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P. DeLaquil, III 
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ABSTRACT
Using the component reliability data base and accident analysis 

methodology similar to that employed in the Reactor Safety Study, the 
authors have separately evaluated the likelihood of failure of core 
residual heat removal (RHR) for the conceptual design of a 300 MW(e) 
gas-cooled fast breeder (GCFR) demonstration plant.

Although employing somewhat different methods, these two 
evaluations have arrived at similar conclusions with regard to the 
total probability of RHR failure, as well as the relative 
contributions of particular accident sequences to this total.
Both studies have considered a spectrum of initiating events 
leading to RHR requirements and have quantified potential common 
cause failures within the RHR systems by use of an empirical 
factor relating the fraction of component common-cause failures 
to the total component failure rate. By these methods, the total 
probability of residual heat removal failure has been estimated 
as less than 10“5 per year, dominated by sequences involving loss 
of electrical power.

INTRODUCTION
A probabilistic approach to the evaluation of accidents in nuclear power 

reactors has been considered by a number of investigators over a period of 
years. Major steps in the use of these approaches have taken place recently 
with the release of the Reactor Safety Study for light water reactors [1] and 
recently with the issue of a status report on similar studies for the high 
temperature gas-cooled reactor [2]. The techniques and data developed by 
these studies have been separately employed by the authors to evaluate the 
likelihood of failure of the residual heat removal systems for a 300 MW(e) 
gas-cooled fast breeder reactor design [3,4], This paper summarizes the major 
results of these two studies.

SYSTEM DESCRIPTION
The reliability required of forced-convection shutdown core cooling in 

the Gas-Cooled Fast Breeder Reactor (GCFR) is achieved through the use of two 
separate residual-heat-removal (RHR) systems. The normal operational RHR 
system employs the redundancy of the three main cooling loops and associated
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steam-driven helium circulators, with heat rejection through the normal power 
conversion system components or, if necessary, to the atmosphere. The initial 
shutdown phase of main loop cooling (Fig. 1) lasts for the first half-hour to 
an hour after shutdown, during which decay heat provides the heat source for 
generating circulator drive steam. Following this, long-term decay heat 
removal is initiated with oil-fired auxiliary boilers providing circulator 
drive steam and the steam generators serving as heat dumps.

A diverse backup safety RHR system, called the Core Auxiliary Cooling 
System (CACS) (Fig. 2), is provided in case the normal operational RHR system 
fails. The CACS consists of three independent auxiliary loops with electric- 
motor-driven circulators and pressurized water loops for heat rejection to 
the atmosphere.

The operational RHR system is designed so that no single failure of an 
active component will prevent safe shutdown operation, with components 
providing the initial shutdown cooling designed as seismic Category 1. The 
CACS is designed as a seismic Category 1 system with the capability to remove 
residual core heat following all anticipated transients and postulated 
accidents. Both systems are designed to remove residual heat under pressurized 
and depressurized conditions, including accomodation of the design basis 
depressurization accident (DBDA).

METHODOLOGY
Using the component reliability data base of the Reactor Safety Study [1], 

the likelihood of failure of the RHR systems was evaluated with two distinct 
accident modeling approaches. The first utilized event tree accident sequence 
representations, with the event tree branch points defined by conventional 
fault tree and reliability diagram methods [4]. The second approach [3] 
employed an expansion of the event tree method, labeled an event sequence 
diagram (ESD). Fig. 3 illustrates a portion of an event sequence diagram and 
shows its similarities and differences to an event tree. The ESD utilizes two 
major symbols - descriptive blocks (rectangles) and branch points (hexagons). 
The descriptive blocks represent the possible operating states of the 
subsystems in the RHR systems. The branch points create distinct accident 
sequence paths according to the availability states of the redundant RHR 
subsystems. In the ESD, the main loop RHR system is expanded into its major 
subsystems, with their success or failure described explicitly. This differs 
from the event tree approach in which detailed fault trees are used to 
describe the success or failure of the RHR systems. The ESD describes a 
large number of accident sequences (of which only a few are shown in Fig. 3) 
with essentially the same outcome as those of the event tree. The probability 
of the ESD accident sequence can then be combined to give results analogous 
to those for the conventional event tree. Because of the complexity of the 
ESDs developed for the RHR systems, a computerized method was developed and 
employed for the quantification of the various accident sequence outcomes.

Common Cause Failures
A key item in these studies was the treatment of potential common cause 

failures within redundant systems which cannot be otherwise identified through 
analysis of system schematics. Multiple failures resulting from common design 
or manufacturing defects, operator and maintenance errors, and environmental 
effects have occurred with too significant a frequency in current nuclear 
plants to be ignored in any realistic assessment of system failure rates.
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This common cause failure potential has been included by use of an 
empirical factor relating the fraction of common cause failures in a given 
component to the total component failure rate [5]. Current nuclear experience 
indicates this factor to be significant, in the range of one-to-ten percent.
The inclusion of this common cause factor has proved to have a very major 
impact on the reliability calculated for the GCFR’s redundant cooling systems. 
Fig. 4 illustrates the use of the common cause factor and some typical values 
for generic equipment types.

Initiating Events
Another key item in these studies was the identification of key initiating 

events. Attention was directed at those less likely initiators which might 
degrade the reliability of one or both RHR systems, as well as more frequent 
events for which the full diversity of the systems is available. Fig. 5 
illustrates the approach taken to identify initiating events within three 
groups: 1) the more frequent initiating events for which both RHR systems
(main cooling loops and CACS) are expected to be available, 2) lower 
frequency events involving multiple failures of main loop support systems or 
large external events which cause a loss of the main loop cooling system and 
require CACS operation, and 3) extremely low frequency events which commonly 
degrade the reliability of both RHR systems. External forces due to natural 
or man-made hazards, particularly seismic events, have been considered to 
determine whether such events could significantly impact the results obtained 
for intrinsic plant equipment failures.

RESULTS
In both of the above described approaches, the probability of residual 

heat removal failure was evaluated for a spectrum of initiating events.
Fig. 6 summarizes, in event tree format, the more significant accident 
sequences considered within each of the three initiating event groups 
identified by Fig. 5. To display the results of the two studies, the 
accident sequence probabilities shown in the right hand column of Fig. 6 have 
been rounded to the nearest half-order of magnitude. These probability 
evaluations include contributions from random equipment failures, test and 
maintenance unavailabilities, and common cause failures. The total 
probability of RHR failure for all the initiating events and accident sequences 
analyzed is shown to be less than 10-^ per year.

Innocuous Trips
Sequences initiated by an innocuous reactor trip event have been found 

to dominate the first group of initiators for which two RHR systems are 
available. Such a reactor trip event may be caused by protection system 
malfunctions, operator errors, or other such innocuous mechanisms. The event 
is significant for its relatively high frequency of unscheduled demands for 
residual heat removal.

On the basis of an average of three innocuous trip events per year, a total probability of approximately IxlO-^ per year has been assessed for RHR 
failure. Detailed reliability model and event sequence diagram predictions 
give the unavailability of the main and CACS RHR functions as approximately 10”3 and 3x10“^, respectively.
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Fig. 4. Common cause factor approach illustration
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Loss of Preferred Electrical Power
Sequences initiated by a loss of preferred electrical power have been 

found to dominate the second group of initiators which cause a loss of the 
main loop RHR function. Since the main turbine generator is capable of 
remaining on line supplying the plant electrical requirements following loss 
of offsite power and load rejection, a loss of preferred power for the GCFR 
requires failure of both the offsite power source and onsite turbine generator 
power. The probability of a loss of preferred power is therefore the product of the probability of offsite power loss (10“^/yr based on U.S. nuclear plant 
experience) and turbine trip (10“1 based on British gas-cooled reactor 
experience) for a total of 10”2 per year.

Following the reactor shutdown which accompanies a loss of preferred 
power event, heat removal can be provided by the main loop cooling system 
using the steam generator water inventory for approximately one-half hour 
without an AC electrical supply. Failure to restore offsite power within 
one-half hour (a .3 probability based on U.S. nuclear plant experience) would 
cause a loss of the main loop RHR function, placing a demand on the CACS.
The availability of the CACS, given this demand is dependent on the 
availability of at least one of the three emergency diesel generators. The common mode failure of the emergency diesels is assessed as lO-^. The total 
probability of RHR failure is the product of the above events or 3x10”^ per 
year.
Depressurization Accident

The last event tree in Fig. 6 summarizes the event sequences leading to 
RHR failure following a rapid depressurization event, the design basis accident 
for the GCFR cooling systems. Because of the total containment of the cooling 
systems, except for small diameter instrument and process lines, within the 
prestressed concrete reactor vessel (PCRV), the likelihood of such an event is 
expected to be extremely low (assessed as 10“^ per year). Further, the 
capability of either of the two diverse RHR systems to respond to this event 
causes the probability of cooling failure, given the rapid depressurization, 
to be extremely small.

Although many paths have been analyzed which lead to RHR failure following 
a depressurization accident, such sequences have proved to contribute 
insignificantly to the total cooling failure probability. Severe external 
forces, particularly earthquakes, may more likely lead to RHR failure within 
the third initiating event group, although not with a frequency comparable 
to the dominant sequences in the other event groups.

Other Accident Initiators
The total probability of RHR system failure for all accident sequences 

identified has been determined as less than 10“^ per year, which compares 
favorably with the 6x10value calculated by the Reactor Safety Study group 
for light water reactor systems. The error range of both values has been 
assessed as less than a factor of ten.

Sensitivity studies have been done to determine the effect of potential 
shutdown cooling system design changes to reduce the likelihood of failure, 
if deemed necessary. In particular, decreasing the RHR system's reliance on 
AC electrical power supplies has been shown to be useful. By capitalizing 
on light water reactor experience in the U.S. and gas cooled reactor 
experience in Europe to improve equipment reliability and to reduce the 
potential for common mode failures, and by incorporating design improvements
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identified as a result of system reliability studies during the design's 
evolution, the ultimate RHR system failure probability for the GCFR 
demonstration plant might be significantly reduced.
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