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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 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 being performed by
Brookhaven National Laboratory(BNL) and Sandia National Laboratories(SNL). Two
plants, Surry (pressurized water reactor) and Grand Gulf (boiling water reactor),
wers 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 paper is to present the approach utilized in the
level-1 PRA for the Surry plant, and discuss the results obtained. A comparison
of the results with those of other shutdown studies is provided. Relevant safety
issues such as plant and hardware configurations, operator training, and
instrumentation and control is discussed.
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INTRODUCTION O S T I

Traditionally, probabilistic risk assessments (PRA) of severe accidents in
nuclear power plants have considered initiating events occurring only during full
power operation. Some previous screening analyses that were performed for other
nodes 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 Reg u ->ry Commission (NRC) initiated an extensive
program to carefully examine the ,Jsk": during low power and shutdown operations.
The program includes two parallel ̂  jects 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-11501. The scope of the program
includes a level-3 analysis.

A phased approach was used in the level-1 program. In phase 1 which was
completed in Fall 1991, a coarse screening analysis including internal fire and
flood was performed2. 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.

Hid-loop operation was selected as the plant configuration to be analyzed
in phase 2, 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, uncertainty and sensitivity analysis. Internal fire and internal flood
analyses are also included. A separate study on seismic analysis is being
performed for the NRC by Future Resources Associated, Inc. and PRD Consulting.

The objective of this paper is to present the approach utilized in the
level-1 internal events PRA for the Surry plant, and discuss the results
obtained. The work on internal fire, internal flood, and seismic analysis will
be published separately.

METHODOLOGY

Due to the changing plant configuration during low power and shutdown
operation, it was necessary to define different outage types and different plant
operational states (FOSs) within each outage type. Within each PCS, the plant
configuration continues to change with time, and the decay heat continues to



decrease.' These factors significantly affect scenario frequencies. Therefore,
a "time window" approach was developed. In this approach, different time windows
representing different decay heat levels and success criteria within each time
window, were defined.

Within each time window, the approach used in performing the PRA for a
particular POS in a particular outage type is similar to that used in the NUREG-
1150 study. The approach includes typical tasks such as identification of
initiating events, development of fault trees and event trees, and
quantification. The following is a summary of the approach used in those tasks
that are characteristic of this shutdown study.

Outage Types, Plant Operational States, and Time Windows - Outages were grouped
into four different types: refueling, drained maintenance, non-drained
maintenance with use of the residual heat removal(RHR) system, and non-drained
maintenance without the use of the RHR system. Due to the continuously changing
plant configuration in any outage, plant operational states (POSs) were defined
and characterized within each outage type. Each POS represents a unique set of
operating conditions (e.g. temperature, pressure, and configuration). For
example, in a refueling outage, up to 15 FOSs were used. They represent the
evolution of the plant throughout a refueling from low power down to cold
shutdown and refueling, and backup to low power. An extensive effort was made
to collect Surry-specific data needed to characterize each POS. This included
review of operating and abnormal procedures for shutdown operations, review of
shift supervisor's log books, review of monthly operating reports, and performing
thermal-hydraulic calculations. Three mid-loop POSs, in which the reactor
coolant system (RCS) level is lowered to the mid-plane of the hot leg, were
selected for detailed analysis. Two of them occur in a refueling outage, (POSs
R6 and RIO), and one in a drained maintenance outage, (POS D6). They are
characterized by different decay heat level, and different plant configurations,
such as the number of RCS loops that are isolated, and whether or not the RCS has
a large vent. R6 represents a mid-loop operation that takes place early in a
refueling outage. This mid-loop operation allows fast draining of the RCS loops
to permit eddy current testing of the steam generator tubes. RIO takes place
after the refueling operation is completed to allow additional maintenance of
equipment in the RCS loops. D6 represents a mid-loop operation in which
maintenance activities require the plant to go to mid-loop, and is characterized
by the highest decay heat level among the three mid-loop POSs.

In order to more accurately define the decay heat level when an accident is
initiated, a time window approach was developed. Table 1 is a summary of the
success criteria for the time windows. A total of 4 time windows after shutdown
were defined, each with its own unique set of success criteria reflecting the
decay heat level. For POSs R6 and D6, all 4 windows were needed. For POS RIO,
only time windows 3 and 4 were applicable. A statistical analysis on the time
to mid-loop and the duration of mid-loop was performed to determine the
probability that a given accident occurs in a particular time window, conditional
on the accident occurring. In this approach, an event tree was developed for
each accident initiating event, POS, and time window. For 16 initiating events,
a total of 160 event trees were developed.



Definition of Time Windows Based on Supporting Thermal-Hydraulic-Analysis - The
main purpose of the thermal-hydraulic analysis was to support the event tree
development and accident sequence quantification. Thermal-hydraulic
considerations are the basis of the time window approach. The time windows were
defined based on the times when the success criteria of important mitigating
functions change. Detailed calculations were done to determine the timing of a
feed and bleed operation during mid-loop operation. The calculation also
provided Information on the amount of refueling water storage tank (RWST) water
needed to sustain the feed and bleed operation, as well as the timing of core
uncovery for different initial conditions. The HELCOR3 code was also used to
assess whether or not gravity feed from the RWST could be used to provide long
term cooling (i.e. 24 hours, decay heat removal). For the case of reflux cooling,
the results of studies at the Idaho National Engineering Laboratory (INEL),
Westinghouse, and Virginia Power were reviewed and used to determine the success
criteria. The results of the analysis of feed and spill, gravity feed and reflux
cooling were used to determine the boundary of the time windows. For example,
the time boundary between windows 2 and 3 was chosen to be the time when
recirculation is not necessary for the first 24 hours after the accident started.
It was estimated to be 10 days based on the inventory available in the RWST and
the flow needed in the feed-and-spill operation.

Initiating Event Analysis - The approached used to identify potential initiating
events, was to review existing studies, search licensee event reports, (LERs),
review published NRC documents, and review current Surry operating procedures.
This approach should ensure that any incident that has occurred or any scenario
that has been studied will be considered in the present study. However, a
systematic approach, such as a failure mode and effect analysis (FMEA) or a
hazard and operability study (HAZOP), was not used to provide further assurance
that all possible initiating events in all possible operating states have been
identified.

Event Tree Analysis - In phase 1 of this study, accident scenarios were developed
for all Low Power and Shutdown POSs. For those POSs that are similar to power
operations, (e,g, low power operations), the relevant NUREG-1150 event trees were
reviewed and modified (if necessary) to reflect the current plant design and
operation. For other POSs, event trees were developed in the course of group
discussions, involving typically four or more BNL staff members with expertise
in PWR operations, PRA, human reliability analysis (HRA) and thermal-hydraulic
molding. Communications with staff at Virginia Power were established to clarify
questions on the plant design and operations.

In phase 2, the event trees developed for the mid-loop POSs were reviewed
and modified to incorporate additional information obtained in the system
analysis and to reflect the current understanding of the expected operator
responses to the accidents. A two-day meeting with Virginia Power operations
personnel was held to discuss the potential accident scenarios, and the expected
plant and operator responses.

System Analysis - The fault tree models developed as part of NUREG-1150 study
were reviewed and modified, when necessary, to develop fault tree models for the



plant at shutdown as well as during low power operation. Typically, two fault
trees were developed for each system. One tree is applicable to power
operations, and the other is applicable to shutdown conditions. The system
configuration during shutdown was identified by reviewing the operating
procedures used during shutdown, shift supervisor's log books, and the system
training manual. Typically, the following changes were made to NUREG-1150 fault
trees to derive the fault trees applicable to shutdown conditions.

1) Valve failure modes were changed. The position of valves during shutdown
may be different from that during power operation. Therefore, the
applicable failure modes of the valves will be different from those of power
operations.

2) Human error events associated with backup of automatic actuated systems or
components which failed were modified to manual actuation with no automatic
backup.

3) Maintenance unavailabilities relevant to the specific FOS were estimated.
For mid-loop POSs, the reduced inventory check list was used to determine
whether certain maintenance events are permitted. Those maintenance events
prohibited by the check list, e. g. diesel generator maintenance, during
mid-loop were deleted from the model.

4) System success criteria were changed if necessary.

Human Reliability Analysis - Two types of human error events were identified and
modeled in this study: pre-accident errors and post-accident errors. For pre-
accident errors, those identified in the NUREG/CR-4550 study for Surry were
adopted. Additional pre-accident errors were identified in the system analysis
task and were added to the system fault trees.

The approach to evaluating human actions and recovery actions that follow
an initiator is first to qualitatively define the event scenario, required
action, important factors affecting operator performance, and the consequences
of the action not being successful.

The qualitative evaluation of the actions and the important parameters that
affect operator performance were used to derive the human error probabilities
(HEFs) using an adaptation of the success likelihood index methodology. This
methodology is based on the assumption that the likelihood of operator error in
a particular situation depends on the combined effects of a small set of
performance-shaping factors (PSFs) that influence the operator's ability to
accomplish the action.

Data Base Analysis - An extensive effort was devoted to collecting data for
characterizing the plant during shutdown. The effort involved compiling a of a
data base of initiating events, and reviews of the shift supervisor's log books,
outage schedules, minimum equipment list, and monthly operating report to collect
the data needed to estimate the frequency of shutdown, duration of plant
operational states, and maintenance unavailabilities.



RESULTS AND INSIGHTS

Table 2 is a comparison of the results of this study with those of NUREG-
1150 and the individual plant examination (IPE) performed by the utility for
Surry. The table displays the results in two ways. The core damage frequency
is the frequency that core damage occurs when the plant is at mid-loop, and the
instantaneous core damage frequency is the core damage frequency divided by the
fraction of time the plant is at mid-loop. The former accounts for the fact that
the plant is at mid-loop only a small fraction of the time, while the latter is
the frequency at which core damage occurs given that the plant is at mid-loop.
It can be seen that the core damage frequency of mid-loop operations is
approximately one eighth of that of power operation as estimated in NUREG-1150,
while the plant is in mid-loop operation less than 7% of a year. Table 3 shows
the frequency that core damage occurs for each combination of time windows and
FOSs. It can be seen that the frequency decreases with time window/decay heat,
due to relaxing success criteria and increasing the frequency for R6 is higher
than that of D6 due to the fact that the RCS loops may be isolated in R6 making
reflux cooling impossible. The difference between the results of R6 and RIO is
due to the difference in maintenance unavailability.

The following are insights derived from this study:

Changing plant practices and information - The plant is aware of the potential
safety concerns of reduced inventory operations and is constantly improving its
practice regarding such operation. This is reflected in the improvement in the
operating procedures and abnormal procedures used during shutdown as well as
changes in the plant practice. The most significant change in plant practice
started in the refueling outage of unit one in 1992, during which mid-loop
operation was totally avoided. This appears to be the new plant policy. Another
way of reducing the risk due to reduced inventory operation is to perform it
while the fuel in the core is removed during the refueling operation.

In order to limit the changes in the model developed for this study to
account for the changes in plant practice and information, it was decided that
the study will use the procedures and other plant information available as of
April 30, 1993. Regarding the plant's policy of avoiding mid-loop operation, it
was decided that this study would use the data collected from past outages prior
to the unit 1 refueling outage of 1992. As a result, the estimated core damage
frequency reported for this study is expected to be an over estimation. It is
emphasized, however, that the core damage frequency quoted in Table 2 has been
reduced significantly as a result of changes made before April 1, 1993.

Operator Response - The dominant cause of core damage was found to be operator
failure to mitigate the accident. It should be mentioned that there is very
large uncertainty in the human error probabilities currently used in this study.
In general, it would be beneficial to have good training, procedures, and
instrumentation to ensure that the utility staff are able to respond to shutdown
accidents.



Procedures for Shutdown Accidents - Very few procedures are currently available
for accidents during shutdown. The loss of decay heat removal procedure, (AF
27) , is the only procedure that was written specifically for shutdown conditions.
It was found that the procedure is conservative with regard to the equipment
needed to establish reflux cooling and feed-and-bleed. In this study, the use
of less than the number of steam generators specified in the procedure for reflux
cooling was treated as a recovery action, and a more realistic success criteria
was used for feed-and-bleed when the decay heat is high. In most cases, the
information in the procedures for power operation was helpful, if used for
shutdown accidents. However, some procedures written with power operation in
mind would mislead the operator if followed during shutdown.

Instrumentation - It was recognized that the level instrumentation used during
mid-loop operation, i.e., standpipe level instrumentation and ultra-sonic level
instrumentation, have limited applicability during a shutdown accident. The
standpipe system provides correct level indication only when there is no pressure
build-up in the system. The ultra-sonic level instrumentation only provides
level indication when the level is within the reactor coolant loops. This level
instrumentation may not therefore be useful during a feed and bleed operation.

Supporting Thermal Hydraulic Analysis - It was found that the thermal hydraulic
behavior of the reactor coolant system is rather complex. This is mainly because
the pressurizer is usually the relief path for coolant or steam, and the vessel
head does not have a large vent. When performing thermal hydraulic analysis in
support of the PRA effort, consideration has to be given to longer term system
behavior, at least 24 hours into the accident. In this study, such calculations
were done for feed-and-bleed operation using a charging pump, and with gravity
feed from the RUST. It is believed that additional supporting calculations would
be helpful for a better understanding of the effectiveness of reflux cooling, and
feed and bleed using a low pressure injection pump.

Maintenance Unavailability - Based on a review of shift supervisor's log books
and minimum equipment lists for three refueling outages, the maintenance
unavailabilities of equipment that can be used to mitigate an accident were found
to be very high. As a result of the requirement of generic letter 88-17, the
plant is required to have one high head pump and one low head pump available.
In the quantification of this study, it was assumed that charging pump A,
charging pump cooling water pump A, and low head injection pump A are available.
Based on the check list used for reduced inventory conditions, it was also
assumed that maintenance of diesel generators, 4 kv emergency buses, and stub
buses is not allowed.

It was found in this study that maintenance unavailability is the dominant
cause of equipment unavailability. In combination with human errors, maintenance
of the charging pump cooling waier pump, the charging pump, and the low head
injection pump appear in the dominant cutsets for some of the core damage
sequences.

Isolation of Reactor Coolant Loops - In this study, it was found that isolation
of the RCS loops is an important contributor to the core damage frequency.



Review of the plant shutdown experience indicated that the reactor coolant loops
are isolated for extended periods of time during a refueling outage. This
practice makes the steam generators unavailable for decay heat removal upon loss
of RHR. During mid-loop operation, the availability of the SGs makes reflux
cooling a possible method of mitigating a loss of RHR. This might be the only
mitigation function available in a station blackout.

Single Failures of the RHR System - The RHR system at Surry is not a safety
related system (i.e., it does not perform the safety injection function in
scenarios initiated at full power). As a result, many single component failures
can cause loss of RHR.

Valve Arrangement of Auxiliary Feedvater System and Main Steam System During
Shutdown - The auxiliary feedwater system has six MOVs (151A, B, C, D, E, and F)
inside the containment in the flow path to the steam generators, that are
normally closed during shutdown. They would become difficult to locate during
a station blackout. Similarly, the main steam non-return valves are normally
closed during shutdown, and have to be opened in order to use steam dump to the
condenser. They depend on off site power as their motive power and would be very
difficult to open without it.

Potential for Plugging the Containment Sump When Recirculation Is Needed - Due
to activities inside the containment, transient material and equipment are
brought into containment during shutdown. For example, large plastic Herculite
sheets are often used to separate work areas from the rest of the containment.
When an accident requiring recirculation from the containment sump occurs, as is
the case in time windows 1 and 2, the transient material would increase the
potential for plugging the containment sump.

CONCLUSION

The results of this study show that the core damage frequency during aid-
loop operation is comparable to thai: of power operation. It is recognized that
very large uncertainty exists in the human error probabilities currently used in
this study.

A comparison of the results for the three mid-loop POSs shows that it is
preferable to enter mid-loop when the decay heat is relatively low. This study
identified that only a few procedures are available for mitigating accidents that
may occur during shutdown.

This study assumed that the reduced inventory check list was followed, and
found that the maintenance unavailability of equipment not on the list were
dominant contributors to system unavailability. However, it is believed that the
check list is sufficient for ensuring the availability of essential equipment.



Table 1. Definition and Characterization of Tune Windows

I
I Definition

1
Representative
Decay Heat

Success Criteria

Reflux Cooling

Feed and Bleed

LHSI

HHSI

Gravity Feed

1 Recircuiation

Recirculatioa
Spray

WINDOW 1

< - 75 hours

13.23 MW(2days)'

3SGs

1LHSI»(SV
removed + 2
PORV)

1HHSI*(SV
removed + 1
PORV)

1 SV removed *
LHSI flow path
provides
4.3 hours for
operator actions
(with less than 2
hours of
lubcootrag)

needcd(HPR +
LPFASteam
+ LPF*Spill)

needed

WINDOW!

> 75 hours and < »
240 hours

10 MW(5 days)

2SG

1LHSI*(SV removed
+ 2 PORV)

1HHSI*(SV removed
+ 1 PORV)

1 SV removed *
LHSI now path
provides 6.5 hoars for
operator actions (with
2 hours of
subcooiing)

1 RWST,nceded

2 RWST, not needed

1 RWSTjjeeded

2 RWSTJKH needed

WINDOWS

> 240 hours and
< » 32 days

7 MW(12 days)

2SG

1LHSI *(SV
removed +
1PORV)

1HHSI*(SV
removed + 1
PORV)

1 SV removed *
LHSI now path
provides
12 hours for
operator actions
(with 2 hours of
subcooiing)

not needed

not needed

WINDOW 4

>32days

5 MW(32 days)

1SG

1LHSI «(SV
removed +
1PORV)

1HHSI»(SV
removed + 1
PORV)

1 SV removed *
LHSI Row path
provides
sufficient
cooling for 24
hours (with
more than 3
hours of
subcooiing)

not needed

not needed

Probability that IE Oocun in the Window

D6

R6

RIO

0.117
(031)'

1.7E-02
(5.82&O2)

0.0

0.436
(0.454)

0.54?
(0.7)

0.0

0375
(0.21)

0.41
(024)

0.016
(2.2E-O2)

7.20E-O2
(2.6E-O2)

3.4E-02
(1.48E-03)

9.84E-01
(0.98)

* applicable to over-draining initiating event only, based on time to mid-loop



Table 2

Comparison of Toul Core Damage Frequency with NUREG-1150 and IPE

Stady

PWR Low Power and Shutdown Study
(Mid-Loop POSt, Internal Event Only)

NUREG-1150 (Internal Events Only)

IPE (Internal Events Only)

ReMks

CDF* (per
year)

Fraction of
a year the

plant
is in mid-loop

Instantaneous
CDF** (per

year)

R6

1.45E-06

1.63E-02

8.88E-05

RIO

3.12E-O7

1.52E-O2

2.O5E-OJ

D6

3.12E-O6

3.49E-02

8.94E-05

TOTAL

4.S8E-06

6.64E-C2

735&05

4.01E-05

7.40E-05

• CDF reflects the fraction of time the plant is at mid-loop
** Frequency of core damage given that the plant is at mid-loop

Table 3

Frequency that Core Damage Occurs Given in the POS and Window (per year)

Frequency that Core Damage Occurs Given in the POS and Window
(per year)

Window 1

Window 2

Window 3

Window 4

NUREG-1150

R6

8.59E-04

8.16E-05

6.17E-O5

1.81E-Q5

RIO

6.62E-05

1.97E-05

D6

3.28E-O4

6.06E-05

5.32E-05

1.01E-05

4.01E-Q5
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