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ABSTRACT 

INTEGRATION OF RELIABILITY OBJECTIVES* 
INTO GCFR ACCIDENT PREVENTION PROGRAM 

A. Terri and R. Katz 
General Atomic Company 
San Diego, California 

Under DOE sponsorship, the Gas-Cooled Fast Breeder Reactor (GCFR) 
Program is implementing a program to integrate reliability into the engi
neering and design of safety-related systems, subsystems, and components. 
This program is considered consistent with the NRC licensing position for 
the Clinch River Breeder Reactor (CRBR), which established a formal reli
ability objective for the prevention of core damage. The objective of 
the program is to ensure that reliability goals established for each Line 
of Protection (LOP) are met consistent with the overall plant goals. Spe
cial consideration is given to components for which only a generic data 
base exists. Based on evaluations of past reliability test programs, it 
is concluded that full-scale reliability test programs are not cost effec
tive but that extended design verification and support (DV&S) testing may 
be warranted in special circumstances. The paper discusses the major 
elements of the program, their relationship, and benefits to the design 
of safety systems. 

INTRODUCTION 

The purpose of this paper is to examine the role that an engineering 
reliability program can play in the integr~tion of safety considerations 

* Hark supported by the nepartment of Energy. Contract DE-AT03-76SF71023. 
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into the design of reactor systems which perform a safety-related function. 
A review of existing reliability standards and programs to find their 
strengths and weaknesses will provide the background for describing a frame
work for the integration of reliability into the design of the GCFR which 
hopefully exploits the strengths of reliability techniques and avoids their 
pitfalls. 

The integration of safety goals into the design development of a 
nuclear power. plant is motivated by the recognition that the imposition 
of many detailed and deterministic safety requirements, as is the current 
practice, does not necessarily yield a plant design that is optimal for 
both performance and safety. Particularly for the development of new plant 
designs, a better product can result if the fundamental safety objective 
is defined at the outset and the crite~ia and procedures for attaining that 
goal are directly integrated into the design development program. The 
near-term technical objective of the GCFR Program is to develop a design 
which would meet the collective set 'of safety requirements established by 
the Nuclear Regulatory Commission (NRC) for both current and advanced 
reactor designs. An NRC review with a firm and positive conclusion on 
GCFR licensability would meet this objective. Implementing this goal made 
it necessary to translate the collective set of licensing requirements into 
a risk limit line implied by these criteria. The risk limit line and the 
integration of quantitative risk goals into the safety prooram plan are 
discussed in Ref. (1). This paper will discuss the integration of the 
accident prevention reliability goals into the GCFR.design. 

RELIABILITY PROGRAM EXPERIENCE 

Reliability standards have been established by the Department of 
Defense (DOD), by the National Aeronautics and Space Administration (NASA), 
and .by the Department of Energy (DOE) (formerly ERDA) for DOE owned and 
operated facilities. All three standards establish requirements for 
reliability management, for reliability design and evaluation, and for 
reliability testing and demonstration. 
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Reliability programs have been an integral part of a.number of 
advanced technology prog~ams in the nuclear industry, in the aviation· 
industry, in the space industry, and in the military. Table 1 gives an 
indication of the scope of existing reliability standards and of a selected 
group of technology programs which applied or intended to apply a reli
ability program (Ref. 2). With the exception of the CRBR program, all of 
these reliability programs were aimed at assuring a high availability of 
the product in 11 COmmercial 11 service. The CRBR reliability program was 
focused onthe reliability of safety systems, i.e., the reliability of 
systems which perform the two principal safety functions, reactor shutdown 
and decay heat removal. 

The review of past experience with reliability programs as well as 
General Atomic's own experience suggests a number of important factors 
which may significantly contribute to the success or failure of a relia
bility program, particularly for a demonstration project: 

1. Strong management backing of a reliability program is an absolute 
necessity. Obtaining and maintaining management support requires 
that (a) the program is imple~ented in a cost effective way, 
(b) the program does not promise results ~hich it cannot deliver, 
and (c) the program is red~ced to the minimum required to accom
plish its ob.jective. both with respect to the variety of relia
bility methods to be used and the number of systems to which the 
program .. is. applied. 

2. A reliability program cannot deliver and should not promise 
11 proof" of reliability in absolute terms. Failures are often 
closely related .to·actual operatinQ, test, and maintenance 
environments, so·the only credible. proof in absolute terms is 
in actual operating experience. Such exp~rience at. a statii
tically significant level will not be availabie until the product 
has been commercialized for some time. 
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TABLE 1 · 
MAJOR RELIABILITY PROGRAM FEATURES 

Reliability Reliability 
Features Standards Programs 

+-J ~ ~ 
~ -+-> QJ 

W' u ~ VI 
0... QJ QJ ~ n;s 

c:::c c:::c 0::: "'0 u -+-> > 
Q Q U') c:o s:: n;s VI ~ 
0 0::: c:::c 0::: ::I c.. QJ QJ 
Q LLJ z (,_) (./) (./) Q z 

Reliability Management X X X X X X X . X 
Organization x X X X x X X X 
Management ahd control X X X X X X X X 
Subcontractor reliability X X X X X X X 
Program review X X X X ·X X X X 
Training X X X X X X 

Reliability Design and 
Evaluation X X X X X X X X 

Methods X X X X X X X X 
Requirements and goals X X X X X X X X 
Evaluation X X X X X X X X 
c~·itic.al items list X X X X X X 
Design reviews X X X X X X X X 
Ma i nta i nabi 1 ity X X X X X X X 
Preferred parts and materials X X X X 
Common mode failures X X 
Standard design practices X X 
Equipment logs X X 

Reliability Testing and 
Demonstration X X X X X X X 

Test plans · X X X X X X X 
Development testing X X X X X X 
Reliability demonstration X X X X X 

Failure Data X X X X X X X 

.• 
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3. A reliability program can accomplish the following: 

a. Scrutinize the.design of safety systems and components by 
a rigorous, qualitative failure mode and effects analysis 
(FMEA) to provide confidence that these systems and com-.· 
ponents in their specific operating environment can be 
expected to perform as reliably as similar systems and 
components have historically performed in other advanced 
technology applications~ Thus, the use.of generic equip
ment reliability data becomes acceptable for the purpose 
described below. 

b. Apply quantitative reliability analysis for safety systems 
and safety functions, using generic reliabiHty data, 
(1) to identify reliability limiting components, operating 
features, and performance capability; (2) to provide support 
to the claim that safety functions can be performed with 
high reliability expectance; and (3) to show that the over
all design· of the several safety systems provided to per
fonn a given safety function is well balanced and that the 
expected reliability for performing the various saf~ty 
functions is also well balanced. In order for such system 
reliability estimates to be. c;redible, account must be taken 

' 
of the engineering reality of common cause failures. 

4. In order to accompli·sh these objectives it is necessary, as well 
as 'cost effective, to directly involve the designer in t~e relia
bility program. Too often the designer is only well prepared 
to defend the performance .of his system or component, but is 
ili preparedjtO discuss the failure modes, their effect on system 
or component performance, and .the steps taken to alleviate crit
ical failure modes. Because the designer is ill ·prepared in 
this regard, he ts toh ~asily put on the defensive when confronted 
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with a FMEA performed by a reliability engineer. The risk of a 
non-productive, adversary relationship between the designer and 
the reliability engineer can jeopardize an entire reliability 
-program. 

5. Reliability test programs are generally not a cost effective way 
to develop r.eliability data or demonstrate component reliability 
beyond that accomplished as part of design performance verifica
tion programs. Reliability testing is very expensive, and the 
results may be no more valuable than generic data. Reliability 
testing should be considered only if (1) no generic reliability 
data can be found which are acceptable within the objectives of 
the program, (2) the particular component is expected to limit 
the reliability of the system of which it is part, and (3) design 
alternatives are not feasible or are less desirable than a felia
bility test program. General Atomic•s experience indicates that 
there is a wealth of unevaluated, generic reliability.data avail
able for the vast majority of components found in a GCFR. The 
data may be hard to find, tedious to evaluate, and academically 
unchallengi.ng to compile~ but their usc is definitely very cost 
effective compared with reliability testing. 

6. A reliability program should not be instituted ex post facto to 
11 verify 11 the reliability of systems which have :been frozen or 
are difficult to change~ One of the greatest benefits of a reli
ability program is its use in the conceptual design phase and 
durinq conceptual desiqn trade-of'f studies where the fundamental 
system configurations are selected. An effective reliability 
program at this stage can save many costly changes later on. 
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INTEGRATION OF ACCIDENT PREVENTION RELIABILITY OBJECTIVES INTO GCFR DESIGN 

Based on the guidelines discussed above, the GCFR Program is 
implementing a Reliability Integration Program with the aim of demon
strating that the reliability objectives for accident prevention are met. 
The GCFR Program management has made its commitment to this program 
visible by issuing an Engineering Change Notice which (1) assigns the 
responsibility for qualitative reliability analyses to the design organi
zations and (2) instructs the safety organization to develop a plant 
specification on reliability. The most important limitation of a safety 
reliability program, which must always be clearly recognized, is that 
actual plant operation will not verify whether the plant safety goal has 
been met. Because of this inherent limitation, it is essential that the 
plant developer define exactly the process and acceptance criteria by 
which a design is judged to meet or fail the safety reliability criteria. 
The Plant Specification on Reliability fulfills this need. It defines the 
reliability allocations for each system, subsystem, and component. It 

defines the proced~res, analysis methods, and criteria for meeting the 
allocated goals, and it defines the responsibility within the design and 
safety organization for performing the work necessary to demonstrate com
pliance with the goals\. It is equally important for the licensing authority 
to review the Plant .Specification on reliability and agree that it consti
tutes an acceptable basis for determining compliance within the proba
bilistic safety goals. 

Since the safety goals cannot be verified~ it is necessary to rely 
on a framework which utilizes each technical discipline in an optional 
capacity. To this end, much is to be gained· by intimately involving the 
designer in the reliability program. He is best qualified to perform the 
qualitative reliability work because (1) he has a more comprehensive 
knowledge of the design for which he is responsible than the reliability 
engineer, and (2) the qualitative reliability methods, i.e., the ·FMEA 
and the fault tree development, are rather straightforward to learn and 
a·pply. Special. emphasis will be required to assure that the potential 
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for dependent failures of redundant components within a system and 
particularly of similar co.mponents in different systems has been minimized. 
Innovative techniques and an enhanced safety awareness by the designer will 
be required to accomplish this goal, for example, by expanding FMEAs to 
discuss explicitly how the designer has minimized the dependent failure 
potential ·for a given failure mode. In addition, operating, test, and 
maintenance procedures must be subject to FMEAs to reduce the potential 
for human error, particularly the poss1b111ty of a single person causing 
dependent failures through repeated errors. There are two major advantages 
in assigning this responsibility to the designer. First, it focuses the 
designer's attention during the design development phase on the prevention 
of failure modes, and second; it prepares the designer for the design 
critique by the safety engineer. 

The responsibility of the safety/reliability organization is 
threefold: 

1. Reliability allocations are developed for e~ch system, subsystem, 
and support system down to that level where a single design group 
has cognizance over the design of the hardware associated with a 
specific reliability goal. This requires, for example, separate 
reliability allocations for heat removal trains and the control 
and instrumentation associated with a.cooling system. 

2. An independent review is performed of ·the designer's qualitative 
reliability analysis. Such a review is required in any case for 
safety systems. 

3. Quantitative reliability .analyses are performed for each system, 
subsystem, and support system, and the calculated reliability 
is compared with the allocation to ·determine whether the goal 

is met. 
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The overall process of designing to a numerical reliability goal is 
by necessity iterative, as shown in Fig. 1. Event trees are used to 
quantify a probabilistic accident assessment against the overall objective. 
Dominant event sequences are identified and used to establish system reli
ability allocations. Design groups participate in the system reliability 
goal trade-offs. The allocated system reliabilities are then entered into 
a reliability allocation tree. An example of a partial reliability alloca
tion tree is shown in Fig. 2 to demonstrate th~ principle. An important 
objective of the reliability allocation tree is to show that no one system 
is required to have an extremely high reliability, because common cause 
failures would render such an allocation highly questionable. 

Conceptual system designs are developed and qualitative system 
reliability analyses (FMEAs· and fault trees) are performed by the design 
group. The reliability group quantifies system reliability using reliability' 
diagrams or fault tree analysis and evaluates the reliability against the 
allocated target. This process is iterated upon until a balanced design 
which meets the goal allocations is established. The process may involve 
design changes, reallocation of. goals, or even a reconsideration of the 
overall objective. After completion-of the system level iteration, the 
same prbcess proceeds to the next level of detail involving subsystems 
and components. The last stage_of .the design group responsibility under 
the proposed program involves the monitoring of design perfo~ance verifi
cation test programs for any. indications of potential failure modes not 
considered in the design. The_reliab.ility group maintains and continually 
improves a reference reliability data base developed from evaluations of 
generic data·sources, participation on national and international relia
bility data systems, DV&S test results, and specialized data sources where 
necessary. 

Although operating experience data for new and innovative gas-cooled 
reactor designs are not directly available, the majority of components and 
systems tn the GCFR design~are similar to those in conventional fossil-fired 
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METHOD 

EVENT TREE 

SAFETY AND RELIABILITY 

FUNCTION 

PROBABitiSTIC 
ACCIDENT 

ASSESSMENT 

DESIGN 

FUNCTION 

OVERALL OBJECTIVE 
CORE INTEGRITY GOAL 

* ..,... SYSTEM DESIGN 
• FAULT TREE ANALYSIS} SYSTEM RELIABILITY -..,... I 
• FAILURE MODE AND TARGET ALLOCATIONk • 

EFFECTS ANALYSIS -..... t ~QUALITATIVE SYSTEM 
......._ ......._ RELIABILITY ANALYSIS 

• RELIABILITY DIAGRAM ......._SYSTEM RELIABILITY I 
QUANTIFICATION • 

t COMPONENT/SUBSYSTEM 
• FAILURE MODE AND DESIGN ~ 

EFFECTS ANALYSIS · COMPONENT/SUBSYSTEM 

e FAULT TREE ANALYSIS - --RELIABILITY QUANTIFICATION.___ QUALITATIVE 

• RELIABILITY DIAGRAM . t COMPONENT/SUBSYSTEM 

• SPECIALIZED METHODS . RELIABILITt DATA BASE~ RELIABILIT* ANALYSIS 

• DATA SEARCH-- --- -GENERIC DATA EVALUATION DV&S TEST PROGRAM 

Fig. 1. Engineering reliability integration program 
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and light-water reactor plants. The principal unique GCFR components are 
limited to gas circulators, gas/water heat exchangers, and gas isolation 
valves. Thus, data collection activities were concentrated on these unique 
components, using conventional data sources (such as the Reactor Safety 
Study data tabulation) for other components. To aid in the generation of 
data, information sources were categorized into four types: (I) Gas-cooled 
reactor data from 14 sources; (II) U.S. nuclear, fossil, and industrial 
data from 15 sources; (III) summarized ddld rr·oui 13 sou•'ces, and (IV) spe
cial reliability analysis estimates from 23 sources. lhe first two c1ass1-
fications include information which describes actual failure incidents 
over a specified time period and a known sample of components. The last 
two classifications provide additional sources·of reliability estimates 
for comparison with actual experience. For the unique gas-cooled reactor 
components of interest, primary data sources (classification I) were found 
which include experience of 1300 circulator years, 1300 gas/steam heat 
exchanger years, and 2200 isolation valve years of actual operation in 
gas~cooled reactors. From this data source, a reference reliability data 
bank has been established for GCFR reliability analyses (Ref. 3). 

APPLICATION TO GCFR DESIGN DEVELOPMENT 

Over the past four years, the GCFR Program has increasingly integrated 
probabilistic safety.considerations into GCFR design development. The 
·chronology of the GCFR probabilistic safety work accomplished is shown in 
Table 2. The first reliability analysis of the GCFR safety systems was 
performed on the 1976 reference design (Ref. 3) and identified a signifi
cantly greater probability of core damage from in~dequate residual heat 
removal (RHR) compared with all other mechanisms for co're damage. Since 
then, RHR reliability analyses have been performed in increasing detail 
to identify reliability weaknesses in the RHR system designs (Refs. 5-8). 
By close coordination with the RHR system design development work, these 
analyses have supported .numerous design decisions which have significantly 
improved GCFR RHR reliability. The most significant of these decisions 
are: 
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TABLE 2 
CHRONOLOGY AND ACCOMPLISHMENTS 

OF PROBABILISTIC SAFETY TASK 

1975 • Initiated probabilistic safety program. 

1976 • Completed probabilistic assessment of accidents leading to·loss 
of coolable core geometry. Identified loss of decay heat removal 
as dominant class of initiators. (Ref. 3) 

• Established formal reliability data bank for GCFR reliability 
analyses. (Ref. 4). 

1977 • Performed deta i 1 ed re 1 i ability analysis of GCFR RHR sys terns. 
(Ref. 5) 
Identified key features in RHR systems which limit 
reliability. 

• Evaluated methods for integration of reliability considerations 
into design of safety systems. (Ref. 6) 

1978 • Evaluated design options to eliminate dominant failure modes 
for RHR systems and to improve overall reliability of core 
cooling. (Ref. 7) 

1979 • Evaluated reliability aspects of natural circulation core cooling 
in an upflow GCFR core design. (Ref. 8) 

• Adopted new reference design with improved reliability for main 
loop RHR and pressurized natural circulation capability in 
auxiliary loops. 

1980 • Evaluated RHR reliability impact of PCRV repressurization for 
normally depressurized conditions and helium natural circulation 
on main loops. 

• Established RHR system requirements to meet quantitative safety 
goals for LOP-1, 2, and 3.) 
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1. Independent service systems for the main cooling system RHR 
function and the core auxiliary cooling system. 

2. Incorporation of the shutdown cooling system, which shares the 
more reliable components with the main cooling system (main 
circulator, heat exchanger) but provides an independent path 

for heat ~ejection to the ultimate heat sink, which was identi
fied as the least reliable portion of the main cooling system. 

3. . Incorporation of the capability for natural circulation decay 

heat removal following reactor trip from the core to the ultimate 
heat sink. 

4. Incorporation of the capabi 1 i t.Y for primary system repressuriza
tion to natural circulation levels if forced RHR capability is . 
lost during normally depressurized reactor conditions. 

A preliminary assessment of design options for the GCFR RHR systems 
in terms of the newly established numerical reliability goals for LOP-1, 

2 and 3 i~ ~hown in Table 3, Included in the analy~e~ are the heat removal 
trains and the power supplies for which the reliability allocation is 20% 
of the goal for each LOP. Six RHR design optlons are shown which either 
have been the reference design at one time or have been considered as major 

alternatives. ·While these results are very preliminary, they do indicate 

several trends as follows: 

1. The LOP- 1 qoa 1 can be met b.Y the combined capabi 1 i ty of the 
main cooling system and the shutdown cooling system (Options 
2, 3, 4, 5). 

2. The LOP-2 goal can be met if a dedicated power ~upply for the 

shutdown cooling system is included. This power supply does 
not need to be a long-term supply (Options 2, 3, 4). 
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Option Year 

1 )977 
2 1978 
3 1979 
4 1980 
5 1980 
6 1980 

TABLE 3 
ASSESSMENT OF GCFR RHR RELIABILITY OPTIONS 

[N TERMS OF GOALS FOR LOP-1, 2, AND 3 

LOP-1 LOP-2 
Design (Goal: 2 x Jo-2/yr) (Goal: 2 x 1Q-5;yr) 

:MCS, CACS 0.2/yr 1.6 x 1Q-3;yr 

MCS/SCS, CACS 3.0 x 10-3;yr 1. 2 x 1Q-5;yr 

MCS/SCS, CACS-NC 3.0 x 10-3;yr 1.2 x 1Q-5;yr 
MCS/SCS-NC(~), CACS-NC 3.0 x 10-3;yr 1. 2 x l0-5jyr 
MCS/SCS(~)-NC, CACS-NC 3. 0 x H)-3/yr 1.6 x 1Q-4;yr 
MCS/SCS(c)_NC, CACS-NC 7.8 x 1Q-2;yr 2.1 x 1Q-4;yr 

(a)SCS natural circulation on helium side only. 
(b)SCS natural circulation on helium side only, no dedicated SCS power supply. 

LOP-3 
(Goal: 2 x 1Q-7;yr) 

L 6 x 1Q-3jyr 
1. 2 x 1Q-5;yr 
T. 8 x 1Q-6jyr 
1 .. 1 x l0-8/yr 
3. 2 x 1Q-8jyr 
1 . 1 x 10-7 I yr 

(c)SCS natural circulation to ultimate heat sink, no dedicated SCS power supply, single SCS loop. 

Note: RHR = residual heat removal NC = natural circulation 
MCS =main cooling system CACS =core auxiliary cooling system 
SCS = secondary cooling system 



3. The LOP-3 goal can be met (Option 4) if the inherent core cooling 
features include: 

a. PCRV repressuri zati on for a 11 normally depress uri zed 
conditions without dependence un fon.:ed cit·culation during 
the time interval between the demand for repressurization 
and the completion of repressurization. 

b. Natural circulation on the helium sidP nf the main cooling 
system. 

In this case, the LOP-3 target is met with sufficient margin to 

permit some of the design features for Option 4 to be relaxed 
(Options 5, 6). However, no such option has yet been identified 

which does not violate the goals for either LOP-1 ·or 2. 

It is important to stress that these findings depend on the qualitative 
reliability work by the designer being successful in reducing the potential 
for intersystem torrmon cause failures to a level where they are not con
trolling RHR reliability. This conclusion is further evidence of the 
highly important role assigned to the designer in achieving a quantitative 
safety goal. 

CONCLUSIONS 

The incorporation of a design-integrated safety reliability program 

for the GCFR has led to three major conclusions: 

1. The organizational requirements and commitments necessary to 

successfully integrate safety reliability into the design 

development program have bePn identified. 

2. The inherent limitations of a safety reliability program in its 

inability to verify that the safety goals are met have been 
· recognized. 

16 ' 

·~ I 



. ' 

·-

" ' 

... 

3. It' is an effective tool for supporting the claim of high safety 
function reliability, and it is particularly useful for balancing 
the reliability of the different safety functions (reactor 
shutdown, RHR, structural integrity, etc.) and of the different 
systems used to perform these safety functions. 

It is furthermore recognized that the quantitative safety goals derived 
from existing NRC requirements are extremely demanding and at least in the 
case of the GCFR could not be met by safety systems of traditional design . 

. Approaching these goals required significant and non-conventional improve
ments in the design of safety systems, including the incorporation of 
inherent or essentially passive design features for the RHR and reactor 
shutdown functions. General .Atomic has reason to believe that this con
clusion applies to any reactor concept, and with this recognition it may 
be appropriate to consider whether the quantitative safety goals implied 
by current NRC requirements are indeed the appropriate safety goals for 
a nuclear power plant in relation to other social risks. 
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