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ABSTRACT 

In the revised GCFR Safety Program Pl«n a quantitative risk l imit line has been 
adopted to establish requirements for the safety related functions and systems. The risk 
l imit line is derived from an interpretation c', NRC established licensing requirements, 
including those for LMFBR's. Multiple barriers to the progression of accident sequences 
are defined in the form of six Lines of Protection (LOPs). LOPs-1 to 3 are dedicated to 
accident prevention and represent the normal operating systems, the dedicated safety 
systems and the inherent design features, respectively. LOPs-4 to 6 are dedicated to the 
mitigation of core melt accident consequences and include in-vessel accident 
containment, secondary containment integrity and radiological attenuation, 
respectively. Cummul j t ive frequency limits and consequence limits are established for 
each LOP. Design features associated with each LOP are described and the results of 
supporting safety analyses are summarized. 

1 . THE CCFR SAFETY PROGRAM PLAN 

The purpose of the Safety Program Plan is to establish a logical framework within 
which the technological requirements necessary to demonstrate that the CCFR can 
achieve a requisite degree of safety in terms of public risk can be identified and ordered 
according to priority. This purpose is to be accomplished without penalizing the ability 
of the CCFR to compete successfully with alternate power generation technologies on an 
economic basis. The approach which has bee'i taken In establishing the Safety Program 
Plan is to (I) develop a framework of multip'e barriers, called lines of protection {LOPs), 
to limit the progression of accident sequences, (2) to establish demonstrable probability 
and consequence limiting goals for each LOP, and (3) to construct a work breakdown 
structure which clearly identifies the activities required to ensure that the objectives of 
each LOP are fulf i l led. 

For large amounts of radioactivity to be released from the core fuel it must be 
severely overheated and essentially melt to present any potential hazard to the public. 
The yardstick for measuring this hazard potential of the plant is ' r isk ' , as measured by 
the probability of a given radioactivity release to the environment. Thus, the study of 
the plant at all levels of operation is important to ensure that a requisite level of risk is 
attained by reducing accident probabilities, accident consequences, or both. The plan's 
scope therefore includes activities which address the probability of acccidents occuring 
which could lead to fuel melting as well as the ability to mitigate the consequences of 
fuel melting should it occur. 



In licensing a nuclear power plant, construction permit applications require that 
analysis be provided so that the risk to the public health and safety resulting from 
operation of the facil ity can be quantified and the margins of safety during all stages of 
plant operation can be determined. This assessment of risk has traditionally been made 
within the context of "multiple levels of safety design" on the basis of deterministic 
evaluations of conservative plant conditions; to date this approach has been reasonably 
successful judging by the absence of hazards to the public for nuclear plants currently in 
operation. Establishing such levels on the basis of deterministic analyses alone, however, 
has provided relatively l i t t le insight into the likelihood of system failures which init iate 
the accidents in the first place making it nearly impossible to determine where safety 
improvements can most optimally be made or where research efforts should be 
directed, l o address such issues, probabilistic analysis methods have been introduced in 
the past few years so that both consequence and probability information is available to 
assess risk. This approach has been included in the GCFR Safety Program Plan. 

The primary physical barriers of the GCFR plant, as well as other nuclear plants, 
which prevent exposure of the public to core radioactivity are the steel clad which 
encloses the core fuel , the reactor vessel which houses the core and coolant, the 
containment building which houses all this, and the site itself which places distance 
between the public and the plant. 

The goals of the Safety Program Plan wi l l , therefore, primarily be met by 
developing six separate and independent lines of protection as illustrated in Figure 1 . 
The i i rst three LOPs (operating systems, dedicated safety systems, and inherent 
features) are intended to prevent accidents by maintaining gross cladding integrity and 
have rightfully received the traditional first priority in the plant design. The second 
three LOPs (primary vessel, secondary containment and site) mit igate the consequences 
of accidents resulting in the release of core act ivi ty. Each LOP provides a sequential 
and quantifiable risk barrier between the public and the radiological hazards associated 
with postulated GC FR accidents. The six LOPs and their functions are described below: 

LOP-1 . The function of LOP-1 is to minimize the frequency of incidents requiring 
plant shutdown and to provide a first means of reliable shutdown and coolduwn of 
the reactor core for events which require shutdown. LOP 1 employs the operational 
and design features provided in the GCFR plant to provide normal electrical power 
generation to accomplish this function. This includes the reactor core, reactor 
vessel, reactor internals, plant control and instrumentation systems, main loop and 
shutdown cooling system, control rod system, and related balance of plant (HOP) 
systems. 

LOP-2. The function of LOP-2 is to provide automatic reliable shutdown and 
cooldown of the core in the event that the operating systems in LOP-1 fa i l . LOP-2 
includes those systems dedicated to providing this safety function and which are 
independent of the systems providing normal electrical power generation. This 
includes the core auxiliary cooling system, shutdown rod system, plant protection 
system and related BOP systems. 

L OP-3. The function of L OP-3 is to demonstrate that the inherent response of the 
reactor system will limit core damage even if the active systems in LOP-1 and LOP-
2 fa i l . By providing this function with inherent features, free from human 
intervention, an additional level of protection is provided against common cause 
failure mechanisms. LOP-3 includes natural convection core cooling, inherent 
reactor shutdown mechanisms, and inherent local fault accommodation. 

L OP-4. The function of LOP-4 is to demonstrate that the progressed concrete 
reactor vessel structure and associated systems inherently protect the containment 
against consequential failure in the event of whole core disruption r esult ing from the 
failure of LOPs 1 through 3. LOP-4 deals primarily with two threats to vessel 
integrity, namely, accident energetics and molten core debris, 

LOP-5. The function of LOP-5 is to demonstrate th j t the containment building 
structure and associated systems can delay, control, and reduce the release of 
radioactivity to the environment in the event of LOP-4 fai lure. LOP-5 deals with 
considerations of internal missile generation, containment pressure buildup control, 
containment leakage control, f lammable gas control and heat load accommodation. 

L O P-6 The function of L O P-fa is to demonstrate that naturally occurring and 
engineered attenuation mechanisms l imit the quantity of radioactivity which can be 
transported in the environment to produce significant public health effects even in 
the event of failure of the preceding LOPs. LOP-b deals with aerosol depletion 
mechanisms, weather and siting conditions and emergency procedure planning. 

The LOPs defined above separate the core disruptive accident sequence into its 
major components. Each LOP independently reduces the probability and consequence, 
hence risk, of a given accident initiator; the failure of each successive l OP serves as the 
challenge to each succeeding LOP. LOP-1 and LOP-2 deal with design features provided 
in the normal course of addressing those safety issues which must be addressed within the 
design basis, and LOPs 3 through 6 address the capability of the GCFR to accommodate 
and mitigate events traditionally considered beyond the design basis. 

Two formidable problems are faced in implementing a quantitative risk-based 
approach in identifying technology requirements for each of the LOPs: (I) the overall 
risk acceptance criteria for the plant must be quantified, and (2) Roals consistent .with 
the overal I acceptance criteria must be allocated to each of the I Ol's. 

In general, generic risk acceptance criteria have nut been established for nuclear 
power plants in the U.S. However, the Nuclear Regulatory Commission (NRC) has 
provided some guidance in terms of risk goals for the liquid metal fast breeder reactor 
(LMFBR): (1) 1 he design should ensure minimization of the risk associated with core 
meltdown events to an extent comparable to that of I WK designs; and (2) there be no 
greater than one chance in one million per year ( i .e. 10" per reactor year) for potential 
consequences greater than 10CI l-'10ll guidelines for an individual plant. Until such time 
as risk acceptance criteria are esahlished for nuclear power plants, the above guidance 
will be assumed to present an acceptable risk objective for design ..rid operation of the 
G C F R . 

fhe problem of allocating goals to each I OP does not have a unique solution. 
Vhere are innumerable combinations of weightings which might be assigned to each LOP 
which would be consistent with the overall acceptance criteria. The optimal allocation 
of LOP goals is attained by minimizing plant operating, capital and/or lesearch costs. In 
quantifying goals early before complete information is available, there is a danger in 
selecting objective, which are non-optimal in terms of capital oi research costs. 
However, the alternative of having an unfocused program is considered even more 
perilous. The early identification and numerical - uantificatiun of program goals is 
therefore considered to he of pa ramount importance. In accomplishing this allocation it 
is important that realistic and demonstrable probability goals be assigned to each LOP. 



Deta i led considerat ions of L IV R exper ience, inc luding common cause fa i lures, show that 
the achieved LtVK system fa i lu re probabi l i ty is typ ica l l y in the range of 1u" to "Hi" . 
Considering that for each LOP several systems must respond, a goal for I OP fa i l u re 
probabi l i t ies in the range of 10~ to 1o" appears to be real is t ic based upon current 
industry exper ience. Main ta in ing the LOP ta rge t fa i l u re probabi l i t ies w i t h i n this range 
helps ensure tha t packages of work can be def ined having techn ica l l y achievable 
probabi l i ty goals, even a l lowing for common cause fa i lu res , 

With the above in m ind , as wel l as other considerat ions of main ta in ing some 
equivalence w i t h L W K systems. Figure 2 provides a pa r t i t i on ing of the risk envelope in to 
indiv idual p robab i l i t y and consequence targets for each LOP. The pa r t i t i on ing shown in 
th is f i gu re places a max imum rel iance of 10 per demand in probab i l i t y and a f ac to r of 
10"^ in consequence for »ach LOP. The combined goal of the f i rs t two LOPs which 
include the systems t rad i t i ona l l y provided to meet the design basis is 10 per year. This 
ta rge t is consistent w i t h the mean core mel t f requency ca lcu la ted in the LWK Reactor 
Safety Study. The barr iers provided in addi t ion to the f i r s t two L OPs thus represent an 
accommodat ion of accidents t r ad i t i ona l l y beyond the design basis. 

Fur ther , the consequence aversion por t i on of the risk envelope is to be achieved by 
the LOPs for wh ich the highest re l i ab i l i t y can be ach ieved, namely LOPs " th rough 1 
wh ich include systems and features which prevent loss of coolable core g e o n e t r y . I ess 
st r ingent probab i l i t y targets are assigned t o LOPs 4 through fa where the ex t reme 
complex i t y of core mel t and core disassembly phenomena must be qu- ' . i t i f i ed . At the 
higher frequency of events dealt w i t h by LOPs 1 and 2, economic c r i t e r i a are expected to 
be more l i m i t i n g than the publ ic consequence c r i t e r i a , hence the plant success c r i t e r i on 
is concerned w i t h l i m i t i n g damage to plant equ ipment . There fore , safety program 
emphasis in LOPs 1 and 2 w i l l be t o ensure that the re l iab i l i t y goals are me t . At the 
lower LOPs, the publ ic consequence c r i t e r i a became l i m i t i n g , and the re fo re the safety 
program must emphasize the a t ta inmen t of both re l iab i l i t y and consequence goals. 
Notab ly , the success of any one of the f i rs t f i ve barr iers prevents s ign i f i cant harm to the 
publ ic heal th and sa fe t y . 

The Safety Program Plan establishes a work breakdown s t ruc tu re wherein ac t i v i t i es 
required to support each of the LOPs a e iden t i f i ed as descr ibed in Reference 1 . 

2 . DESIGN FEATURES OF THE CCFR DEMONSTRATION P L A N ! 

The 350 MW(e) CCFR demonst ra t ion plant is composed of a balance of plant (HOP) 
por t ion and a nuclear steam supply system (NSSS) po r t i on . The BOP design is wel l w i t h i n 
the s t a t e - o f - t h e - a r t of current nuclear p lants. The NSSS is enclosed w i t h i n a leak t igh t 
concre te reactor conta inment bui ld ing which in tu rn is surrounded by a low leakage 
conf inement bu i ld ing . The innerspace between the conf inement and conta inment 
bui ldings is ma in ta ined at a s l ight negat ive pressure so as to prevent the d i rec t release of 
i K i i i i i c e d gases to the env i ronmen t . 

An isometr ic drawing of the NSSS is shown in Figure i . The en t i r e pr imary coolant 
system is enclosed w i t h i r a prestressed concrete reactor vessel (PCRV). The normal 
opera t ing pressure of the hel ium coolant w i t h i n the PCRV is 10.5 MPa and the mixed 
mean core in le t and out le t tempera tures are 298 and 524°C, respec t ive ly . The reactor 
core and i ts associated s t ruc tu ra l support and shielding components are located w i t h i n 
the cen t ra l PCRV c a v i t y ; the coolant f lows upward through the co re . The core is 
supported f r o m below by an in tegra l core support s t ruc tu re composed of a g r id p la te and 
a core barre l whic> provides la tera l support to the indiv idual core assemblies at two 

e levat ions. I he cont ro l and shutdown rods enter the core f rom above and are dr iven by 
independent and diverse dr ive mechanisms located w i th in penetrat ions in the reactor 
cav i ty closure plug. l a t e r a l support of the ac tuat ion shafts and guides for the t o re 
out le t tempera tu re mon i to r ing thermocouples is provided by ins t rument t rees. Refuel ing 
is done f rom above, wherein groups of seven (Aire assemblies are serviced bv a refuel ing 
machine which enters t l i rough the cont ro l rod / re fue l ing pene t ra t i on ; in the closure plug 
located above the center of the seven elements; the rod mechanisms and t tie inst rument 
trees are removed pr ior to the re fue l ing opera t ion . 

l i te reactor core consists of 1 SO fuel assemblies, 14 con t ro l rod and shutdown rod 
assemblies and 1t>2 radial blanket assemblies arranged in a hexagonal geomet ry , I wo 
rows of re f lec to r shield assemblies surround the radial b lanket assemblies to provide 
shielding to the core ba r re l , f ach core assembly is approx imate ly 5 m long and is held in 
the gr id p late by a pneumatic holddown dev ice, I h e core s t ruc tu ra l mater ia l is 
auste. iet ic stainless steel and the fuel mate r ia l is mixed p lu ton ium and uranium ox ide. 
I h e core has three fuel enr ichment /ones w i th an average enr ichment of 17% 
p lu ton ium. Depleted UO_ is used as the f e r t i l e mater ia l in the axial b lanket regions of 
the fuel assemblies as we l l as in the radial blanket assemblies, l ioronated graphi te is 
used as the shielding mater ia l in the re t lec to r shield assemblies. 

Each fuel assembly contains a bundle of 2<>S fuel rods and 6 gr id spacer support rods 
w i t h i n a hexagonal duc t . The ac t ive core height is 1200 m and fiOO mm axial blankeis are 
provided at e i ther end. Axial shielding is provided above and below the fuel rod bundle to 
pro tec t the s t ruc tures above the core and the bo t tom gr id p la te f rom excessive radiat ion 
exposure. 1 he fuel rods are la tera l ly supported by spacer grids located along the bundle 
length and are roughened over the fueled por t ion of the i r length to improve heat t ransfer 
t o the hel ium coo lan t . Pressure w i t h i n the fuel rods is equal ized to that of the reactor 
coolant by co l l ec t i ve vent ing in to a pressure equal izat ion sys tem. This, plus the fact 
that the hel ium coolant doesn't become ac t i va ted , is expected to result in very low 
c i r cu la t ing ac t i v i t y levels w i th in the pr imary coolant sys tem. The indiv idual fuel 
assemblies have an o r i f i c e at the top which can be ad lusted at refuel ing t ime to 
compensate tor power shi f ts w i th in the core. 

The three main cool ing loops, each of which includes a once- through hel ical co i led 
steam generator and a bo t tom mounted hor izonta l ly o r ien ted e lec t r i c motor dr iven 
hel ium c i r cu la to r , are located in per ipheral cav i t ies in the PC KV wa l ls . The three core 
aux i l ia ry cool ing system loops, each of which includes a he l ' um- to -wa te r core aux i l ia ry 
heat exchanger and an e lec t r i c motor dr iven auxi l iary c i r cu la to r , are conta ined in 
smaller cav i t ies in the PC" RV wal ls . 

As shown in f i g u r e 3, there are three separate c i rcu i ts for residual heat removal in 
the 1 ] I I K : (1) steam bypass to the condenser using the normal main loop cool ing system 
(MLCS) components; (2* opera t ion of the three safety class shutdown cool ing system 
(SCS) loops which make use of the steam generators and main hel ium c i rcuators (dr iven 
by pony motors) w i t h a safety-c lass isolat ion condenser; and (i) opera t ion of the three 
core aux i l ia ry cool ing system ( ( A C S ) loops which employ separate safety-c lass 
c i r cu la to rs , heat exchangers, and heat dump c i r cu i t s . Ihe water loop of the SCS is 
designed for n a t j r a l convect ion operat ion and the isolat ion condenser has approx imate ly 

Ref. 1: "Gas-Cooled f a s t Breeder Reactor (CCFR) Safety Program Plan, ' General 
A tom ic Company, Report GA-A154JO (Rev.), to be publ ished. 



JO minutes of water inventory before makeup water is required. The C AC S is designed 
to naturally convect residual heat from the core all the way to the ultimate heat sink 
through the helium, water, and air fluid systems. 

J. AC CI I H NT PREVENTION BY LINES (J F I ' K D T E C D O S 1 , 2 , A N 0 3 

•\s discussed in Section 1, tOPs 1, 2, and 3 include those normal operating systems, 
dedicated safety systems and inherent design features intended to prevent accidents by 
maintaining acceptable core temperatures. These systems have rightfully received the 
major design and reliability emphasis to date. The reliability allocations and functional 
requirements for the control rod scram system (LOP-1) and the shutdown rod system 
(LOP-2) are similar to those for LviFFSR designs and are felt to be achievable whereas 
those for the residual heat removal (RHR) systems are somewhat more unique and have 
received more detailed attention. 

The RHR systems employed in LOP-1 are the main loop cooling system (MLCS) and 
the shutdown cooling system (SCS). The MLCS is non-safety grade sharing several 
components with the power conversion system. Helium circulation is provided by the 
main circulator and its drive motor and heat is rejected through the steam generator into 
the main condenser using main turbine bypass l inei. Feedwater flow is provided by the 
main feedpumps and auxiliary boiler steam is used for some modes of operation. The 
MLCS can maintain core temperatures bel.-w the appropriate limits with one of the t hree 
loops operating with full helium pressure and with two of the three loops operating during 
refueling or for depressurization accidents as severe as the design basis depressurization 
accident (DBDA). The second LOP-1 RHR system is the SCS which is automatically 
initiated by the PPS should the MLCS be unavailable. The SCS is an engineered safety 
system which shares the steam generator and main circulator with the MLCS , but 
errploys circulator pony motors, class IE electrical power supplies and dedicated heat 
rejection systems. Heat is rejected by boiling water off in individual isolation condensers 
which have about 30 minutes of stored water inventory with water makeup available. 
Water is circulated in the closed loop by either forced or natural convection. The SCS 
has the same RHR capability as does the MLCS for pressurized and refueling events, but 
it cannot accommodate a DHDA because the pony motors have only a 50% speed 
capability. 

Should the RHR systems in LOH-1 fail to operate when needed, the LOP-2 RHR 
function, provided by the core auxiliary cooling system (CACS), is automatically 
started. The safety class CACS has three independent ioops each with an electric motor 
driven auxiliary circulator, a helium isolation (or check) valve am! a core auxiliary heat 
exchanger _(C AH E). Heat is transferred from each C AH t to an auxiliary loop cooler 
(ALC) by the pressurized core auxiliary cooling water system (CACWS) and is rejected 
from the ALC to the atmosphere through elevated natural draft towers. Electrical 
power is provided to each loop by three independent class IE sources. Transient analyses 
indicate that core temperatures are maintained below the appropriate limits for 
pressurized cooldown, refueling and l)FU)A events with two of the three CACS loops 
operating. 

Several inherent and passive design features are included in the CCFR 
demonstration plant which provide an additional level of protection in »iie very unlikely 
event th=tt the active systems included in l. OPs 1 and 2 fail to operate. These features, 
which mak: up LOP 3, include natural convection core cooling as well as inherent reactor 
shutdown mechanisms. They are self controlling and do not require operator act ion, thus 
providing protection against common cause failure mechanisms. 

Natural convection cooling of the core is provided by the thermal profiles in the 
helium, water and air fluid portions of the CACS as shown in Figure 4. Isolation valves in 
each of the CACS loops are designed to open by gravity and those in each of the main 
loops are designed to close by gravity when the pressure head from the main circulators 
is lost. If during full power operation motive power to the main circulators is lost, the 
reactor will be scrammed. If the SCS and active CACS fail to start up, the main 
circulators coast down and natural convection in the three C AC S loops begins at about 55 
sec. when the main and auxiliary loop isolation valves change their states. The maximum 
clad temperatures in the core during the natural convection cooling phase remain below 
the normal operating temperature and the maximum water temperature reached in the 
CACWS is I B O ' C , well below the 300°C saturation temperature. Sensitivity studies of 
natural convection cooling have investigated 2 out of 3 CACS loops operating, premature 
opening of the C ACS isolation valves and fail j r e of the main loop i so la tin valves (ML IVs) 
to close. With only two CACS loop operating the maximum clad and CACWS 
temperatures are 760 and 2 1 5 ' C , respectively, well below their l imits. If the auxiliary 
loop isolation valves open earlier than expected or if the ML IVs fail to close, there is 
some core bypass flow, but the maximum clad temperatures still remain below their 
normal operating value. The small sensitivity to failures of the ML IVs is due to 
intentional self-isolation features in the main loop design involving the upper PC RV cross 
duct location and the thermal center of the steam generator being above that of the 
core. The current SCS design is capable of satisfactory natural convection cooling in 
both the helium and water systems although the ML IVs are designed to close by gravity 
so as not to impair active CACS operation during depressurization accident events. 

All of the above discussion of natural convection RHR is based upon pressurized 
helium with a full helium inventory in the PCRV. However, planned refueling and 
maintenance operations will be conducted at slightly subatmospheric helium pressure. 
Reliability studies have shown that RHR reliability can be improved significantly if 
natural convection capability is available during these events. The core adiabatic heat 
up rate for the low decay heat levels and the low initial temperatures associated with 
these planned operations are such that twenty minutes is available to restore core 
cooling before the faulted core temperatures are exceeded. The helium pressure 
required to cool the core by natural convection during refueling is 10.1! a t m . The GCFR 
design includes the capability to repressurize the PCRV sufficiently fast and to an 
adequate pressure level simply by opening a >*alve in the line to the high pressure helium 
storage system. This, of course, requires that certain refueling equipment be designed 
for the moderate pressure levels. 

In addition to inherent natural convection core cooling capabilities of the C C F R , 
inherent reactor shutdown features are being considered as part of L ' p - 3 . Devices 
under consideration include a thermally actuated Curie point magnet or a pressure-drop 
actuated design which would decouple the control and/or shutdown rods from their drives 
so as to automatically scram the reactor if the active systems fail to operate. In 
addition to these potential design features, recent analyses of a loss of forced circulation 
accident with failure to scram indicate that the inherent reactivity coefficients of the 
CCFR core will reduce the core power level sufficiently so that three LACS loops can 
provide adtqume natural convection cooling following main circulator coastdown. The 
two principle negative reactivity feedback components are fuel rod duct bowing and 
thermal expansion of the control rods downward into the core. Core power reduces to 
less than 10% within about 100 seconds and remains nearly steady at this low level 
thereafter; natural convection provides about 4% flow, sufficient to maintain core 
temperatures below the faulted l imi t ' . 



4. RELIABIL I ,' CONSIDERATIONS FOR ACCIDENT PREVENTION 

Since 1977 every major design decision in the U.S. GCFR program has included a 
quantitative reliability assessment of the available design options and major design 
changes have resulted in a design which now is believed to be compatible with the 
reliability goals for accident prevention. Most of the emphasis has been on 
improvements of residual heat removal reliabil ity, which in 1976 was foind to be by far 
the dominant contributor to the overall probability of a core melt accid -n t in the CC F R. 

The integration of reliability considerations into the design development program 
for accident prevention requires that the limitations of a *afety reliability program are 
clearly recognized. Foremost, one must recognize that an integral verification of the 
accident prevention reliability goal cannot be verified by the actual operation of a plant 
or even by the l i fet ime operating experience of many plants. Because of this inherent 
l imitat ion, it is essential that the plant developer clearly define the process and 
acceptance criteria by which a design is judged to meet or fail the safety reliability 
cr i ter ia . For this purpose a plant specif.catin on reliability has been prepared. It defines 
the reliability allocations for each system, subsystem, and component. It defines the 
procedures, analysis methods and cri ter ia for meeting the allocated goals, and it defines 
the responsibility within the design and safety organizations for performing the work 
necessary to demonstrate compliance with the goals. It is equally important for the 
licensing authority to review the plant specification on reliability and agree that it 
constitutes an acceptable basis for determining compliance within the probabilistic 
safety goals. Secondly, one must recognize that common cause failures are an 
engineering reali ty. Experience indicates that common cause failures are dominated by 
unintended design dependencies and human error, and not by rare events such as 
earthquakes or floods. Such unintended design dependencies can be reduced by a 
framework which utilizes each technical discipline in an optimal manner. To this end, 
the designer must be intimately involved 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 does the reliability engineer, and 
(2) the qualitative reliability methods, i.e., the failure modes and effects analysis (F M E A) 
and fault t ree development, are rather straightforward to learn and apply. Special 
emphasis will be required to assure that the potential for dependent failures of redundant 
components have been minimized. Innovative techniques and an enhanced safety 
awareness by the designer will help to accomplish this goal, ' r example, by expanding 
FMEAs to discuss explicitly how the designer has minimi. _J the dependent failure 
potential for a given failure mode. Operating, test, and maintenance procedures must be 
subject to FMEAs to reduce the potential for human error, particularly the possibility of 
a single person causing dependent failures through repeated errors. 

The responsibility of the safety/reliabil i ty organization in the CCFK program is 
threefold: 

1) Reliability allocations are developed for each system, subsystem, and support system 
down to that level where a single design group !"=«s cognizance over the design of the 
hardware associated with a specific reliability goai. 

2) An independent review is performed of the designer's qualitative reliability analysis. 

1) 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 . 

Since initiating this reliability integration program, significant progress has been 
made in the enhancement of residual heat removal reliabil ity. In some cases this has 
entailed major changes to the GCf K design, such as the conversion from a top-supported 
downflow core to a bottom-supported upllow core arrangement with its .accompanying 
natural connection heat removal capability. Numerous other options have been 
considered and screened by this reliability process, leading to the current RHR system 
configuration which is projected to meet the LOP targets for accident prevention, 

5. ACCIDENT MITIGATION HY LINES OF PRO I t C"l ION 4, 5 AND 6 

Line of Protection 4 evaluates the PC RV as a barrier which can successfully 
contain accidents which proceed to a loss of coolable core geometry by failure of LOPs 
1 , 2 and 3. In order to accomplish this function the PC RV must be capable to contain 
energy releases which may occur in the sequence of core melting and it must retain 
molten core debris. This capability can be assigned to the GC F R reactor vessel because 
the PC RV is a very massive and structurally redundant component which inherently has a 
very large capability for energy release containment and because a cooling system is 
normally provided to cool the PCRV liner which can also be utilized to remove decay 
heat from molten core debris inside the PC RV. Additionally, since the helium coolant is 
a compressible gas, any energy release from the core is moderated significantly in trans
mission to the vessel, obviating for example 'he sodium slug impact concerns posed by a 
similar event in L M Ft) R designs. 

The loss of shutdown cooling (L OSC.') accident is likely to be a more risk dominant 
accident than accidents which postulate failure of reactor shutdown. Recrit icality 
during an L OSC accident cannot currently he ruled out due to the formation of steel 
blockages in the lower axial blanket resulting from melting, draining, and refreezing of 
cladding. This phenomena has been analytically predicted and observed in prototypic 
length fuel rod bundle experiments at the I o; Alamos Scientific Laboratory, Molten fuel 
is expected to accumulate on the steel blockage and the time for remelting the steel 
blockage or for sideward meltout of the fuel is long compared to the time for 
accumulating a crit ical molten pool size. Potential energy releases due to a 'ecr i t ical i ty 
will act t> deform the remaining structures inside the PCRV, principally the grid plate 
and its support and the axial and radial blankets. Gross energy absorption capability of 
the PCRV is at least an order of magnitude larger than the mechanical energy release 
from a vtry unlikely core disruptive accident. Ffowever, mechanical energy can be 
transmitted from the core to the penetrations ano closures in the PC RV through the 
internal structures such as the instrument tree and the control rod guide tubes, Ruckling 
of the energy transmitting members will occur well below the penetration failure 
threshold and, therefore, the energy is absorbed by structural deformation of internal 
structures and will not lead to a penetration failure. Thus, the PCRV will remain intact 
and no containment missiles will be generated. 

Molten fuel containient inside the PCRV is technically feasible if an enchanced 
liner cooling system is provided for the lower portion of the central PCRV cavity. 
Functional requirements for in-vessel multen fuel containment have been developed and 
several design concepts for the lower cavity region have been evaluated. The preferred 
concept consists of a ceramic layer of magnesia (Mgo) inside the cavity liner with a J0-
40 cm thick layer of sacraficial steel on the inside of the MgO. The sacraficial steel 
provides a 10 hour delay time before the peak heat flux reaches the liner cooling 
system. At 10 hours, the decay heat is sufficiently low that the heat can be carried away 
by an enhanced liner cooling system. In addition, an initial interruption of liner cooling 
for 2 hours can be accommodated without loss of the in-vessel molten fuel containment 
function. 



Tine of Protection 5 evaluates the containment building as a barrier which can 
successfully delay and control the release of activity to the environment for accident 
sequences which fail the first four LOPs. Three basic challenges to the integrity of the 
containment can result from a failure of the LOP-4 barrier: a) PC RV failure may result 
in the generation of missiles which may impact the containment and cause it to fail as a 
leak tight barrier. Based on current knowledge this is an unlikely failure mechanism; (b) 
core melt penetration into the PC RV base can generate large quantities of CCu and 
hydrogen, although at relatively slow rates. Containment failure can result from 
overpressurization due to accumulation of non-condensible gases or from the effects of 
hydrogen combusion; and (c) core melt penetration through the PCRV base slab will 
release the debris to the containment floor. Continued penetration through the concrete 
base mat may potentially result in downward conta - nent fai lure. 

The dominant containment failure potential appears to be from a failure to 
reestablish liner cooling within a two hour period, which would result in a loss of in-
vessel molten fuel containment. The release of C O . and hyd'Ogen from limestone 
concrete deco-nposition causes the containment presure to increase to the failure 
pressure in about 3 days. A f lammable mixture of oxygen and hydrogen is reached in 
about one day, however, because of the diluent effect of C O , and helium, a uniform 
explosive mixture is never reached. Thus, even without any mitigating action, 
containment integrity is maintained for one to several days and this t ime can be further 
extended by use of non-limestone aggregates, hydrogen recombiners or controlled and 
f i l tered containment venting. 

As molten fuel penetrates into the concrete PCRV base, the fuel pool becomes 
diluted by the solution of concrete. After 2 days the pool perimeter reaches the axial 
prestressing tendons and release into the containment may occur through the tendon 
channels. Complete peneteration of the PCRV base would require about 22 days. In 
either case, the debris pool is sufficiently diluted such that spreading over the available 
containment floor area appears adequate to freeze the debris with only minimal 
penetration into the containment base mat and penetration into the ground is not 
expected. 

Lines of Protection 6 deals with naturally occurring and potential engineered 
attentuation mechanisms which could limit the quantity of radioactivity which can be 
transported to the environment. Currently there is no specific research activity under 
the GCFR program on this LOP. However, it currently is an item of intensive 
investigation as part of the U.S. L W R research program. 

6. SUMMARY AND CONCLUSION 

The CCFR Safety Program Plan provides a logical framework for a quantifiable 
risk based approach to CCFR design and research activit ies. Each of the Lines of 
Protection defined in the plan provides an independent, sequential and quantifiable risk 
barrier between the public and the potential radiological hazards associated with 

- operation of the proposed GCFR demonstration plant. Reliability analyses and system 
design and performance studies completed to date indicate that the CCFR can be 
operated without imposing undue risk to the health and safety of the public. 
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Figure 1. Line of Protection Barriers Identified in 
the GCFR Safety Program Plan 
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PERSONNEL RADIATION EXPOSURE IN HTGR PLANTS 

S. SU, B.A. ENGHOLM 
General Atomic Company 
San Diego, California 
United States of America 

ABSTRACT 

Occupational radiation exposures in h i gh-t enperat ore gas-cooled reactor 
(IlTGR) plants were assessed. The expected rale of dose aeoumul at. i ons for a 
large ilTGR steam cycle (HTGR-SC) unit is D.07 man-rem/MW( e > y, while the 
design basis is 0.17 maii-rcin/MW(o)y. The comparable figure lor actual light 
water reactor (l.WR) experience is 1.3 man- rom/MW( e )y. The favorable HTGK 
occupational exposure is supported by results from the Peach Bottom Unit 
No. 1 liTGR and Fort St. Vraiii HTCR plants and by operation experience at 
British gas-iooled reactor (OCR) stations. 

1. SUMMARY 

Radiation exposures ol reactor plant personnel include exposures 
arising from reactor operation and surveillance, routine m;. i utenance, 
refueling, waste process i ug, in-service inspection, and 'ipecial (or 
unplanned) maintenance. This paper will address projected as well as actu
ally experienced occupa t i ona 1 exposures at HTGR j lints. Compa r i sons with 
actual exposures at l.WR plants will also be presented. 

Dose assessments performed for the 2240-MW(t) |900-MW(e)] HTGR-SC 
reference plant led to the conclusion that the expected anrual exposure 
would amount lo 50.8 man-rem per unit. The corresponding expected rate of 
dose accumulation is 0.07 man-reni/MW( e) y, whereas the design basis estab
lished for the large HTCR-SC plants is 0.17 man~rem/MW(e)y. It should be 
mentioned that the dose assessment for the HTGR-SC refueling operation 
assumed an ex-vessel refueling concept. With tile current in-vessel refuel
ing scheme, reduction of refueling mnn-ren exposures by a factor of 2.0 or 
more appears to be attainable. 

Actual man-rem exposures at the Peach Hot torn Unit No. 1 IlTGR and at the 
Fort St. Vrain HTGR have been exceptionally low. The annual collective dose 
IKO; nuviT exceeded 10 man-rem, and the average annual dose per worker has 
been minimal. Furthermore, operating experience to date at the Fort St. 
Vrain plant shows thai the rate of occupational dose accumulation is less 
than 0.1 man-rem/MWte)y. 

The comparable radiation exposure for actual l.WR experience, averaged 
over all operating, l.WR plants in the United Slates from 1%9 through 197H, 
is 420 man-rem per reactor per year, or 1.3 man-rem'MW(e)y. Ry comparison, 
occupational exposures at IlTGR plants ire considerably lower than those at 
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