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RBSTRACT

Experience with several heliun cooled reactors has been
favorgble, ond two commercial plants are nos operating. Both of
these units are of the High Tesperature Graphite Gas Coolr ! concept,
one in the United States and the other in the Federal Republic of
Germany. The initial helium charge for G reactar of the 1000 ;il{e)

size is modest, ~15,000 Kg.
INTRODUCT 10N

Holium is @ nearly ideal coolant for nuclear reactor power
stations. It has hoth high theraal cepacity and conductivity, ¢ low
cross-section for nsutrons, and is cheaicaliy inert. Helium ciso
has no phase chkange at temperatures of interest, Is easily separated
from impurities, is optically transparent, and offers convenient
{eak detection. Thus, heliua properiy belongs to the nuciear field.
However, it has sose disadvcntages: 1low density, small molecular
size (hence, socae propensity to leak from coniainers), los heat
transfer coefficient, and poor lubricating properties.

The effectiveness of helium as a nuclear reactor coelaont has
been demonstrated in several experimental reactors and in teo
commercial units (a third Is now in the start-up phase}. Rithough
sany helius-cocled design concepts were considered in the early
phase of nuciear energy development, these have focused into a
single class of high tesperature graphite reactors (HTGRs).

Two basic concepts are eaployed for the reoctor cores. {ne
consists of priseatic fuel elements in an orderiy array. The other
Is comprised of a bed of spherical fuel elements.

HISTORICAL BASE OF EXPERIENCE

Helium was considered as a nuclear power station coolant as

early as 1947.1,2 Despite the many advantages shich helfum offered,
the technology eas limited, and a decade passed with [ittle
progress, Then, alsost suddenly, a surge of Interest occurred shich
led to the establishaent of projects for six different heliua-cooled
reactors. These were Peach Bottom,3 Dragon,’ UHTREX,Y RURG, EGCR, 7

and EBOR.8 The current HTGR commercial units are the Fort St. Urgin
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Reactor? in the U.5.R. aond the Thorlus High Tesperature feactor

(THTR)D {n the Federal Republic of Germany. The sponsorship and
characteristics of thess reactors are shosn in Table 1. These
projects have been gqulte wvaried and, In total, have many
accoapi | shaents. To wention a few, they have demonstrated the
feasibility of high tesperature and high pressure helium systeas for
nuclear service, produced high thermal efficiencies, operated wmith
low inventory requirements for fissionable moteriais, demonstrated
radioactively clean circuits for conwenient naintenance, and, in
general, have had excellent availability.

Pebble-bed type reactors are proposed for the future in the
Federal Republic of Geraany., Electricity generating plants are
sized ot 300 or 500 Ni{e); smaller units are plianned for the
production of process heat. In the United States, nes plants are
bsing designed by a consortium of companies with the cooperation of
the Gas-Cooled Reactor Associates (GCRR), shich is sponsored by 32
utility companies. These and other concepts are being considered by
the U.S. Departaent of Energy, including a sazil [180-125 Miie)]
pebble-bed reactor and a slightly larger concept of the oprismatic
fuel design. A developaent program also exists in Japan wsith plans

for o 50 MH{t) test reactor.

HTGR BASIC DESIGH FEATURES

The principal features of High Teaperaiure Graphite Reactors
ars aade possible through the use of hellus as a cooiant and
grophite for the high teape ature core structures. Another basic
feature is the use of pyrclitic corbon-coated ceramic fuel particles
shich are eabedded in a graphitic fuel structure. Tiny microspheres
(~350 pa) of uranius carbide and uranium dioxide are coated with

eultipie layers of pyroiytically depesited carbon and a laysr of
silicon carbide to contain both tha fcel and the radlioactlve
products from fission. An innsraost layer of low density pyrolytic
carbon provides space for fissiun product accusuiation end for fuel
swelling, cn impervious layer of high~density pyroiitic carbon
ssrves as o pressure shcll, @ 'ayer of silicon carbide prevents
diffusion of cesiun and other fission products shich might perneate
the irner pyroiytic carbon layer, and an outer protective loyer of
pyrolitically deposited carbon completes the fusl particle

structure,



Table . Early hellus-coeled nuclsar reactors

Date Date
hiY Construct ion Date Yereinated
Designat ion Sponsership Electrical Theraa! Startad Cperat ional or Status
Peach Bottomd 6Aa/P .E.5/HTROAC 40 115 1862 1967 1974
Dragon 0ECD-Dragond 0 20 1961 1964 1876
AVRe RUR GabHf 15 | 1957 1968 Operat ing
UHTREX® USRECh-LASL! i 3 1962 1967 1969
EGCRJ USREC-TURK 30 88 1959 13651 Cancelled
£8CRe USREC-GA a 10 1861 19651 Cancelled
Fort St. Uraln  GR9/PSCH 330 842 1968 1976 Operat ing
THTRe HKGP 300 150 1971 1985 in startup
eGeneral Atoalc (now GR Technologles). hWnited Stotes Atomlc Energy Comaissien,
bPhiladelphia Electric Company. lLos Rlaras Hatlonal Laberstory.
High Temperature Reactor Deuslopment Rssoclates. JExparimental Gas-Ceoled Reacter.
90rgonization for Economic Cooparation und kTennesses Ualley Ruthority.
Develapment, Europoan Nuclear Encrgy fgency IProject cancolled before operation.
Dragon Project. cExpor imental Berylllum-0xide Reactor.
*firbaltsgeesinachaft Uersuchs-reaktor, ®Public Service of Colorado.
fSponsorshlp inciudes: Browsn Boverl/Krupp, °Thorlum Hoch Temperatur Reaktor.
Kernforachungsanliage Jullch, and Euratom. PHochtemperatur Kernkrafteerk, GebH,

Witra High Temperoture Experiment.



in the prismatic fuel clement, the microspheres are eabedded
in a partially graphitized satrix in the fora of 3mall sticks
(1.24 ca dla. by 6.3 c» long). The sticks are inserted into holes
in graphite blocks. Helius coolant floas through aiternate paral iel
cylindrical passages. In the spherical graphite fue! element, shich
is 6 ca in diaester, the nmicrospheres are esbadded in & carbon
satrix in the inner region of the sphere. The designs of the
prisaatic and spherical fuel are shown respectively in Figures 1 and
2. To fora the reactor core of prissatic eleaents, Individual units
are stacked in an array as shosn In the sectional vies of Figure 3.
In contrast, the spheres are essentiolly poured into the reactor
central chasber and cooled directly by helium flosing over their
surfaces. In both cases, highly purified graphite is used, shich
offers excellent neutronic properties,

The large masses of graphite provide high thermal stability
with large heat capaclty to prevent overheating In the unlikely
event of loss of cooling accidents. Since the hellua Is inert and
both the fuel and the graphite can sustein very high tesperaturss,
the aargins of safety for this reactor are great. It also has a
negot ive neutronic teaperature coefficient such that the fission
process is automatically reduced and terminated if a tesperature
excusion occurs for any reason.

_ Prestressed concrete preasure vessels are used for both the
prisaatic ond pebble-fueled reactors as shosn In Figure 3. These
structures have excellent safety and operationai features and have
been used for both of the lorge comaercial units. (Howsver, steel
vessals say be prefercble for small reactors and have been usad for
the several experimental units.) The prestressed concrete pressure
vessel maintains o high integrity with respect to failure by virtue
of a sultipiicity of wires and cables which resist the high internai
pressure of the helium coolant (6.2 NhPa),

fis con be seen in Figure 4, the steam generators and the
hellus circulators are enciosed in separate but connected pods of
the prestressed concrete pressure vessel. Thus, the entire helius
circuit Is contained within a single enclosure and does not require
sajor external piping. Small water-cooled auxiiiary heat transfer
systeas |llustrated in Figure 3 are utilized to remove the fission
product decoy heat following reactor shutdown in the event of foss
of the primary coolling system. The tutal combinctlon of these
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features provides a highly secure and well-protected nuciear systes
with assurad cooling for al! normal and accidental conditions.

The gensrai configurotion of the pebble-bed reactor vesssl is
similar te that for the prismotic-fueied unit. However, the
spherical fuel eleaents make possible refueling during operation.
Fresh or recycled fue! is simply dropped onto the top of the bed.
Spent fuel or fuel for recycle is removed element-by-eleaent at the
bottom by a selector mechanise similor to that for ¢ gum-bali
machine. Pneusatic transport by hellus lo used to move the spheres
either to the top of the reactor for re-entry or to a fuel storage
chanber. Selection of fuel to be recycied or discarded is made by o
subcritical reactor assesbly through shich the individual spheres
pass and by which the resaining usable fuel can be determined by
react lvity measurenents. The fueling and refueling transport systes
is shosn achesatically in Figure 5.

The refueling of prisaatic fuei systess Is practical only with
the reactor shutdoen. £ fuel charge machine, shich travels on
roils, attaches to ports at the top of the reactor, ond o resote-
hondling mechanisa removes the fuel from individual stacks ond
replaces those stacks element-by-element with fresh fuel.

The high integrity of the fuel and the inertness of helius,
together sith elaborate coolant cieanup systeas, focilitate the
raintenance of rcdloactively clean circuits. This aakes possible
the servicing and malntenance of the fuei and hellus handling
equipzent, the piugging of failed steam generator tubes, and other
operations eith a sinisus of operator and saintenance personnal
exposure to radiation. Helius-cocoled reactor circuits are cleaner
in this respect than those for any other coolant.

HIGH TENPERATURE GAS-COGLED REACTOR DESIGN

The plant characteristics for ¢ typical large, prismatic-
fueled HTGR are shoen in Table 2. Uell-developed designs exist for
these reactors, and coamercic! ordsrs were placed in the 1970s for
several shich sere subsequently cancelled, primarily because of the
saalfer projected slectrical energy deaand In the United States.
More recently, smcller units [as low as 100 Nid{e)] have been
conceptual ly designed with highly passive safety features. The
saall slzes contribute both to passivity and to a better match for a
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Table 2. HTGR systems have high thermal efficiency,
{ow uranium needs

English
S| units units

Nuclear systes parameters

Theraal power, MU 2240

Heliun pressure 4.8 HPa 1060 psia

He!ium temperature 685/313°C 1266/595°F
Poser systzas paroaeters

Power cycle Non-reheat

Turbine steam inlet 10.9/537°C 2400/1000°F

pressure/teaperature

Systes paraseters

Net electrical output, fld 860

Net thermal efficiency, X 39
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soall projected basslood demond grosth. For large reactors doon o
306 MM{e), prestresssd concrete pressurs vesssis hovae been
preferred. [n the sueller sizes [100-150 HW(e)], stes! pressure

vessels ore favered.

HELIUR PURIFICRTIGN CIRCUITS

In eddition te ths components aentioned earlier, auxilliary
systems are utlllzed to charge and discharge the primory helius
circult and to contliaually purify the helium. Rithough the [altial
charge of heliua and mokeup reguiresents are provided {rom
corwent fonal  pressurized, trailer-sounted cylinders, storage
capecity ond high pressure coapressors sust be wutilized to
depressurize the ciprcuit for waintenance and refueling (for
prisactic~fueled reactors) and to repressure it for aperation.
Helium losses should occur only from leckage, fuel-charge amachine
operation, ond residucls In purged double closures during
agintenonce operotions.

Impuritics snter the helium circul! through air end moisture
adsorption on graphite fus! (although the fuel is manufactured and
stored in heliue atucenheres), desorption froa structurel surfaces
follosing construction und aaintenance, and sater leckagy fros steom

generctors and fros heliua circufetor bearings and seals. The
fotter source i3 unique te the Fort St. Urain Reactor, shich has
sater-fubricated bearings. However, circulators wusing oll-

jubricoted bearings aiso introduce ssall qucntities of hydrocarbons.
In addition, ¢ wvery smail fraction of the fuel particies are
defective in sanufacture ond release rodionuciides to the circuit.
Querail, these sources prequire eloborate cleonup circults in
duplicate to facilitate simultansous operation ond recharging. A
siepiified heilua purification systea Iis shosn In Figure 6.
Purified hellue Is provided at higher than rsactor operoting
pressure (o buffer regions betseen double closures to senetratlons
and pressure relief valve asseabiies. This provision oveids any
out leckage shich might aliow radicactive elements to escape.

The purification system must have capacity for recharging the
vessel as sell cs for normol operation., The latter is g relatively
ios requirement (less than 108 per hour) which, for a 1170 NU(e)
reactor, (s approxieately 0.1 kg/sec. l=puritiss In the clrcult
typically are specified not to esxceed 2 ppa each for €02, H20, end
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hydrocarbons; 5 ppe for CO; and 10 ppa for H2. The purified helius
should not exceed 0.5 ppa for the combined amounts of C0, COz, and
H20; 0.5 ppe for H2; and 0.1 ppa for hydrocarbons. In practice, the
nolecules are held to considercbly loser levels In both hefius
streass. The purification system aiso reduces radicruciides to very
fos feveis including the iong halfiife noble gases, Kr and Ke.
This Is confiread by octual experience and results in very low
radiaot ion exposure for operating personnel as shoen in Figure 7.

Chilled sirpor-type dewpoint hygrometers typically ore used to
cont inucusly eonitor molsture content in the helius circuits. Other
impurities are determined perlodically by :aking sampies for sass
spectroseter analysis. Sampling rakes are installed in the main
cooiant circuit to obtain representative analyses.

QUANTITIES OF HELIUN REQUIRED FOR HTGRs

Table 3 Jists the heliua inventoriec and iosses for several
HTGRs Inciuding the projected large prisaotic reactor. Losses have
been acceptable for the AUR (which, as an eariy reactor, has a large
nusber of wvalues in a cospiex circuit) over a long operating
history. The THTR hes only started operation, so thoss nusbers are
prelisinary. The Fort St. Urain losses are quite high because of an
incccesslble leak in the reactor core support floor, the design of
the hslium circulators, and other known leoks which are considered
uneconoalcal to repalr., Hith avaliable experience for the design
and oparation of helius systess, the estinote for losses in the
large prismatic reactor are thought to be achievable and probably
represent an overestisate. As con be noted, the requiresents for
makeup of helius losses are an order of magnitude greater than the
initial charges. This further indicates the need for effective

heliua purification systenas.

Dne deterrent to the introduction of high temperature heijum-
ccoled reactors In countries other than the United States has been
the unavailability of indigenous sources of helium. Fortunately,
the U.S. has large reserves of helium, assuming that they eill be
conserved and used properly. HWith the discovery of helium in places
other than the U.5., that concern has been someshat alleviated. It
also is necessary to look at the cost of the helium rsquireaents.
Hith heliua costing $10 per kg, the initial chargs for a 1060 NMi(e)



Table 3. Hellum Inventories, lossss, and purification rates

ach Fort Large
t

Reactor RUR  Bottom S, Uragin  THTAR Priamatic

Rated power ll(s) 15 49 330 300 1,160
Primary clircuit helium Kg 530 400 2950 0400 15,000
Ha puriflcation flow Kg/hr 20 92 440 940 1,240
Fraction purified per hr 0.04 0.23 0.i4 0.06 0.08

Hellum iosses Kg/day 2 2 200 10 <10

9]
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reactor {(or its equivelent In ssaller reactors) would be
approxincteiy $150,006, ond the totai unescalated cost for o 40-year
reactor !ifetise would be less than $1,500,000. Rithough this ie a
significant cost, it is o very smoll fraction of ths :.ial for
construction and operation of a nuclear plant. If heli.c isre not
availohle from notura! gas and eere rscs.ared fros the w.sosphers,
the cost (s estimeted to be approximately 100 times that fros
natural gas. This probably would render helium cooled reactors

econonical iy unattractive.

It ls difflcult to estimate shat cosserclal future the HTGR
moy have, but, toking an optimistic estiagte of reactors totelling
the equivolent of 100 units of 1000 NU(e) each operating for o
{ifetine of 40 yaars, the helius requir~aents eouid be appreximately

15 miilion kg. !f, according to the estiwates by Goeller:11 helius
reserves in the United Stotes are 774 miilion kgs, the heliua usage
indicated would be a small but significant froction of the knoen

reserves.

PROSPECTS FOR THE FUTURE

Projecting thz future for energy requirements has been very
difficult throughout the past decade, and estimates aade today
probably ar2 no better. However, it is anticipated that new
taseload electric generating capacity will be needed scon after the

year 2000 !f not before.12 In view of the attractive features of
the HT6R and the considerable base of experience noe avaiiable, it
seens possibie, if not probable, that the heliun-cooled reactor can
becose a significant supplier of electric poser in the United
States. The prospects in the Federal Republic of Germany seem even
better since their Industrial capablility for suppiying the reactor
|s well-establiished through the recent construction of the THTR-308.
fllso, the German industrial complex is concentrated geographically,
which facilitates transport of thermal energy; thus, the HTGA
capability for supplying high teaperature process hest is a
significant Incentive for its deveiopaent and desonstration in the
Federal Republic of Germany. Process heat applicatisn also appears
to be of relatively early interest for Japan. In the iong term, the
application of heat energy for recovery of oll from tar sands is an
attractive but not widely recognized incentive. In the meantise,
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the environmential ond operationai advantages of the HIGR in
supplying nuclear siectric ensrgy provide aerit for its application
in meny locat jons.
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