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INTRODUCTION

As a result of the Chernobyl accident andother precursor events, such as the 1990 loss
of AC power event at Vogtle, the U.S. Nuclear Regulatory Commission's Office of
Nuclear Regulatory Research has undertaken a two-phase project to analyze the
frequencies, consequences, and risk of accidents occurring during modes of operation other
than full power (i.e., low power and shutdown (LP&S) conditions). The Phase 1 work
(Whitehead et al., 1991) represented a "coarse screening" of all identified modes of
operation. The results were used to identify which set of plant operating conditions would
be subjected to a detailed analysis during Phase 2.

This paper presents an overview of the results from the current Phase 2 effort to
identify and quantify the various accident sequences that can lead to severe core damage.
This overview encompasses the detailed analysis of potential accidents that could occur
at the Grand Gulf Nuclear Power Plant while in the Cold Shutdown Phase [Plant
Operational State (POS) 5] of a refueling outage. From the Phase 1 analysis, it was

_Thisworkis supportedby the U.S. NuclearRegulatoryCommissionandis performedat SandiaNational
Laboratories, which is operated for the U.S. Departmentof Energy under Contract Number DE-
AC04-76DP00789.

DISTRIBUTION C)FTHIS DOCUMENT IS UNLIMITED



• determined that on a relative basis, POS 5 contributed approximately 59.5 percent of the
- total core damage frequency. The only other POS to contribute a significant fraction to

the total core damage frequency was POS 6, where POS 6 represents the plant refueling
configuration when the vessel head is off and the water level is raised to the Main Steam

Lines. In addition to contributing the largest fraction to the total core damage frequency,
POS 5 also contributed the most sequences to the most important "simplified" plant damage
state analysis (i.e., open containment and early core damage). Based upon these results,
POS 5 was selected for detailed examination during the second phase of the project.

After selecting POS 5, an extension of the models and data developed during the
screening study was conducted. Based on a more detailed examination of resource
materials, the list of initiating events was expanded to include new events that could
possibly occur during POS 5 that had not been originally identified in Phase 1. An
example of such initiators include those that could occur while the plant undergoes a
system hydro test. The frequencies used for the initiating events were updated using new
information sources. Based upon updated plant-specific information and insights gained
from the Phase 1 work, changes were made to the existing event trees and fault trees, and
new event trees were constructed to account for the new initiating events. In addition, a
multiple initiating event analysis was performed to identify the valid double and triple
combinations of initiating events. The resulting combinations were then examined to
determine if the event trees adequately accounted for the multiple initiating event
combinations that survived the screening criterion.

The ability of systems to mitigate an accident initiating event depends on the initial
status of the systems in POS 5 (i.e., Cold Shutdown). The event trees used in the detailed
analysis consider the major variations in systems availabilities, such as forced or natural
circulation and suppression pool inventory. These changes, plus the incorporation of
additional human actions (many of which represent recognition/decision points) into the
trees, form the basis of the accident sequence analysis task performed in this study.

The following sections describe the current status of the Phase 2 work for the LP&S
analysis of Grand Gulf. The first section will provide a list of the initiating events and
their associated frequencies. The second section will briefly describe the event trees
constructed during the project. The third section will outline the approach used to quantify
the diverse human actions incorporated into the event trees. Finally, the fourth section will
present results from the accident sequence quantification task along with a brief discussion
of the dominant accident sequence categories.

INITIATING E_

This section of the paper summarizes the identification and quantification of initiating
events. The reanalysis of the initiating events was undertaken for two main re2.sons. First,
as POS 5 was modeled in detail, new initiating events were identified. For example,
modeling of the Hydro condition in Cold Shutdown led to the consideration of Loss of
Coolant Accidents (LOCAs) at full system pressure; and the modeling of the possibility
that forced recirculation is initially available in POS 5 led to the consideration of loss of
forced recirculation as an initiating event. Second, a trend identified in the screening study
indicated that certain initiating events, such as loss of instrument air, should be quantified
more accurately.

Accident initiating events were classified into three groups: Transients, LOCAs, and
Decay Heat Removal Challenges. A Transient was def'med as any non-LOCA initiating



• Table 1. Initiating Events for POS 5

InitiatingEvent Description MeanFrequencyperYear
Nomenclature for POS 5

.i ii ii i ,us

T_ Loss of Offsite Power (LOSP) Transient 0.13

A_ Large LOCA at Low Pressure 3.62E-05
........

Auy Large LOCA during Hydro Test (High Pressure) 1.25E-04
. ,, ,,,

S_ Intermediate LOCA at Low Pressure 3.62E-O5
,,, ............... ,..

S_H Intermediate LOCA during Hydro Test (High Pressure) 1.25E-04
, ,,,

$2 Small LOCA at Low Pressure 3.62E-05

S:H _;mall LOCA during Hydro Test (High Pressure) 1.25E-04

S_ Small-small LOCA at Low Pressure 3.62E-05 ,,,=,

S3H Small-small LOCA during Hydro Test (High Pressure) 1.25E-04

H_ Diversion to Suppression Pool via RHR 6. IE-02
,

J: LOCA in connected system (RHR) 1.56E-O2
, ,,, ,,

E_s Isolation of SDC loop B only 5.7E-02
,,,,

E_c Isolation of RWCU as DHR 1.57E-03

Ett_ Isolation of ADHRS only 5.7E-02

E,-r Isolation of SDC common suction line 0.356

E_v Isolation of common suction line for ADHRS 0.356

EzB Loss of operating RHR shutdown system 6.5E-02 i
..... ,

F_c Loss of RWCU as DHR 1.57E-O3 ,,, ,i,,

E:D Loss of ADHRS only 6.5E-02
, . ,,, i

F_-r Loss of SDC common suction line 3.8E-02,

F-qv Loss of common suction line for ADHRS 3.8E-02

Ts^ Loss of all Standby Service Water (SSW) 2.4E-02

Tss Loss of all Turbine Building Cooling Water 2.4E-02

T_c Loss of all Plant Service Water (includes Radial Well) 2.4E-02,, ,,,.

T_n Loss of all Component Cooling Water 2.4E-02 ,,,,,

T_ Loss of IE 4160 V AC Bus B 1.66E-03
, ,, ,,,, ,.,

The Loss of 1E 125 V DC Bus B 6E-03 ....

TtA Loss of Instrument Air 0.18
,,,,,

ToRy Irmdvertent Open Relief Valve at Shutdown 7.2E-02

T,op Inadvertent Overpressurization (makeup greater than letdown) 1.57E-03

Trap Inadvertent Pressurization via spurious HPCS actuation 1.4E-02

1
TioF Inadvertent Overfill via LPCS or LPCI 2.2E-02

T_t_,r Loss of Re,circulation Pump 7.2E-0"2

T_ Loss of Makeup 8E-03
,,,,.,, .,.



event, excluding Decay Heat Removal Challenges. Decay Heat Removal Challenges are
. ' initiating events in which the operating shutdown cooling system is directly lost. As a

result of the reanalysis, thirty-four initiating events were identified and quantified. Table
1 provides a list of the initiating events and their frequencies as used in Phase 2.

EVENT TREES

The event trees used in this study of POS 5 have been extensively updated from those
used in the original screening analysis (Whitehead et al., 1992). Two major reasons for
the extensive modifications to the trees are (1) a variety of initial conditions were
considered in the detailed analysis beyond those considered in the screening study, and (2)
updated information obtained from the staff at Grand Gulf indicated that auto isolation of
the low pressure shutdown cooling suction piping on high pressure (135 psig) was
available, where in the original screening analysis it was considered unavailable.

To simplify the development of the necessary event trees, three types of event trees
were developed. These included (1) Genetic Functional Event Trees, (2) Generic System-
Level Event Trees, and (3) Specific System-Level Event Trees. Genetic functional event
trees are event trees at a functional level that apply to any transient. Generic system-level
event trees are trees at the mitigating systems level that form the basis for the event tree
models for each specific transient initiating event (see Forester, et al., for a more detailed
discussion of genetic event trees). Specific system-level event trees are the event trees that
model the mitigating systems response to each of the 34 specific initiating events. For
each transient initiating event, the specific system-level event trees were produced from the
generic system-level event trees. For LOCA initiating events, the specific system-level
event trees were created without using any generic trees.

The event tree modification effort produced more than 200 unique event trees. These
event trees incorporated 81 different initial conditions, numerous operator action and/or
decision points, and many potential alternatives for restoring a lost function. While this
effort resulted in event trees that are more realistic from the point of view of containing
many of the possible operator responses to any given initiating event, it did significantly
increase the complexity and the quantity of the accident sequences that had to be
quantified.

HUMAN RELIABILITY ANALYSIS

This section outlines the Human Reliability Analysis (I-IRA) performed for the detailed
study of POS 5. The general methodology used for identifying and quantifying human
actions was the Accident Sequence Evaluation Program Human Reliability Analysis
Procedure (ASEP HRAP) (Swain, 1987). This methodology was selected because (1) the
human error probabilities (HEPs) obtained using the procedure are considered to be
conservative relative to those that would be obtained from other methodologies, (2) it was
used in the full power PRA performed at Grand Gulf (Drouin, et.al, 1989) as part of
NUREG-1150, (3) it is straightforward to use and can produce internally consistent HEPs
that appear to reflect at least the relative potential of human failures in the nuclear power
plant environment, and (4) it allows for straightforward adjustments in HEPs as a function
of the results from interviews with plant personnel.

In general, the HRA data collection and analysis process outlined in the ASEP HRAP
was followed except for pre-accident human actions. The pre-accident human actions



included in this analysis used the same HEP values that were used in the full power PRA
of Grand Gulf. For the post-accident human actions, interviews with operators and other
plant personnel were conducted over a two-day period. While all the scenarios analyzed
in the PRA could not be covered in the interviews, most of the critical operator actions
analyzed were discussed with the operators. Follow-up information and additional data
regarding operator actions and time requirements for specific operator actions (both inside
and outside the control room), were obtained through telephone conversations with relevant
plant personnel.

In deriving the HEPs, the ASEP HRAP was closely adhered to. Basic human error
p,obabilities for each human action event were determined with the methodology and
adjusted according the rules for applying the Performance Shaping Factors (PSFs).
Deviations from the prescribed methodology were taken only when it was felt that the
LP&S environment created a situation that was not well fitted to the ASEP HRAP, and
each deviation was documented.

RESULTS AND DISCUSSION

As a result of having 34 initiating events and highly complex event trees, literally tens
of thousands of accident sequences required quantification. Using a truncation value of 1E-

• 8 for each cut set of a sequence, 4,309 sequences survived the initial screening pass. The
cut sets of these sequences were then examined for validity and appropriate recovery
actions were applied. After recovery, 192 sequences containing 296 cut sets survived.
The total point estimate for POS 5 during a refueling outage at Grand Gulf for the 192
sequences is 3.476E-05.

Two classes of initiating events dominate the preliminary results. As can be seen in
Table 2, loss of support systems (SUPPORT) (e.g., DC Power Bus B, Component Cooling
Water, and Instrument Air) and loss of offsite power (LOSP) constitute approximately 74 %
of the total core damage frequency.

Table 2. Contribution to Point Estimate by Class of Initiating Event

IE Class Point Estimate % Contribution

Core Damage To Core Damage
Frequency Frequency

SUPPORT 1.8E-5 51.9%
LOSP 7.7E-6 22.0 %
DHR 3.2E-6 9.3 %
OTHER 3.2E-6 9.1%
LOCAs 2.6E-6 7.6 %

Figure 1 provides a graphical representation of the percent contribution of the
dominant initiating events to the point estimate core damage frequency. The figure
indicates that four initiating events (i.e., TI" Loss of Offsite Power, TDB: Loss of DC
Power Bus B, T5D: Loss of Component Cooling Water, and TIA: Loss of Instrument
Air) contribute approximately 67 % of the total core damage frequency. For the important
initiating events identified in Figure 1, three general types of accident sequences are among
those that are dominant. These are (1) Blackout - Loss of all AC power, (2) Steam at
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Figure I. Percentage Contribution to Point Estimate Core Damage Frequency by Initiating Event

High Pressure - Steaming at high pressure with no makeup available, and (3) Flooding
Containment - Injection of water into vessel, out the SRVs to the suppression pool, and
finally out the open lower containment personnel lock.

The preliminary results from this study appear to indicate that the core damage
frequency associated with operating in POS 5 is comparable to that obtained for a full
power analysis. However, the reader is cautioned about placing too much emphasis on the
"bottom line numbers" resulting from this study. As with any new work in research, the
most important insights come from what is learned by doing the work. For example, the
HRA process, which even for a full power analysis is complex, is even more so for a study
such as this one. Thus, improved methods in the HRA field might provide additional
insights from future studies of low power and shutdown conditions. One other example
of an insight gained from this work is the increased importance of the time-dependent
nature of the progression of an accident sequence and the operators' response to the
unfolding events. While it is possible to incorporate some aspects of time-dependence into
the event tree structure, a more robust and practical method should be developed. Such
a method would also probably require improvements in the HRA methods currently used.
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