S¹ ZHEOB2
f14F¹HSlf RF4S¹ CI 18fD$1¹ 12F¹ RW7¹RF45¹ZHEOB2
fIAF¹HS1 fRF48¹ C I15
fOGF¹ GH1 f IRF¹4W3¹GF1S¹GG1S¹ TG2S¹TH2S¹RSE024
fOGF f661¹TH2¹F04¹ CVF¹ASF¹GF15¹ GH25¹ TG25¹ RSE025
¹14F¹ SVF¹ RF4¹CI15¹ SI1S¹ZHESV3fDGF¹ 12F¹ 4W7¹ OB3¹RF4¹CI 1S¹ZHERW3
fDH1¹ 13F¹ AWB¹RF4S¹ CI 1SfOGF¹ GHlfIRF¹PRD¹ L41¹RERC06
fOGF f661 fIAFfPRD¹ LB3¹GFi S¹GH25¹ T625¹ TH25¹ RERC06fDGlf12Ff MS2¹RF4S¹ CI 1S¹ 4W7fDH1¹13F¹ MS2¹RF4S¹ CI 18¹RWB
fAH1¹ IRF¹ MS2¹ RF48¹ CI 1S¹4W3
GF f661 fT62¹ SW1 ¹ IAF ¹CC5¹GF15¹ GH25¹TH35¹ RSE034fIAF¹AWlf081¹ RF45¹CI 15fDG1¹12F¹ AW7¹RF4S¹ZHEOB2
fIAFfHS1 fRF48¹ C I15fIAF¹RSF¹ RP2¹SE1
GF¹ 661¹ T$2¹ SW1¹ IAF¹RSB¹GF15¹ GH25¹TH35¹ RSE034f IRF¹RW1¹ OB1¹DUMMYf14F¹ SVlfRF4S¹ CI 1S¹SI 1S¹ ZHESV3
fDGF ¹ 12F f453¹ RF45¹ ZKERP2fOGF¹ SW1¹ IAF¹RW3¹ OB1¹RW1BRW3¹DUMMYAW3
¹ IRF f4W4¹ VI2¹ DUMMY
fIAF¹SV1¹ RF45¹ CI 1'S¹SI 1S¹ ZHESV3
¹ 14F¹ASF ¹RP2¹SEl
fOGF fGF1 ¹GP2¹GH3¹CVF¹RSF ¹RW4¹RESLC1
¹ 14F fAW1fOB1 fDUMMY
¹ 14F fMS2¹4WB¹VI2¹AW3
fDGF¹12F ¹AW7¹VI2¹DUMMY
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Tabie Dl.la (ooathgcd)

51~
52~
53=
54m
55~
56=
57=
'58=
59=
60~
61=
62=
63~
64=
65~
66=
67~
68=
69=
70=
71=
72=
73~
74=
75=
76=
77=
78=
79=
80~
81=
82=
83=
84~
85=
86=
87=
88=
89=
90=
91=
92~
93~
94=
95~
96~
97=
98=
99=

100=

L1DC
PLMFW
MLOC4
LOOP
MLOC4
LOOP
LOOP
LOOP
LOOP
LOOP
FS9
LOOP
MLOCA
LOOP
EXFW
LOOP
LOOP
LOOP
LOSW
LOOP
LOOP
LLOCA
EXFW
EXFW
SGVR
LOOP
FS1
LOOP
LOOP
LOOP
LOOP
LOOP
L1DC
RT
LOOP
RT
MLOCA
LOOP
L1DC
F811
LOOP
L1DC
LOOP
TT
LOOP
L1DC
LOOP
TT
L1DC
LOOP

aDGF412F44w74LB34MU2
414F4 sviaRF4sacl lsasl ls4zHEsv3
4 IRFaRF3
40$ F4GF1 aGH2414FCSV54ZHESV3
414FOL434LB2
IOGF4GH1ITH24F024CVFOASFCRSEQ25
40$ F 4$ $ 14T$ 2lF024cvF 44sFaRsEQ25
40GFOGF 1 aGH24TG34 IAFCRW44REOB1 4RESLC1
40GF4$ F14$ H24TH34IAFlAW44REOB14RESLC1
40$ F4GH14TG24TH34SW34 IRFIAW44REOB1 4RESLCi
4IAFaOB1
40$ F4$ $ 14GH2lTG3aTH44CVF44SFaRESLC2
4 IAFSSI 1 4FACTR24CH2
40$ FSGF14$ $24TG34TH4IIAFSASFaRESLC2
aDH1 a 13F44WB
'40GF4F014CVFIRSF44W44ZHEF064RESLC1
COGF4GF14$ $24GH34CVF44SF 4PRD
IOGF4 IRF4sv44swls4RF4sacl lslsl ls4zHEsv3
4 IAF44SFORP24SE1
40GFIGGI4F034CVF44SFSRSEQ25
40GF 4 TH1 4F034CVF 44SF lRSEQ25
I'AF44C1
CDG1412F44W74ZHEOB2
4 IRF4Hsl
414FeSLiaMU1
40GFCGF14GH24 IAF44W44PRD

'D$1412F
aOGF4$ H14 IAFcsv24zHEsv34REAG12
COGFaTG14SW34 IAFCSV24ZHESV34RERC12
40$ F STH1 CSW3414Fa SV24 ZHESV34REAC12
COGF4GF14IAFCSV24ZHESV34RERC12
40GF4$ F14$ $24TG34cv344sFSREsLc2
4DGFS 12F 44W740B34LB14RF4SCZHEAW3
«RH1'4 IAF44w34RE0Bi
40$ F SGF14$ $24TG3a IAFSRSF4PRD
4 IRF44W14VI2
4 IRFSVI3
40$ F4GHlaT$ 24sw14 IRFasv5azHEsv3
aDGFOI2FCRW740B34CS24RF4SaZHEAW3
4 IRFIASFaRP2S
aOGFOGGlCGH2aTH34CVFaPRD
aDGFaI2F44W74CH240B34ZHERW3
lOGFSGH14 IAFIPRDSHRDaRERC06
aRH14 IAFCAw34REOB1
40$ F4$ $ 1 aGH24TG34 IAFaPRDSREAC06
aDGFaDH2412F413F 414FOAWRaDUMMY
40GF 4GH1 4 TH24swi 4 IRF '4sv54 z HEsv34RERc12
4IAFaRWiaVI2
aDGFSRH4412F'414F44WRaDUMMY
loGFaGHla IAFspRDcvAlaREAc06

- ~

+
+
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TaMe Dl la (congnned)
Appendix D

101=
102=
103=
104~
105=
106=
107=
108=
109=
110=
111= ~

112=
113=
114=
115~
116=
117=
118=
119=
120=
121=
122=
123=
124~
125=
126~
127=
128=
129=
130=
131=
132=
133=
134=
135=
136~
137~
138~
139~
140=
141~
142=
143=
144=
145=
146~
147=
148=
149=
150~

SGTR
LOOP
LLOCA
EXFW
LOOP
LOOP
LOOP
LOOP
LPCC
LOOP
LOOP
LOOP
EXFW
LOOP
LOPF
LOOP
PLMFW
FS1
RT
PLMFW
LOOP
LOOP
SLBI
RT
FS1
LOOP
L1DC
TT
IMSIV
L1DC
LOOP
LOOP
L1DC
TT
L1DC
L1DC
TLMFW
VSI
LOPF
LOPF
LOSWV
LOSWV
L1DC
SLBO
SLOCI
LOOP
LCV
L1DC
IMSIV
L1DC

414Ff SLixLA14LB2.
IOGFISW14 IRF'44W34VI2
4IAFSRF3
lIAF44W1XOB1
COGF4$ 614IAF4PRDCVB1
40$ FIGH14F014CVF tASF
40GF4TG1 4F014CVFlASF
40GF4GF1IF014CVFIASF
4 IAFCASF 4RP2S
40$ FSGG1IGH24TH3CF054CVFaASF
406F46$ 1XT624TH34FOSCCVF44SF
aOGF46$ 1x IAFCPRD4HRB
x IAF4SV1
406F4F014CVFaRSF4PRD
'4DHl4 13F 4 4W8
406F46$ 1 4GH24CV3xPRD
44H14IAFCRW3
4 IAF44w440814RF4
4D$ 1412Fxcc3
4 IAFSRW14VI2
aOGFaGHlaSW24 IAF44W4
40GFSGF14GH24 IAFxCCSCRW4
414F4RWB4RP240B1
4DH1413FCCC2
4 IAFCRW4lL414LB2
40$ F4GH14T624SWLC IAF44W44PRD
4DGF4DH24 12FC 13F 4 14F4RW44083
4D$ 1 X 12F4CC3
4DH1 a 13F44WB
4DGF44H44 12FC 14FCAW440B3
xOGF xswl 4 IAFasv2IRF4
40GFCGH14TH24SW14 I AF4AW4XPRD
CDF14DGF411F412F4MS2IRW44083
4DH1I 13F4CC2
IDGFI12F4AW740834SR2
CDGFCAF1412FCAW440B3
4DH1413F44WB
a IAFaITlaME1
CD61412F44W7
4 IRF4HS1
4SR1XSVF
ISB14SVF
4DF1 XDGF 4 I 1FX 12FSCCSCMS2
4 IAF4MS2xAWBCOBllRF4
x IRFCPRNSL41 aLB2
lOGFaGF146$ 24TH34 I AFaCCS
XDH1 4 13F IAWB
4DGF412FSSB1 XAW7XOB3
4 IAFCHS1
xDGF44F1 412Fxccs
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Table Dl.la (continued) e
151=
152=
153=
154=
155=
156=
157=
158=
159=
160=
161=
162=
163=
164=
165=
166=
167=
168=
169=
170-'71=

172=
173=
174=
175=
176=
177=
178=
179=
180=
181=
182=
183=
184=
185=
186=
187=
188=
189=
190=
191=
192=
193=
194=
195=
196=
197=
198=
199=
200=

IMSIV
FS9
SLBI
SLBO
L1DC
SLBO
LOOP
SLBO
LOOP
L1DC
LOOP
RT
TLMFW
LOOP
TLMFW
LOOP
MLOCA
LOOP
LOOP
SGTR
SLBI
SLBI
L1DC
LOOP
PLMFW
TT
LOCV
RT
LOCV
RT
RT
ISI
L1DC
PLMFN
LOOP
FS6
RT
LCV
LOSW
LCV
LOOP
TT
TT
TT
LOOP
L1DC
RT
LOPF
TT
LOOP

4CC4

CAW4

fASFIAN4

)I(ASB

4CCF

4ASF

4DG1412FCAN7
4 IAFIVI2
4SA54SBE40SF4MS2
41314MS240B1
4 DGFCDH24 12F 4 13F4 14F
41114MS240B1
COGFCDH14GFlf 13FSAN9
4 IAF4MS24ANBSLA14LB2
406FCGH14TH24SW14CVb
4DGF4AH44 12F 4 14FCCC4
406F46614TH24F044CVF
CDF14 11FIAW840B1
4DG1 412F4AW7
40GFCGF146624TH34 IAF
4IAFCHSl
COGF CDF1 4GH1 4 I 1F IAW9
4SA24SB640SF
40GF46H1 4 IAF4PRDCRF1
40GF4661 4GH24SW24 IAF
4IAF40P14VIS
4SBC40SFCRP240B1
4SAS'40SFCRP240B1
4DGF 4 12F4AW74VB1
40GF46614 IAFCPRD4RF1
CD61 4 12F4CC3
4DF14I 1FCAN840B1
4DH1 4 13F'4CVF'4AN8
41314AWSCOB1
4CVF4RTllOSF
4DH1413FCAW84RF4
41114AW540B1
CDK1413F4AW8
fDGF4 12F4AN74HRB
4DH1413F4CC2
40GFIB614GF146624 IAF
4AFFSAGF4IAF4CCSf RP2
CSA1 4SB24RT740SF
4DG1 4 12F 4 AW7
4 IAFCASFtRP2S
4 IAFCHS1
40GFCSW1 41AF4CC74SE1
41314AW540B1
41114AW540B1
4DH1413FCAW84RF4
COGF4DHl'413F4AN8

4DGF412F4AW740B34CI2'SA14SB240S14MS2

CIAF4AN140B1
4SAl fSB24RT740SF
'40GFSGFl 4 GH24CV24AW4

+
+
+
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Table Dl.la (continued)

201=
202=
203=
204=
205=
206=
207=
208=
209=
210=
211=
212=
213=
214=
215=
216=
217=
218=
219=
220=
221=
222=
223=
224=
225=
226=
227=
228=
229=

'230=
231=
232=
233=
234=
235=
236=
237=
238=
239=
240=
241=
242=
243=
244=
245=
246=
247=
248=
249=
250=

LOOP
SLOG I
LOOP
LOOP
LOOP
LOOP
LOOP
LOOP
LOOP
RT
LOCV
TT
LOCV
LOOP
RT
LOOP
ISI
ISI
LOOP
SGTR
LOOP
SLBI
LOPF
LOOP
SLBI
INSIV
SLBI
RT
TT
LOOP
LOOP
TT
ELOCA
LOOP
TLNFW
MLOCA
PLMFW
LOOP
L1DC
TT
LOOP
SGTR
SGTR
IMSIV
LOOP
SLBO
FS8
PLMFW
SLBO
LOOP

40SF46F146$ 24CV34CC5
4 IAF CCC1
406F 46614 1324PRD
40GFCGG14$ H24 IAF4CC54PRD
CQGFf TH14SN3f IAF44W34081
tOSFCTG1 4SW34 IAF4AW34081
40GF4GF1 46$ 24TH34F044CVFSASF
40GFCGF146H24 IAF4SV544W9
40GFCGF14 IAF44W34081
e IAFeHSa eRF4 .

4 D$ 1 4 12F CCVF 44W7
CSAifs8240S14NS2
4CVFCHS1
40GFf GF146$ 24IAFfCC54PRD
4DG1412FSAW74RF4
40GF IGF 1 4GH24 IAFSAN44CH24DUMMY
4 IAFCHS1
4DG1 412FCAW7
40GFCGF146$ 24CV34ASB
414FCOP14MU1
40GFCGF14GH2414Ff CC5f PRD
IDG1412F
4 IAFISV1
40GF4GH1ITG24SW1 414F4CC5IAW4
4DH1413F
414FSAN14081
44Hlf IAFIRP2
4 IAFICC14RP24SE1
4 I AFIHS14RF4
fQGF fGF 1 4662'4 IAFIASB4 P RD
40GF4GHl lTH24SW1 0 I AFCCC544W4
4D$ 1$ 12F4AW74RF4
4 IAF
40GF4GH14 IAF44N34RF4
4 IAFCAW1 4081
4CV1 40SF
4DF14 11F'4AN84081
40GFIDG1412F CAW7
4DGFCI2FAAN740834V83
4 IAFCCC14RP2CSE1
40GF 46$ 14GH2414F44W3
41314SL2
41114SL2
4 I AF SSV1
40GF48$ 1 46H1 4SW1 4 IAFCAW4
CDF1411FIMS24081
CAFFCAGF4AHFCIAFCCCF4PRD
f13144W5f 081
44F1I IAF4MS24081
40GFIGF1'4$ 624 IAFtAN3

D1-9 NUREG/CR-5726



Appendix D

Table D1.1a (continued)

251m
252=
253~
254=
255=
256=
257=
258=
259=
260=
261~
262=
263=
264=
265=
266=
267=
268=
269=
270=
271=
272=
273=
274=
275=
276=
277=
278=
279=
280=
281=
282=
283=
284=
285=
286=
287=
288=
289=
290~
291=
292=
293=
294=
295=
296=
297=
298=
299=
300=

PLMFW
LOSWV
PLMFW
LOOP
LOOP
TLMFW
LOOP
LCV
RT
PLMFW
L1DC
SLBO
SLBO
LOOP
SLOCI
SLBO
LOOP
SLOCI
SLOCI
L1DC
SLOG I
MLOCR
EXFW
PLMFW
LOOP
SLOCN
EXFW
TT
LOOP
SLBO
LCV
LOOP
RT
LOOP
LOOP
SLBO
SSTR
L1DC
LOSWV
LOOP
RT
LOOP
LOCV
RT
PLMFW
LOOP
LOOP
ISI
L1DC
LOOP

4DH1413F44W84RF4
1 IRF csvF cc I 1 4RF4s
411144W540B1
406F4BH1 CGH14SWif IAF44W4
40GF 44H1 4GF1 4 IAF44W4
I IAF4SV1
40GFSDG14GFllSH5412FC 14FSCVFCASFSMS2
4 IAFIAW140B1
4061 4GF146624GH34CVF SASF SRP2
4S4148824RT740SF
4DF1 CDGF 4 I 1F 4 12F4AS4 4MS2
4DG1II2FlMS2lRF4
IDH1413FCMS24RF4
40GF44F146H1 4 IAF44W4
4D61 412FCLB3
4RH14 IRF4MS24RF4
40GF46614TH2l IAFCPRD4LB3
'4DH1 4 13F SL41
44614 IAFCLB3
4DGF44F1 X 12F XAS4
44Hil IAF4L41
4IAF4LV1
44H1 4 IAF IAW3
4S41 4SB240S1 XMS2
lOGFlGF1 XGG2414FSPRDSLB3
4IAFlRWl
4 IAF 44W1 4 V1 2
406146F1 46624GH34CVF 44SF 4RP2
40GF CDH1 4T65XSW1 4 13F IAW9
41214MS240B1
eIAF1SV1
40GF SGH1 4 IAF4RW34 PRD
40614GF14GH24 IAFAAW44RP2
40GFSGGlf TH2XF044CVFfASFIPRD
40GF4GF146H24 IAF4PRD4L41
41414MS240B1
4 IAFO'OP 1 4L41 4LB2
4DGF412FCAW7xSI 1eOB3
lIAF4SVFCSI 14RF4SICI1S
lOGF4DG14GH4e 12FS 14FCAWA
4 IAFCAW140B1eRF4
406FCDH1XTH6XSW1413FIAW9
4CVF44W1I'OB1
4DF1 4 I 1F 4SV2
4 IAF 4 Hs14RF4
40GF44H1 4GF1 46624CVF44SF
40GF f461 4GF1 46H54CVF eASF
4 IRFeAW1 xOB1
4DGF e 12F eAw74RF1
'eOGFe DH1 eSF1 e662e 13FeCVFeASF
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Appendix D

Table Dl.la (continued)

301=
302=
303=
304=
305=
306=
307=
308=
309=
310=
311=
312=
313=
314=
315=
316=
317~
318=
319=
320=
321=
322=
323=
324=
325=
326=
327=
328=
329=
330=
331=
332=
333=
334=
335=
336=
337=
338=
339=
340=
341=
342=
343=
344=
345=
346=
347=
348=
349=
350=

PLMFW
RT
TT
RT
LOOP
RT
TT
PLMFW
TT
RT
LOOP
FS6
LOOP
LOOP
LOOP
LOOP
LOCV
TT
LOOP
ISI
TT
LOOP
LOOP
RT
TT
LOOP
LLOCA
LOOP
TT
SLOCN
LOOP
FS1
LOOP
FS5
RT
L1DC
LOOP
FS11
Fsio
FS11
LOOP
TT
SLBI
LOOP
LOOP
LOOP
LOOP
LOOP
SGTR
PLMFW

4D$ 1412FOAW7IRF4
'44F1414FISV2
40$ 146F14$ H24IAFCAN44RP2
4 IAFCAW1CL41 CLB2
COGF46$ 14CV34PRDCLB3
4121 44W540Bi
'414FSAN140B14RF4
4 IAF4CC14RP24SE1
4DF1 4 11FCSV2
0 I41)I(AWS)I(OB1
40GFSD$ 14GF1412F4AWA
4AFFSAGF4IAFSAS4'4RP2
406F 44F1 4 $61 4GH24CVF44SF
40GF 4GF1 4$ $24$ H34SB1 4CVF 4 ASF
40GF 4$ $ 1 4$ H24 IAF4PRD4S I2
lOGF4GF146$ 24 IAFSPRDISI2
4CVFCSV1
44F14 IAFlSV2
40GF CSW1 4 IAF44W340B1 4RF4
'4IAFCSV1
4 IAF44N1 4LA14LB2
40$ F4DF146$ 1fGH2411F4CVF44SF
40$ F44$ 14GF14TG64 IAFSASF
4 IAFSSV14RF4
41214AN540B1
COGF4D614GFllTG6412FCASF
CS424SB640SF
40GF4$ 614SW24 IAFICCS
41414AW540B1
4 IRF 4 RF14MU2
40GF4SW1 4 IAFCAN34L414LB2
4 IAFlAN44VI24RF4
40GF4DF1 4$ $ 14TG2f 11FCASF
414F4RSF4RP24SE1
406146F14$ $2fTG34IAF'44SFSRP2
4 DGF 4 12F 4 1324 4W7
40GF4AF1'4$ $ 14TG24 IAF44SF
4DG1412FSASF
4 IRF44W440B1
4DH1413FCASF.
40$ F46614GH24 IAF4PRD4CH2
4 IAFlSV14RF4
4 IAFSANB4RP24VI2
40$ F4GH1ITH24F024CVF44SFCAW4
'40GF 4$ $ 1 ITG24F024CVF SASF W 4 W4
COGF46$ 14TG24SW1 4 IAF4CC54PRD
40GF CGF1IGH24SB144W4
40GF CGH14T624SW14 IAFSSV544W9
4DF1411FISL2
4061'4$ F1 4$ $2lGH34CVFSRSF4RP2
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Appendix D

Table DI.la (continued)

351=
352=
353=
354=
355=
356=
357=
358=
359=
360=
361=
362=
363=
364=
365=
366=
367=
368=
369=
370=
371=
372=
373=
374=
375=
376=
377=
378=
379=
380=
381=
382=
383=
384=
385=
386=
387=
388=
389=
390=
391=
392=
393=
394=
395=
396=
397=
398=
39'9=
400=

LOOP
TT
L1DC
SGTR
RT
SGTR
LOOP
LOOP
Fsl
LOOP
RT
LOOP
LOOP
LOOP
LOOP
LOOP
LOOP
LOOP
EXFW
FS1
FS1
TT
PLNFW
LPCC
LOOP
LPCC
TT
EXFW
LOOP
L1DC
L1DC
LOOP
PLNFW
LOOP
PLNFW
LOOP
LOOP
LOOP
LOOP
SGTR
LOOP
LOOP
LOOP
PLNFW
LOOP
SGTR
SLBO
LOOP
PLNFW
L1DC

406FCGH147624SW14 IAF44W44CH2
4061IGF1 466247634 IRF44SFCRP2"
IDGFCI2F4CC34PRA
4DH1413FCSL2
CDH1413F4SV3
4DG1412FCSL2
40GFIGH14TH20SN10 IAFCSV54AW9
406F46H1 4 IRF 4 CC74PRD
4DH1 4 13F CAW9
IOGF@GH147624SW1414FCCC54PRD
44H14 IAF4SV3
406F 4GH1 4TH2ISW1 4 IAF44W44 CH2
40GFf 6614GH2f 76347H44CVF44SF44W4
40GF466147624SW1414F44SBIPRD
40GFCSN1 4 IAF44SSISE1
40GFCSN14 IAF4SV24SI2
406F4661'414F4CC74PRD
'40GF 4 GH1 CTH2'4SWl f IAF4CCSCPRD
4D61412F4CC3
4 IAF44W440B14L41
4IAFCAN440B14LB1
4DH1 4 13F CSV3
40614GF146H24 IAF44W44RP2
4D61412FSASF
COGFI IAFSHS1 4DUNMY
4DH1413F44SF
fAH14IAF4SV3
4DH1413F ICC2
40GF4SW1'4 IAFSHS1
CDGFII2FCS414CC3
4DGFII2F4SB14CC3
40GFf GH14762f IAF44W3
4 IAF44W140B14RF4
406FCGG14 IAFCSV4
4DF1411F4SV2
COSF4DH146614 13FlPRD
40GFCGGlf IAF44W1
lOGFCGF14GH247634TH44 IRFIAW4
4CfGFfGH14TH241 AF44W3
f1214SL2
40GF CAH1 46614 IAF4PRD
406FCGF1 466247634SB144SF
406FCAG14GH44 IAFSPRD
fAF14 IAFCSV2
40GFCGG1 47624$ W1 4 IAF44W3
)I( I 4 1 4SL2
f IAFINS244WB4VI24RF4
40GFSGF146H24763'4IAFCSV5
CIAFSAW14L414LB2
4DGF 4 12F44W7IV 12'4RF4
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Appendix D

Table D1.1a (continued)

401~
402%
403=
404m
405=
406=
407=
408=
409=
410=
411=
412=
413=
414=
415=
416=
417=
418=
419=
420=
421=
422=
423=
424=
425=
426=
427=
428=
429~
430=
431=
432=
433=
434=
435=
436=
437=
438=
439=
440=
441~
442=
443=
444=
445=
446=
447=
448=
449=
450=

PLMFW l121lRW5lOB1
LOOP lOGFlGFllGH2lTH3lIRFlSV5
LOOP lOGFlRHllTGSlSWllIAFlRW4
LOOP lOGFlGHllTG2lTH3lSW3lIRFlSV5
PLMFW l141lRW5lOB1
RT l0$1lFOllCVFlASFlRP2
LOOP lOGFlGFilGH2lIAFlRW4lCI2
LOOP lOGFlTHllF03lCVFlASFlRW4
LOOP lOGF lGG1 lF03lCVF lASFlAW4
SLOCN lI31lLAl
SLBO lI31lMS2lVI2
SLBO l I 11 lMS2lVI2
LOOP lOGFlGH1 lTG2lI4FlPRDlL41
LOOP lOGFl661lGH2lTG3lF02lCVFl4SF
LOOP lOGFlGFllGH2lTH3lF02lCVFlRSF
LOOP lOGFlGHllT62lTH3lF02fCVFlASF
LOOP lOGFlGFllG$2lT$3lF02lCVFlASF
LOOP lOGFlSWllIAFlSV2lCH2
LLOCA l IRFlL43lLBB
LOOP lOGFl4HllTHblSWllIAFlRW4
SLBO l IRFlMS2lAWBlOBllRF4SlZHEAW4
SLBO lRHllIAFlMS2lRF4SlCIlSlZHEAW4
SLBO l IRFlMS2lRWBlVI2lZHEAW4
SLBO lD$1l12FlMS2lRF4SlCI1SlZHERW4
SLBO lDHll13FlMS2lRF4SlCI1SlZHERW4
LOOP lOGFlSWllIAFlRW3lOBllAW1BAW3lZHESW1
H4Z HMlZHEHS5lPOINT1
CRFIRE

REOB1 =OB1+RF1+L41+CH2.
RSEQB =ZHEF06lREBLC3.
RSEQ10= ( ZHESW1+DUMMYRW4) lRESLC1.
RSEQ24=0B1+L41+RF 1+CH1+VA1 .
RSEQ25=ZHEF06lRESLC3.
RSEQ34=ZHERE2lREBLC3.
RP2S=/RP2.
RF4B=/RF4
CI1S=/CI1.
SI1S=/SI1.
SW1S=/SW1.
OG1S=/OG1.
SA1S=/S41.
SB1S=/SB1.
GF1S=/GF1.
6$ 1S~/6$ 1,
GH1S=/GH1.
TG1S=/TG1.
TH1S=/TH1 .
GG2S=/GG2.
TG3S=/T$ 3.
TH3S=/TH3.

+
+

+
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Appendix D

Table D1.1a (continued)

451=
452=
453=
454=
455=
456=
457=
458=4EOR

GH3S=/GH3.
TH4S=/TH4.
TH2S=/TH2.
TG2S=/TG2.
GH2S=/GH2.
PROS=/PRO.
OB3S=/OB3.
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Appendix D

Table D1.1b
Reduced Model Input Data - Initiators

III

3
13
19
27
61
64
70
75
76
90
95

103
104
111
116
120
123
125
144
146
148
153
154
159
161
176
179
181
190
209
210
217
220

LOSWV
L1DC
LOOP
SLQCN
FS1
SLBO
RT
TT
FS8
PLMFW
FS11
LPCC
MLOCA
FS9
EXFW
LOSW
LLOCA
SBTR
LOPF
SLBI
IMSIV
TLMFW
VSI
SLQCI
LCV
LOCV
ISI
FS6
ELOCA
FS5
FS10
HAZCHM
CRFIRE

VALUE

6-29000E-05
2.56000E-02
9- 10000E-02
5.26000E-03
2.94000E-04
5 '3000E-03
1 . 14000E+00
1.05000E+00
6. 18000E-06
7. 49000E-01
3. 81000E-04
1.96000E-04
4.63000E-04
1.35000E-OS
2.79000E-01
9.74000E-05
2.02000E-04
1.71000E-02
1 . 21000E-01

'.63000E-04
1 ~ 07000E-01
9.98000E-02
1 . 01000E-06
1 . 61000E-02
8.73000E-02
.7.99000E-02
7.39000E-02
2. 41000E-05
2-66000E-07
5.26000E-05
1.40000E-05
4.39000E-04
3. 17000E-05
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Appcadh D

Table D1.1c
Reduced Model Input Data - Froatliae Systems

16
17
28
29
30
32
51
62
65
66
67
73

102
105
107
113
115
124
126
127
131
132
133
135
138

4W7
OB3.
L41
LB2
MU2
AW4
PRD
OB1
MS2
4WB
4W3
4WB
RF4
LB3
4W1
VI2
RF3
LA3
SI1
CH2
4C1
SL1
MUi
LB1
VI3
CS2
HRD
AWA

NAME VALUE

3 '4000E-04
3 ~ 75000E-01
2.04000E-02
2 33000E-01
1 . 17000E-02
7 '5000E-02
4 ~ 88000E-02
2.89000E-02
1 00000E+00
2. 41000E-02
1.24000E-03
1.23000E-03
5.47000E-02
2 '4000E-02
3.73000E-OS
2.20000E-02
4.93000E-03
1.58000E-02
3.25000E-03
1. 41000E-02
6.27000E-03
6 06000E-03
7 '8000E-03
1 '6000E-02
2 ~ 00000E-03
1.43000E-02
4.56000E-03
9 59000E-02

NUREG/CR-5726

140
141
143
151
155
156
160
168
172
174
177
185
192
193
194
200
201
207
211
214
222

VA1
VB1
HRB
SR2
IT1
ME1
PRN
4W9
RFI
VI5
AW5
CI2
VB3
SL2
CI1
LV1
RW1
SI2
PRA
LBB
CH1

D1-16

84000E-03
3.64000E-03
4.01000E-03
9.48000E-03
9 '0000E-01
5 00000E-01
7.66000E-03
1 ~ 41000E-01
3. 16000E-03
9 '0000E-03
3 '0000E-02
5.77000E-03
3.84000E-03
6.52000E-03
4.06000E-03
4 '9000E-04
3.94000E-05
1.60000E-02
8.23000E-03
3.75000E-02
6.24000E-04



Appendix D

Table DI.Id
Reduced Model Iapat Data - Support Systems

NAKE VALUE

5
14
15
20
21
22
23
24
25
31
38
40
43
50
54
55
56
59
63
68
71
72
74
77
78
79
80
82
86
92
98
99

106
108
109
110
112
118
121
122
129
130
136
137
139
142
145
147
149

IAF
SVF
DGF
I2F
OGF
GF1
GG2
GH3
CVF
ASF
GH2
CC3
TG3
F01
GG1
GH1
TG2
SW1
TH2
SV2
CC5
DH1
I3F
ASB
AFF
AGF
AHF
CCF
DG1
F04
AH1
SV1
AS3
SV5
F02
TH3
SW3
TH4
SV4
F03
TH1
TG1
CV3
DH2
I4F
AH4
F05
SW2
CC2
DFl

D1-17

1 00000E+00
1 ~ 00000E+00
1.00000E+00
1.00000E+00
1.00000E+00
4 52000E-02
5.56000E-02
8.27000E-02
1.00000E+00
1.00000E+00
5. 41000E-02
5.85000E-04
6.25000E-02
2 '6000E-04
4 '8000E-02
4 '4000E-02
5 36000E-02
5. 00000E-01
5.32000E-02
1.80000E-04
2.87000E-02
7. 01000E-04
1.00000E+00
2.70000E-02
1.00000E+00
1.00000E+00
1.00000E+00
1.0000'OE+00
7+05000E-04
2.26000E-02
6.92000E-04
1.71000E-06
1.22000E-04
7 '3000E-03
7.04000E-03
6 2 1000E-02
9. 94000E-01
6.92000E-02
2.57000E-OS
3. 51000E-04
4 '6000E-02
4.40000E-02
5.68000E-02
6.98000E-04
1.00000E&00
6.92000E-04
5.08000E-02
2.54000E-03
5.69000E-O4
7.05000E-04
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Table DI.Id (continued)

Agmndh D

150
152
157
158
162
163
165
166
167
169
170
171
175
178
180
182
183
184
187
188
189
191
195
196
197
198
199
202
203
204
205
206
208
212
213

I1F
4F1
SA1,
SB1
SA5
SBE

, I31
CC4
111
CV6
SA2
SB6
SBC
RT1
BG1
SB2
RT7
Ccj
CV2
CC1
I32
Cvi
BH1
GHS
OG1
454
481
TGS
121
I41
GH4
THb
TG6
SV3
ASS

1 ~ 00000E+00
6 92000E-04
7.58000E-03
7+48000E-03
1 '0000E-02
7.43000E-02
1 15000E-03
2.67000E-02
1 ~ 1 5000E-03
3.88000E-02
1 ~ 14000E-02
8.44000E-02
1.34000E-02
6.58000E-06
1.44000E-O'3
2.40000E-02
1 93000E-03
6 63000E-04
2.06000E-02
1.88000E-05
1 74000E-03
7+60000E-04
1.44000E-03
5 '6000E-02
7 '3000E-04
1,69000E-02
6.92000E-04
4.44000E-02
5.76000E-04
5:76000E-04
4.48000E-02
4.40000E-02
5.41000E-02
1 33000E-04

~3 58000E-04
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Appendix D

Table D1.1e
Reduced Model Iuput Data - Huatan hctkes + Recowcy

NAME VALUE

12 ZHESV3
18 ZHEAW3
26 RESLC2
36'ESLC1
39 ZHERP2
52 ZHERE2
53 REAC06
69 RESLC3
83 ZHEOB2
84 HS1
96 RP2
97 SE1

117 ZHEF06
128 REAC12
164 OSF
173 OP 1
186 OS1
215 ZHEAW4
216 ZHESW1
218 ZHEHS5

3.73000E-03
8.00000E-03

82000E-02
4. 64000E-01
9 '9000E-03
5 ~ 31000E-03
2. 82000E-0 1
8.63000E-02
8 00000E-02
5 ~ 01000E-06
9 96000E-01
1 '9000E-02
4 00000E-02
2 ~ 13000E-01
1.00000E+00
4.42000E-03
2.00000E-03
5.00000E-03
3.54000E-03
7 '9000E-03
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Table Dl.lf
Reduced Model Input Data - Elements Added by BNL

Appendix D

¹ VALUE

81
100
101
114
219
221

DUMMY
AW1BAW3
DUMMYAW3
FACTR2
POINT1
DUMMYAW4

1 00000E+00
3. 01000E-02
1.24000E-03
2.00000E+00
1 . 00000E-01
7.25000E-02
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Appendix D

'Table DID
Rcdnccd Model Scqncncec With "OR" Operators

14 ~ SLBO'AF 'S2'WB 'B1 ~ RF4S 'OMB1

31 ~ SLBO 'Gl ~ I2F ~ MS2 'F4S 'I1S ~ COMB2

32 ~ SLBO'H1 ~ I3F 'S2'F4S'I1S ~ COMB3

33 ~ SLBO 'H1 ~ IAF 'S2 'F4S 'I1S 'OMB1

43 ~ LOOP 'GF ~ SW1 'AF 'W3 ~ OB1 ~ AW1BAW3 'OMB4

49 ~ SLBO 'AF 'S2 'WB 'I2 'OMB1

where: COMB1 ~ AW3 + ZHEAW4

COMB2 ~ AW7 + ZHEAW4

COMB3 ~ AWS+ ZHEAW4

COMB4 ~ AW3 + ZHESWl
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Table D18
Comments oa the Dominant Sequence (Reduced) Model

Provided to SNL hesn PG4E

Appendix D

'PGhE is requested to provide the documentation of recovery actions and
modeling changes in the non-seismic dominant sequence model.

A discussion of the recovery actions applied to the dominant sequence model
follows:

First, the six factors appearing at the bottom of the dominant sequence
equation file, which were used to account for recovery actions on selected
accident sequences, are described.

REOBl

REOBl ls used to estimate the llkellhood of recovery for Sequences 5, 58, 59,
and 60. Each of these sequences involves failure of offslte power and loss of
emergency onslte AC power to 4 kV emergency buses HF and HH on Unit 1. For
these sequences, diesel generator 12 successfully starts and supplies power to
4 kV emergency bus HG. Failure of power at buses HF and HH falls the two
motor-driven Auxiliary Feedwater (AFH) pumps, and the turbine-driven pumpfails independently.. Loss of all secondary heat removal shortens the time
available for recovery actions to approximately 2 hours. An electric power
recovery analysis was performed for these sequences; l.e.. factor RESLC1, see
Table 6-53 in Reference 1. Successful recovery of electric power prior to
core uncovery ls assumed to result ln success.

In the basic plant model, loss of AC power was conservatively assumed to
result in the inability of the pressurizer PORVs to be held open long enough
to allow success of bleed and feed cooling. Since, ln these sequences, two
emergency AC buses are lost and bleed and feed cooling was assumed to require
two Power Operated Relief Valves (PORVs), no credit was taken in the basic
plant model for bleed and feed cooling for these sequences. In these
sequences, ho~ever, OC po~er is known to be successful; initially, the PORVs
only require DC power to be manually held open. Therefore, despite the loss of
AC'power to two buses, two pressurizer PORVs can be held open initially for
bleed and feed cooling. After many hours, when the batteries (normally
charged by battery chargers on 480 V vital buses HH and HF) are exhausted, lt
is assumed that one PORV is all that is necessary to continue core cooling via
long-term bleed and feed cooling. The factor REOB1 accounts for the operator
action and hardware necessary to establish bleed and feed cooling and to
switch to recirculation from the containment sump once the RHST empties; l.e.,
open the PORVs (OB1), switchover to recirculation (RF1). start an RHR pump
(LA1), and start and operate one of one charging pump (CH2). Each of these
split fractions only takes credit for the one emergency AC bus known to be
operable throughout the accident: i.e., bus HG.

Additional recovery actions have been identified but were conservatively
omitted. These include the cross-tieing of emergency buses to bus HG'o
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TaQe D12 (continued)

permit two success paths of hardware and to allow for longer term recovery of
electric power; e.g., prior to the time needed to establ1sh rec1rculation from
the sump.

RSEQ8 addresses the recovery actions for Sequence 8. Sequence 8 involves a
loss of offsite power, success of all five diesel generators, but failure of
the fuel oil transfer system to provide makeup to the diesel generator day
tanks. Term RESLC3 is the probability of not recover1ng electr1c power before
core damage in th1s sequence. RESLC3 is presented 1n Table 6-53 in Reference
l. The recovery analysis makes use of the operable turbine-driven AFH pump,
which is known to successfully operate, even'fter all emergency AC power 1s
lost due to 1nsuff1cient fuel oil. The allowable recovery time accounts for
the delay in losing emergency AC since the diesel generators do operate unt11
their respect1ve day tanks empty. Only credit for restoration of offs1te
power is modeled in the evaluation of RESLC3 since the diesel generators are
operable.

Term ZHEF06 1s the error rate for a second operator act1on to reestablish fuel
oil to the diesel generator day tanks. Th1s makes use of a dedicated,
portable fuel oil transfer pump which 1s ava1lable's an alternate fuel oil
transfer system to the day tanks. The operators must al1gn the portable
system and manually control the level control valves on the operating diesels.

This recovery act1on is considered 1ndependent of the offsite power recovery
analysis because different crews address the different act1ons.

RSEQlo

RSEQlO addresses the recovery actions for Sequences 10 and ll. Sequence 10
involves a loss of offsite power, failure of emergency AC power on buses HH on
Un1t 1 and HG on Unit 2 and the sw1ng diesel is al1gned to Un1t 2 so that bus
HF on Unit l is also unavailable. Also, the turb1ne-driven AFH pump fa1ls
1ndependently so that there is no secondary heat removal. Sequence ll 1s
similar except that bus HH on Unit 2 is failed instead of bus HG.

The recovery analys1s considers two options: recovery of electr1c power and
the real1gnment of the swing diesel to Unit 1 from Unit 2, which would enable
bus HF on Un1t 1 to be energized and.supply po~er to a motor-driven AFN pump.
The electr1c power non-recovery factor is g1ven by RESLC1. RESLCl is the
probab111ty of not recovering electric power pr1or to core damage given
failure of AFK. In the evaluat1on of RESLCl, credit is taken for offsite
po~er recovery and for recovery of one of the failed d1esel generators (see
Table 6-53 1n Reference 1).

The recovery action to real1gn the swing diesel generator to Un1t l cons1ders
the need for power at the HF bus on this 2. The turbine-driven AFN pump on
Un1t 2 is assumed to be requ1red on Un1t 2 in order for the operators on that
unit to permit the release of the swing diesel for service on Unit l.
Therefore, failure of the operator action to real1gn the swing diesel (ZHESWl)
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or failure of the Unit 2 turbine-driven AFW pump (AH4) ls assumed to preclude
this recovery action.

Other recovery actions involving cross-tieing emergency AC buses and/or
establishing bleed and feed cooling were conservatively not credited.

RSEQ24

RSEQ24 Is the non-recovery factor for accident Sequence 24 fn the dominant
sequence list. This sequence involves a loss of offslte power, failure of
power at emergency bus HH, and a total loss of AFH. In the Initial plant
sequence model, no credit for bleed and feed cooling was taken for this
sequence. This fs because PORV 474 Is unavailable due to the loss of offsite
power, which ls assumed to fall Instrument air. and PORV 456 would eventually
lose K control power, since charging to 125V OC bus 13 ls provided by bus HH.
Hfth only one remaining PORV supported, the bleed and feed cooling success
criteria of two PORVs could not be satisfied. However, PORV 456 would be
available for many hours until the battery supplying K bus 13 fs exhausted.
It Is believed that after this initial period, one PORV would be sufficient
for continued bleed and feed cooling. The terms added to make up factor
RSEQ24 are the system's failure probabilities for the equipment needed to
establish bleed and feed cooling and to establish eventual recirculation from
the sump. OB1 models the operator action to Initiate bleed and feed cooling.
LA1 and VAl model the equipment needed to establish recirculation from the
containment sump to the suction of the high pressure pumps. RFl models the
operator action to align for recirculation once the RHST empties. CH2 models
the charging pump failures. All of these system failure rates account for the
boundary condition that 4 kV emergency bus HH on Unit 1 fs unavailable.

Additional recovery actions to restore electr fc power, align the backup
battery,charger to DC bus 13, or to crosstle emergency buses so as to restore
AFW were conservatively omitted.

RSEQ25

RSEQ25 models the recovery actions considered for Sequences 25, 56, 57, 70,
and 71. These sequences all involve a loss of offsfte power and faf lure of the
two diesel fuel ofl transfer trains shared by both units. Failure of all fuel
ofl transfer eventually results In a subsequent loss of all emergency AC po~er
at both units.

Two separate recovery actions are modeled for these sequences, both of which
are included In factor RSEQ25. RESLC3 Is the probability'f not recovering
electric power before core damage given AFN Is successful (I.e., the
turbine-driven AFW pump Is known to be operable In these sequences), and that
a delayed loss of emergency AC power results once the dfesels run out of fuel
ln their day tanks. Credit ls taken for the recovery of offslte power prior
to core uncovery which results from a postulated seal LOCA.

The term ZHEF06 ls as described for factor RSEQB. ZHEF06 ls the error rate
for falling to align a portable fuel oil transfer system ln order to
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reestablish fuel o1l to the diesel generator day tanks. This action 1s
assumed 1ndependent of the other recovery actions since different crews are
1nvolved and both strategies would be attempted.

RSEQ34

RSEQ34 models the recovery actions for Sequences 34 and 39. These sequences
1nvolve a loss of offs1te power, failure of emergency AC power at the HG buses
at both units, the alignment of the swing diesel generator to Un1t 2, and the
failure of either component cooling water on Unit l (CC5, Sequence 34) or
aux111ary saltwater (ASB, Sequence 39). As a'esult of failing e1ther
component cooling water or aux111ary saltwater, a seal LOCA 1s assumed to
develop, which leads to core damage. For these sequences, the recovery action
to align an alternate mode of cooling water to the charging pumps is not
viable. This 1s because po~er is not available to the charging pumps; 1.e.,
buses HF and HG are unava1lable on Unit l.
RSEQ34 cons1ders two recovery strategfes. Term RESLC3 1s the probability of
not recovering electr1c power prior to core damage given AFW is successful.
Ho credit for repa1r of the fa1led emergency diesel generators was assumed.
This term accounts for the recovery of offsite power only (see Table 6-53 in
Reference 1). Term ZHERE2 accounts for the recovery action to crosstie two
emergency buses g1ven that one is initially ava1lable. If this act1on is
successful, then successful restart of CCW or ASW is assumed, which permits
e1ther prevent1on of a seal LOCA or successful high pressure 1nject1on
depending on the time the cross-connection is completed. The'wo recovery
strategies are evaluated independently because different crews are d1rected at
each one.

The following d1scusses the selected sequences wh1ch were also mod1fied toreflect sequence spec1fic recovery actions and/or modeling 1mprovements to
reduce conservatisms.

SEQ063

Sequence 63 1nvolves a medium LOCA in which all high pressure injectionfails. For medium LOCAs, 1t was assumed that two out of four high head pumps(1.e., centr1fugal charging or safety 1njection pumps) were required for
success. This requirement for any two of four h1gh head pumps was
conservatively approximated as one of two charging and one of two safety
injection pumps. For the sequence in question, the CH top event, which models
one of two charging pumps, was found to be successful. However, both safety
injection pumps fa1led. Therefore, the sequence was assumed to be a failure
of high head injection. For this sequence, however, the CH top event was
successful and s1nce no support systems were failed, it 1s very l1kely that
both centrifugal charging pumps would be operable. To elim1nate this Iedel1ng
approximation. the originally conservative success criter1a was revised to
reflect the real1stic success cr1teria. Because it was not 'part of the
or1ginal plant model, an evaluation of top event CH in which both charg1ng
pumps are required for success (i.e., or sequences in wh1ch both safety
injection pumps fa11) was not computed. A s1mple and conservat1ve estimate of
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the charg1ng system failure fraction was made for the success criteria when
two pumps are required. The CH top event boundary condit1on for the case when
one train of support 1s failed was used by multiply1ng the one of one pump
train condition by 2 to convert it to a two of two pump tra1n success criteria
condition. This explains the factor of 2, which appears 1n the equation for
Sequence 63.

SEQ043

This sequence 1nvolves a loss of offsite power 1n which the swing d1esel
generator is aligned to Unit 2. Auxiliary feedwater fa1ls, and the operators
fa11 to establish bleed and feed cooling v1a the two pressurizer PORVs
available. Split fract1on AH3 was used in the original plant model because
bus HF on Un1t l 1s not available; 1;e., Iotor-dr1ven AFW pump 13 1s not
available. The trail1ng part of this sequence, beginning with split fract1on
AHl, was 1ntended to account for the recovery action 1n which the operators
realign the swing diesel generator to Unit l so that AFH pump 13, which then
has power, may be 1ncluded 1n the evaluation of AFH. The listed equation
appears to be .1n error.

The original equat1on is:

SEQ043 LOOP OGF*SHl IAF AH3*OBl (AHl/AH3*(ZHESWl+AH3)

The equation should be revised as follows:

SEQ043 LOOP* OGF*SHlaIAFiAH3+OBl*(AHl/AH3+ZHESHliAW3)

The error is of m1nor significance; the sequence frequency with the error 1s
approximately 2E-l0, the sequence -frequency after correction 1s approx1mately
6E-8. The net impact on the total core damage frequency 1s an 1ncrease of
less than 0.05%.

In the corrected equation, ZHESHl is the error rate for realigning the swing
diesel generator back to Unit l. AH3 1s the AFK system fa1lure fraction for
Un1t 2 given that the operators align the swing d1esel to Unit 1; 1.e., the
system failure fraction with one train of electric power unavailable. It 1s
assumed that the operators would not transfer the .swing to Un1t l 1f AFH would
then be unavailable on Unit 2.

OTHER

The l1ne 1n the dominant sequence file 'labeled "OTHER" accounts for two groupsof initiators; i.e., hazardous chemicals and control room fires. The variable
CRFIRE 1s actually the saba of all control room f1re sequences, which lead to
core damage. The variable llAZCHH 1s the sm of all chemical release sequences
(1n particular, chlorine and aaaonia releases) 1n which the release arrives at
the control room air Intake, and the operators are eventually overcome. This
frequency, 1s very conservat1ve because, among other reasons, a probab111ty of
un1ty is assumed that, g1ven a release, it arr1ves at the control room air
intake. It is assumed that the operators would tri.p the plant before they
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become incapacitated. This 1s be11eved to be conservat1ve because the chances
of an independent cause of plant trip, which m1ght later necessitate operator
intervention before the next sh1ft reports for duty, is remote. Several hours
are available before an operator action would be required following a plant
tr1p; i.e., not until the condensate storage tank (CST) must be replenished 1n
order to ma1ntain AFK cooling. The chances of failing to replen1sh the CST
under these conditions are.g1ven by ZHEHSS. A factor of 0.1 was used to
prov1de the cond1tional probab1lity of core damage given that the CST was not
initially replenished. A detailed evaluation of this probab111ty was not
performed. Since there would be substantial time available to avoid core
damage and the orig1nal chem1cal release sequence frequency was conservat1vely
estimated, a further invest1gation into this factor was not deemed warranted.

Reference 1: Final Report of the Oiablo Canyon Long-Term Seismic Program
July 1988

Pao1fic Gas 8 Electric Company
Diablo Canyon Power Plant
Oocket Nos. 50-275 and 50-323
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19 =

48 =

50

96 =

FS8 'FF 'GF 'HF 'AF 'CF 'UMMY
'l' IAF ~ AW1 'B1 'UMMY

FS1 'AF 'W4 'I2 'UMMY

PLMFW 'AF " AW1 'B1 'UMMY

L1DC ~ DGF '2F 'W7 'I2 'UMMY

L1DC 'GF ~ DH2 '2F * I3F '4F ~ AWA 'UMMY

L1DC ~ DGF * AH4 * I2F * I4F 'WA 'UMMY

216 =

375 =

LOOP 'GF 'F1 'H2 'AF 'W4 'H2 'UMMY

LOOP 'GF ~ IAF 'S1 'UMMY
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Table D18
BrkfDescrlptioaa ot CoadMoaal Split Fraactioas

aad Initiating Events (Full DCPRh Model)

emote: This table was supplied to BNL by PGAE and is included herein to help the reader understand the
various model elements.

1.
2 ~

3 ~

4 ~

5.
6 ~

7 ~

8 ~

9.
10.
11
12.
13.

17
'8.

19.
20.
21

'2

23.
24.
25.
26

'7.

28.
29.
30.
31.
32.

34.
35.
36
37.
38.
39.
40.
41.
42.

RS1
AS2
4S3
AS4
485
486
4S7
RSB
AS9
RS4
4SB
RSC
LOSW
RSF
CC1
CC2
CC3
CC4
CC5
CC6
CC7
LPCC
CCF
FC1
FC2
FC3
FC4
FCF
NSO
NS1
MS2
NSF
TTO
TT1
TT2
TT3
TT4
TT5
TT6
TTF
SV1
SV2
SV3
SV4

Model
~Eterne t ~Deeeti tice

411 Pump Trains 4vailable: 2 Running, 2 Standby (OP1)
3 Pump Trains 4vai lab le t Fail Train 11 (OP2)
3 Pump Trains Rvailable: Fail Train 12 (OP1 )

2 Pump Trains Available: Fail Trains 11 and 12 (OP2)
LOSP: 3 Pump Trains Available: Fail Train 11 (OP2)
LOSP: 3 Pump Trains 4vailable: Fail Train 21 (OP1 )

LOSP: 2 Pump Trains Available: Fail Trains 11 & 12 (OP2)
LOSP: 2 Pump Trains 4vailable: Fail 11 & 21(or 22) (OP2)
LOSP: 2 Pump Trains Available: Fail Trains 12 & 21 (OP1)
LOSP: 2 Pump Trains Available: Fail Trains 21 & 22 (OPF)
LOSP: 1 Pump Train AvailabletFail 11,12 & 21(or 22) (OP2)
LOSPs 1 Pump Train Available:Fail 11(or 12),21 & 22(OPF)
Loss of 4SW Supply to Unit 1 Initiating Event Frequency
Guaranteed Failure
All Support 4vailable(N/3 pumps starts and/or runs)
Loss of 4KV Bus H (N/2 pumps rune)
loss of 4KV Bus G (N/2 pumps starts and/or runs)
Loss of 4KV Buses G and H ( 1/1 pump runs)
loss of 4KV Buses F and G (1/1 pump starts and runs)
LOSP — 411 Support Rvailable(N/3 pumps starts and runs)
LOSP — Loss of one 4KV bus (N/2 pumps starts and runs)
Initiating Event Frequency (All pumps fail)
Guaranteed Failure

2 OF 5 CFCUs start and operate 24 hours
2 OF 4 CFCUs start and operate 24 hours
2 OF 3 CFCUs start and operate 24 hours
2 OF 2 CFCUs start and operate 24 hours
Guaranteed failure

Hain Steam Isolation, TT failed, fire scenario 2
Hain Steam Isolation, TT succeeds- Al 1 Support Rvail .

NS Isolation — TT fails, All Support Avail.
NS Isol ation — Guaranteed fai lure
Turbine Trip — TT Initiator
Turbine Trip — All Support Available
Turbine Trip 4TWT — All Support 4vailable
Turbine Trip 4TWT, Man. Rx trip — All Support
Turbine Trip — 1 Train of Support 4vail.
Turbine Trip 4TWT — 1 Train of Support Avail.
Turbine Trip 4TWT, Nan. Rx trip-1 Support Train
Turbine Trip — Guaranteed failure

1/2 trains; OSP, 480V 1F,1H available
1/1 train start and run; 480V Bus 1F, unavailable
1/1 train continue to run; 480 V Bus 1H unavail.
l/2 trains start and run; LOSP, 480V Bue 1F,1H availab.
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45 ~ SV5
46 'VF
47 LOSW
48 SVO
49 Csl
50. CS2
51. CSF
52 ~ SR1
53. SR2
54 'RF
55 ~ SA1
56m SA2
57 SA3
58 SA4
59 SA5
60 'A6
61 S47
62. S48
63 'AF

'4'B1
65. SB2
66 SB3
67. SB4
68 SBS
69 SB6
70. SB7
71. SBB
72 SB9
73 SBA
74 SBB
75. SBC
76. SBD
77 SBE
78. SBG
79 SBH
80 SBI

''BJ

82. SBK
83'BL
84- SBN
85. SBN
86 'BF
87. CV1
88- CV2
89. CV3
90. CV4
91 CY5
92. CV6

CVF
94. LOCU
95. RTl
96. RT2

Q~~o
Only recovery possible, Bue 1F,1H unavailable
Guaranteed failed, al 1 inverters alrready failed

V Initiating Event frequency for 1 year
Station Blackout, guaranteed success.
1/2 Trains Operates(Al 1 Support Available)
1/1 Train Operates(Loss of One Vital Bue or SSPS train)
Guaranteed fai lure
1/2 Trains Operates(Al I Support Available)
1/1 Train Operates(Loss of 1 Bus or SSPS or RHR train)
Guaranteed failure
General Transient
Large Lass af Coolant Accident Rl 1 4 Channels Available
LLOCA with lass af power to two CP H-H channels (not I )
Steam Generator Tube Rupture
Steam Line Br eak Inside Containment Al I 4 Channels 4vlb
SLBIC with lose of power to two CP H-H channels (not I )
Steam Line Break Outside Containment
Small Lose of Coolant Accident
Guaranteed Failure
GT given Train A success
GT given Train A failure
GT given AC I unavailable (same ae SA1)
LLOC4 given Train A success, al l AC channels available
LLOC4 given Train A success, AC II&IIIunavailable
LLOC4 given Train 4 failure, all AC channels available
LLOC4 given Train R failure, 4C II&III unavailable
LLOCA given AC I and II(or III)unavailable (same as S43)
SGTR given Train A success
SGTR given Train R failure
SGTR given RC I unavailable (eame as SR4)
SLBIC given Train 4 success, all AC channels available
SLBIC given Train A success, AC I I&II I unavailable
SLBIC given Train R failure, all AC channels available
SLBIC given Train A failure, AC II&IIIunavailable
SLBIC given 4C I and II(or III)unavailable (same as S46)
SLBOC given Train R success
SLBOC given Train 4 failure
SLBOC given AC I unavailable (same as SA7)
SLOC4 given Train A success
SLOC4 given Train 4 failure
SLOC4 given 4C I unavailable (same as SA8)
Guaranteed Failure
1/2 subtrains: All support available (OSP,2F,1G,1H,2H)
1/2 subtraine: Normal power for subtrain F unavail. (2F)
1/1 subtrain: No support for subtrain F (2F,1$ )
1/1 subtrain: No support for subtrain H (1H,2H)
1/2 subtraine:l OSP, al 1 vital buses avail. (2F, 1G, 1H,2H)
1/1 subtrains:LOSP, no support for subtrain H (1H,2M)
Guaranteed Failure: 480V 2F,1G,1H,2H unavailable
Initiating Event frequency for 1 year
1/2 Trains (both SSPS signals gener ated)
1/2 Trains (DC pawer lost to ane shunt trip)
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97.
98
99.

100.
101.
102.
103

'04

'05

~

106
107.
108.
109

'10.

111 ~

112
'13

~

114.
115.
116

'17,

118.
119.
120
121.
122.
123

'24.

125 ~

126.
127
128
129.
130.
131
132
133.
134

'35

'36.

137.
138.
139'40.

141.
142.
143 ~

144.
145 ~

146.
147 ~

148.

RT3
RT4
RT5
RT6
RT7
RTF
CH1
CH2
CH3
CH4
CHF
SI1
SI2
SI3
SIF
HR1
HR2
HR3
HR4
HR5
HR6
HR7
HRB
HR9
HR4
HRB
HRC
HRD
HRE
HRF
RC1
RC2
RF1
RF2
RF3
RF4
LA1
LA2
L43
LRF
LB1
LB2
LB3
LB4
LB5
LB6
LB7
LB8
LB9
LBF
LV1
VR1

1/2 Trains (DC power lost to both shunt trip coils)
1/1 Train (only one SSPS signal generated)
1/1 Train (one SSPS signal, LOP to shunt trip coil )

Gravity Insertion (insuf f icent power to prevent insert)
Operator initiated (DC power lost to both shunt coils)
Guaranteed failure
All support available.
One standby pump train. available only
Normal ly running pump train available only.
LOSP; 411 support available
Guaranteed failure.
All support available (1/2)
One safety injection pump train available only(1/1)
Medium LOC4; Rl1 support available, CH failed. (2/2)
Guaranteed fai lure.
All support available
Top event CH or SI failed
Top event LR or LB failed
Top event CH or SI and top events LA or LB failed
4KV Bus F 'ailed
4KV Bus F failed, top event CH or SI failed
4KV Bus F failed, top event L4 or LB failed
4KV Bus F failed, top* event CH or SI & LA or LB failed
4KV Bus F and 4KV Bus G fai1 ed
4KV Bus F and 4KV Bus H failed
4KV Bus 8 fai 1 ed
4KV Bus G failed, top event CH or SI failed
4KV Bus H failed
4KV Bus H failed, top event CH or SI failed
Guaranteed fai lure
Both RHR pump trains operable
One RHR pump train operable
Switchover after SLOCA or B/F with CS failed
Switchover after SLOCA or B/F with CS success
Switchover after LLOCA or MLOCA initiating event
Switchover to recirculation af ter core melt
All support available. (SLOCA Case)
411 support available. (Bleed & Feed case)
411 support available. (LLOCA/MLOCA Case)
Guaranteed failure
All support available. Top event LA successful. (SLOCA)
411 support available. Top event LA failed. (SLOC4)
Top Event LR Guaranteed Failure (SLOC4)
All support available. Top event LA successful. (B & F)
411 support available. Top event LA failed. (B & F)
Top Event L4 Guaranteed Failure (B & F)
411 support available. Top event L4 successful.(LLOC4)
Rll support available. Top event L4 failed. (LLOC4)
Top Event LR Guaranteed Failure (LLOC4)
Guaranteed failure
All conditions(No support required)
All support available.
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~em'49.

VAF
150. VB1
151 ~ VB2
152. VB3
153 ~ VBF
154. RW1
155. RC1
156. LI1
157. LI2
158. MU1
159. MUF
160. MU2
161. AW1
162 4W2
163. 4W3
164. AW4
165. AWS
166. RW6
167. RW7
168. AWB
169.

4W9'70.

4WA
171. AWB
172. RWC
173. 4WF
174 ~ TD1
175. TD2
176. TDF
177. PRO
178 ~ PR1
179. PR2
180. PR3
181 ~ PR4
182. PR5
183. PR6
184. PR7
185. PRB
186. PR9
187. PR4
188 o PRB
189. PRC
190. PRD
191. PRE
192 ~ PRF
193. PRG
194. PRH
195. PRI
196. PRJ
197. PRK
198. PRL
199. PRM
200. PRN
201. PRP

~esc i~co
Guaranteed failure
All support available. Top event VA successful.
411 support available. Top event VA failed.
Top Event VA Guaranteed Failure
Guaranteed failure
411 conditions(No support required)
411 conditions(No support required)
Rl 1 conditions except large LOCA; (No support required)
LLOCR initiating events Given failure of top event AC
Power available at AC buses G and H
Guaranteed failure
Power avail at AC buses G and H (Make-up Via RFW Pump)
411 Support Sys 4vailable, Lo Power
411 Support Sys Rvailable, Hi Power
Support for 1 MDP Unavail, Lo Power
Support for 2 MDP's Unavail, Lo Power
Support for 411 10% Stm Dumps Unavail, Lo Power
Support for Rll 10% Stm Dumps Unavail, Hi Power
Support for 411 10/ SD's and TDP Unavail, Lo Power
Support for All 10% SD's and 1 MDP Unavail, Lo Power
Support for Rll 10% SD's and 2 MDP's Unavail, Lo Power
Support for 411 10% SD's, 1 MDP & TDP Unavail, Lo Power
One SG depressurizes, Rll Support Sys Rvail., Lo Power
ATWS;. 411 Support, Systems Available, TT Success
Guaranteed failure
Support for 2 MDP's Unavail., Seismic events
Support for all 10% SD's & 2 MDP's unavail.,Seismic IE
Guaranteed fai lure

Guaranteed Success
1/2 PORV's or (1/3 SRV's), LOSP or SGTR
1/2 PORV's and 3/3 SRV's
2/2 PORV's and 3/3 SRV's
2/2 PORV's and 2/3 SRV's or(3/3 SRV'S)
1/2 PORV's or (1/3 SRV's), HPI or SLB
1/1 PORV or (1/3 SRV's), LOSP or SGTR
1/1 PORV and 3/3 SRV's
3/3 SRV's
1/1 PORV or (1/3 SRV's), HPI or SLB
1/3 SRV's
3/3 SRV's
1/3 SRV's
1/2 PORV's or (1/3 SRV's), LOSP/SGTR,no blk vlvs
1/2 PORV's and 3/3 SRV's blk vlvs not avail.
Guaranteed Failure
2/2 PORV's and 3/3 SRV's blk vlvs not avail.
2/2 PORV s and 2/3 SRV's or(5/3 SRV'S) no blk vlvs.
1/2 PORV's or (1/3 SRV's.), HPI or SLB no blk vlvs
1/1 PORV or (1/3 SRV's), LOSP/SGTR, no blk vlvs
1/1 PORV and 3/3 SRV's no blk vlvs
3/3 SRV' no blk v1 vs
1/1 PORV or (1/3 SRV's), HPI or SLB no blk vlvs
1/1 Block valve closes, Al 1 support available
1/2 PORV's or (1/3 SRV's), Manual reactor trip
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202.
203.
204.
205.
206.
207.
208.
209.
210.
211

'12

'13.

214
215,
216.
217

'18.

219.
220.
221.
222.
223

'24

'25.

226.
227.
228.
22'V ~

230.
231.
232.
233.
234

'3S.

236.
237

'38

'M

240.
241.
242.
243.
244.
245.
246.
247

'48.

249.
250.
251.
252.
253.

PRO
PRR
PRS
PRT
OB1
OB2
OB3
OBF
P01
P02
P03
POF
CI1
CI2
CI3
CI4
CIS
CI6
C IF
CP1
CP2
CP3
CP4
CP5
CP6
WL1
WL2
WL3
VDI
VSI
V01
V02
VR1
VR2
VC1
VC2
IT1
LW1
LW2
LW3
SM1
SM2
ME1
ME2
OV1
OT1
OTF
OL1
MUV
I 11
I 12
I 1F

Model
/~en~ ~es ~tI1

1/1 PORV or (1/3 SRV's), Manual reactor trip
1/3 SRV's, Manual reactor trip
1/2 PORV's or (1/3 SRV's), Manual reactor trip
1/1 PORV or (1/3 SRV's), Manual reactor trip
Loss of Instrument air
Loss of Instrument air, charging failed
Loss of 1 DC bus Initiating event
Guaranteed Failure
1/2 PORVs ATWT,boration,all support,AFW avail.
2/2 PORVs ATWT,boration,no block valves,no AFW
1/2 PORVs ATWT,boration,no block valves,AFW avail.
Guaranteed Failure

Either inboard or outboard isol. valve(s) must close
Inboard vlves(pen 45) and 1/2 vlves(pen 50,51,52) close
Inboard isolation vlaves (pen 45,50,51,52) must close
Inbd. or Outbd. Isolation vlvs close — Excessive LOCA
Inbd.pen.45 & 1/2 vlvs pen.50,51,52 close — ELOCA
Inbd. iso 1 . vlvs. pen. 45, 50, 51, 52 c lose — ELOCA
Guaranteed failure
Either inboard or outboard isolation valve(s) must close
Outboard isolation valves must close
Fraction of time penetration 61, 62, or 63 is open
Same as CP1 with VI failed seismicly
Same as CP2 with VI failed seismicly
Same as CP3 with VI failed seismicly
Either FCV-500 (inboard) or FCV-501(outboard) must close
Inboard vlv FCV-500 (or outboard vlv FCV-501) must cloSe
Fraction of time containment sump discharge line is openInitiating event'frequency (discharge side valves)Initiating event frequency (suction side valves)
Pressure relief valves open 3/3 for VSI IE
Pressure relief valves open 2/2 for VDI IE
Pressure relief valves reclose 3/3 for VSI IE
Pressure relief valves reclose 2/2 for VDI IE
Leak rate of 1700 gpm for VSI IE
Leak rate of 800 gpm for VDI IE
RHR piping intact; VO successful
RCS f low to RWST for VS I IE
Guaranteed success
MOV support power not available
Small LOCA; for VSI IE
Small LOCA; for VDI IE
Medium LOCA; for VS I IE
Medium LOCA; for VDI IE
Failure to diagnoses a LOCA to RHR; Initiates ECA 1.2
Failure to isolate break, stops = leakage; Initiates E-1
Operator fai1 s to isolate break
Operator fai 1 s to depressurizes RCS
Makeup to RWST
Given: DF-S,AF-S,AG-S or DF-S,AF-F,AG-S.
Given: DF-S,AF-S,AG-F or DF-S,AF-F,AG-F ~

Given: DF-F (guaranteed failure).

D1-33 NUREG/CR-S726



Model
]Qgy~et

254.
255.
256.
257.
258.
259 ~

260.
261

'62.

263.
264.
265.
266.
267.
268.
269.
270.
271.
272

'73

'74.

275.
276.
277

'78.

279
280
281.
282

'83

'84.

285.
286.
287.
288.
289.
290.
291.
292.
293.
294.
295.
296.
297.
298.
299,
300.
301.
302.
303.
304.
305.
306;

121
I22
I23
I24
I2F
I31
I32
I3F
I41
142
14F
OS1
OSF
IAF
CDF
FWF
RPO
RP1
RP2
RPF
SE1
SE2
SEO
SEF
VIO
VI1
VI2
VI3
VI4
VI5
OIF
OI1
OI2
OI3
OPl
OP2
OE1
OE2 "

OE3
HS1
HS2
HS3
HS4
HSF
RS1
RSF
PL1
NC1
SSF
ODF
CT1
CT2
CTF

Givenc AG-S.
Given:„ DG-S, RG-F.
Given: RG-S, I 1-F
Given: DG-S, 4G-F, Il-F
Givent DG-F (guaranteed failure).
Given! DH-S,AH-S,RG-S or DH-S,4H-F,AG-S.
Given: DH-S,4H-S,AG-F or DH-S,4H-F,4G-F.
Given: DH-F (guaranteed failure).
Given: DG-S,AH-S,AG-S, or DG-S,RH-F,4G-S.
Given: DG-F,AH-S or RG-F,DG-S,(4H-S or AH-F)
Given: DG-F, AH-F (guaranteed failure).
Nanua 1 S I Actuation
Guaranteed Failure
Guaranteed Failure
Guaranteed Failure
Guaranteed Failure
Guaranteed Success
RCS pressure <1275¹
CCW lost, operator must trip to prevent seal loca
Guaranteed Failure
RCP Seal Cooling, CCW unavailable
RCP Seal Cooling, CCW available
Guaranteed Success
Guaranteed failure
Vessel Integrity Guaranteed success
Vessel Integrity (TT & MS Failed)
Vessel Integrity Loss of Secondary Heat Sink
Vessel Integrity Medium LOCA Events
SGTR~ With Successful ECCS Termination
SGTR; With Delayed ECCS Termination
Guaranteed Failure
when WL fails
when CP fai 1s
when CI fails
SGTR when SL S, terminate SI
SGTR when SL F,B; terminate SIinitiate boration in 10 minutes given ATWTinitiate boration in 20 minutes given ATWTinitiate boration in 30 minutes given 4TWT
hot standby,all available
hot standby, with small LOCA
hot standby, instrumentation lost
hot standby,LOC4 and instrumentation lost
guaranteed failure
43 of 53 inserted within 10 minutes
reactor trip failed
power level greater than 80%
moderator coef f icient less negative than -7
Guaranteed Failure
Guaranteed Failure
Seismic Failure of relays chattering givne /OP
Seismic Failure of relays chattering given OP
Guaranteed Failure
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Model
Xlumnl

307.
308.
309.
310.
311.
312.

314.
315

'16.

317.
318

'19.

320.
321.

ELl
ELF
ID1
IDF
OG1
OGF
NV1
NV2
NVF
DF1
DG1
DG2
DGF
DH1
DH2

323
'24.

325.
326.
327.
328.
329.
330

'31.

332.
333.
334.
335.
336.
337.
338.

340.
341.
342.
343.
344

'45.

346.
347.
348.
349.
350.
351.
352.
353.
354.
355.
356.
357.
358.

DH4
AF1
AF4
AFF
AG1
AG2
RG3
AGA
RGB
AGC
AGF
AH1
AH2
AH3
RH4
4H5
RH6
4HA
AHB
AHC
AHD
AHE
AHG
AHF
SF1
SFA
SG1
SG2
SG3
SGA
SGB
SGC
SH1
SH2
SH3
SH4

322.'DH3

PCsSZ~tD
Excessive LOCA
Guaranteed Failure
Identification of operator
Guaranteed Failure
Given Offsite Grid success.
Given Offsite Grid fails (guaranteed failure OG).
Given al 1 support available.
Given DC 13 or DC 12 failed and OG succeeded.
Given DC 13 and DC 12 failed or, OG failed.
480 V vital bus 1F -available.
480 V vital bus 1G available, DF succeeded.
480 V vital bus 1G available, DF fa'1

led.'uaranteedfai lure.
480 V 1H available, DF-S, DG-S P

480 V 1H available, DF-S, DG-F
480 V 1H available, DF-F, DG-S
480 V 1H available, DF-F> DG-F
All support available with recovery.
All support available no recovery.
Guaranteed failure.
DF-S, RF-S with recovery
DF-S, AF-F with recovery
DF-F with recovery
DF-S, 4F-S no recovery
DF-S, AF-F no recovery
DF-F no recovery
GUARANTEED FAILURE
DF-S, DG-S, AF-S, AG-S with recovery
DF-S, DG-S, AF-S, AG-F, or DF-S, DG-S, AF-F, 4G-S w.r.
DF-S, DG-S, AF-F, AG-F with recovery
DF-S, DG-F, AF-S or DF-F, DG-S, AG-S with recovery
DF-S, DG-F, RF-F or DF-F, DG-S, RG-F with recovery
DF-F, DG-F with recovery
DF-S, DG-S, AF-S, AG-S no recovery
DF-S, DG-S, AF-S, AG-F, or DF-S, DG-S, 4F-F, AG-S n.r.
DF-S, DG-S, AF-F, AG-F no recovery
DF-S, DG-F, AF-S or DF-F, DG-S, AG-S no recovery
DF Sy DG Fy AF F ol DF Fy DG Sy AG-F no recovery
DF-F, DG-F no recovery
GUARANTEED FAILURE
All support available with recovery.
All support available no recovery.
SF-S with recovery
SF-F with recovery
SF-B with recovery
SF-S no recovery
SF-F no recovery
SF-B no recoyery
SF-S, SG-S with recovery
SF-S, SG-F or SF-F, SG-S with recovery
SF-F, SG-F with recovery
SF-S, SG-B or SF-B, SG-S with recovery
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Model
gJ em~ Pe sic~to

359
360.
361.
362.
36'3.
364

'65

'66

'67.

368.
369.
370.
371.
372.
373

'74.

37S.
376

'77.

378.
379

'80.

381
'82.

383
'84.

385.
386.
387.
388.
389.
390.
391.
392.
393

''94

~

395.
396.
397.
398.
399.
400'.
401,
402.
403.
404.
405.
406.
407.
408

'09.

410.
411.

SH5 SF-F, SG-B or SF-B, SG-F with recovery
SH6 SF-B, SG-B with recovery
SHA SF-S, SG-S no recovery
SHB SF-S, SG-F or SF-F, SG-S no recovery
SHC SF-F, SG-F no recovery
SHD SF-S, SG-B or SF-B, SG-S no recovery
SHE SF-F, SG-B or SF-B, SG-F no recovery
SHG SF-B, SG-B no recovery
BF1 OG-F
B61 OG-F, BF-S
B62, OG-F, BF-F
BH1 OG-F, BF-S, BG-S
BH2 OG-F, BF-S, BG-F or OG-F, BF-F, BG-S
BH3 06-Fs BF-F~ BG-F
ZHEF06 H.E F4IL TO ALIGN 4 DEDICATED, PORT4BLE FUEL OIL TR4NSF
ZHERE2 H ~ E. FRIL TO X-TIE 2 VITAL BUSES — STRTION BLRCKOUT 4 RE
ZHESW1 H ~ E ~ FRIL TO REALIGN SWING DG TO OPPOSITE UNIT
ZHEOB2 H ~ E. FAIL TO ESTABLISH INSTRUMENT 4IR TO CONT4IN FOR TH
ZHE4W3 H.E. FAIL TO RECOVER
ZHEAW4 H.E. FAIL TO RECOVER
ZHEHS5 H.E. OPERATOR ERROR IN CASE OF CHEMICAL 4CCIDENT
ZHERP2 H.E. F4ILURE TO RECOVER
ZHESV3 H.E. FAIL TO RECOVER
SL1 411 Support Rvai 1 able
SL2 Loss of support to 10% steam dump valves
F01 411 support available.
F02 Support available to one train only.
F03 1/2 normal support unavailable, recover backup.
F04 2/2 normal support unavailable ~ recover backups.
FOS 2/2 normal and 1/2 backup support unavai1., rec. backup
FOF Guaranteed Failure
GF1 Al 1 support available.
GGl GF-S
GG2 GF-F
G63 GF-B
GH1 GF-S, GG-S
GH2 GF-S/F~ GG-F/S
GH3 GF-F, GG-F
GH4 GF-S/B, GG-B/S
GHS GF-F/B, GG-B/F
GH6 GF-B, GG-B
T61 GF-S, GG-S, GH-S
TG2 GF-S/S/F, 66-S/F/S, GH-F/S/S
T63 GF S/F/F~ GG F/F/ST GH F/S/F
T64 GF-Fi GG-F, GH-F
T65 GF S/S/B~ GG S/B/Si GH B/S/S
TG6 GF-S/S/F/F/B/B, GG-F/B/B/S/S/F, GH-B/F/S/B/F/S
TG7 GF-F/F/B, GG-F/B/F, GH-B/F/F
TGB GF-S/B/B, GG-B/S/B, GH-B/B/S
TG9 GF-F/B/B, GG-B/F/B, GH-B/B/F
TGA GF-B, GG-B, GH-B
TH1 GF-GGLGH-26:SSCcSS
TH2 GF-GG&GH-26:SSCcSF/FS, SF/FS5SS
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4

Hodel
~m~

412.
413.
414.
415.
416.
417

'18

'19.

420.
421.
422

'23.

424
425.
426.
427.
428.
429

'30.

431.
432.
433.
434.
435

'36

'37.

438.
439

'40.

'441 .
442,
443.
444

'45

~

446
'47

'48

'49.

450.
451

'52.

453.
454.
455.
456 ~

457.
458.
459.
460.
461
462.
463.

TH3
TH4
TH5
TH6
TH7
THB
TH9
THA
THB
THC
THD
THE
THG
SWO
SW1
SW2
SW3
FS1
FS2
FS3
FS4
FS5
FS6
FS7
FS8
FS9
F810
F811
HAZCHN
RT
ELOC4
LLOCA
NLOCA
SLOCN
SLOCI
SLBI
SLBO
LOOP
L1DC
ISI
LOPF
TT
PLNFW
TLNFW
L. CV
CPEXC
INSIV
RNSI V
SGTR
MSRV
EXFW
REAC12

SS&FB/BF
FF&SB/BS

BB&FS/SF

unit.l.

I.E.
ABLE

~i~)~to
GF,-GG8cGH-2G:FS/SF8cSF/FS, SS&FF, FF&SS
GF-GG&GH-2GsSF/FS&FF, FF&SF/FS
GF-GG&GH-2GtFF&FF
GF-GG&GH-2$ :SS8cSB/BS, SB/BS8cSS
GF-GG8cGH-2G:SF/FS&SB/BS, SB/BS&FS/SF, FB/BF8cSS,
GF-GG&GH-2G:SF/FS8cFB/BF, FB/BF8cSF/FS, BS/SB&FF,
GF-GG&GH-2G:FF&FB/BF, FB/BF&FF
GF-GG&GH-2G:SB/BS&BS/SB, SS8cBB, BB8cSS
GF-GG&GH-2G:BF/FB&SB/BS, BS/SB&FB/BF, FS/SF&BB,
GF-GG&GH-2G:FB/BF&BF/FBe FF&BBt BB&FF
GF-GG&GH-2G:SB/BS8cBB, BB&SB/BS
GF-GG&GH-2GtFB/BF&BB, BB&FB/BF
GF-GG&GH-2H:BB8cBB
Rl1 branch points for LOCR initiating event.
LOSP with equal number of DG operating on each
LOSP with more DGs aligned to unit 2 than unit
LOSP with more DGs aligned to unit 1 than unit 2
FIRE SCEN4RIO 1 INITIATING EVENT
FIRE SCEN4RIO 2 INITIATING EVENT
FIRE SCENRRIO 3 INITI4TING EVENT
FIRE SCEN4RIO 4 INITIATING EVENT
FIRE SCENARIO 5 INITIATING EVENT
FIRE SCENARIO 6 INITIATING EVENT
FIRE SCENARIO 7 INITIRTING EVENT
FIRE SCENARIO 8 INITIATING EVENT
FIRE SCENARIO 9 INITI4TING EVENT
FIRE SCENARIO 10 INITIATING EVENT
FIRE SCENARIO 11 INITIATING EVENT

HAZARDOUS CHENIC4L
TOTRL RE4CTOR TRIP FREQUENCY I.E.
EXCESSIVE LOCA I ~ E.
L4RGE LOCA I.E.
NEDIUM LOC4 I ~ E.
SNALL LOCA, NONISOLABLE I.E.
SNALL LOC4, ISOLRBLE I.E.
STE4NL INE BRERK INSIDE CONTAINNENT I . E .
STE4M LINE BRE4K OUTSIDE CONTAINNENT I.E.
LOSS OF OFFSITE POWER FREQUENCY I.E.
LOSS OF ONE DC BUS I.E.
INADVERTENT SRFETY INJECTION SIGNAL I . E.
LOSS OF PRINARY FLOW I.E.
TURBINE TRIP I . E.
P4RTIAL LOSS OF MAIN FEEDWRTER I.E.
TOTRL LOSS OF NAIN FEEDWRTER I.E.
LOSS OF CONDENSER VACUUN I.E.
CORE POWER EXCURSION I.E.
CLOSURE OF ONE MSIV I.E.
INADVERTENT CLOSURE OF ALL NSIV-S I.E.
STERN GENERATOR TUBE RUPTURE I.E.
INADVERTENT OPENING OF MAIN STEAM RELIEF VALVES
EXCESSIVE FEEDWATER FLOW I.E.
ELECTRIP POWER RECOVERY F4CTOR — 12 HOURS AVAIL
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Model
3Dca~
464.
465.
466.
467
468.
469.

REAC06
RESLCI
RESLC2
RESLC3
SEIS
CRF IRE

ELECTRIC POWER RECOVERY FACTOR — 6 HOURS AVAILABLE
E.P.R.F 5 DGS FAILED BUT DG RECOVERY POSSIBLE, AFW NOT A
E.PE R.F 5 DGS FAILED BUT DG RECOVERY POSSIBLE;- AFW AVAIL
E.P R.F FUEL OIL TRANSFER SYSTEM FAILURES AFW AVAILABLE
SEISMIC CORE MELT CONTRIBUTION — FROM SEIS4 MODEL
CONTROL ROOM, CABLE SPREADING ROOM FIRE FREQUENCY — TOTA|

. ~
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Appendh D

hppeudlx D2: Pair Importance Calculatloas by Conditional
Split Fractious - Reduced Model

This appendix supplements the BNLquantiQcation offere in Section 3.9 and consists of the following tables
that present the pair importanccs of the listed dasscs of split fractions by individual split fraction. @he pair
importances provided in Section 3.9 are by aggregated top events.) Allof thc pair importance tables provide
the ranking by unnortnalized Fussel-Vcscly importance. One additional table has been added here for
completeness, it incorporates all of the conditional split fractions within the reduced model and globa0y ranks
them by their Birnbaum importance.

~be ~e
D2.1 Pair Importance by Claam of Split Fractions (Initiators - Frontiines)

D22 Pair Importance by Classes of Split Fractions (Initiators - Supports)

D23 Pair Importance by Chssm of Split Fractions (initiators - Human and Recovery Actions)

D2,4 Pair Importance by Classes of Split Fractions (Frontlines - Frontlines)

DX5 Pair Importance by Classes of Split Fractions (Frontlines - Supports)

D2.6

tj D2.7

D2.8

Pair Importance by Classes of Split Fractions (Frontlines - Human and Recovery Actions)

Pair Importance by Classes of Split Fractions (Supports - Supports)

Pair Importance by Classes of Split Fractions (Supports - Human and Rccovety Actions)

D2.9 Pair Importance by Classes of Split Fractions (Human and Recovcty Actions - Human and
Recovery Actions)

D2.10 Conditional Split Fractions Globally Ranked by Birnbaum Importance

NO%X: The software developed at BNL to perform the pair importance calculations included herein
remains in a developmental stage. The capability to recognize that the pairing of element A with
element B is redundant to the pairing of element B with element A is yet to be realized.
Therefore, when pairing frontline systems to frontline systems (Table D2.4) support systems to
support systems (Table D2.7), and human actions to human actions (Table D2.9) the output
provides two redundant lines for each pair.
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~Reedd ~D2: Pair Importance Calculations by Conditional
Split Fractions - Reduced Model

This appendix supplements the BNL quantification offered in Section 3.9 and

consists of the following tables that present the pair importances of the listed
classes of split fractions by individual split fraction. (The pair importances

provided in Section 3.9 are by aggregated top events.) All of the pair
importance tables provide the ranking by unnormalized Fussel-Vesely importance.
One additional table has been added here for completeness, it incorporates all
of the conditional split fractions within the reduced model and globally ranks
them by their Birnbaum importance.

~ae ~e
D2.1

D2.2

Pair Importance by Classes of Split Fractions (Initiators - Frontlines)

Pair Importance by Classes of Split Fractions (Initiators - Supports)

D2.3 Pair Importance by Classes of Split Fractions (Initiators - Human and
Recovery Actions)

D2.4 Pair Importance by Classes of Split Fractions (Frontlines - Frontlines)

D2.5 Pair Importance by Classes of Split Fractions (Frontlines - Supports)

D2.6 Pair Importance by Classes of Split Fractions (Frontlines -. Human and
Recovery Actions)

D2.7 Pair Importance by Classes of Split Fractions (Supports - Supports)

D2.8 Pair Importance by Classes of Split Fractions (Supports - Human and
Recovery Actions)

D2.9

D2.10

~ Pair Importance by Classes of Split Fractions (Human and Recovery
Actions - Human and Recovery Actions)

C

Conditional Split Fractions Globally Ranked by Birnbaum Importance

NOTE: The software developed at BNL to perform the pair importance
calculations included herein remains in a developmental stnge. The
capability to recognize that the pairing of element A with element B is
redundant to the pairing of element B with element A is yet to be
realized. Therefore, when pairing frontline systems to frontline
systems (Table D2.4) support systems to support systems (Table D2.7),
and human actions to human actions (Table D2.9) the output provides two
redundant lines for each pair.
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Pair Importance
Table D2.1

by Classes of Split Fractions (Initiators - Frontlines)

LOOP
LOOP
L1DC
RT
TT
LOOP
RT
TT
PLMFN
SLBO
L1DC
PLNFW
RT
NLOCA
TT
LOOP
MLOCA
NLOC4
LOOP
LOOP
PLNFW
L1DC
SGTR
SGTR
LOOP
LLOCA
LOOP
FS1
SLBO
SLOCI
SLBO
RT
LLOC4
RT
TT
NLOCA
TT
LOOP
SGTR
SGTR
LOOP
LOOP
LOOP
SLBI
SGTR
PLNFN
PLNFW

Pairs

PRD
AW4
ANA
OB1
OB1
AW3
AN5
AW5
OB1
NS2
OB3
AW5
AWi
RF3
AW1
L41
L43
LB2
AW9
LB3
AW1
MS2
NU1
SL1
RF1
AC1
VI2
AW4
ANB
LA1
OB1
AWB
RF3
VI2
AWB
VI3
VI2
OB1
LA1
LB2
CH2
HRB
VB1
OB1
VI5
4WB
AW3

UNNORM FUSS-V

1 ~ SBBE-05
8 101E-06
5.978E-06
5 '34E-06
4.703E-06
4.009E-06
3.753E-06
3.457E-06
3.336E-06
2 ~ BOOE-06
2 '84E-06
2.466E-06
2.362E-06
2 283E-06
2 '42E-06
2.078E-06
1.704E-06
1.704E-06
1.659E-06
1.600E-06
1.599E-06
1.472E-06
1.430E-06
1.319E-06
1.289E-06
1 267E-06
1 . 241E-06
1.234E-06
1.046E-06
1.044E-06
1.008E-06
1.00BE-06
9.95'9E-07
9.355E-07
9.282E-07
9.260E-07
8 . 616E-07
0.587E-07
8. 518E-07
8. 518E-07
8.224E-07
7.978E-07
7.242E-07
6.863E-07
6 '02E-07
*.621E-07
6.427E-O7

BIRNBAUM

3.576E-03
1.228E-03
2.435E-03
1.528E-04
1.550E-04
3.553E-02
9.976E-05
9.976E-05
1 . 541 E-04
5.063E-04
2.796E-04
9.976E-05
5.554E-02
1.000E+00
5.723E-02
J.. 119E-03
2. 330E-01
1. 580E-02
1.293E-04
8.621E-04
5.723E-02
5.750E-05
1.048E-02
1.273E-02
4. 481E-03
1.000E+00
6.200E-04
5.790E-02
7.845E-'03
3.178E-03
6.309E-03
7. 187E-04
1.000E+00
3.730E-05
7. 187E-04
1.000E+00
3.730E-05
3.265E-04
2.442E-03
2.138E-04
6 '10E-04
2. 186E-03
2. 186E-03
5. 129E-02
4.420E-03
7. 187E-04
6.920E-04
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Fsl
SLBO
SLBO
SGTR
PLMFW
SLOG I
SLOCI
SLDI
LOOP
EXFW
VSI
VSI
FS1
SLOCN
LOOP
SLBI
SLOCI
SLBO
L1DC
RT
SLOCN
FS9
TT
FS8
EXFW
FS9
SLOCN
PLMFW
LOOP
LOOP
SLBI
LOSWV
EXFW
EXFW
LOOP
EXFW
RT
MLOCA
SLOCN
TT
RT
SLOCN
LOSWV
L1DC
TT
LOOP
RT
LOOP
TT
PLMFW
PLMFW

Pairs

OB1
L41

,
LB2
SL2
VI2
PRN
LB2
AWB
AWA
AW1
IT1
ME1
VI2
MU2
SI2
MS2
LB3
VI2
4/7
MS2
LA1
OB1
MS2
PRD
OB1
VI2
LB2
MS2
LB2
HRD
VI2
CI1
AWB
AW3
VA1
VI2
LAi
LV1
RW1
LA1
LB2
RF1
SI1
VI2
LB2
MS2
4W4
AW1
AW4
LB2
LAi

Tab1e D2.1

UNNORM FUSS-V

6.382E-07
6.335E-07
6.335E-07
6.202E-07
6. 146E-07
5.862E-07
5.862E-07
5.657E-07
5.537E-07
5.297E-07
4.999E-07
4.999E-07
4.946E-OT
4 858E-07
4.818E-OT
4. 816E-07
4.588E-07
4.585E-07
4. 171E-07
4. 148E-07
4. 147E-07
3.902E-07
3.820E-07
3. 016E-07
3.008E-07
2.970E-07
2. 913E-07
2.725E-07
2.682E-Q7
2.535E-07
2.445E-07
2. 4 14E-07
2.406E-07
2.394E-07
2.292E-07
2.289E-07
2. 221 E-07
2. 125E-07
2.072E-07
2.045E-07

. 021 E-07
1 ~ 945E-07
1 ~ 925E-07
1 ~ 925E-07
1.862E-07
1. 612E-07
1.536E-07
1. 521E-07
l . 41 5E-07
1.328E-07
1.328E-07

BIRNBAUM

7 ~ 51 1E-02
5. 615E-03
4. 916E-04
5.563E-03
3.730E-Q5
4.753E-Q3
1.563E-04
5.070E-02
6.345E-05
5.090E-02
5. OOOE-01
9.900E-01
7.647E-02
7.894E-03
3 '09E-04
1.040E-03
1.397E-03
3 '69E-03
5.029E-02
3.638E-07
3 '65E-03
1.000E+00
3.638E-07
1.000E+00
3.730E-05
1.000E+00
2.377E-04
3.638E-07
1.265E-05
6. 110E-04
2.400E-02
9. 453E-01
7. 010E-04
6.920E-04
6.560E-04
3.730E-05
9.549E-06
1,000E+00
1 OOOE+00
9.549E-06
7.609E-07
1.170E-02
9 415E-01
3. 417E-04
7.609E-07
1.T72E-06
1 ~ 858E-06
4.480E-02
1.858E-06
7 '09E-07
8-691E-06
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Pairs

Table D2.1

UNNORM FUSS-V BIRNBAUM

LOPF
LOPF
L1DC
LLOCA
LLOCA
INSIV
INSIV
FS1
TLNFN
TLNFW
LOPF
FS1
PLMFN
LCV
LCV
LOOP
IMSIV
LOCV
LOCV
TLMFW
ISI
ISI
LOOP
LCV
LOCV
RT
ISI
TT
NLOCA
NLOCA
RT
L1DC
TT
L1DC
LiDC
F810
F810
FS1
LOPF
L1DC
INSIV
TLMFN
PLNFW
LOOP
LCV
LOCV
L1DC
ISI
RT
TT

4W1
OB1
PRA
LBB
Lfi3
A@1
OBl
LAl
AW1
OB1
AWB
LB2
AN4
OB1
4N1
CI2
AWB
OBl
AN1
AWB
OBi
AWl
AWB
AWS
AWB
AW3
AWS
AW3
SI1
CH2
AW7
HRB
AW7
VB1
SR2
AW4
OB1
AW9
AW7
RF1
AW7
AN7
AW7
AW7
AN7
4W7
CI2
AW7
CH ~

CH2

1.304E-07
1.304E-07
1.233E-07
1 . 197E-07
1 . 197E-07
1. 153E-07
1. 153E-07
1 . 139E-07
1.076E-07
1-076E-07
1.043E-07
1 . 013E-07
1.009E-07
9. 41 1E-08
'9. 41 1E-08
9.309E-OB
9.226E-OB
B. 613E-08
8. 613E-08
$ .605E-OS
7.966E-OB
7.966E-OB
7.846E-OB
7.527E-OB
6.889E-OB
6. 511E-08
6.372E-OB
5.997E-OS
4.243E~S
4.243E-OB
3.394E-OB
3.326E-OB
3. 126E-08
3. 019E-08
2.949E-OS
2.933E-OS
2.933E-OB
2.906E-OB
2.764E-OB
2. 621E-08
2.444E-OB
2.280E-OS
2.230E-OS
2.079E-OB
1.994E-OB
1.825E-OB
1 795E-08
1.688E-OS
1.379E-OB
1 . 2/OE-08

2.890E-02
3.730E-05
5.$ 50E-04
1 580E-02
3.750E-02
2.890E-02
3.730E-05
1.899E-02
2.890E-02
3.730E-05
7.010E-04
1.479E-03
1.85SE-06
3.730E-05
2.890E-02
1.773E-04
7. 010E-04
3.730E-05
2.8'90E-02
7. 010E-04
3.730E-05
2.890E-02
7. 010E-04
7. 010E-04
7.010E-04
4 '06E-05
7 ~ 010E-04
4.606E-05
2.820E-02
6.500E-03
9. 188E-05
3.240E-04
9. 188E-05
3.240E-04
1.215E-04
2.890E-02
7.250E-02
7 010E-04
7 050E-04
3 '40E-04
7.050E-04
7.050E-04
9. 188E-05
7 050E-04
7.050E-04
7.050E-04
1. 215E-04
7.050E-04
8. 581E-'07
8. 581E-07

D2-5 NUREG/CR-5726



Pairs

Table D2.1

UNNORM FUSS-V BIRNBAUM

SLBO
L1DC
L1DC
FS1
FXFW
SLBO
RT
TT
LOOF'1DC

L1DC
SLBO
L1DC
L1DC
L1DC

COMMAND-

AW3
VB3
SI1
LB1
AW7
AW8
RF1
RFl
CH1
LB3
MU2
AW7
LB1
CH2
CS2

1.262E-08
1. 194E-08
1.011E-08
9.610E-09
5.098E-09
4.489E-09
3 ~ 091E-09
2.847E-09
2.555E-09
1.980E-09
1.980E-09
1.189E-09
3. 669E-10
3. 509E-10
3. 364E-10

1.840E-03
1.215E-04
1.215E-04
2 095E-03
5.640E-05
6.600E-04
8. 581E-07
8. 581E-07
4.499E-05
3. 791E-06
6. 610E-06
6.637E-04
9. 188E-07
9.720E-07
9. 188E-07
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Table D2.2
Pair Importance by Classes of Split Fractions (Initiators - Supports)

Pairs UNNORH FUSS-V BIRNBAUM

LOOP
LOOP
LOOP
LOOP
LOOP
LOOP
LOOP
LOOP
LOOP
LOOP
L1DC
L1DC
LOOP
LOOP
LOOP
LOOP
LOOP
RT
L1DC
L1DC
TT
LOOP
LOOP
RT
RT
LOOP
TT
TT
L1DC
LOOP
LiDC
PLMFW
LOOP
LOOP
PLMFW
PLMFW
RT
RT
LOQP
TT
TT
LOOP
LOOP
LOOP
FS6

GF1
BB1
GH1
GG2
GH2
Swi
F01
TH3
TG2
CC5
DH2
AH4
TH2
GH3
TB3
SW2
CV3
DHl
DF1
AF1
DH1
F05
ASB
I31
,Ill
DH1
I31Ill
CC5
TG1
CC4
DH1
F04
DB1
I31Ill
SB2
SA1
SV5
SB2
SA1
SV2

'. DF1
AH1
CC5

1.405E-05
1 ~ 125E-05
9 '79E-06
7. 851E-06
7.797E-06
7.248E-06
3.666E-06
3. 618E-06
3.478E-06
3 '89E-06
2.833E-06
2 '09E-06
2.722E-06
2.423E-06
2.035E-06
1 . 601 E-Ob
1.596E-06
1.540E-06
1.472E-06
1 ~ 445E-Ob
1 . 419E-06
1 ~ 385E-06
1 . 371 E-Ob
1 . 250E-06
1. ~ 50E-Ob
1.182E-06
1. 152E-Ob
1. 152E-Ob
1.026E-06
1.008E-06
9 ~ 501 E-07
9 ~ 421 E-07
9.300E-07
8 '26E-07
8 ~ 21 5E-07
8. 215E-07
8. 150E-07
8. 150E-07
7.639E-07
7.507E-07
7.507E-07
7. 212E-07
7. 112E-07
7 ~ 041E-07
6.889E-07

3. 4 15E-03
2. 761E-03
2. 371E-03
1.552E-03
1.584E-03
1.593E-04
1.865E-01
6.402E-04
7. 130E-04
1.298E-03
1.586E-01
1 ~ 586E-01
5.623E-O4
3.220E-04
3 '78E-04
6.928E-03
3.089E-04
1.927E-03
8. 156E-02
8- 156E-02
1 927E-03
2.996E-04
5 579E-04
9.537E-04
9.537E-04
1.853E-02
9.537E-04
9.537E-04
1.397E-03
2 518E-04
1.390E-03
1.794E-03
4.522E-04
1 . 391E-02
9.537E-04
9.537E-04
2.979E-05
9.432E-05
1. 145E-03
2 '979E-05
9.432E-05
4.403E-02
1 ~ 109E-02
1. 118E-02
9. 960E-01
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Pairs

Table D2.2

UNNORM FUSS-V BIRNBAUM

SLBI
RT
PLt1FW
RT
RT
LOOP
L1DC
LOOP
TT
TT
LOOP
PLNFW
PLNFW
LOCV
LOOP
RT
L1DC
SLBI
EXFW
LOSWY
LOSWV
RT
RT
TT
RT
LOOP
Mt OCA
NLOCA
TT
TT
TT
TT
LOOP
LOOP
PLNFW
PLNFW
FS6
RT
LOOP
TT
NLOCA
EXFW
LOOP
LOOP
PLHFW
SLBI
SLBI
SLBO
SLBO
LOOP
SLBI
RT

SA5
OG1
AH1
I41
I21
F02
AS4
CC7
I21
I41
BG1
SA1
SB2
RT1
AFl
DG1
CC3
SBE
SV1
SA1
SB1
CC3
GF1
DGi
CC2
AG1
SA2
SBb
CC3
OGl
GF1
CC2
GH4
SW3
I41
'I21
AS4
RT7
SB1
RT7
CY1
DH1
I32
CV2
DG1
DG1
DH1
I31Ill
GH5
AHi
GG2

6 682E-07
6 569E-07
6.427E-07
6 262E-07
6.262E-07
6. 214E-07
6.044E-O?
5. 914E-07
5.768E-07
5.768E-Q7
5.402E-07
5.355E-Q7
5.355E-07
5.25?E-Q?
5.065E-07
5.041E-07
4.902E-07
4 . 816E-0?
4. 771E-07
4.768E-07
4.705E-07
4.702E-07
4.697E-O?
4.643E-07
4.547E-07
4.499E-07
4.,455E-07
4 '55E-07
4 330E-07
4.326E-07
4.326E-07
4. 188E-07
4. 133E-07
4 . 130E-0?
4 ~ 1 14E-07
4. 114E-07
4.057E-07
4.003E-07
3.691E-07
3.687E-07
3.519E-07
3. 518E-07
3.462E-07
3.323E-07

312E-07
3.264E-07
3-246E-07
3-237E-07
3.237E-07
3. 195E-07
3 ~ 191E-07
3 ~ 161E-07

1.031E-Oi
7.552E-04
1.240E-03
9.537E-04
9.537E-04
9.700E-04
1-397E-03
9.803E-03
9.537E-04
9.537E-04
4. 123E-03
9.432E-05
2.979E-05
1.000E+00
8.044E-O3
6.272E-04
3.273E-02
1.40QE-02
1.000E+00
1 ~ OOOE+00
1.000E+00
7.050E-04
9. 1 16E-06
6.272E-04
7. 010E-04
7. 145E-03
8.440E-02
1. 140E-02
7.050E-04

.400E-04
9. 116E-06
7 010E-04
1.014E-04
4 '66E-Ob
9.537E-04
9.537E-04
9. 960E-01
1.819E-04
5.422E-04
1.819E-04
1.000E+00
1.799E-03
2.186E-03
1.773E-04
6.272E-04
1.000E+00
1.000E+00
5.090E-02
5 '90E-0
6. 314E-05
9.96QE-01
4.988E-06

NUREG/CR-5726 D24



LOOP
PLMFW
SLOCI
LOOP
LOOP
PLMFW
LOOP
TT
RT
FS11
FS11
TT
PLMFW
LOOP
EXFW
SLBO
SLBO
RT
SLBO
SLOCI
SLOCI
SLOG I
BLOC I
PLMFW
PLMFW
LOOP
TT
LOOP
RT
LOOP
FS1
LOPF
TT
LLOCA
LLOCA
PLMFW
RT
IMS IV
RT
SLBI
LOOP
RT
TLMFW
RT
TT
TT
TT
RT
PLMFW
LCV
RT
TT

Pairs
TG6
CC3
Cci
CV6
TG5
CC2
TH6
GG2
SV2
DGl

, DH1
SV2
RT7
TH1
AH1
DHi
DGl
CC1
AHl
DG1
DH1
AH1
AG1
OG1
GF1
FO3
Cci
TH4
SV3
BHi
DG1
SV1
SV3
SB6
SA2
SV2
Fol
SV1
GH3
SBC
AS5
DF1
SV1
AH1
GH3
DF1
AH1
GH2
Ccl
SVi
AF1
GH2

Table D2.2

UNNORM FUSS-V

3 109E-07
3.089E-07
3.027E-07
3.023E-07
3 010E-07
2.988E-07
2.983E-07
2. 912E-07
2 '67E-07
2.686E-07
2. 671E-07
2 '40E-07

.630E-07
477E-07

2.394E-07
2.348E-07
2.328E-07
2.327E-07
2. 318E-07
2. 316E-07
2.302E-07
2.273E-07
2.273E-07
2.192E-07
2.192E-07
2. 145E-07
2. 143E-07
2.132E-07
2. 112E-07
2 109E-07
2.073E-07
2.069E-07
1.945E-07
1-944E-07
1.944E-07
1.883E-07
1 . 871E-07
1.830E-07
1.801E-07
1.786E-07
1.776E-07
1.732E-07
1.707E-07
1.700E-07
1.658E-07
1.596E-07
1.566E-07
1.536E-07
1.529E-07
1.493E-07
1.420E-07
1. 415E-07

BIRNBAUM

6.314E-05
7.050E-04
1.000E+00
8 563E-05
7. 451E-05
7.010E-04
7. 451E-05
4.988E-Ob
1.397E-03
1.000E+00
1.000E+00
1.397E-03
1.819E-04
6.242E-05
1.240E-03
6.057E-02
5. 971E-02
1.086E-02
6.057E-02
2 '40E-02
2.040E-02
2.040E-02
2 040E-02
3.836E-04
6.4?5E-06
6. 714E-03
1.086E-02
3.385E-05
1.393E-03
1.609E-03
1.000E+00
1 OOOE+00
1.393E-03
1. 140E-02
8.440E-02
1 397E-03
7.599E-04
1.000E+00
1.910E-06
2.878E-02
5.450E-03
2.155E-04
1 ~ OOOE+00
2. 155E-04
1.910E-06
2 ~ 155E-04
2. 155E-04
2.490E-06
1.086E-02
1.000E+00
1.800E-04
2.490E-06
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LPCC
LPCC
LOCV
RT
L1DC
TT
SGTR
SGTR
IGI
TT
SLOCN
EXFW
PLNFW
PLMFW
EXFW
PLMFW
L1DC
RT
SLBO
EXFW
SLBO
LOOP
TT
LOPF
PLMFW
PLNFW
INSIV
SLBO
GLBO
TLNFW
SGTR
SGTR
SGTR
LCV
LOCV
SGTR
SGTR
ISI
LlDC
FG1
LOPF
IMGIV
TLNFW
LCV
LOCV
IGI
L1DC
PLMFW

Pairs

DG1
DH1
SV1
TG3
SB1
AF1
I31Ill
SV1
TG3
131
DG1
GH3
GG2
CC3
DF1
SA1
SV1
DFi
CC2
AF1
SV4

~ SV1
DHl
GH2
AFl
DH1
I41
121
DH1
DFl
DG1
DH1
DH1
DH1
I21
I41
DH1
AS3
DH1
DG1
DG1
DG1
DG1
DG1
DG1
I32
SV1

Table D2.2

UNNORM FUSS-V

1.382E-07
1.374E-07
1.366E-07
1.361E-07
1.353E-07
1.308E-07
1.282E-07
1-282E-07
1.264E-07
1 ~ 253E-07
1.234E-07
1;202E-07i. 183E-07
1. 183E-07
1. 151E-07
1. 138E-07
1 . 13SE-07
1 . 135E-07
1. 127E-07
1 . 1 13E-07
1 ~ 106E-07
1.089E-07
1 ~ 045E-07
1.043E-07
1.009E-07
9.330E-OB
9.226E-OB
9.205E-OB
9.20SE-OB
8.605E-OB
7.860E-OB
7.860E-OB
7. 816E-08
7.527E-OB
6.889E-OB
6.422E-OB
6.422E-OB
6.372E-OB
2.949E-OB
2.906E-OB
2.764E-OB
2.444E-OB
2.280E-OB
1.994E-OB
1.825E-OB
1.688E-OB
1.443E-OB
4.483E-09

BIRNBAUM

1.000E+00
1-OOOE+00
1.OOOE+OO
1 . 910E-06
7 '65E-04
1.800E-04
6.520E-03
6.S20E-03
1.000E+00
1 ~ 910E-06
2.040E-02
6. 109E-04
1.910E-06
2 ~ 841E-06
7.050E-04
2. 155E-04
5.850E-04
5.820E-02
2.890E-02
7.010E-04
2.890E-02
4.655E-02
5.820E-02
1.230E-03
2.490E-06
1.800E-04
1.230E-03
2.890E-02
2.890E-02
1.230E-03
6.520E-03
6.520E-03
6.520E-03
1.230E-03
1.230E-03
6.520E-03
6.520E-03

~ 1 . 230E-03
9.444E-03
1 410E-01
3 240E-04
3.240E-04
3.240E-04
3.240E-04
3.240E-04
3.240E-04
3.240E-04

.500E-03
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Table D2. 3
Pair Importance by Classes of Split Fractions

(Initiators - Human and Recovery Actions)

Pairs
UNNORM FUSS-V BIRNBAUM

RT
TT
F811
F811
PLMFW
LOOP
LPCC
LPCC
LOOP
SGTR
LOOP
EXFW
SLBI
FS6
LOSW
LOSW
RT
LOOP
TT
LOPF
F$ 5
FS5
IMSIV

OP
ij MFW

V
Rl
LOCV
Tl
PLMFW
ISI
HAZCHM
PLMFW
RT
LOSWV
TT
L1DC
PLMFW
LOOP
LOOP
SLBO
LOOF'1DC

LOOP
LOOP
RT
TT
PLMFW
RT
TT
EXFW
PLMFW

OOP

HS1
HS1
SE1
RP2
HS1
REAC06
SE1
RP2
RESLC1
Opi
RESLC2
HS1
RP2

RP2
SE1
RP2
HS1
RP2
HS1
RP2
SE1
HS1
SE1
HS1
HS1
OS1
HS1
OS1
RP2
HS1
ZHEHS5
Osi
SE1
ZHESV3
SE1
ZHERP2
SE1
ZHEFOb
RESLC3
ZHEAW4
ZHESV3
ZHEAW3
ZHESW1
ZHERE2
ZHEOB2
ZHEOB2
ZHEOB2
ZHESV3
ZHESV3
ZHEOB2
ZHESV3
REAC12

5.689E-06
5.240E-06
4. 136E-06
4. 136E-06
3 '38E-06
2.733E-06
2. 128E-06
2. 128E-06
1.645E-06
1.643E-06
1.484E-Ob
1.398E-06
1.250E-Ob
1.095E-Ob
1.057E-06

"1 . 057E-06
8.895E-07
6.83'9E-07
6.469E-07
6 ~ 062E-07
5.710E-07
5 ~ 710E-07
5 ~ 361 E-07

064E-07
5.000E-07
4.374E-07
4.148E-07
4.003E-07

820E-07
3 ~ 721E-07
3.702E-07
3 '08E-07
2.725E-07
2.327E-07
2 '94E-07
2. 143E-07
1.709E-07
1.529E-07
1. 153E-07
9.360E-OB
8.748E-OB
4. 041E-08
2.584E-OG
2.236E-OB
2. 018E-08
1. 969E-08
1 . 814E-08

"-94E-08
6.823E-09
6.285E-09
5.098E-09
4.483E-09
2.925E-09

D2-11

9.962E-01
9 ~ 962E-01
'9.960E-01
1.090E-02
9.962E-01
1.065E-04
9. 960E-01
1.090E-02
3.896E-05
2. 173E-02
4.269E-04
1.000E+00
2. 711E-03
4.560E-02
1.090E-02
9.960E-01
7.834E-07
1.500E+00
b. 186E-07
1.000E+00
1.090E-02
9. 960E-01
1.000E+00
5 105E-04
1 OOOE+00
1.000E+00
1 . 819E-04
1 OOOE+00
1 . 819E-04
4.988E-07
1.000E+00
1.000E-Oi
1.819E-04
1.872E-05
9.779E-01
1 ~ 872E-05
6.683E-04
1.872E-05
3. 167E-05
1 . 192E-05
3 ~ 164E-03
1 ~ 190E-04
1 ~ 262E-04
6.940E-05
4. 176E-05
'2. 159E-07
2. 159E-07
2. 159E-07
1.605E-06
1.605E-06
2.284E-07
1.6058-06
1.509E-07
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Table D2.4
Pair Importance by Classes of Split Fractions (Frontlines - Frontlines)

081
AN5
081
AW1
LA1
LB2
AN1
VI2
083
AWA
L82
LA3
PRD
L83
PRD
L41
AW4
PRD
PRD
RF1
4W3
VI2
MS2
ANB
NS2
081
AW4
081
MU1
SL1
PRD
HRB
PRD
V81
AW3
081
NS2
083
NS2
AWA
ANB
LA1
NS ~

LA1
4WB
LB2
LB2
'NS2
PRN
PRN

Pairs

AW5
081
AW1
081
LB2
LA1
VI2
RW1
AWA
083
LA3
LB2
LB3
PRD
LA1
PRD
PRD
RW4
RF1
PRD
YI2
AW3
4WB
NS2
081
NS2
081
4W4
SL1
MU1
HRB
PRD
VB1
PRD
081
AN3
083
NS2
AWA
MS2
LB2
RWB
LA1
MS2
LA1
AWB
MS2
L82
LA1
L82

UNNORH FUSS-V

9.6T6E-06
9.676E-06
4 ~ 184E-06
4. 184E-06
3.253E-Ob
3.253E-06
2. 641E-06
2 ~ 641E-06
2 566E-06
. ~ 566E-06
1 ~ 704E-06
1 704E-06
1.600E-06
1.600E-06
1. 571E-06
1. 571E-06
1 . 551E-06
1. 551E-06
1.252E-06
1.252E-06
1.245E-06
1.245E-06
1.046E-06
1.046E-06
1.008E-06
1.008E-06
8. 871E-07
B. 871E-07
8.269E-07
8.269E-07
7.978E-07
7.9TBE-07
7.242E-07
7.242E-07
6 '79E-07
6.979E-07
6. 491E-07
6. 491E-07
6.491E-07
6. 491E-07
6.335E-07
6.335E-07
6.335E-07
6.335E-07
6.335E-07
6.335E-07
6.335E-07
6.335E-07
5.862E-07
5.862E-O7

BIRNBAUD

1 . 015E-02
1.015E-02
1.00OE+00
1 OOOE+00
6.845E-04
6.845E-04
1.000E+OO
1.000E+OO
7 ~ 135E-05
7.135E-05
4.630E-04
4.630E-04
1.608E-03
1.608E-03
1.578E-03
1.578E-03
4.383E-04
4.383E-04
8.117E-03
8. 117E-03
4.563E-O2
4.563E-02
4.338E-05
4.338E-05
3.489E-05
3.489E-05
4 '34E-04
4.234E-04
1 710E-02
1 . 710E-02
4.077E-03
4.077E-03
4.077E-03
4.077E-03
1.948E-02
1.948E-02
1 . 731E-06
1.?31E-06
6.76BE-06
6.768E-06
1. 128E-04
1.28BE-03
3. 105E-05
3. 105E-05
1 '88E-03
1 . 128E-04
2.719E-06
2.? 19E-06
3. 751E-03
3.284E-04
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i

LA1
LB2
CH2
AW4
4WB
OB1
LB2
AW1
AW1
LA1
IT1
ME1
AW4
VI2
L41
SL1
SL1
LB2
VI2
MS2
4WB
VI2
LA1
AW3
PRD
SI2
MU2
LB2
MU2
LA1
AW4
LA1
AW3
LB2
HRD
PRD
PRD
4W3
PRD
VA1
MU2
RF1
AW7
VI2
PRD
CH2
L43
LBB

Pairs

PRN
PRN
AW4
CH2
OB1
AWB
AW1
LB2
LAi
AW1
ME1
IT1
VI2
AW4
SLi
LB2
LA1
SLi
MS2
VI2
VI2
AWB
AW3
LAi
SI2
PRD
LB2
MU2
LAl
MU2
L41
RW4
LB2
AW3
PRD
HRD
AW3
PRD
VA1
PRD
RFl
MU2
VI2
RW7
CH2
PRD
LBB
LR3

Table D2.4
UNNORM FUSS-V

5.862E-07
5.862E-07
5.552E-07
5.552E-07
5.546E-07
5.546E-07
5. 211E-07
5.211E-07
5. 21 1E-07
5.211E-07
4.999E-07
4 '999E-07
4.946E-07
4.946E-07
4.926E-07
4.'926E-07
4.926E-07
4 926E-07
4.585E-07
4 '85E-07
4.232E-07
4.232E-07
3.900E-07
3.900E-07
3.508E-07
3.50BE-07
2. 913E-07
2. 913E-07
2. 913E-07
2. 913E-07
2.689E-07
2.689E-07
2.682E-07
2.682E-07
2.535E-07
2.535E-07
2 '45E-07
..445E-07
2. 135E-07
2- 135E-07
1.945E-07
1.945E-07
1.925E-07
1.925E-07
1. 518E-07
1 ~ 518E-07
1 . 197E-07
1 ~ 197E-07

BIRNBAUM

3. 751 E-03
3.284E-04
5. 431E-04
5 ~ 431 E-04
7.963E-04
7.963E-04
5.996E-02
5.996E-02
6. 848E-01
6 ~ 848E-01
1. 010E-06
1.010E-06
3. 101E-04
3. 101E-04
3.984E-03
3.488E-04
3.984E-03
3.488E-04
2.084E-05
2.084E-05
7. 981E-04
7.'981E-04
1.542E-02
1.542E-02
4.492E-04
4.492E-04
1.069E-04
1.069E-04
1. 221E-03
1 . 221E-03
1 818E-04
1.818E-04
9.282E-04

282E-04
1. 139E-,,03
1. 139E-03
4.040E-03
4.040E-03
1. 139E-03
1. 139E-03
5.260E-03
5.260E-03
2.700E-02
2.700E-02
2.206E-04
2.206E-04
2.020E-04

020E-04
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Pairs

Table D2.4

UNNORM FUSS-V BIRNBAUM

083
AW7
RW4
LB2
RW4
CI2
AWB
081
SI1
CH2
AN7
HRB
AW7
VB1
083
SR2
AW7
SR2
RW3
CH2
AW7
RF1
RF1
AW4
AW3
RF1
AW7
CI2
083
CI2
AW3
VR1
MS2
RW3
081
LR1
VB3
V83
AW7
083
SI1
SI1
AW7
083
081
LB1
LBi
AW4
RW3
AWB
AWB

RN7
083
L82
AW4
CI2
RW4
081
AWB
CH2
SI1
HRB
AW7
VBi
AW7
SR2
AW7
SR2
083
CH2
RW3
RFl
AW7
AN4
RF1
RF1
AN3
CI2
083
CI2
RW7
VA1
RW3
AW3
MS ~

LR1
081
AW7
083
VB3
VB3
083
RW7
SI1
SIi
L81
081
AW4
L81
ANB
AW3
MS2

1.186E-07
1 . 186E-07
1 . 013E-07
1.013E-07
9.309E-OB
9.309E-OB
7.365E-OB
7.365E-OB
4.243E-OB
4 '43E-08
3.326E-OB
3.326E-OB
3- 019E-08
3. 019E-08
2.949E-OB
2.949E-OB
2.949E-OB
2.949E-OB
2.650E-OB
2 '50E-08
2 621E-08
2. 621E-08
2. 401E-08
2. 401E-08
1.888E-OB
1.888E-OB
1 795E-08
1.795E-OB
1.795E-OB
1 795E-08
1.572E-OB
1.572E-OB
1 26 . E-08
1.262E-OB
1.257E-OB
1.257E-OB
1 ~ 194E-08
1 194E-08
1.194E-OB
1. 194E-08
1. 011E-08
1.011E-OB
1.011E-OB
1.011E-OB
9. 610E-09
9. 610E-09
9. 610E-09
9.610E-09
8.150E-09
8.150E-09
4.489E-09

9 '60E-04
9.760E-04
5.998E-06
5.998E-06
2.225E-04
2.225E-04
2.072E-03
2.072E-03
9.260E-04
9.260E-04
2.560E-02
2.560E-02
2.560E-02
2.560E-02
8 '94E-06
9.600E-03
9.600E-03
8.294E-06
1. 515E-03
1 . 51 5E-03
2.560E-02
2 '60E-02
1 ~ 048E-04

048E-04
4. 817E-03
4. 817E-03
9 600E-03
8.294E-06
8.294E-06
9.600E-03
3.302E-03
3.302E-03
1 . 018E-05
1.018E-05
2.131E-05
2.131E-05
9.600E-03
8.294E-06
'9.600E-03
8 '94E-Ob
8..294E-06
9.600E-03
9.600E-03
8.294E-06
2. 132E-05
2. 132E-05
8.497E-06
8.497E-06
2.727E-04
2 727E-04
3.650E-06

NUREG/CR-5726
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Pairs

Table D2.4

UNNORH FUSS-V BIRNBAUM

NS2
CH1
AN3
AW7
NU2
NU2
LB3
LB
AN7
AW7
NS2
LB1
AW7
093
LB1
CH2
OB3
CH2
AW7
CS2
AW7
CS2
OB3

CONNAND-
I

AWB
AW3
CH1
NU2
LB3
AW7
NU2
AN7
LB3
NS2
AW7
AW7
LB1
LBl
OB3
AW7
CH2
OB3
CH2
AN7
CS2
OB3
CS2

4.489E-09
2.555E-09
2.555E-09
1.980E-09
1.980E-09
1.980E-09
1 '80E-09
1.980E-09
1.980E-09
1. 189E-09
1. 189E-09
3 ~ 669E-10
3. 669E-10
3. 669E-10
3. 669E-10
3. 509E-10
3 ~ 509E-10
3. 509E-10
3.509E-10
3 ~ 364E-10
3 ~ 364E-10
3. 364E-10
3. 364E-10

3.650E-06
3.302E-03
3.302E-03
5.222E-04.
8.294E-06
5.222E-04
8 '94E-06
2.995E-04
2.995E-04
3.670E-06
3.670E-06
7.260E-05
7.260E-05
6.273E-OB
6.273E-OB
7.680E-05
6.636E-OB
6.636E-OB
7.680E-05
7.260E-05
7.260E-05
6.273E-OB
6.273E-OB
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Table D2.5
Pair Importance by Classes of Split Fractions (Frontlines - Supports)

PRD
PRD
PRD
AW4
AW4
PRD
091
OB1
RWB
AW5
AN5
AW4
AW4
PRD
AWA
AWA
AW3
AW4
OB1
OB1
RN5
AW5
NS2
LA1
PRD
LB3
PRD
AN3
VI2
AN4
NS2
NS2
PRD
RW3
PRD
PRD
PRD
AW4
PRD
PRD
AW9
HRB
RN4
VB1
PRD

'RWA
083
OB3
AW4

Pairs

$61
GF1
GHl
GF1
GH1
GH2'Zli
I31
DH1
Zll
Z31
GH2
SW1
GG2
DH2'H4
SW1
TH2
Z21
I41
I41
Z21
DF1
GHi
CC5
GG1
SN1
GH1
SW1
TG2
SB2
SA1
TG2
AH1
TH2
F01
GH3
C~~5
T63
CV3
DH1
6$ 1
SW2
$$ 1
TH3
DFl
DF1
DH2
GG1

UNNORH FUSS-V

6.932E-06
3.969E-06
3-881E-Ob
3.808E-06
3 '20E-06
3.438E-06
3.407E-06
3.407E-06

338E-06
3.223E-06
3.223E-Ob
3 035E-06
2 '35E-06
2.648E-06
2.356E-06
2.336E-Ob
1 ~ 734E-06
1 . 718E-06
1-707E-06
1.707E-06
1 614E-06
1 . 614E-Ob
1.585E-Ob
1.443E-06
1 396E-06
1 373E-06
1.363E-06
1 ~ 287E-06
1. 241E-06
1. 100E-06
1 069E-06
1.069E-06
1.047E-06
1 012E-Ob
9.859E-07
9 592E-07
9.230E-07
9.120E-07
8.872E-07
8 419E-07
8.332E-O7
7.978E-07
7.440E-07
7.242E-07
6 '84E-07
6. 491E-07
6. 491E-07
6.426E-07
6.398E-07

BIRNBAUM

3. 171E-03
1.799E-03
1 . 791E-03
1 . 162E-03
1. 156E-03
1.302E-03
1 . 025E-Ol
1 - 025E-01
1.000E~OO
8.494E-02
8 494E-02
7.737E-04
7 ~ 821E-05
9. 761E-04
3.520E-02
3.520E-02
2.797E-03
4.455E-04
1.025E-Oi
1 . 025E-01
8.494E-02
8 404E-02
2.248E-03
1.593E-03
9.968E-04
1.502E-03
5.584E-05
2 '37E-02
1 ~ 128E-04
2 830E-04
4.456E-05
1.411E-04
4.004E-04
1.000E~OO
3.797E-04
9 '00E-02
2 '87E-04
4.383E-04
2.909E-04
3.037E-04
8.429E-03
4. 441E-03
4.040E-03
4 ~ 441E-03
2.206E-04
9.600E-03
2.455E-03
2.455E-03
1.970E-04
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Table D2.5

Pairs WNORM FUSS-V BIRNBAUM

RF1
OB3
OB3
AWA
4W9
AW4
AW4
RF1
AW9
4W9
AW4
MS2
NS2
MS2
CH2
AW9
PRD
AW3
4W3
AW4
AN3
AW9
AW4
NS2
LAl
LA1
RW4
OB1
PRD
CH2
AN4
CH2
NS2
NS2
NS2
RN4
OB1
AW3
AW3
ANA

'RNA
4N3
LB2
LA1
RW3
LA1
PRD
HRD
AW7
PRD
NS ~

GHl
AF1
AH4
AF1
GF1
GG2
GH3
GG1
GHl
SW1
DG1
CC5
SBE
SA5
GH2
SV5
ASB
GF1
GGi
AH1
TG2
DF1
OG1
DG1
GF1
GH2
F04
GF1
I32
Swl
CV2
GFl
I31Ill
AS4

.CV6
SW3
SW3
GG2
GF1
GH4
GH2
SW1
SWi
TH2
RH1
CC7
GHl
DG1
F04
DH1

6.374E-07
6 ~ 371E-07
6. 371E-07
6. 371E-07
6.365E-07
6.362E-07
6.362E-07
6.287E-07
6 '46E-07
6.205E-07
5.537E-07
5. 180E-07
4. 816E-07
4. 816E-07
4.800E-07
4.530C-07
4.453E-07
4. 310E-07
4.090E-07
4.082E-07
4.040E-07
4. 016E-07
3.960E-07
3 '40E-07
3.674E-07
3 '74E-07
3.554E-07
3.540E-07
3.462E-07
3 '60E-07
3.323E-07

'.283E-07

3.237E-07
3 '37E-07
3.050E-07
3.023E-07
2.970E-07
2.840E-OI
2.836E-07
2. 781E-07
2.756E-07
2.735E-07
2.682E-07
2.682E-07
2.665E-07
2 '56E-07
2.6.6E-07
2.535C-07
2.445E-07
2.392C-07
2.348E-07

4 543E-03
2.455E-03
2.455E-03
9.600E-03
9.988E-05
1.578E-04
1. 061E-04
4. 441E-03
9.977E-05
8.802E-06
8.190E-03
1.805E-05
6.482E-06
3.440E-05
6.293E-04
4.383E-04
3 '80E-04
7.690E-03
7.362E-03
8.135E-03
6.079E-03
4.040E-03
7 ~ 158E-03
5.589E-04
3.984E-04
3.329E-04
2.169E-04
2. 710E-04
4.077E-03
4.766E-05
2.225E-04
5.151E-04
2 ~ 815E-04
2.815E-04
1.805E-05
1 075E-04
1.034E-05
2.304E-04
4.113E-03
6 ~ 415E-05
b. 416E-05
4.077E-03
2.302E-06
2.629E-05
4 '40E-03
1.882E-02
8. 117E-03
1.252E-03
1.0OOE+OO
2.169E-04
3 '49E-04
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MS2
LB3
LB3
LA1
4W9
VA1
LB3
L83
LB3
CH2

, LA1
AWn
LB3
AW4
AW4
081
Awn
AW4
4W9
AN9
081
081
081
SI2
SI2
SI2
SI2
AW4
NS2
NS2
AW1
CH2
081
RN3
081
RW3
VI2
VI2
PRD
AW4
PRD
PRD .

PRD
081
SI2
SI2
SL2
SL2
LA1
PRA
AW4

Pairs

AHl
D61
CV3
DH1
GH2
GH1
GF1
G62
AG1
GH1
TG2
F02
TH2
BH1
BG1
GH2
F03
AFi
TG5
THb
SA5
DF1
SBC
GF1
GG2
GG1
GH2
TG3
GH5
GF1
GG1
661
T61
T61
TH1
TH1Ill
I31
DH1
TH4
GH4
A61
4H1
GH1
SV2
SW1Ill
I31
I31
CC3

Table D2.5

UNNORM FUSS-V

2 ~ 318E-07
2.316E-07
2.305E-07
2.302E-07
2 '00E-07
2.292E-07
2.277E-07
2.277E-07
2.273E-07
2.269E-07
2.248E-07
2. 212E-07

. 159E-07
2.109E-07
2. 109E-07
2.066E-07
2.047E-07
2.027E-07
1 ~ 997E-07
1-'979E-07
1.866E-07
1.863E-07
1.786E-07
1.786E-07
1 ~ 786E-07
1.722E-07
1.722E-07
1 . 701E-07
1 . 6 12E-07
1 . 612E-07
1 . 521E-07
1 ~ 518E-07
1.426E-07
1.426E-07
1 . 413E-07
1.413E-07
1.399E-07
1.399E-07
1.395E-Q7
1 ~ 389E-07
1.377E-07
1.377E-07
1.377E-07
1 . 313E-07
1 . 310E-07
1. 310E-07
1.282E-07
1 28.E-07l.. 4E-07
1.233E-07
1.2078-07

BIRNBAUM

3 '50E-04
1 . 610E-02
1 ~ 989E-04
1.610E-02
3. 015E-05
1-345E-03
2.469E-04
2.007E-04
1 . 610E-02
3.624E-04
2.056E-04
4.335E-04
1.989E-04
2.020E-03
2.020E-03
1 . 321 E-04
8.044E-03
4.040E-03
3. 190E" 05
3.190E-05
4. 611E-04
9. 145E-03
4. 611E-04
2.469E-04
2.007E-04
2.402E-04
1.989E-04
3.753E-05
2.900E-06
3.567E-06
9. 100E-02
2.402E-04
1. 122E-04
2. 614E-03
1.122E-04
2. 614E-03
5.530E-03
5.530E-03
4.077E-03
2.769E-05
6.297E-05
4.077E-03
4.077E-03
1.023E-04
4.550E-02
1.638E-05
1 . 710E-02
1 . 710E-02
5.26OE-03
2.560E-02
2.2258-04
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CH2
CH-
AW9
AN9
081
MS2
CH2
AN4
AW4
AW4
CI2
CI2
MS ~

MS2
081
SL2
SL2
SL2
AWB
SL2 .

SL2
AW4
091
AW4
CH2

091
083
AW7
RFl
RF1
LA1
AW7
081
081
CH2
LA1
LA1
CH2
CH2
RF1
RF1
CH1
RF1
RF1
RF1

Pairs

TG2
SV2
TG2
TH2
RF1
AF1
TH2
TG5
TH1
TH6,
GF1
GH2
I .1
I41
SN1
DF1
DG1
DHl
DF1
I21
I41
TH3
RHi
SW3
AH1
F01
TH3
SB1
881
GF1
GH2
TH3
I32
TG3
TG2
TH3
T,G3
SW3
TG3
SN3
AHi
TH3
GH1
TG
TG2
SW3

Table D2.5

UNNORM FUSS-V

l. 170E-07
1.155E-07
1 e 119E-07
1. 111E-07
1 106E-07
1. 106E-07
1.099E-07
1.014E-07
1 . 010E-07
1.004E-07
9.309E-OB
9.309E-OB
9.205E-OB
9.205E-OB
8.943E-OB
7.860E-OB
7.860E-OB
7.816E-OB
7.365E-OB
6.422E-OB
6.422E-OB
6.087E-OB
5 ~ 431 E-08
2 993E-08
2.650E-OB
2.645E-OB
2.643E-OB
2.327E-OB
2.327E-OB
2.25'9E-08
2 '59E-08
1.866E-OB
1.443E-OB
1.352E-OB
1 ~ 300E-08
1.290E-OB
9 '44E-09
9. 174E-09
6.597E-09
6. 341E-09
5.938E-09
2.890E-09
2.555E-O'9
1.478E-09
1 ~ 421E-09
1 - 421E-09

BIRNBAUM

1.549E-04
4.550E-02
1 . 481E-05
1 . 481E-05
5.530E-03
1 ~ 598E-04
1.465E-04
3. 149E-05
3 ~ 194E-05
3. 149E-05

569E-04
2.982E-04
1.598E-04
1.598E-04
6. 189E-Ob
1 710E-02
1 . 710E-02
1 . 710E-02
8.494E-02
1 . 710E-02
1 . 710E-02
1.352E-05
2. 716E-03
4. 153E-07
2. 716E-03
1 689E-03
1.473E-05
8.294E-Ob
9.600E-03
1.582E-04
1 . 321E-04
1.473E-05
2.560E-02
7.486E-06
8.390E-06
1.473E-05
7.486E-06
4.524E-07
7.486E-06
4.524E-07
.. 716E-03
1 ~ 473E-05
9.222E-05
7.486E-06
8.390E-06
4.524E-07
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Pairs

Table D2 ~ 6
Pair Importance by Classes of Split Fractions

(Frontlines - Human and Recovery Actions)

UNNORM FUSS-V SIRNBAUH

PRD
RW4
LA1
MS2
LB ~

OB1
VI5
MU1
AWB
AW4
LA1
LB2
HRD
VI2
OB1
V41
LA1
CH2
MS2
RW7
AWB
AW4
AW7
OB3
RF1
AW4
OB1
PRD
VI2
LB1
CH2
CS2
OB1
AW3

RERC06
RESLC1
REAC06
051
REACOb
RP2
OP1
OP1
RP2
RP2
OP1
OP1
REACOb
RP2
RESLC1
RE4C06
RESLC1
RESLC1
ZHERW4
ZHEOB2
ZHEAW4
ZHEF06
ZHE4W3
ZHEAN3
RESLC1
ZHESN1
ZHERW4
ZHERE2
ZHEAW4
ZHEAN3
ZHEAW3
ZHERW3
ZHESW1
ZHESW1

2.733E-06
1 '45E-06
1. 134E-06
1 '69E-06
9.262E-07
6 '63E-07
6.802E-07
6.031E-07
5.657E-07
3.960E-07
3.593E-07
3.593E-07
2.535E-07
2.445E-07
2. 196E-07
2. 135E-07
1.550E-07
1 . 071E-07
8.748E-OB
5.587E-OB
3.286E-OB
2 '45E-08
2 '84E-08
2.584E-OB
2.4'01E-08
2 218E-08
1.820E-OB
1.539E-OB
1 '66E-08
3.669E-10
3. 509E-10
3. 364E-10
1 . 737E-10
1.737E-10

1.986E-04
4 '90E-05
1.972E-04
5.347E-04
1 . 610E-04
2 '84E-05
1 . 710E-02
1 . 710E-02
2.357E-05
5.484E-Ob
3.984E-03
3.488E-04
1 972E-04
1. 116E-05
1 '38E-05
1.972E-04
1 638E-05
1 638E-05
1.750E-05
2. 155E-03
2.727E-04
9. 120E-06
9.968E-03
8. 612E-06
1 '38E-05
8.643E-05
1.260E-04
5.939E-05
1.333E-04
2.940E-06

110E-06
2.940E-06
1 698E-06
3.958E-05
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Table D2.7

Pair Importance by Classes of Split Fractions (Supports - Supports)

GF1
GG2
G61
GH2
GH2
GF1
GH1
SW1
GH3
GF1
GG2
GH3
841
SB2
GG1
TH3
T62
GHi
GF1
TG3
GH1
TH2

GF1
GG2
T63
TG2
SW1
GH2
TH3
TG2
GG1
SW1
TH2
G61
F05
TH3
F05
TH3
GF1
D61
CC3
CC2
DH1
ASB
GF1
662
ASB
OG1
GF1

Pairs

GG2
GF1
GH2
661
GF1
GH2
SWl
GH1
GF1
GH3
GH3
GG2
SB2
SA1
TH3
GG1
GH1
T62
T63
GF1
TH2
GH1
GF1
CC5
TG3
GG2
SW1
T62
TH3
GH2
G61
T62
TH2
Swi
F05
GG1
F05
TH3
GF1
TH3
CC3
D61
DH1
CC2
GF1
ASB
ASB
G62
GFl
061

UNNORM FUSS-V

8.576E-06
8.576E-Ob
4. 158E-06
4. 158E-06
4.035E-06
4.035E-06
3. 162E-06
3. 162E-06
2.887E-06
2.887E-06
2.887E-06
2.887E-06
2. 101E-06
2. 101E-06
2. 054E-06
2.054E-06
1.932E-06
1.932E-06
1.904E-06
1.904E-06
1.897E-06
1.897E-06
1-878E-06
1.878E-06
1.701E-06
1 701E-06
1.660E-06
1.660E-06

. 1. 594E-06
1 . 594E-06
1.546E-06
1.546E-06
1. 516E-06
1 - 516E-06
1.385E-06
1.385E-06
1.385E-06
1.385E-06
1.342E-06
1.342E-Ob
1.327E-06
1.327E-06
1.284E-06
1.284E-06
1 .2*E-06
1. 26E-06
1..226E-06
1..26E-O6
1 . 122E-Ob
1. 1 .2E-06

BIRNBAUM

3. 413E-03
3. 413E-03
1. 716E-03
1.716E-03
1.650E-03
1.650E-03
1.424E-04
1.424E-04
7.724E-04
7.724E-04
6.279E-04
6.279E-04
1. 155E-02
1. 155E-02
7. 381E-04
7. 381E-04
8. 116E-04
8 ~ 116E-04
6.741E-04
6. 741E-04
8. 031E-04
8.031E-04
1.448E-03
1.448E-03
4 '96E-04
4.896E-04
6. 193E-05
6. 193E-05
4.744E-04
4.744E-04
6.439E-04
6.439E-04
5.698E-05
5.698E-05
6 086E-04
6.086E-04
4.391E-04
4. 391E-04
4.779E-04
4.779E-04
1. OOOE I 00
1.000E+00
t.OOOE+00
1.000E~ 00
1.004E-03
1.004E-03
8. 165E-04
8 ~ 165E-04
3.252E-02
3.252E-02
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GG2
TK3
GG2
CC5
CC5
GH2
RT7
SB2
SA1
RT7
TH3
TB.
CC5
SW1
F01
BF1
F01
BH1
TG1
F01
6$ 1
SW2
G$ 1
CV3
TH2
BG1
CC5
661
CV3
GF1
G82
CV3
CC5
GH1
SW2
GH1
GG2
OG1
SW1
SV2
F05
GH2
F05
T82
SA2
SR6
GH2
CV3
GG1
F04
TH2
F04

Pairs

TH3
$62
CC5
G82
GK2
CC5
SB2
RT7
f<T7
SA1
T82
TM3
SWl
CC5
GF1
F01
GH1,
F01
F01
TGl
SW2
G$ 1
CV3
881
681
TH2
$61
CC5
GF1
CV3
CV3
6$ 2
GH1
CC5
GM1
SW2
OG1
G$ 2
SV2
SW1
GH2
F05
TG2
F05
SB6
SA2
CV3
GH2
F04
G$ 1
F04
TH2

Table D2.7

UNNORM FUSS-V

1 ~ 112E-06
1. 112E-06
1. 103E-06
1 . 103E-06
1.084E-06
1.084E-06
1.032E-06
1.032E-06
1.032E-06
1.032E-06
9 119E-07
9 ~ 119E-07
9.054E-07
9.054E-07
8.885E-07
8.885E-07
8.727E-07
8.727E-07
8.649E-07
8.649E-07
8.574E-07
8.574E-07
8. 419E-07
8. 419E-07
8.249E-07
8.249E-07
7.603E-07
7.603E-07
7.545E-07
7 545E-07
7.545E-07
7.545E-07
7. 511E-07
7.511E-07
7.440E-07
7.44QE-07
7.256E-07
7.256E-07
7. 189E-07
7. 189E-07
6.958E-07
6.958E-07
6.893E-07
6.893E-07
6.398E-07
6.39BE-07
6. 113E-07
6. 113E-07
6.090E-07
6.090E-07
6.090F-07
6.090E-07

BIRNBAUM

3. 221E-04
3. 221E-04
6 ~ 913E-04
6. 913E-04
6.979E-04
6 ~ 979E-04
2.22BE-02
2.228E-02
7.054E-02
7.054E-02
2.740E-04
2.740E-04
6.309E-05
6.309E-05
9. 100E-02
9. 100E-02
9. 100E-02
9.100E-02
9. 100E-0 .

9. 100E-02
7.535E-03
7.535E-03
3.308E-04
3.308E-04

461E-04
3. 461E-04
5. 913E-04
5. 913E-04
2.939E-04
2.939E-04
2.389E-04
2.389E-04
5.894E-04
5.894E-04
6.598E-03
6.5'98E-03
1. 710E-0 .

1 . 710E-02
7.987E-03
7.987E-03
2.532E-04
2.532E-04
2.532E-04
2.532E-04
6.650E-04
6.650E-04
1.989E-04
1.989E-04
6. 01 5E-04
6. 015E-04
5.065E-04
5 '65E-04
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GF1
D61
GH2
T63
GF1
DH1
SW2
GH2
TG2
CC5
CC5
DF1
CC5
RF1
SA5
SBE
CC4
DH2
AH4
CC4
081
GH3
GFi
SV5
SVS
GH2
681
SW1
CC5
TH3
DF1
GH1
SW1
DH1
GH2
081
GG1
TG3
TH3
ASB
CC5
TH2
SV2
DF1
CCS
CV3
GF1
SB1
AF1
SV2
AHi
GF1

Pairs
DGi
GF1
TG3
GH2
DH1
GFl
GH2
SW2
CCS
T62
DF1
CCS
AF1
CCS
SBE
SA5
DH2
CC4
CC4
AH4
GH3
081
'SV5
GF1
GH2
SV5
SW1
GG1
TH3
CCS
GH1
DFi
DH1
SW1
OG1
GH2
TG3
G81
ASB
TH3
TH2
CC5
DF1
SV2
CV3
CC5
SB1
GF1
SV2
RF1
GF1
AH1

Table D2.7

UNNORM FUSS-V

5.962E-07
5.962E-07
5 '52E-07
5.952E-07
5.669E-07
5.669E-07
S.602E-07
5.602E-07
5. 312E-07
5 '12E-07
5. 180E-07
5.180E-07
5.084E-07
5.084E-07
4. 816E-07
4. 816E-07
4.771E-07
4 ~ 771E-07
4.730E-07
4.730E-07
4.642E-07
4.642E-07
4.393E-07
4.393E-07
4.393E-07
4 '93E-07
4.348E-07
4.348E-07
4.076E-07
4.076E-07
4.016E-07
4. 016E-07
3.976E-07
3.976E-07
3 '60E-07
3 '60E-07
3.923E-07
3.923E-07
3.835E-07
3.835E-07
3.742E-07
3.742E-07
3.730E-07
3.730E-07
3.728E-07
3.728E-07
3. 691E-07
3. 691E-07
3. 661E-07

~ . 661E-07
3.646E-07
3.646E-07

D2-23

BIRNBAUM

1.871E-02
1 . 871E-02
1 ~ 760E-04
1.760E-04
1.789E-02
1.789E-02
4.077E-03
4 '77E-03
3.453E-04
3 '53E-04
2.560E-02
2.560E-02
2.560E-02
2 '60E-02
4.630E-04
4-630E-04
2.560E-02
2.560E-02
2.560E-02
2.560E-02
7.3S7E-03
7 '57E-03
1.326E-03
1.326E-03
1. 108E-03
1. 108E-03
1 . 941E-05
1 941E-05
2.287E-04
2.287E-04
1.283E-O.
1.283E-02
1 . 134E-03
1. 134E-03
9.593E-03
9.593E-03
1.401E-04
1. 401E-04
2.287E-04
2 287E-04
2 ~ 451E-04
2. 451E-04
1.000E+00
1.000E~OO
2.287E-O4
2.287E-04
1.092E-03
1.092E-03
1.000E+00
1.000E+00
1. 166E-02
1. 166E-02
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Pairs

Table D2.7

UNNORM FOSS-V BIRNBAUM

ASB
CV3
I3 ~

GSl
GF1
CV2
GH2
CY2
BGi
GF1
BGi
SG2
SWl
CC7
GH1
SV5
F04
GF1
F04
6$ 2
TH3
F04
GF1
GH5
GF1
A61
T66
GF1
DF1
SG1
484
DF1
661
AF1
CV6
GH1
SWl
CV6
TH2
CV6
TG5
SW1
AS4
4F1
TH6
SW1
CC5
SW ~

D$ 1
SH4
061
T$3

CV3
ASB
GG1
I32
CV2
GF1
CV2
SH2
SF1
B$ 1
GG2
BSl
CC7
SW1
SV5
GHl
GFi
F04
TH3
F04
FO4
662
GH5
GFi
A$1
GF1
GF1
TGb
GG1
DF1
DFl
AS4
AF1
GG1
GH1
CV6
CY6
SW1
CV6
TH2
Swi
TG5
AFi
AS4
SW1
TH6
SW2
CC5
GH4
D61
T$3
061

3.507E-07
3.507E-07
3.462E-07
3 '62E-07
3.323E-07
3.323E-07
3.323E-07
3.323E-07
3.293E-07
3.293E-07
3.293E-07
3.293E-07
3 '88E-07
3.288E-07
3.246E-07
3.246E-07
3.210E-07
3.210E-07
3. 210E-07
3. 210E-07
3. 210E-07
3. 210E-07
3. 195E-07
3. 195E-07
3.122E-07
3. 122E-07
3. 109E-07
3.109E-07
3.095E-07
3.095E-07
3.050E-07
3.050E-07
3.038E-07
3.038E-07
3.023E-07
3.023E-07
3.023E-07
3.023E-07
3.023E-07
3.023E-07
3. 010E-07
3. 01OE-07
2.994E-07
2.994E-07
2.983E-07
2.983E-07
2.97.E-07
=' 972E-07
2.75*E-07
2 '56E 07
2.614E-07
'.614E-07

2.287E-04
2.287E-04
4. 441E-03
4. 441E-03
3.569E-04
3.569E-04
2.982E-04
2 '82E-04
5.060E-03
5.060E-03
4. 113E-03
4. 113E-03
9. 919E-04
9. 919E-04
9.973E-04
9 973E-04
3. 142E-04
3. 142E-04
2.287E-04
2.554E-04
2.287E-04
2.554E-04
1.271E-04
1 . 271E-04
9.983E-03
9.983E-03
1 . 271 E-04
1.271E-04
9. 801E-03
9.801E-03
2.560E-02
2.56QE-02
9. 801 E-03
9.801E-03

, 1 . 755E-04
1.755E-04
1.558E-05
1.558E-05
1.465E-04
1.465E-04
1.356E-05
1 ~ 356E-05
..560E-02
2.560E-02
1.356E-05
1.356E-05
4.077E-03
4.077E-03
8.727E-03
8 '27E-03
5.48.E-03
5.482E-03
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i

SB1
GG2
SW1
SV5
TH3
GH1
G61
F02
TH4
TG3
SV5
TG2
T62
FO P

GH1
BG1
SW1
BH1
GH1
BG1
SW1
BH1
F02
GH1
SV3
DH1
AFi
GH1
SW1
AH1
SV3
AH1
DH1
T65
SV5
TH3
F02
GF1
DH1
TH6
T63
F02
F02
GH2
TH3
F02
F01
OG1
AS5
GW1
Gld=
TH4
D61

Pairs

662
SB1
SV5
SW1
GH1
TH3
F02
GGi
T63
TH4
T62
SV5
FO

-'62

B61
GH1
BG1
GHi
BH1
SW1
BH1
SW1,

GH1
F02
DH1
SV3
GH1
AF1
AHi
SW1
AH1
SV3
T65
Dkl
TH3
SV5
GF1
F02
TH6
DH1
F02
TG3
GH2
F02
F02
TH3
061
F01
SW1
AS5
TH4
GH2
GH5

Table D2.7

UNNORM FUSS-V

2.484E-07
2.484E-07
2.266E-07,
2.266E-07

'2.226E-07
2.226E-07
2. 139E-07
2 '39E-07
2 1~2E-07
..132E-07
2.129E-07
2. 129E-07
2. 115E-07
2 ~ 1 15E-07
2.109E-07
2. 109E-07
2. 109E-07
2. 109E-07
2. 109E-07
2. 109E-07
2.109E-07
2. 109E-07
2.096E-07
2.096E-07
2.042E-07
2.042E-07
2.027E-07
2.027E-07
2. 018E-07
2. 018E-07
2. 0 16E-07
2. 016E-07
1.997E-07
1.997E-07
1.993E-07
1.993E-07
1.979E-07
1.979E-07
1.979E-07
1.979E-07
1.977E-07
1.977E-07
1.943E-07
1.943E-07
1 ~ 920E-07
1 ~ 920E-07
1 . 871E-07
1. 871E-07
1.776E-07
1.776E-07
1.754E-07
1 ~ 754E-07
1. 612E-07

D2-25

BIRNBAUM

5. 972E-04
5. 972E-04
6. 182E-05
6. 182E-05
8.073E-05
8.073E-05
6.782E-04
6.782E-04
4.928E-05
4.928E-05
5. 418E-04
5.418E-04
5.605E-04
5.605E-04
3.299E-03
3.299E-03
2.929E-04
3.299E-03
3.299E-03
2.929E-04
2.929E-04
2.929E-04
6.706E-04
6.706E-04
1.000E+00
1.000E+00
6.598E-Q3
6.598E-03
5.832E-04
5.832E-04
1.000E+00
1.000E+00
6. 416E-03
6 ~ 416E-03
4.378E-04
4.378E-04
6.219E-04
6. 219E-04
6. 4 15E-03
6.415E-03
4.492E-04
4.492E-04
5. 102E-04
5. 102E-04
4. 391E-04
4. 391E-04
1.000E+00
1.000E+00
9. 919E-04
9. 91'9E-04
4.684E-05
4.684E-05
4 . 1 13E-03
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Table D2.7

GH5
DH1
GG2
GG2
AH1
AG1
GH5
T66
DG1
DF1
GH2
DF1
TG2
AG1
TG6
AF1
GH2
T62
AF1
ASB
661
SWi
ASB
TG2
ASB
TG1
SW3
SW3
TH1
SB1
GH3
DH1
GG1
A61
G61
AH1
GM4
CC7
GG1
GH1
CC7
TH3
GH1
SW3
SW3
SW3
T62
GH2
SB1
F02
Tl l2
CC3

Pairs

DG1
G62
DH1
AM1
GG2
GH5
R61
DG1
T66
GH2
DF1
T62
DFi
TG6
AG1
GH2
AF1
AF1
T62
GG1
ASB
ASB
TG2
RSB
SWi
SW3
T61
TH1
SW3
GH3
SBi
G61
DH1
GH4
AHi
GGi
RG1
661
CC7
CC7
GH1
SW3
SW3
TH3
T62
GH1
SW3
SB1
GH ~

TH2
F02
SA1

UNNORM FUSS-V

1 . 612E-07
1.603E-07
1 603E-07
1 '583E-07
1.583E-07
1.583E-07
1.583E-07
1.56'9E-07
1 ~ 569E-07
1.555E-07
1.555E-07
1.541E-07
1.541E-07
1.540E-07
1.540E-07
1-526E-07
1.5 6E-07
1. 512E-07i. 512E-07
1 . 4 51E-07
1 . 451 E-07
1.451E-07
1.451E-07
1 ~ 451E-07
1.451E-07
1.432E-07
1.432E-07
1. 419E-07
1. 419E-07
1 '15E-07
1 415E-07
1.395E-07
1 ~ 395E-07
1.377E-07
1.377E-07
1.377E-07
1.377E-07
1 319E-07
1 ~ 319E-07
1.307E-07
1.307E-07
1 '79E-07
1.279E-07
1.279E-07
1.279E-07
1.279E-07
1.279E-07
1.207E-07
1.207E-07
1. 149E-07
1. 149E-07
1. 135E-07

BIRNBAUN

4. 113E-03
4. 113E-03
4. 113E-03
4.113E-03
4- 113E-03
4. 113E-03
4.113E-03
4. 113E-03
4. 113E-03
4.077E-03
4 077E-03
4.077E-03
4.077E-03
4. 113E-03
4.113E-03
4.077E-03
4.077E-03
4.077E-03
4.077E-03
1.200E-04
1.200E-04
1.075E-05
1.003E-04
1.003E-04
1.075E-05
3.274E-Ob
3.274E-06
3.274E-Ob
3 '74E-06
2.287E-04
2.287E-04
4.441E-03
4. 441E-03
4. 441E-03
4.441E-03
4. 441E-03
4.441E-03
4.441E-03
4. 441E-03
4. 441E-03
4. 441E-03
2.072E-06
2.898E-06
2.072E-06
2 ~ 401 E-06
2.898E-06
2. 401E-06
2.982E-04
2.982E-04
3 '69E-04
3.069E-04
2.560E-02
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Pairs

Table D2.7

UNNORM FUSS-V BIRNBAUM

SA1
SB1
CC3
TH-
SV5
GG1
F03
GFi
TH4
TG3
SBi
TH1
F03
GG1
TH4
SV4
G$ 1
TG3
SV5
AH1
T$ 5
F02
GG2
AH1
TH6
SV5
SW3
TH4
G$2
T$3
CV3
SW3
SV2
SV2
GF1
SV2
GH1
SV2
TG1
TH1
SV2

CC3
CC3
SB1
SV5
TH2
F03
G$ 1
TH4
GFi
SB1
TG3
F03
TH1
TH4
GG1
$ $ 1
SV4
SV5
TG3
T$5
AH1
GG2
F02
TH6
AK1
SW3
SV5
G$ 2
TH4
CV3
T$3
SV2
SW3
GF1
SV2
GH1
SV2
T$ 1
SV2
SV2
TH1

1 . 135E-07
1. 120E-07
1.120E-07
1 . 1 17E-07
1. 117E-07
1.087E-07
1.087E-07
1.076E-07
1.076E-07
1.069E-07
1.069E-07
1.058E-07
1.058E-07
1.056E-07
1.056E-07
1.048E-07
1.048E-07
1 . 019E-07
1 . 019E-07
1.014E-07
1. 014E-07
1 ~ 006E-07
1.006E-07
1 004E-07
1.004E-07
9.799E-OB
'9.799E-OB
3.778E-OB
3.778E-OB
3. 101E-08

101E-08
1. 133E-09
1 . 133E-09
5. 882E-10
5. 882E-10
5. 778E-10
5. 778E-10
5. 692E-10
5. 692E-10
5. 640E-10
5 640E-10

2.560E-02
2.560E-02
2.560E-02
2.865E-04
2 865E-04
6. 912E-03
6. 912E-03
3 '39E-05
3 '39E-05
2.287E-04
2.287E-04
6 912E-03
6.'912E-03
3.406E-05
3.406E-05
9 ~ 100E-02
9. 100E-02
2.225E-04
2. ~ 25E-04
3:299E-03
3.299E-03
2. 571E-04
2. 571E-04
3.299E-03
3.299E-03
1.345E-05
1.345E-05
9.820E-06
9.820E-06
8.736E-Ob
8.736E-06
6.333E-06
6.333E-06
7.230E-05
7.230E-05
7.230E-05
7.230E-05
7. 186E-05
7 ~ 186E-05
7 186E-05
7. 186E-05
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Table D2.8
Pair Importance by Classes of Split Fractions

(Supports - Human and Recovery Actions)

GM1
GF1
GG2
061
G61
GF1
GF1
SA1
SB2
662
GH3
CC5
GG2
GH3
CC1
CC1
TG3
GH1
SW1
SW1
GH2
GH3
AS4
GH2
CC7
AH1
T62
T63
TH2
SW1
GH2
ASB
T63
FO1
SA5
SBC
AS5
CC3
Foi
TH4
TH3
D61
F01
GH2
GG1
TG3
CV3
SW3
AS3
SW1
GG1

Pairs

NUREG/CR-5726

REAC06
RESLC2
RESLC2
RP2
REAC06
RP2
RESLC1
OS1
081
RP2
RESLC2
RP2
RESLC1
RESLC1
RP2
SE1
RESLC2
RESLC1
SE1
RESLC1
RESLC1
RP2
RP2
RP2
SE1
RP2
RESLC1
RP2
RESLC1
HS1
REAC06
RESLC2
REAC06
RP2
RP2
RP2
SE1
ZHERP2
ZHEFOb
RESLC2
RESLC1
ZHEOB2
RESLC3
RESLC2
RESLC2
RESLC1
RESLC2
RESLC1
ZHERP2
ZHESV3
RESLC3

UNNORM FtJSS-V

1.601E-06
1.448E-06
1.448E-06
1.309E-06
1. 131E-06
1.122E-06
1.112E-06
1.069E-06
1.069E-06
7.256E-07
7.225E-07
6.889E-07
6 '62E-07
6.362E-07
5.999E-07
5.999E-07
5. 714E-07
5.064E-07
5.064E-07
4.765E-07
4.758E-07
4.642E-07
4.057E-07
3.960E-07
3 288E-07
3.191E-07
2. 691 E-07
2.614E-07
2-373E-07
2.280E-07
2. 051E-07
1.902E-07
1 ~ 897E-07
1.871E-07

' . 866E-07
1.786E-07
1.776E-07
1 . 414E-07
8.052E-OB
7 '22E-08
6.087E-OB
5.587E-OB
5.407E-OB
3.644E-OB
3.644E-OB
3 114E-08
3. 101E-08
2.993E-OB
2.949E-OB
..793E-08

"=.707E-OB

D2-28

BIRNBAUM

1 ~ 279E-04
8.38SE-04
6.816E-04
1.722E-03
8.955E-05
2. 491E-05
5.302E-05
7.054E-02
2.228E-02
1.310E-05
..287E-04
2. 410E-05
2.466E-05
1.658E-05
3.204E-02
1.000E+00
2.393E-04
2 '58E-05
9. 291E-05
2.054E-06
1.896E-05
5.636E-06
2 ~ 410E-05
7.349E-06
4.550E-02
4.630E-04
1.082E-05
4.199E-06
9.613E-Ob
9. 100E-02
1.344E-05
1.845E-04
1.076E-05
8 698E-04
1.338E-05
1.338E-05
4.550E-02
2.420E-02
9. 319E-03
2.808E-05
2. 113E-06
9.905E-04
2. 901E-03
1.763E-05
.. 129E-05
1.074E-06
1.429E-05
6.490E-OB
2.42OE-O2
1 ~ 49BE-05
7.003F-06



SV2
Fol
GG1
SW1
GH1
TH2
TH2
DG1
DH1
4H1
GG1
SV1
GI.I2
F04
F04
TG2
TH2
F02
F02
F03
F03
SV5
TG2
GFl
GH2
TG2
GH1
GH1
TH1
TH1
GH1
SV4
CC5
CC5
TG2
GFl
GF1
GG2
GG2
SW1
SW1
TG2
SV2
GI.Il
ASB
4SB
SW3
SW3
SV5
SW1
TH2
TH-

Pairs

ZHESV3
RESLC1
ZHEF06
ZHESW1
ZHESW1
ZHEF06
RESLC3
ZHEAW4
ZHEAW4
ZHEAW4
ZHERE2
ZHESV3
ZHERE2
RESLC3
ZHEF06
ZHESWi
ZHESW1
RESLC3
ZHEF06
RESLC3
ZHEF06
ZHESV3
RESLC3
ZHESV3
ZHESV3
ZHEF06
ZHEF06
RESLC3
RESLC3
ZHEF06
ZHESV3
ZHESV3
RESLC3
ZHERE2
ZHESV3
RESLC3
ZHERE2
ZHERE2
RESLC3
ZHERE2
RESLC3
ZHERE2
REAC12
REAC12
ZHERE2
RESLC3
REAC12
ZHESV3
RE4C12
REAC12
REAC12
ZHESV3

Table D2.8

UNNORM FUSS -V

2.664E-OB
2 '45E-08
2. 471E-08
2.236E-OB
2. 218E-08
1.969E-OB
1.969E-OB
1.835E-OB
1.825E-OB
1.801E-OB
1 ~ 775E-08
1.759E-OB
1.539E-OB
1.446E-OB
1.446E-OB
1. 113E-08
j.. 105E-08
1 ~ 053E-08
1.053E-OB
9.747E-09
9.747E-09
9.670E-09
7.673E-09
6.672E-09
6.084E-09
5.310E-09
5.224E-09
5.224E-09
4.807E-09
4.807E-09
4. 164E-09
4.093E-09
3 '43E-09
3.643E-09
2. 961E-09
2.426E-09
2.426E-09
2.426E-09
2.426E-09
2.362E-09
2.362E-09
2.362E-09
2.299E-09
1.204E-09
1. 145E-09
1. 145E-09
1 . 133E-09
1.133E-09
6. 259E-10
6. 259E-10
6. 259E-10
b. 2S9E-10

BIRNBAUM

3.968E-02
2.639E-04
1.379E-05
1.263E-05
1 ~ 4 11E-04
9. 251E-06
4.288E-Ob
5.206E-03
5.206E-03
5.206E-03
7.462E-05
1.000E+00
5.3S7E-05
7. 415E-06
1.600E-05
S.868E-OS
5.866E-05
1.734E-OS
3.741E-05
3. 218E-04
6.942E-04
3 '37E-04
1.659E-06
3.958E-05
3. 015E-05
2.477E-06
2.941E-Ob
1.363E-06
1.278E-06
2 '57E-06
2. 514E-05
4.270E-02
1. 471E-06
2. 391E-05
1 . 481 E-05
6.219E-07
1 ~ 011E-05
8. 217E-06
5. 056E-07
8.897E-07
5.475E-OB
8.300E-06
5.997E-05
1.273E-07
7.987E-06
4. 914E-07
5.352E-09
3.056E-07
4.009E-07
5.877E-09
5.523E-08
3. 154E-06
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Pairs

Table D2.8

UNNORM FUSS-V BIRNBAUM

GF1
TG1
TG1
Till
TH1

REAC12
ZHESV3
REAC1 .

ZWESV3
REAC12

5 ~ 882E-10
5. 692E-10
5. 692E-10
5. 640E-10
5.640E-10

6. 110E-08
3 468E-Ob
6.073E-OB
3.468E-06
6.073E-OB

~ NUREG/CR 5726 D2-30



Pairs

Table D2.9
Pair Importance by Pair of Split Fractions

(Human and Recovery Actions - Human and Recovery Actions)

UNNORM FUSS-V 'IRNBAUM

RP2
SEi
RESLC3
ZHEF06
ZHEF06
RESLC1
ZHESW1
RESLCl
ZHERE2
REAC06
RESLC3
ZHERE2
REAC12
ZHESV3

SE1
RP2
ZHEF06
RESLC3
RESLC1
ZHEF06
RESLC1
ZHESW1
REAC06
ZHERE2
ZHERE2
RESLC3
ZHESV3
REAC12

8.492E-06
8.492E-Ob
8. 881E-08
8. 881E-08
2.645E-OB
2.645E-OB
2. 218E-08
2 218E-08
1.539E-OB
1.539E-OB
4.788E-09
4.788E-09
2.925E-09
2.925E-09

7.823E-04
7.823E-04
2.573E-05
2.573E-05
1.425E-06
1 '25E-Ob
1.350E-05
1.350E-05
1.028E-05
1.028E-05
1 '45E-05
1.045E-05
3.682E-Ob
3 '82E-06
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Table D2.10
Conditional Split Fractions Globally Ranked by Birnbaum Importance

UNNORM FUSS-V BIRNBAUM COMP F-V

H$ 1
SV1
AW1
RT1
CC1
FO1
DH1,
SV2
DG1
RW1
SV4
DH2
4H4
AW3
DF1
4H1
4F1
I31Ill
CC3
I21
I41
SV3
AW8
CC2
AW7
081
AG1
CC7
SE1
RF3
SW2
F03
OB1
0$ 1
RT7
A$5
RF1
CV1
VI3
LV1
BG1
OP1
SA1
GF1
PRD
4W5
LA1
VI2
GGl
4$ 3

NUREG/CR-5726

1 960E-05
1.672E-06
7.497E-06
5.257E-07
9.025E-07
3.853E-06
7 227E-06
1 '60E-06
3.926E-06
2 072E-07
1.089E-07
2.833E-06
2.809E-06
5.029E-06
2.821E-06
2 691E-06
2.428E-06

799E-06
3.675E-06
1 '17E-06
1 771E-06
1 771E-06
4.057E-07
3. 412E-06
1 '84E-06
6 ~ 616E-07
1 309E-06
6.772E-07
5. 914E-07
8 '99E-06
3.278E-06
1 . 601E-06
2. 145E-07
1.760E-05
1.069E-ab
1.032E-06
1.776E-07
1 ~ 515E-06
3.519E-07
9.260E-07
2. 125E-07
5.402E-07
1.643E-06
2.692E-06
1 . 517E-05
1 . 618E-05
9.676E-06
5 '95E-06
5 '69E-06
1 ~ 125E-05
..949E-08

D2-32

1 . OOOE+ 00
9- 78OE-01
2 010E-01
7 '9OE-02
4.801E-02
1.784E-02
1.031E-02
8. 112E-03
5.568E-03
5.260E-03
4 '36E-03
4.059E-03
4.059E-03
4.056E-03
4.002E-03
3.889E-03
3.509E-03
3 '03E-03
3 ~ 196E-03
3. 107E-03
3.074E-03
3.074E-03
3.051E-03
2.774E-03
2.256E-03
2.042E-03
1. 715E-03
9.786E-04
8. 921E-04
8.256E-04
6.650E-04
6.305E-04
bo 110E-04
6.089E-04
5.347E-04
5.347E-04
4.960E-04
4.795E-04
4.630E-04
4.630E-04
4 '30E-04
3.752E-04
3. 716E-04
3.549E-04
3.338E-04
3.316E-04
2.932E-04
2.79.E-04
2. 531E-04
2.504E-04
2 ~ 418E-04

O.OOOE+00
0.000E+00
o.ooaE+oo
O.OOOE+00
O.OOOE+OO
0 ~ OOOE+00
O.OOOE+00
O.OOOE+00
0.000E+00
0.000E+00
O.OOOEH.OO
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
0 ~ OOOE&00
O.OQOE~OO
o.oooE+ao
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
0 ~ OOOE+00
O.OOOE+00
O.OOOE+00
2 '67E-07
O.OOOE+00
O.OOOE+00
0.000E+00
0.000E+00
O.OOOE&00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
0-OOOE+00
O.OOOE+00
O.OOOE+00
0.000E+00
O.QOOE+00
O.OOOE+OO
2. 167E-07
1.746E-ab
0 OOOE+00
0.000E+00
O.OOOE+00
O.OOOE+00
7.680E-07
O.OOOE~OO



Table D2.10

UNNORM FUSS-V BIRNBAUM COMP F-V

GL1
GH1
I3 ~

VB1
HRB
AC1
NU1
CCS
GG2
GH2
BH1
AW4
SB1
L43
SV5
LB3
SL2
F02
SR2
ZHESV3
r- aw
VI5

TG2
CH2
4S4
VAi
TH3
$42
HRD
ASB
TH2
SA5
ZHEHS5
NU2
CI1
F04
RESLC2
TG3
CC4
GH3
SI2
CV3
F05
TG1
LB2
CI2
ZHEAW4

1.319E-06
9 '79E-06
3.'606E-07
7.544E-07
8.310E-07
1.267E-06
1 '30E-06
5.105E-06
8.576E-06
8. 193E-06
2. 109E-07
9,760E-06
9.748E-07
1.824E-06
7.639E-07
2. 061E-Ob
6.202E-07
6. 214E-07
2.101E-06
2 '74E-07
5.862E-07
6.802E-07
2.450E-07
6.532E-ob
1 611E-06
3.478E-ob
8. 917E-07
1 010E-06
2.292E-07
3 ~ 618E-06
6.398E-07
2-535E-07
1.371E-06
2.722E-06
6.682E-07
3.508E-07
4.878E-07
2. 414E-07
9.300E-07
1.484E-06
2 '97E-06
9. 501E-07
2.887E-'06
4. 818E-07
1 '96E-06
1.385E-06
1.008E-06
4.958E-06
1. 110E-07
8.748E-OB

2.177E-04
2.157E-04
2.072E-04
2.072E-04
2 '72E-04
2.020E-04
1.792E-04
1.779E-04
1.538E-04
1.S04E-04
1.465E-04
1.346E-04
1 . 301 E-04
1.155E-04
1.042E-04
1 . 010E-04
9 ~ 513E-05
8.827E-05
8.755E-05
7.706E-05
7.653E-05
7.558E-05
7. 513E-05
6. 811E-05
6.686E 05
6.339E-05
6.324E-05
5 977E-05
5 '70E-05
5 '61E-OS
5. 613E-OS
5 '60E-05
5 '77E-05
4.969E-05
4.773E-05
4 '90E-05
4.169E-05
4.116E-05
4 '15E-OS
3 '85E-05
3. 610E-05
3.558E-OS
3.420E-OS
3.011E-OS
2 ~ 811E-05
2.727E-OS
2.283E-05
2. 128E-05
1 '24E-05
1.75OE-OS

O.OOOE+00
7. 841E-08
O.OOOE+00
O.OOOE+OO
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
4. 137E-07
9.430E-07
O.OOOE+00
O.OOOE+00
2. 167E-07
0 ~ OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
2. 511E-07
O.OOOE+00
O.OOOE+00
1. 411E-06
O.OOOE+00
O.OOOE+00
O.OOOE+00
6.088E-07
O.OOOE+00
O.OOOE+00
O.OOOE+00
1.398E-06
O.OOOE+00
O.OOOE+00
O.OOOE~OO
1.823E-05
O.OOOE+00
O.OOOE+00
6.064E-07
O.OOOE+00
6.589E-07
O.OOOE+00
P.POOE+00
O.OOOE+OO
7. 841E-08
O.OOOE+00
O.OOOE+00
O. OOOE~ 00
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Table D2.10

UNNORM FUSS-V BIRNBAUM COMP F-V

Z HERF'2
CV2
PRA
SW1
SBC
AW9
REAC06
GH4
CV6
SB6
OB3
TG5
THb
SBE
ZHESW1
NS2
GH5
TGb
TH1
CH1
ZHERE2
RESLC1
ZHEAW3
LBB
VB"
SR2
ZHEF06
TH4
RESLC3
NE1
ZHEOB2
LB1
IT1
SW3
CGA
REAC1-
RP2

1.709E-07
3.323E-07
1.233E-07
7.248E-06
1.786E-07
1.68BE-06
2.733E-06
4. 133E-07
3.023E-07
6.398E-07
2.684E-06
3. 010E-07
..983E-07
4. 816E-07
2.236E-OB
5.984E-06
3. 195E-07
3. 109E-07
2.477E-07
2 555E-09
2. 018E-08
1.645E-06
2.584E-OB
1. 197E-07
1.194E-OB
2.949E-OB
1. 153E-07
2. 132E-,07
9.360E-OB
4.999E-07
5.587E-OB
9.977E-09
4.999E-07
4.130E-07
3. 364E-10

,2.9?5E-09
1.215E-05

1 ~ 711E-05
1 . 613E-05
1.498E-05
1.449E-05
1.333E-05
1.197E-05
9.690E-06
9.225E-06
7.792E-06
7. 581E-06
7. 158E-06
6.780E-06
6.780E-06
6.482E-06
6 ~ 315E-06
5.984E-06
5.746E-06
5.746E-06
5.598E-06
4.0'94E-06
3.800E-06
3.545E-06
3-.30E-06
3. 192E-06
3. 110E-06
3. 1 10E-Ob
2.882E-06
2.579E-06,
1.085E-06
9.999E-07
6.983E-07
6 395E-07
5.050E-07
4. 15SE-07
2.352E-OB
1.373E-OB

-6.622E-04

O.OOOE+00
0 OOOE+00
O.OOOE+00
4.093E-09
O.OOOE+00
0 ~ OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
0 ~ OOOE+00
O.OOOE+00
0 ~ OOOE+00
O.OOOE+00
0 ~ OOOE+00
O.OOOE+00
7 ~ 841E-08
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
0-OOOE+00
O.OOOE+00
0-OOOE+00
4.662E-07
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
0 OOOE+00
2.698E-06

NOTE: A negative Birnbaum importance indicates that the complement of
is dominant in the overall CDF expression.

the event
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