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AN EVALUATION OF THE GAS COOLED FAST REACTOR

I

INTRODUCTION

Although most of the development work on fast breeder reactors has been
devoted to the use of liquid metal cooling, interest has been expressed

for a numbar of years in alternative breeder concepts using other

coolants. One of a mumber of comcepts in which interest has been

retained is the Gas-Cooled Fast Reactor (GCFR). As presently eanvisioned,
it would operate on the uranium-plutonium mixed oxide fual cycle, similar
to that used in the Ligquid Metal Fast Breeder Reactor (LMFBR), and would

use helium gas as the coolant.

Ihe long-term objective of any new reactor concept and the incentive for
the government to support its development is to help provide a self-
sustaining, competitive industrial capability for producing economical
power in a reliable and safe manner. Successful achievement of this

objective is required to permit the utilities, and others, to consider

thé éoncept as a visble optiog to existing power production'systems‘gnd

to gain public acceptancs of a new form of power productionb It is oﬁly
after ﬁhis is achieved that the utilities and industry could make the
heavy, long-term commitments of resources in funds, facilities and
personnel to provide the transition from the early experimenta; facilities
and demonstration plants to full}scale commercial reactor power plant

systems. Consistent with the policy established for all power reactor




development programs, the GCFR would require the successful accomplish-

ment of three basic phases:

e

An initlal research and development phase in which the basic
technical aspects of the GCFR concept are confirmed, involving
exploratory development, 1abora;ory experiment, and conceptual
engineering.

A second phase in which the engineering and manufacturing
capabilities are developed. This includes the conduct of in-
depth engineering and proof testing of first-of-a-kind
componernts, equipment and systems, These would then be
incorporated inﬁo experimental installations and supporting
test facilities to assure adequate understanding of design

and performance characteristics, as well as to gain overall
experience associated with ﬁajor operational, economic and
environmental parameters. As these research and develop~-
ment efforts progress, the technological uncertainties would
need to bevreSﬁlved and decision points reached that would
perm;t develspment to proceed with necessary confidence.

When :he,;echnology is sufficiently developed and confidence
in thé sysiem is attained, the next stage wouldnbe the

construction of large demonstration plants.




. A third phase in which the utilities make large ascale commitments
to electric genersting plants by developing the capability to
manage the deﬁign, construction, test and operation of these
power plants in a safe; reliable, economic, and environmentaily

acceptable manner.

Significant experience with the Light Water Reactor (LWR), the High
Temperature Gas-Cooled Reactor (HTGR) and the Liquid Metal Fast Breeder
Reactor (LMFBR) has been gained over the past two decades pertaining to
the efforts that are required to develop and sdvance nuclear reactors

to the point of public and commercial acceptance. This experience has
clearly demonstrated that a logical progression through each of the three
phases is an extremely difficuli, time consuming and costly undertaking,
requiring the highest level of technical management, professional compe-
tence and organization skills. This has again been demonstrated by the
recent experience in the expanding LWR design, construction and
licensing activities whiéh emphasizes clearly the need for even stronger
base technology and engineering efforts than were initially provided,
although these were satisfaétoty in many cases for the first expériments
and demonstration plants. The LMFBR progran, which is relatively well
advanced in its development, tracks éloseiy this LWR experience and has

further reinforced this need as its applies to the technology, development

and engineering application areas.




It should also be kept in mind that the large backlog of commitments and
the shortage of qualified engineering and technical management personnel
and prooftest faciiitieé in the government, in industry and in the
utilities>makes it even more necessary that all the reactor systems be
thoroughly designed and tested before additional significant_sommitment

to, and construction of, commercial power plants is initiated.

The large scale commitments to the uranium-plutonium fuel cycle through
purchases of the LWRs and the_substantiél investment of the Nation's
resources engendered by these commitments led the U. S. Atomic Energy
Commission (AEC), Division of Reactor}Development and Technology to
initiate reviews in 1966 of the technical gtatus and the possible
benefits implicit in the developument of thé various reactor concepts
being considered in the civilian nuclear power program for meeting
future power needs. These réviews were needed to help provide gui&ance
on making effective use of our national resources and help determine
the requirements for, and allocations of, these resources. With regard
to the GCFR, the AEC ev&luated this concept in 1969 and issued "An
Evaluation of Gas-Cooled Fast Reactors," WASH-1089, April 1969, along
with a camﬁanion report "An Evaluation qf Alternate Coolant Fast Breeder

Reactors," WASH-1090, April 1969,

The GCFR designs evaluéted in WASH-1089 were based, in large measure, on

information provided by the .single industrial developer of the GCFR, and
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therefore, the report generally reflected this viewpoint and enthusi-
asm. The information in WASH-1089 was used as input to the subsequent
systems analysis (WASH~1098) and éqét—benefit studies (ﬁASH-llZﬁ, USAEC,
"Cost-Benefit Analysis of the U.S. Breeder Reactor Program,' 1969 an&
WASH-1184, USAEC, "Updated (1970) Cost~Benefit Analysis of the U.S.

Breeder Reactor Program,” January 1972).

WASH-1098, "Potential Nuclear Growth Pattérns," December 1970, was
prepared by the Systems Analysis Task ?otce (SATF) which was concerned
with the development and application of a model of the U.S. electrical
power economy. The model input déta was provided by the individual task
forces charged with the évaluation of the reactorvconcepts under consid-
eration, including GCFR. The results of this evaluation, as it applied
to GCFR, indicated that largely because of the uncertainties in the cost
estimates for both the LMFBR and the GCFR, it was not possible to draw

a definitive conclusion concerhing the soundness and desirability of
conducting a parallel breéder'program on the GCFR in addition to the
LMFBR. Accordingly, WASH-1098 concluded that "the current state of
knowlgdge is not sufficient to support a definitive evaluation ﬁf‘the

potential of the GCFR against that of the LMFBR."

The consistent conclusion reached in the cost-benefit studies (WASH~1126

and -1184), viz., suffiicient information is available to indicate that




the projec:ed Senefits from the LMFBR program can support-a parallel
breeder program, is highly sensitive to the assumptions on plant capital
costs., With the recognition that even for ongoing concepts on which |
ample experience exists, capital costs and especially small estimgted
differences in costs are highly speculative'for plants to be buiit 15 or
20 years from now, it is questionéble whether analyses based upon such
costs should constitute a major bagis for decision making relative to

the desirability of a parallel breeder effort.

In cqmpliance with a request from the Office of Science and Technology
for further review of the GCFR at this time, the AEC has undertaken‘this
internal assessment which examines the technical devélopments thaﬁ have
taken place in the continuing research and development and design efforts
on the GCFR system. This request recognized that the GCFR has been in
the inicial reéearch and development phase with emphasis on the develop~-
ment of Sasic GCFR technology. The program has been carried out primarily
at Gulf General Atomic (GGA) and has been suppgrted Sy government-
sponsored research at a level of about $1 million per year over the past
several years. The utility indnstfy is supporting research and
developmeﬁt'on this concept at a level of about $1.4 million per year.

Total expenditures from 1963 to date on GCFR technology have amounted to

approximately $17 millionm.




The GCFR is still in the early phases of an overail R&D effort
notwithstanding the benefits expected to accrue to it from the HIGR aﬁ&
LMFBR programs. An adequate invesﬁigation of the problems assbciated
with the GCFR concept to move forward toward their satisfactory resolu-
tionbwould require a subs:antial research and development program along
the lines outlined herein with sufficient proof-testing of major components
and systems to provide assurances commensurate with thejlafge commitment
and‘investnent in such plants for large-scale power gemeration. Some
prefequisites for such a program are provided by portions of ﬁajot ongoing
prograus, e.g., some of the fuel'developmen;, physics and safety work in
the Liquid Metal Fast Breeder Reactor (LMFBR) program and»c&mpongnt
development in the High Temperature Gas Reactor (HTGR) program. Also,
_component‘and plant operating and maintenance experience at the 330 MWe
Fort St. Vrain reactor will providebimporcant basic information.

However, most of the critical and unique characteristics of the GCFR

are not adequately represented in research and dévelopment'prograus on
other concepts. In addition, the flexibility‘for resolution of such
development and engineering problems normally required by therdesigners,
constructors, and operators of even the more proven'concepts_is restricted
due to the compact arrangement proposed for the»GCFR. ansequently,

if feasibility were to be confirmed through appropriate experimental

reactor and other facility operation, the additional overall

technical effort needed for such a full-scale program on the




GCFR could be compargble in magnitude to the efforts om other major

reactor development programs such as the LWR and LMFBR programs.

Experience in reactor development programs in this country and abrosd has
demonstrated that different organizations in evaluating the projected
costs of introducing a2 reactor development program and carrying it forward
to the point of large-scale commercial utilization, would arrive at
different estimates of the methods, scope of development and engineering
efforts, and the costs and time required to bring :hat program to a stage

of successful large scale application and public acceptance.

Based upon the extensive program required to bring a new concept to
commercial utilization, andvtakipg ianto account the benefits expectad to
accrue from progress 1n the LMFBR and HIGR programs over the next 5 years,
the incremental cost to the government of a parallel breeder program of
this type has been estimated by the AEC to range up to about $2 billion
in undiscounted‘diréct costs, (WASH-1184). The GCFR would require
magnitude of funding up to this level in order to establish the necessary
technqlogy and engineering bases;vobtgin the required industrial capabil-
ity; and édvance through a series of test facilities, reactor experiments,
and demonstration plants to a commercial GCFR, safe andvsuitable to serve
as a major energy option for centralystagion power generation in the

utility eavironment.
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SUMMARY

The GCFR concept uses helium as the coolant gas, which leads to several
potentially favorable attributes of the GCFR. Helium is both qpticélly
and neutronically transparent and doeg not become radioactive. The GCFR
has a potentially bigh breeding ratio resulting largely from the coolant
properties. Since the use of gds cooling requires a high coolént pressure
to secure adequate heat transfer, the GCFR is subject to theipGSBibility
of depressurization accidents as well as logss-of-flow accidents. The
'potential for occurrence of these types of accidents requires resolution
of significant reactor damdge and safety questions which are unique to
tihe GCFR concept. In addition, there are other outstanding engineering
problems assoéiated with safety, reliability and maintainability which

differ significantly from similar considerations for the HTGR and LMFBR.

The additional technical work dome since the publication of WASH~-1089 and
WASH-1098, both by the AEC and private industry, and further definition of
prob;em areas aided by discussions with the.Regulatory staff énd ;ﬁev
Advisory Committee on Reactor Safeguards (ACRS) have served to reinforce
the earlier conclusion of WASH-1089 that a substantial program would be

needed to support the commercial introduction of the GCFR. This is

particularly so since only limited effort on the GCFR is underxway outside
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the United States and few benefits can accrue from significant parallel
development work and related large scale commitments in other

- countries such as is the case for the IMFBR concept. Based upon the

1nfornatioh currently available, as discussed in this report, there
have been no significant changes in the GCFR development status,
relative to the total effort required for its commercial application,

that would apprecisbly alter the general conclusions of WASH-1089.

Although the proponments of the GCFR concept would intend to depend heavily
upon the technology developed in the High Temperature Gas Reactor (HIGR)
program anﬁ, to the extent possible, the technology of the LMFBR program,
the GCFR can be characterized as being in only the early stages of an
overall development program. This should not be surprising, siace the
govermment and industrial funds expended on this concept through FY 1972
total less than $20 miliion. With a significantly increased commitment

to an R&D program along with personnel and other resources madé available
on a high priority basis, the development time scaie which could
optimistically be expected foi development of the GCFR would have to be

in the contéxt of the approach and experience with the LWR, HTGR and
Iawﬁk‘ptograma, Fig. 1. With the'sizé of the major govérnment and 1ndustria1‘
1nvesrnent, recent experience with LHR's on problems atising in multiple
coﬁnitments to full size power plénts provides ample evidence of the
neceséity to‘provide a broad indus:rial base and to conduct cxténsive,

in-depth development and testing efforts addressed to all critical components




Fiqure 1
DEVELOPMENT TIME SCALES

1 JAN 1 JAN 1JAN 1JAN 1JAN 1JAN
1950 19,55 1960 1965 1%70 1975
) Demo PIt. Demo- Pit. Comm. Sales Comm P, '
Annc'd. Init. Elec. Pwr. Annc'd. ~ 1nit. Elec, Pwr.
Nine Mite | Significant
- Dresdert-1 X o Inds. Est
. Shippingport | [_yankee Point ?“’5““""2 9-Mile
~ Announced Dresden-1 \Oyster) | o0 Oyster | point -
LWR § hippingport Lvankee Lreek ; / Creek [Ginna o
] i | L 1 i (8 i A i l J‘ | 1 1 .L\z ; I3 J reASﬂerI‘-
________ DEV, STAGE
gL Bl i | ) i
! I NT EXPERIENCE g |
i ! S ) t
| 1 1 PRODUCT INPROVEMENT :
i i ! . ok = i
| | B ‘ | (ARGE PLANT |
! { ! ! i PXPER. !
i t Vo 1 T — }

¢ ! i i i :
: PO ee il PR g i !
HTGR! t ] [rowr [ ! ! !
T )y L b U UV NSUUU DR DU I W .. !
'ngc’.d_ Demo PIt. {First (:tmznwercial——~~—I R, St Vrain Estimated—~— | Significant Power
Annc'd. Sales Annc'l . Init, Crit, | First Comm. Plant| Industry On Line
{2/10/59 . A :
On Line .
1 JAN 1 JAN 1 JAN 1 JAN - 1JAN
1960 1970 1978 1980 1985
j X . i i -y 1 i o ararde. L L. i - ’41 YJL A AL i i A L
Demo Plants | DemolPlants  Large [ Significant
LMFBR Announced Initial |Elec, Comm. industry
Power Pits. Crit. Established :
1 JAN 1 JAN 1 JAN 1 JAN: 1AN 1 AN
. 1970 1975 : 1980 ‘ 1985 e 1990 : 1995
Design & Consrct ;, Opeate ,
) GCFR bxperiment -
: e Design & Construct ole Operate . -
GCER : ' Demondtration Plant . ‘
L je—2Desian | _Operate 1 . __
' " ‘|Large Commercial |Plant = -
— Fuel & Component Testing
JAN JJ\N JAN JAN JAN JAN

1975 : 1980 1985 : 1990 ‘ 1995 2000




and syétems throughout all project phases. An overall full-scale program
| on the GCFR would be.eipected to cover those phases that are currently
under consideration for the LMFBR Program. (See Figure 1 and Figure 4,
p. 41). Such a program would involve costs comparable to other reactor
develépment programs (in the range of two billion dollars from the
Government) in addition to large outlays and commitments by industry and
the utilities. Such a GCFR program would have to take into account any
overlapping or concurrent commitments and availlability of resources with

the HIGR commercialization efforts. This, of coﬁrse, is a problem faced

by other reactor programs as well.
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III

BASIS FOR WASH-1089 AND ASSOCIATED EVALUATIONS

‘Background

GCFR development was initiated in November 1963 by the AEC underva contract
with Gulf General Atomic (GGA)* to investigate the concept which had
evolved from earlier privately supported GCFR studies. The AEC-sponsored
work outlined a development program that started with the objective of a
gas-cooled fast reactor experiment of 50 MWt which was to lead to a demon-
stration power plant as a step towards a full-scale plant. An outcome of |
the next year of AEC sponsored R&D (1964) was a conceptual design for a
reactor experiment which would serve as a test bed for fuel'development;
and would provide experience in designing and constructing a special

prestressed concrete reactor vessel (PCRV).

In the period 1965-68, the AEC and GGA continued studies of the GCFR. A
conceptual design for a 1000 MWe GCFR power plani was evolved whi;h
featured a horizontal PCvaiﬁstead of the original vertical arrangement
and also differed in other important respécts from the original concept. .
This effort 1ncorporated’ideas of the utili;y companies, particularly as
to the layout and design of the nuclear steam éupply components from the
viewpoint of operation,imaintenance and safety. Also, a new design for a
reactor eﬁperiﬁent waé developed to reflect engineering aspects of the new

large plant design.

*Gulf General Atomic formerly was the General Atomic Division of General
Dynamics. o

13




The 1000 MWe GCFR reference conceptual design prepared by GGA for study by

the AEC Fast Breeder Reactor Alternate Coolant Task Force2’3’4

Qas an
extension of the above conceptual design. The task force analyses were
reportea in WASH-1089 dated April 1969. A brief description of the GCFR
plant designs considered in this study is included in the néxt section.
“A more detailed description may be found in WASH-1089. During 1967, te
satisfy the needs of the Alternate Coclant Task Force as well as to meet

AEC contractual requirements, a Preliminary Development Plan for the GCFR

was also prepared.S

WASH-1089, WASH-1126, and WASH-1184

The ‘conclusions of WASH-1089 were based upoh the 1000 MWe plant~conceptual
design provided to the Alternate Coolant Task Force. The development plan
and costs projected in WASH-1089 were associated with bringing the concept
to the stage of commércial introduction ihcluding construction and operation
of a reactor experiment to help demonstrate the adequaéy of the-fuel

performance.

As noted at the time WASH-1089 was published, the designs evaluated were
based on information provided by developers of GCFR and generally reflected

their viewpoints and opinicns on achievable ‘technology.

Based upon the information in WASH-1089, the cost of development of a
parallel breeder was estimated and examined in the context of the overall

LMFBR development program. As noted in WASH~1126, 'Cost-Benefit Analysis

14
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. of the U.S. Breeder Reactor Program,' April 1969. if the LMFBR were to be
introduced in 1984 or earlier, it was concluded that sufficient benefits
. would be generated to support the cost of a parallel breeder program and

still maintain a benefit-cost ratio in excess of one.

Although the LMFBR introduction date was deferred to 1986 in WASHV—I.ISQ,-
"Updated (1970) Cost-Benefit Analysis of the U.S. Breeder Reactor

Program,' January 1972, the conclusions remain essentially unchanged, viz..
a tentative case can be made to expand the industrial breeder base by

establishing a paraliel breeder program.

It should be stressed that the cost-benefit ratios derived in both

WASH-1126 and WASH-1184 depend heavily upon the assumed capital costs for
the various power plants, especially the breeders. The sensitivity of the
results to a slight increase in the capital cost of the GCFR was

illustrated in WASH~1098 (page 6~50), where an increase of 7.7% in the
agsumed cost of a GCFR from 130 to 140 $/KWe permitted the LMFBR to
compete at an a#sumed cost of 150 $/KWe. The capital cost studies performed
over the past two years have confirmed the tenuousness -of utilizing

assumed small capital cost differences such as these. Variations in design,
plant location, labor productivity gnd cost, escalation, ;nterest rates and
pgriods of construction can readily produce capital costbdifferences of 10
to 15Z. Capital_césts for all of the breeder designs considered in past
studies were only best estimates at the time, normalized to some extent

for unit costs. At present, while a reasonable capability to predict costs of
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LWR designs has been developed over the past‘few years, the calculated
capital costs for plants in various locations in the U.S. based on
relatively well established iWR technology, will vary 15% or more.
Other factors such as safety, séismological, and environmental features
can materially increase estimated costs. On this basis, the use 6f

capital cost comparisons between concepts yet to be developed and then

to be built 15 or 20 years from now as a major basis for programmatic

decisions and choices is highly questionable.
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GCFR_DESIGNS PRESENTED IN WASH-1039

ORNL Workiqg;Grqu
The gas—-cooled fast reactor designs;reViewed in WASH-1089 were developed

by GGA&. %234

Two oxide fueled designs were submitted to the Oak Ridge
National Laboratory (ORNL) working group for evaluation. A carbide
fueled design was also prepared by GGA, but it was submitted too late in

the study to allow evalusatiom.

Oxide Fueled GCFR Designs

The two oxide fueled designs were designated "tefeience" and "derated"
designs. Some principal characteristics of the two oxide fueled designs
are given in Table 1 which has been modified from Table 2.1 of WASH-1089
to show the parameters for the latest available 1000 MWe GCFR plant

design. Design parameters are also shown for a 300 MWe demonstration plant.

The entire primary cooling system for the oxide designs was housed within
a horizontal PCRV which contained the centrally located vertical reactor
core, four steam senerat&rs and their associated circulaiors located in
internally isolated compartments at the ends of the vessel. The PCRV had
double containment of all penetrations, individual standpipea:abOQe each
core and blanket element, and a watércooled, but uninsulated,.steel liner.
The_whol& primary c}:cuit flcw path was confined within insuiated ‘
ducting andrshells snrrounding the‘reactor and the steam géqetators; 
thus the main internal‘compartments were at substantiélly room tempera-

ture. These compartments were continuously purged with clean'helium.
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The reactor édre was #ssemble& inside & vertical cylindrical steel core
barrel, which Spanned the PCRV from.top to bottom. The core barrel served
the multiple purpose of Suppdrting the core grid plate, containing and
directing the flow of coolant, and acting as a thermal shield. The core
consisted of bundles of sm#ll diameter fuel rods contained in thinwalled
square metal bo#es.' These fuel boxes were cantilevered downward from the

deep section upper grid plate.

Both of the oxide fueled designsbhad free standing stainless steel-clad
pins about 0.3 in. in diameter. The claddingvsurface was intentionally
roughened over approximately 60 to 707 of the active core length -to

enhance the heat transfer coefficient.in the downstream portion of the

core and thereby prevent excessive cladding surface temperatures.

The designs also~included an alternate fuel element design that had

a pressure equalizing collection system to vent the fission product gases
to a receptacle that was isolated from the coolant system. The objective
of this manifolding system was to eliminate the large gas pressure
differential across the cladding thle-preventing the fission product gQSes

from eﬁcaping into the coolant.

Carbide Fueled GCFR Design

An advanced GCFR design to exploit tﬁe high density and excellent
thermal ;onductivity of carbide fuel was also prepared by GGA. The
catbiﬁe fuel design was submitﬁed too late in the study period to be
subjected to a technical evaluation. However, the design data were
reviewed. (See Table 2). More details on this design a?e contained in

WASH 1089.
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TaBle 2 Comparison of Oxide and Carbide Fueled GCFR Designs™

Advanced

Reference
Oxide Fueled Carbide Fueled
Reactor ' Reactor
Common conditicns ,
Coolant Helium Helium
Total pumping power fraction, % of. 4 4
thermal ;
Design maximum cladding temperature, °C 700 700
Cladding (stainless steel) thickness-to- 0.04 0.04
diameter ratio ‘
Control-rod and structure blockage, % 10 10
Net électric output, Mw 1,000 1,000
Average enrichment of fresh core fuel, 0.127 vO 127
239py + “qu/U + Pu
Appropriate core proportions v
Core length-to-diameter ratio 0.55 0.40
Core volume, liters 8,510 - 4,030
Active length, cm 148 93
Active dlameter, com 270 234
Fuel volume fraction 0.29 0.30
Coclant volume fraction 0.55 0.53
Rod diametver, cm 0.805 0.736
Number of rods 40,000 37,000
Operating conditions L
Core pressure, psi 1,250 1,750
Gas inlet tempersture, OF 644 567
Gas outlet temperature, F 1,175 1,057
Steam conditions ;
Qutlet temperature, °F 1000 900
Reheat temperature, °F 1000 500
Feed temperature, °F 375 275
Pressure, psi 2,400 1,800
Net plant efficiency 0.395 0 373
Performance ‘
Maximum rod heat lced, Xw/ft 18 30
Specific power, total Mw{th)/kg core 0.90 1.50
figsile at startup
Power density, kw/liter 277 615
Conversion ratio, average 1.51 1,60
Assumed meximum burnup, Mwd/MT 10 1.4 x 10°
.Core life, years 2.29 2,49
Out-of-pile time, years 1.0 0.5
Fractional increase in fissile plutonium 0.27 0.62
per cycle .
Gecmetric doubling time, years 8.8 4,3

*Uneveluated characteristics presented by General Atomic.




Because of the potential advéntages of the carbides and nitrides as

fuel forbthe LMFBR or the GCFR, research has cohtinued. The curreni
advanced fuel technology program at Los Alamos Scientific Laboratory
involves an effort of approximately $750,000 per year and includes the
irradiation of carbide and nitride fuel pins in the EBR-II reactor and
transient tests in the TREAT facility. The current status of technology
indicates that low density carbide fuels have promise fbr high burnup
and high power demsity reactor applications. The major apparent

problem involves swelling due to retention of fission‘gases. The
retention of fission gas followed by a sudden release of this gas in
‘the event of a temperature transient presents a potential safety problem

that could result in eclad distortion or failure.

The multi-cavity PCRV which was used in this design consisted of a
vertical cylindrical block of prestressed and reinforced concrete
containing multiple cavities in which the reactor core and the steam:
genetators were individually housed. The cavities were interconnected.
by passages in the concrete through which the hélium~coolant flowed.
The helium circulators, both main and auxiliary, were mounted in double

containment penetrations in the vessel. The general arrangement of the

components in the PCRV is shown in Fig. 2 of Section VI.
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CHANGES SUBSEQUENT TO EARLIER EVALUATION

Fuel Element Lesign Changes

Subsequent to the issuance of WASH-1089, certain changes in the reference
GCFR fuel element deglgn evolved. One change was a modified design for
fuel venting as a means for equalizing the gas pressure inside and outside
of the fuel cladding. GCFR fuel venting as first conceived2 used tight
seals between the fuel elements and the grid plate and required the
recovery and storage of the released fission-gas effluent in gas cylinders.
Further design iteration led to a proposed system in which fission gasés
would be removed from the element by a small differential pressure and
diluted by a small stream of reactor coolant helium at the element-to-
grid-pliate connection. This approach would eliminate the requirement for
a gas-tight joint where the fuel element joins the grid plate.  The
mixture of fission gases and helium diluent would be paSsed through a
system of traps similar to those used in an HTGR helium purification
system., The residual purified helium would be returned to the suction of
the main helium circulator. This change in the venting deaign‘led to the
adop;ion of fuel venting a8 a refe:éncg conceptual GCFR design feature

by GGA. It should be ndted, however, tha; the use ofvveqted‘fuel.
eliminates the noble gas fission product containment feature regarded as
an important advantage of non~vented fuel, with its attendant iﬁplications
on other plant characteristics such as maintenance and fuél handling.

Another major change was a lowering of the cladding hot-spot temperatures
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by wodified core coolant orificing design and physics design including

partial reloading.

Possible Alternate Development Approach

With the decreased cladding temperature and the use of fuel venting in
mind, an alternate develmeent approach was chosen by the designer,
naﬁely, that the first GCFR facility could be a power-producing proto-
type plant based as closely as possible on IMFBR fuel and HTGR plant
technologies rather than a reactor experimént. In the latter half of
1968 a conceptuél design study of a 330 MWe GCFR Demonstrétion Plant
was‘prepared.Gr This design was based on the proposed use of fuel venting
and a cladding hot-spot temperature of 1382°F, which was lower than for
earlier designs. This revised new plant design also incorporated the
use of a PCRV of the cylindrical vertical multi-cavity type being
developed for large HTGR plants, which is quite different from the type
used in the WASH-1089 reference and derated designs. The primary virtue
of the multi-cavity PCRV is the easier accessibility of primary system

components. -

An;associated'dtaft‘development program plan was also prepared, based
initially on this conceptual design. Much of the overall GCFR effort

subsequent to WASH-1089 has been addressed to the demonstration ﬁlant

design racher than to a 1000 MWe plant design.
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Further Plant Design Modification

Additional design work has been performed which is addressed to a
demonstration plant design. A reference demonstratioﬁ pl&nt design7 was.
adopted by GGAviﬁ March 1970 based on a further 90°F rédnction in cladding
hot-spot temperature (1292°F) and improved predicted plant performanée,
resulting from more sophisticated reactor physics design and from
resuperheating the steam after expaﬁsian through the circulator drive

turbines. (See Tablé 1 of Section 1V).

Subsequent to complg:ion of the 300 MWe demonétration plant. conceptual
design,'effott‘has been conducted on a more detailed safety analysis
which was developed for this concept in collaboration with utilicy |
operating engineers and nuclear safety specialists repfesenting the -
utility sponsors. This work has resulted in a Preliminary Safety
Information Document,8 which is now being reviewed by the AEC Regulatory
Staff including the Advisory Committee for Reactor Safeguards (ACRS).

A number of meetings on this document have been held and are continuing.

The latest GGA draft development program plan (Draft GA-A10788) is based

on a systematié review of the 300 MWe GCFR demonstration plant_conceptnal

7 design to define the problems that would require development work for a

demonstratién p;ant project. The scope of the plan is 11mited to”the
development néeds of onebGCFR dembnatration‘plant by a single induétrial
pgrticipant, and thus_eucompasées a iesser program tﬁan the ﬁork

described in WASH-1089 whicﬁ was 1ntend§d to cover an entire pfqgram with
a competitive industrial capability through full commercial introdﬁcﬁion of

the GCFR.
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DESCRIPTION OF DEMONSTRATION PLANT CONCEPTUAL DESIGN

The demonstration plant design is described because it 1é a more recent
.design than the latest available 1000 MWe GCFR plant design. The
deScription>émphasizeg the nuclear steam éupply system. The remainder

of the plant is typical of modern high-temperature steam~turbine practice.
The design‘is based on the utilization of LMPBR physics and fuel
technology to the extent possible and on the continuing development of
the component techmology that forms the basis of the 40 MWe pfototype
HTGR at Peach Bottom, Pennsylvania, and the 330 MWe Fort St. Vrain HTGR
Generating Station in Colorado and follow-on commercial HIGR's., Table 1

of Section IV gives the principal parameters.

Plant Configuration

The plant is housed’in a reactor building, a fuel service building, and
a tnrbine;building. The reactor building contains the PCRV, which in
turn contaiis the core, the helinm;primary coolant system and the steam
generators. In addition, the reactor building functions as a secondary
containment structure and also includes the fuel handling area and some
reactor pl#nt process and service systeﬁs. The.fue; storage pool is in

a fuel service building adjacent to the reactor building.

Thé\configuratiqn of the reactor and its assoclated primary circuit

cbmpouénts, all of which are housed within the PCRV, is shown in Fig. 2 of
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Figure 2 Cutaway view of PCRV showing the priacipal components

of the nuclear steam supply svstem:




this aectipn. The PCRV is similar in principle to the PCRV's that have
already been built in Europe and Great Britain and is also similar to GGA's
large commercial HTGR design. An inner steel liner makes the PCRV leak~
tight.‘ The penetrations are provided with steel closures and structurally
independent flow-limiting features where necessary to limit the
depressurization raté in the event of primary barrier failure to a value
that would not ifeopardize core cooling. The large penetrations are closed
by concrete plugs designed so as to alwaysbbe in compressioﬁ and held in
place by two structurally independent and redundant means. These concrete
plugs would not normally be removed and‘thus are joined to the vessel liner
by ‘seal welda. The liner is insulated‘by a thermal barrier, and coocling of
the 1iﬁet and penetyations is provided by cooling tubes on the concrete side
of the steel liner. This PCRV is designed with redundancy of tension
members that are inspectable and replaceable to preclude a gross failure

of the pressure vessel.

Secondary Contaimment

To limit the consequences of a possible penetration cloéure failure,
gseparate secondary containment 1is provided,‘similarkto that proposed for
the large commercial HIGR's. It performs two functions: it ensures a
minimﬁn coolant préssure (~2 aim).for core codling following.ah
accidental primary system dgpressurization and it confines fission

products that potentially could be released from the_fuel;

Primary Reactor Systeﬁ ;
The reactor coolant system contains three main loops, each with inde-

pendent steam generators and circulators, and three auxiliary loops, each

27
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wiﬁh its own circulator and heat-removal system which are used as a backup for
the main 1oops‘forvshutdown cooling. The steam generators and their
associated circulators are housed in vertical cavities in the walls of
the PCRV surrcunding the reactor core. The helium coolant,‘at a pressure
of about 1250 psia, flows downward chrough the core, where it is heated
to a temperature of about 1010°F at rated capacity. The flow is also
dovmward across the tube banks of the helically coiled, once—tﬁrough
steam generators to accommodate the use of upflow boiling. 'This necessgi-
tates appropriate reversals in the gas flow path. These flow :eversals
are obtained by directing the core exit gas up through a central hole

in the boiler and down through the tube bundles, up again around the
boller shells and then to top-mounted circulators from wﬁich the gas is

discharged to the reaétor top plenum at a temperature of about 595°F.

Main helium is circulated by three steam turbine-driven circulgtors of the
type developed for the HIGR, whiéh employs a single axial compression stage
driven by a single impulse steam turbine stage that is in series with the
steam gena:aﬁor. Auxiliary circulation is provided by electrically driven
centrifugai circulators powered by separate and individually driven

alternators.

Reactor Core

The reactor core is composed of 211 hexagonal fuel and radial blanket

elements containing the fuel and blanket rods. The elemen:s; which are




10 ft. in total length and about 6 1/2 in. across the flats, are supportéd
from a top-mounted single grid plate to which each element is rigidly
attached; they are clamped to the grid plate solely at their 'cold"
ends. The grid plate, which consists of an 11 ft. diameter, 2 ft. thick
disc with closély spaced 6=in. diameter holes to accommodate the circular
extensions of the fuel elements, is itself top supported by a surrounding
cylinder connected to the liner of the top penetration in the PCRV. The
clamping of the fuel elements to the grid plate, as well as the means for
operating a variable orifice within each fuel element, is facilitated by
"providing individual small penetrations. above each eleﬁent in the top

access plug.

In the reactor core there are 27 control fuel elements, each of which
;ontains a movable control rod. Twenty-one of these rods are operated

as conventiénal control rods for normal control, burnup, and shutdown
requirements; each has a réact:ivity wérth of approximately '$O.85. Some of
these rods will normally be fully or partially inserted in the'réactor
core during power generation.' The other 6 control rods provide additional
shutdown capability.and are a backup emergency shutdown system. These 6
rods have a reactivity worth of $1.60 each. They will always be fully
withdrawn from the core during power generation; therefore, they are not
subject to burnup or to irradiation heating as are the conventional

control rods.

All control rods are physically identical except that surface roughening

is used to enhance the heat transfer from the 21 standard control rods.
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The 6 secondary'shutdown rods have smooth surfaces. The neutron absorber
material is B,C. The worth of the rods is established by adjustments in

10

B! 1sotope enrichment. The mechanical design of all the absorbers is

. the same,

The absorber section of the control rod ié vented to the surrounding
coolant to provide pressure equalization. A vent hole and a metallic
filter at the upper end of the absorber section allow the gas.tc escape
to the fuel element inlet coolant stream but prevent particulate matter

- from léaving,the absorber section.

The coolant flow in each fuel element is orificed so that the same hot
spot cladding temperature is reached in each element, and on-line

adjustment of all orifices is provided.

Pressnreniﬁ the fuel reds and blanket rods is equalized to that of the
reactor coolant by collective venting, and the fission gases pass
through gha vent manifold to‘the-thium purification system. (See
Figure 3).’ This system provides means for detecting and locating a fuel

element with failed cladding. This is done by using radioactivity

monitors on the vent lines.

30




31

SCHEMAT!C OF FUEL ELEMENT PRESSURE |

EQUALIZATION SYSTEM
0 NNTR~——, (L)
STATONS (M J ulc R
& HELIUM A GRID
PURIFICATION | o
SYSTEM | : | ANNUUR
| " ELEMENT
i TRAP
X MANIFOLD
FUEL ROD
© ELEMENT, AT TRAPS
GRID PLATE\ \ 1 e UPPER
- /BLANKET
10 UL L
MONITOR | ,_
| FUEL
GUARD RING |||} |l .
Sow
* ANNULAR TRAP
LOWER
eeement-grin-pLate || 1|1 /BLANKET
~ SUCTION HOLE
FUEL
ELEMENT




32

VI
IMPACT OF MORE RECENT GCFR DEVELOPMENT

ON WASH-1089 EVALUATION

Major Technical Changes Subsequent to WASH-1089

‘The previous discussion of GCFR development effort since the {ssuance of

WASH-1089 is summarized as follows:

(2) The modification of certain system parameters notably in fuel

cladding temperature.

(b) Further effort on fuel venting (pressure equalization).

(c) A clogser alignment of the GCFR design with the HTGR design to
obtain as much benefit as possibie from the Fort St. Vrain
project and the development program for commercial HTGR plants.

This work has served to further identify the basic problems associated

with thé development of the GCFR. These are detailed in the draft

development program plan (Draft GA-Al0788) and are outlined Below.

Component Development Needs

- While the development of the GCFR depends to a significant degree on
the successful operation, maintainability, and reliability of Fort
St. Vrain (FSV) and large HTGR's, there are many major problem areas

unique to the GCFR design that require extensive developmental effort
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and proof testing, over and above HIGR needs. The fact that such efforts
are proposed to be conducted concurrently with increased engineering scale~
up efforts on the HTGR introduces special considerations. In addition, the
use of a compact arrangement in the PCRV will impose désign constraints

- heretofore extremely difficult and costly tc handlie in such'fi:st-of~a~
kind engineering development programs. Such a complex development effort
must be addressed in a detailed and disciplined manner based upon a

carefully conceived plan and adequate test facilities.

1. Containment of the enfire primary coolant system within the PCRV
is fundamental to the GCFR concept. Additional model testing'will
be needed>to validate the design at the higher GCFR pressure (1250
psi vs 700 psi for HTGR), although some of the PCRV'develépmentd.

- needed for GCFR might be accomplished as part of the HTGR develop-

ment program, depending on exact timing and nature of needs. Such
efforts must also be ‘integrated closely with all of the major

component development and first-of-a-kind engineering efforts.

2.  There are a number of unique first-of-a-kind components that
represent a significant engineering extrapolation from other first-
of-a-kind components, some of which have yet to be designed and
built and others of which have yet to be prooftested under actual
operating con@itious or 6perated in a reactor plant. These>‘
components and their_asséciated maintenance‘equipﬁent must be
deyeldpéd,‘fabricated and tested along with related develépment

andlproof—test facilities.
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a. The circulator horsepower rating for a 300 MWe GCFR is
4 times that for FSV, and 1 1/2 times that of the 1100 MWe
HTGRfs. In addition, the steam drive is based on 2900

psi steam vérsué 840 psi for FSV.

b. The steam genérators for the GCFR are 10 times larger than
the FSV units in heat traﬁsfer surface area, and abcut the
same as proposed for the large HTGR units. Roiling |
stability for the GCFR at normal 1dad range and at flows
as low as‘ZZ of normal for the shutdown cooling phase has

to be provided.

3. Reac£0t mechanisms éuch as control drives, orifice drives, and core
clamping devices are unique to the GCFR and have to be operated in
hot hélium with the attendant problems of lubrication, prevention
of self—weiding, vibration, metallurgical creep and radiation’
damage iﬁ a}fast neutron flux environment, although some of the

experience with similar HIGR components may be applicable. "

4. A difficult requirement exists to provide spent fuel cooling
during removal from the core and transport to a water storage

pool.r Such requirements will be influenced by the proposed

vented fuel concept.
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5. The successful development and proof test of the GCFR
refueling system and components also require first-of-a-kind
‘engineering plus testing in the operating environment to

demonstrate the adequacy of the design.

6. Special reactor instrumentation--some continuously operable,
other for initial test purposes--is required to monitor the

gas exit temperature from each fuel element, to measure

vibrations and other parameters in the first-of-a-kind plaat,
and to assure design performance of all components under
normal and aﬁnornal operating conditions. Performance and
reliability of such instrumentation in a high fast flux and
high temperature enviromment pose very difficult development

problems.

7. The GCFR core, because of the use of gas cooling with its
heat transfer limitations, has a large core void fraction
which leads to neutron streaming and leakage problems and
may introduce problems relating to the internal shielding

of components.

- Fuel and Core Development Needs

In order to maximize the benefits to be gained from other ongoing

activities, the GCFR effort in thig category should utilize to the

extent possiblekthe spin-off technology from the large scale efforts
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being carried out under the top priority LMFBR program. However,
there are major areas unique to the GCFR concept that will require

extensive and costly development.

- 1.  While fast reactot physics nmethods and fundamental data developed
by the éxpertise and from facilities at ANL for the LMFBR program
will benefit the GCFR program, considerable additional effort will
be required to meet GCFR needs. Further work is required on
reactivity effects due to the presence of steam introduced into

the core as a consequence of a steam generator tube failure.

2. The fuel rods proposed for the GCFR are different from those
plaﬁned for LMFBR designs in having a larger diameter, roughened
outer surface, and venting of the fuel rods and assembly.

Surface roughening may affect the strength of the cladding

and irradiation testing will be required to evaluate such effects.

3. Puel ventingvintroduces a number of questions that would -
fequire substantial development effort, including the rate of
Vrelease of fission prbducts from the fuel pellets, their diffusion
- rate th:oughvthe length pf the rod to the charcoal traps, the
effects qf breathing at the juncture of the fuel assembly vent
and the grid plate that occurs with changes in plant load; fission

product platecut»thxoughout,the,vent'system, charcoal behavior
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under fast flux irradiation, the maintenance of alignment of
seals under bowing and vibration stresses, and lastly the

operation of the éenting system as a whole under pressure

_transients with and without cladding leaks. The vgnted-fuél

concept, which is attractive in principle for the LMFBR as

well, has not been adopted in any current reactor system.

It presents major design difficulties during plant operation

and shutdown and during fuel handling, and it weakens the
defense-in~depth safety concept by removing one barrier to
the release of noble gas fission products. Little test
information on this concept is available as yet and much more
gemains to be done before proof-of-feasibility can be
established, including a variety of integral in-pile proof

tests of prototypical fuel subassemblies and assemblies and

~safety tests relating to the vented concept, under a range

of operating, transient and shutdown conditions. Fuel handling

tests would also be needed.

There are heat transfer questions to be resolved as to the
effects of rod spacers, fuel-element box walls, and possible
rod bowing. Knowledge of the heat transfer over the whole

range of flow from full power conditions on down is

required for transient and safety analysis purposes.
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5. Flow induced vibration of the fuel rods and of the whole fuel
element is a potential problem to be overcome including the

possibility of excessive seismically induced loads.

6. There are questions respecting the behavior of the interfaces
at the spacer/fuel rod and the fuel element/grid in the hot

helium environment.

7. Difficult problems, common to any fast reactor, are those
related to obtaining the desired fuel burnup of 100,000 Mwd /T
énd coping with irradiation-induced swelling and creep fo: all
metal parts in the core. ‘Much relisble data are needed in

these areas.

Safety Needs » ' . )

In addition to many of the problems that have been raised on other
reactors, there'are‘a number of critical safety questions which have

been identified for GCFR's beyond those noted above.

1. Hote‘detAiled aesuianée including test data is needed to assure that
adequate féliabilityfdf core cooling in potential emergency and
- : fauited conditions can be provided. The plant design would need
to have several main loops and auxiliary loops. If all main loops
fail, shutdown cooling of the core would have to be maintained by
’theiahxiliary loops, each of which would require its own electric-
mbtor-driven circulator and water-cooled he#t exchanger. ‘Startup

requirements and adequacy of reliability of the auxiliary cooling

loops must be further analyzed and demonstrated.
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Depressurization of the primary coolant systém has been conside?ed as

the design basis for engineered safeguards in the GCFR. The maximum
allowable depressurization rate would have to depend on some type of

flow limiting devices in the large penetrations. This subject is .

being reviewed b& the Regulatory staff to assess whether the:system
design can accommodate the proposed depressurization accident.

Assurance must be given that the design provides adequate margin for

a more rapid depressurization and for other concurrent failures.

Although analysis indicates that the reactivity change of the core is
small and negative for all conceivable steam concentrations resulting
from steam generator tube failures, additional analyses and critical

assembly experiments must be carried out to confirm this.

The use of a core support systeﬁ in which the fuel elements are

tightly clamped at one end into a thick grid plate with no additional
radial restraint, along with the potential deleterious effects of such
materials phenomena as radiation damage and stainless steel creep, has
led to detailed»qgeationing‘by Regulatory and ACRS on the integrity of
the systgm and the ;eactivity effegts under transients and earthquakes.

These problems will héve to be resolved.

The adequacy of the proposed protection provided by control system
actionsbbacked up by two independent shutdown rod systems against
anticipated transients must be proven. The consequences of failure of

protective action in anticipated transients must be analyzed to

establish their acceptability.




Development Approach

The current GCFR draft development plan proposed by GGA does not call for
mény of those aspects of the reactdr development program identified in
Figure 4. For example, past experience in other reactor progré_ms has
demonstrated the vital need for a relatively small reactor experiment in
addition to other test féCilities to provide an essential contribution to
the evidence of technical feasibility, to facilitate meaningful evaluations
prior to a commitment for a large scale development program and a demoixstra«v
tion plant program. Considerable weight must be given to the many problem
areas which historically have been discovered and solved as an outgrowth of
specific operating experience on such experimental reactors. Cases in point
are the many problems on small plants such as STR, EBWR, HRE; SIR, SRE,
Saxton, EBR~I, EBR-II, Hallam, Fermi, MSRE, EBOR, UHTREX, EGCR, Piqua and

BONUS, as well as the British experience with Dounreay.

WASH~-1089 pointed out the need for a GCFR reactor experiment (1) to provide more
information concerning the physics and safety of GCFR's, (2) to assist in the
development and testing of GCFR components and (3) to provide a facility for
fuel element developuent testing. Experience since p:ublication o.f WASH-1089
appears to confirm the fact tha; a sound engineering approa_ch re‘quiresb a GCFR
reactor experiment along with other related efforts outlined in Figure 4 to
help establish the technical feasibiliiy and requisite technical basis fqr this
cmicept prior to full scale gomitment to a demonstration plant program.

Moreover, such accomplishments appear to be essential to permit meaningful

. evaluation or acceptance by the utility industry and others.  (See Figure 5)
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VIII

CONCLUSIONS

Progress has been made in further defining the problems of the GCFR concept
since the analysis reported in WASH-1089. ﬁhile much of the privately=-
sponsﬁred,effort has been.aimed at a 300 MWe demonstration plant, the
c§efa11vfu11-scalg plant system design has remained largely unchanged and
the major developmental and safety issues specific to tﬂe GCFR as outlined
herein require resolution. The further definition of these problem areas,
aided by experience to date im the LWR, HTGR and LMFBR programs and
discussions with the Regulatory staff and the ACRS, has served to
reinforce the earlier conclusions that a substantial program of develop-
ment and proof testing would be required to resolve adequately all of the

major outstanding technical issues on this concept.

Sased upon the information cur:ently évailable, it is concluded that on a
relative basis there have been no significant changes in the GCFR develop—
ment status to justify appreciably altering the conclusion of WASH-1089

that considerable research and development effort would be negded to provide
the required assurance of safe, reliable and economic operation at the
design performance levéls. A meaénred, orderly program similar to that
outlined forbthe LH?BR including fuels and materials testing, component
test faéilities, critical experiments, 2 reactor experiment affording
extensive in-pile fuel testing capability, safety tests, and a demonstra-
tion plant'ptogran would be required to bring the GCFR forward as an

option in the éon-ercial stage.
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The GC?R concept is at an early stage of development with respect to its
engineering base, reactor operating experience, industrial participation
and commitment, and funding level. It does not have the benefit of
considerahie existing fast reactor exﬁerience both in the United States
- and abroad, such as enjoyed by the LMFBR. Assuming that solutions to
the basic and major technological problems could be developed, achievement
of the potential of the concept as a commercial power plant would require
a greatly expanded Govermnment effort with significant industrial partieci-

pation and commitment.

Ifiadditional resources beyond those needed for the development and commercial
introduction of the LMFBR were to be made;available, they could be employed

in a worthwhile manner to move toward a’GCFR experiment and °th¢f kgy test
facilities to help establish the technical basis prior to committing to
conduct a parallel breeder development program on the GCFR. The timing and
funding for such a‘proéramvdgscribed in earlier'reports would need to be
reev#luated onrafdurr;nt basis,»:aking into account statﬁs and commitments

on the HIGR, LWR and LMFBR programs.

In the absence of any additional resources, the GCFR technology will continue
to benefit from the substantial efforts on the»LﬁEBR and HTGR techﬁologies,
as well as the ongpihg development work on the GCFR sponsored by the AEC and
privaté'industry.r The cumulative direct expendiﬁure on GCFR dgvelopment by
ihe AEC tﬁrough FY 1972 has been approximately $9.0 million, while private

support fo:'the concept from utilities over the four yearvpefiod through




FY 1972 has been $5.5 million. The option remains open over the next
few years for increasing the degree of effort on the GCFR should
national energy priorities and the degree of progress on the LWR,

LMFBR and HTGR so dictate.
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