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ABSTRACT

Traditionally, probabilistic risk assessments (PRA) of severe accidents in nuclear power plants have
considered initiating events potentially occurring only during full power operation. Some previous screening
analysesthat were performed for other modes of operation suggested that risks during those modes were small
relative to full power operation. However, more recent studies and operational experience have implied that
accidents during low power and shutdown could be significant contributors to risk.

During 1989, the Nuclear Regulatory Commission (NRC) initiated an extensive program to carefully
examine the potential risks during low power and shutdown operations. The program includes two parallel
projects being performed by Brookhaven National Laboratory (BNL) and Sandia National Laboratories (SNL).
Two plants, Surry (pressurized water reactor) and Grand Gulf (boiling water reactor), were selected as the
plants to be studied.

The objectives of the program are to assess the risks of severe accidents initiated during plant
operational states other than full power operation and to compare the estimated core damage frequencies,
important accident sequences and other qualitative and quantitative results with those accidents initiated
during full power operation as assessed in NUREG-1150. The scope of the program includes that of a level-3
PRA.

The objective of this volume of the report is to document the approach utilized in the level-1 internal
events PRA for the Surry plant, and discuss the results obtained. A phased approach was used in the level-1
program. In phase 1, which was completed in Fall 1991, a coarse screening analysis examining accidents
initiated by internal events (including internal fire and flood) was performed for all plant operational states
(POSs). The objective of the phase 1 study was to identify potential vulnerable plant configurations, to
characterize (on a high, medium, or low basis) the potential core damage accident scenarios, and to provide
a foundation for a detailed phase 2 analysis.

In phase 2, mid-loop operation was selected as the plant configuration to be analyzed based on the
results of the phase 1 study. The objective of the phase 2 study is to perform a detailed analysis of the
potential accident scenarios that may occur during mid-loop operation, and compare the results with those
of NUREG-1150. The scope of the level-1 study includes plant damage state analysis, and uncertainty analysis.
Volume 1 summarizes the results of the study. Internal events analysis is documented in Volume 2. It also
contains an appendix that documents the part of the phase 1 study that has to do with POSs other than mid-
loop operation. Internal fire and internal flood analyses are documented in Volumes 3 and 4. A separate
study on seismic analysis, documented in Volume 5, was performed for the NRC by Future Resources
Associates, Inc. Volume 6 documents the accident progression, source terms, and consequences analysis.

In the phase 2 study, system models applicable for shutdown conditions were developed and
supporting thermal hydraulic analysis were performed to determine both the timing of the accidents and
success criteria for systems. Initiating events that may occur during mid-loop operations were identified and
accident sequence event trees were developed and quantified. In the preliminary quantification of the mid-
loop accident sequences, it was found that the decay heat at which the accident initiating event occurs is an
important parameter that determines both the success criteria for the mitigating functions and the time
available for operator actions. In order to better account for the decay heat, a "time window" approach was

iii NUREG-CR/6144




developed. In this approach, time windows after shutdown were defined based on the success criteria
established for the various methods that can be used to mitigate the accident. Within each time window, the
decay heat and accident sequence timing are more accurately defined and new event trees developed and
quantified accordingly. Statistical analysis of the past outage data was performed to determine the time at
which a mid-loop condition is reached, and the duration of the mid-loop operation. Past outage data were
used to determine the probability that an accident initiating event occurs in each of the time windows. This
probability is used in the quantification of the accident sequences.

The mean core damage frequency of the Surry plant due to internal events that may take place during
mid-loop operations is SE-06 per year, and the 5th and 95th percentiles are SE-07 and 2E-05 per year,
respectively. This can be compared with the mean core damage frequency from internal events of 4E-05 per
year estimated in the NUREG-1150 study for full power operations.
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FOREWORD

(NUREG/CR-6143 and 6144)
Low Power and Shutdown Probabilistic Risk Assessment Program

Traditionally, probabilisticrisk assessments (PRA) of severe accidentsin nuclear power plants have considered
initiating events potentially occurring only during full power operation. Some previous screening analysis that
were performed for other modes of operation suggested that risks during those modes were small relative to
full power operation. However, more recent studies and operational experience have implied that accidents
during low power and shutdown could be significant contributors to risk.

During 1989, the Nuclear Regulatory Commission (NRC) initiated an extensive program to carefully examine
the potential risks during low power and shutdown operations. The program includes two parallel projects
performed by Brookhaven National Laboratory(BNL) and Sandia National Laboratories(SNL), with the
seismic analysis performed by Future Resources Associates. Two plants, Surry (pressurized water reactor) and
Grand Gulf (boiling water reactor), were selected as the plants to be studied.

The objectives of the program are to assess the risks of severe accidents due to internal events, internal fires,
internal floods, and seismic events initiated during plant operational states other than full power operation
and to compare the estimated core damage frequencies, important accident sequences and other qualitative
and quantitativeresults with those accidentsinitiated during full power operation as assessed in NUREG-1150.
The scope of the program includes that of a level-3 PRA.

The results of the program are documented in two reports, NUREG/CR-6143 and 6144. The reports are
organized as follows:

For Grand Gulf:

NUREG/CR-6143 - Evaluation of Potential Severe Accidents during Low Power and Shutdown
Operations at Grand Gulf, Unit 1

Volume 1: Summary of Results
Volume 2: Analysis of Core Damage Frequency from Internal Events for
Operational State 5 During a Refueling Outage
Part 1: Main Report
Part 1A: Sections 1 -9
Part 1B: Section 10
Part 1C: Sections 11 - 14
Part 2: Internal Events Appendices A to H
Part 3: Internal Events Appendices I and J
Part 4: Internal Events Appendices K to M
Volume 3: Analysis of Core Damage Frequency from Internal Fire Events for
Plant Operational State 5 During a Refueling Outage
Volume 4: Analysis of Core Damage Frequency from Internal Flooding Events
for Plant Operational State 5 During a Refueling Outage
Volume 5: Analysis of Core Damage Frequency from Seismic Events for Plant
Operational State 5 During a Refueling Outage
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Foreword (continued)

For Surry:

NUREG/CR-6144-

NUREG/CR-6144

Volume 6:

Evaluation of Severe Accident Risks for Plant Operational State 5
During a Refueling Outage

Part 1: Main Report

Part 2: Supporting MELCOR Calculations

Evaluation of Potential Severe Accidents during Low Power and Shutdown

Operations at Surry Unit-1

Volume 1:

Volume 2:

Volume 3:

Volume 4:

Volume 5:

Volume 6:

Summary of Results

Analysis of Core Damage Frequency from Internal Events during
Mid-loop Operations
Part 1: Main Report
Part 1A: Chapters1-6
Part 1B: Chapters 7 - 12
Part 2: Internal Events Appendices A to D
Part 3: Internal Events Appendix E
Part 3A: Sections E.1 - E.8
Part 3B: Sections E.9 - E.16

Part 4: Internal Events Appendices F to H

Part 5: Internal Events Appendix I

Analysis of Core Damage Frequency from Internal Fires during
Mid-loop Operations

Part 1: Main Report

Part 2: Appendices

Analysis of Core Damage Frequency from Internal Floods during
Mid-loop Operations

Analysis of Core Damage Frequency from Seismic Events during
Mid-loop Operations

Evaluation of Severe Accident Risks during Mid-loop Operations
Part 1: Main Report

Part 2: Appendices
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Appendix E.2 Event trees and High Level Fault Trees for Loss of Inventory(RHR2B)
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Appendix E.3 Event Tree and High Level Fault Trees for Non-recoverable Loss of
RHR(RHR3)
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END-STATE-NAMES

SEQ #

—_ e

UNITY I IR3IW1 | FR3W1V| CR3W1V|

R3WID6 Event Tree
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Appendix E4 Event Trees and High Level Fault Trees for Loss of Operation Train of
RHR(RHR4)
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Appendix E.5 Event Trees and High Level Fault Trees for Recoverable Loss of RHR
(RHRS)
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Appendix E.6 Event Trees and High Level Fault Trees for Loss of Offsite Power (L1)
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Appendix E.7 Event Trees and High Level Fault Trees for Loss of Offsite
Power(L2)
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Appendix E.8 Event Trees and High Level Fault Trees for Unit 1 Blackout(L3)
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