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The work presented in this paper was performed by Brookhaven National Laboratory
(BNL) in supporting Nuclear Regulatory Commission's (NRC) effort towards the reso-
lution of Generic Issue 99 "Reactor Coolant System (RCS)/Residual Heat Removal
(RHR) Suction Line Interlocks on Pressurized Water Reactors (PWRs)." Operational
experience of U.S. PWRs indicates that numerous loss of RHR events have occur-
red during plant shutdown. Of particular significance is the loss of RHR suction
due to the inadvertent closure of the RHR suction/isolation valves or an excess
lowering of the water level in the reactor vessel. In the absence of prompt miti-
gative action by the operator, the core may become uncovered. Various design/op-
erational changes have been proposed. The objective of this paper is to esti-
mate the improvement in the RHR reliability and the risk reduction potential pro-
vided by those proposed RHR design/operational changes.1* The benefits of those
changes are expressed in terms of the reduction in the frequency of loss-of-cool-
ing events and the frequency of core damage.

The Nuclear Safety Analysis Center (NSAC) performed a study NSAC-84,3 on the risk
of a plant during shutdown. BNL was able to draw on this study when developing
the BNL shutdown model. The BNL shutdown risk model was applied to a generic
plant whose frontline systems and support systems were assumed to be similar to
those of Zion, so that the system models of NSAC-84 could be used. The analysis
was called "generic" mainly because generic component failure data was used and
the frequencies of the initiating events were estimated using the operational ex-
perience of the PWR population.

In NSAC-84, three types of outages were considered, namely, refueling, drained
maintenance, and nondrained maintenance. NSAC-84 developed six procedural event
trees representing six different phases of an outage, and three accident event
trees. Different types of outages go through different numbers of procedural
event trees. The end states of the procedural event trees were three types of
initiating events, loss of cooling, loss of coolant accident (LOCA), and low tem-
perature overpressurization (LTOP). The end states become input to the accident
event trees. The estimated durations of the phases (mission times for the RHR
system) and the assumption that a large fraction of the time at shutdown the plant
is in the partially drained condition were two conservatisms in NSAC-84. BNL used
the frequency of the three types of outages estimated in NSAC-84 and redefined the
phases of the three types of outages, namely 4 phases for a refueling outage, 3
phases for a drained maintenance outage, and a single phase for a nondrained main-
tenance. Realistic estimates of the duration of the phases and the durations that
a plant stays in a partially drained condition were used in the BNL analysis. In-
stead of the procedural event trees used in NSAC-84, a fault tree for the oper-
ating train of the RHR system was developed to determine the conditional probabil-
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ity of a loss-of-cooling event in a given phase of an outage. The failure modes
of the operating train include hardware failure of the components, spurious clo-
sure of suction valves, overdraining while the RCS is partially drained, inadver-
tent diversion of reactor coolant flow, etc. In evaluating the frequency of loss-
of-cooling events, any interruption of flow was considered to be such an event.
The fact that a standby train may be available was covered in the loss-of-cooling
event trees. This was modelled in this fashion because it requires operator ac-
tion to recognize the need for and initiate the standby train. The fault trees
for different phases of an outage were different because the durations of the
phases were different, and some failure modes were only applicable to some specif-
ic phases, e.g., overdraining can occur only if the reactor coolant system is
drained.

Three unique failure modes of the RHR system were modelled in the BNL analysis,
i.e., spurious isolation of the RHR suction valves, overdraining in a draindown
operation, and failure to maintain vessel level when the RCS is partially
drained. The failure rates and failure probability of these failure modes were
estimated using operational experience. For example, in the survey of operational
experience for PWRs, 64 events of spurious isolation of RHR suction were identi-
fied in 1.79xlO6 hours of RHR system operation. Therefore, the generic frequency
of spurious isolation of RHR suction valves is 64/1.79x10 = 3.58x10 per hour.
The data for the period from 1976 to 1981 were taken from NSAC-52.2 The data for
the period 1982 to 1983 were taken from an AEOD (Office for Analysis and Evalua-
tion of Operational Data) report. BNL performed a licensee event report (LER)
search for the period from 1984 to 1986. These sources of data were also used to
estimate the frequency of two types of LOCAs, i.e., LOCAs such as that caused by a
stuck open RHR relief valve, and LOCAs caused by inadvertent opening a containment
spray recirculation valve. LOCA event trees were developed to model the mitiga-
tion of LOCAs that may occur in different phases of an outage.

The NSAC-84 analysis considered the service water system (SWS) and the component
cooling water system (CCWS) as support systems for the RHR system. The dependence
of the charging system and the auxiliary feedwater system on these support systems
was not modelled. In addition, initiating events caused by loss of such support
systems were not considered in NSAC-84. BNL modelled SWS and CCWS as support sys-
tems for all systems that may be used to mitigate the postulated accidents. Loss
of these systems as an initiating event was also modelled.

The loss of cooling event trees are quantified using the large fault tree ap-
proach- System information and component maintenance unavailability data are
based on the Zion Final Safety Analysis Report, Zion Probabilistic Safety Study
(ZPSS), and NSAC-84. Component failure data was taken from the generic data of
the Oconee PRA. Figure 1 is the loss-of-cooling event tree for phase 2 of a
drained maintenance outage. It was derived from the NSAC-84 loss-of-cooling event
tree by adding the safety injection system as an additional top event.. The safety
injection system is made inoperable to avoid LTOP during an outage. However, a
lot of time would be available for the operators to make the system operable. In
phase 2 of a drained maintenance outage, the RCS would be drained to the hotleg
mid—plane to accommodate maintenance that requires draining of the RCS. There-
fore, steam generator cooling would not be available. Sequence 5 of the event
tree represents a sequence in which RHR, charging, and safety injection systems
become unavailable due to hardware failure or component maintenance unavailabili-
ty. The probability, 1.84xlO~7, under the top event SI actually represents the
unavailability of all systems in the sequence. It was obtained by linking the
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Figure 1: Loss-of-coolIng event tree for phase 2 of a drained maintenance outage.



fault trees for the systems. Sequence 6 is a sequence in which the operating
train fails and the operators fail to recognize that restoring cooling is needed.
Its frequency is simply the product of the frequency of the outage, 1.932 per
year, and the probabilities of the failure events that define the sequence. The
lower branch of top event CV represents loss—of-cooling due to loss of RHR pump
suction, e.g., spurious closure of a suction valve or overdraining. In sequence
11, the operator successfully trips the RHR pump, and subsequent hardware failures
of the safety systems cause the core damage to occur. In sequence 12, the opera-
tor successfully trips the RHR pump, but fails to recognize the need to restore
cooling. Sequences 17 and 18 are similar to sequences 11 and 12, except that the
operators fail to trip the RHR pump and the pump is assumed to be unavailable due
to cavitation. In NSAC—84, the same human error probability was used for the DE
events in the loss of cooling event trees for each of the different phases of the
outages. In the BNL model, a simple thermal model1* was developed to determine the
time to core uncovery as a function of time following shutdown, given that a loss
of cooling occurs with the RCS partially drained. These core uncovery times were
used in a human cognitive reliability model to determine a realistic human error
probability for each of the different phases.

Table 1 summarizes the results of the BNL model. Loss of offsite power was ana-
lyzed using the ac power recovery model developed in the accident sequence evalua-
tion program (ASEP) for Zion and the simple thermal model that determines the
core uncovery time given a loss of decay heat removal as a function of time fol-
lowing shutdown. Loss of CCW or SW was analyzed using a model which was developed
during the Sandia Review10 of ZPSS. Since NSAC-84 did not consider loss of CCW or
SW, it is reasonable to compare the BNL core damage frequency 1.64x10 per year,
due to loss of cooling, LOCA, and loss of offsite power with that of NSAC-8A. As
explained above, the BNL model was developed by making many changes to the NSAC-84
model. The fact that the results are close should not be interpreted that the two
models are the same. Also listed are the results of three possible design im-
provements:

Initiating
Events

Core Damage Frequency (Per Year)
Base Case II 13

Loss of
LOCA
Loss of
Loss of
Loss of

Total

NSAC-84

Cooling

O f f s i t e Power
CCWS
SWS

8.48xlO~6

2.61xl0"6

5.31xl0~6

2.34xl0~5

4.04xl0~6

4.38xl0"5

1.80xl0~5

3.60xl0~6

2.44xlO~6

5.08xl0"6

2.34xlO~5

4.04xl0"6

3.86xl0~5

5.41xlO~6

2.61xl0~6

5.31xl0~6

2.34x10"5

4.04xl0~6

4.08xl(T5

7.28xlO~6

2.61xlO~6

5.31xl0~6

2.34xlO~5

4.04xl0~6

4.26x10-5

11 = Upgraded instrumentation for RHR pumps and availability of emergency proce
dures.

12 = Upgraded vessel level indication.
13 = Removal of auto-closure interlock.

Table 1: Summary of Core Damage Frequency Results for a Generic Plant at Shutdown
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1. Availability of an alarm trend recorder for monitoring RHR pump conditions
(flow, discharge pressure, motor current), in order to provide the operator
with early warning of a potential loss of shutdown cooling and to allow for
prompt implementation of emergency procedures (assumed available) for restora-
tion of DHR capability (e.g., RHR pump recovery).

2. Availability of highly reliable, redundant instrumentation, with control room
readout and alarm, for monitoring the water level and temperature within the
reactor vessel during drained RCS operations, in order to provide the operator
with early warning of a potential loss of RHR suction from the hotleg, as well
as provide information for determining the time margin to boiling or core un~
covery in the event of an extended loss of shutdown cooling capability.

3. Removal of the RHR suction line auto-closure interlock (ACI) to preclude in-
advertent closures of the RHR suction valves. The removal of the auto-closure
feature may increase the frequency of an interfacing systems LOCA. It is as-
sumed that some features are used to replace ACI such that no significant in-
crease in the frequency of interfacing LOCA is expected.

With the upgraded instrumentation for the RHR system and available emergency pro-
cedures, it was assumed that the operators would respond to loss-of-cooling
events. The upgraded vessel level Indication reduces the frequency of the over-
draining events. The removal of ACI reduces the frequency of spurious isolation
of the suction valves. Table 2 summarizes the benefits of the proposed design im-
provements. It can be seen from Table 2 (first line) that each of the three pro-
posed changes have an impact on the reduction in core damage frequency due to
loss-of-cooling initiating events. Obviously, upgraded instrumentation for the
RHR pumps does not reduce the frequency of the initiating event, but it is most
effective in reducing core damage frequency. Both upgraded vessel level instru-
mentation and removal of ACI reduce the frequency of the initiating events. Re-
moval of ACI is very effective in reducing the frequency of loss of cooling, but
i ts reduction in core damage frequency is smaller than that for upgraded vessel
level instrumentation, because the spurious isolation of an RHR suction valve may
occur any time during a shutdown while overdraining only occurs when the RCS is
partially drained. This is an important distinction because interruption of the
RHR system during most of the time over a given shutdown yields ample time for op-
erator recovery; whereas, loss of level instrumentation during a partially drained
condition represents a much more vulnerable scenario.

Base Case II 12 13

f(LC) (per year) 3.21x10'
Af(LC) (per year) N.A.
CDF (per year) 4.38x10'
ACDF (per year) N.A.

,-1

,-5

3.21x10'
0
3.86x10

,-1

-5

5.20x10-'

2.49x10"*
7.2OxlO~2

4.08xl0~5

3.00xl0"6

1.71X10"1

1.19x10"1

4.26xlO~5

1.20x10,-6

11 = Upgraded instrumentation for RHR pumps and availability of emergency pro-
cedures.

12 = Upgraded vessel level indication.
13 = Removal of auto—closure interlock.

f(LC) = Frequency of loss of cooling.
CDF = Core damage frequency.

Table 2: Summary of Benefits of the Possible Improvements for a Generic Plant
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In summary, the results of this study indicate that the estimated core damage fre-
quency of a PWR at shutdown is not much lower than when the plant is operating.
Each of the three possible design improvements leads to significant reduction in
core damage frequency due to loss-of-cooling events.
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