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0; 1 Gas-cooled Reactors of a Mixed

, Fuel-Moderator Type
*

r By c. c. J. oqim
l

Reactors of this type may use any of the moderators, graphite, beryllium oxide or
beryllium, and one of the coolant gases hydrogen, helium, carbon dioxide, nitrogen or other
suitable gas to be selected on the grounds of compatibility with the moderator and circuit
materials and engineering suitability. The uranium233-thorium fuel cycle is the mostsuitable because the conversion factor possible with this system is greater than with the Zlutonium urani 238 lep - um cyc . Because there is no necessity for lumping the fuel, themoderator may be used to dilute the fuel and to increase the surface available for heattransfer to the coolant. This dilution should also improve the burn-up possible before the 6fuel element suffers physical disintegration. The fuel and fertile material may be mixeduniformly with the moderator, or may be in a thin, enriched layer near the surface of theelement. The fuel elements may be rods, spheres, plates, or bricks, pierced by coolant channels.
Research will be directed towards the production of a high integrity fuel element, the solution ;;§of problems of compatibility of gas and moderator, control of fission products and reprocessingand refabricating fuel elements. It is expected that this type of reactor will have particularapplication in the power range of 5 to 5OMW.

is:

INTRODUCTION FACTORS INVOLVED
Mixed fuel-moderator reactors have been Moderators

discussed for many years, but so far none has ' 1 <1 t uld b " blbeen built. The advantages of the s stem are The “lea mo era or sho ' e lmpermea eY to ssion roduct ases, com atzble with a suit-the dutivn of the fuel with moderator to give a able coolagt gas, ind not sgsceptible to radia-
mgh heat ra‘tm.g- and the Pmspecli °f a bum‘ tion damage. It should also retain its strengthup of several times the initial fuel invwtment at high temperatures, be resistant to thermal
?§£°*€l fa‘§19'tig:t causes structural damage t° stresses, and have good nuclear properties. Ite e em .

Proposals have ranged from homogeneous Omixtures of all the fuel and all the moderator, '°°° I Ito systems in which just enough moderator is manners
mixed with on r 1

’
e ue to give an adequate heat

transfer surface. Arrangements include sys-
terns of fuel elements in the form of spheres,

varymg from homogeneous mixtures to arrange-
ments with the fuel in the form of highly enriched zones near the surface of the fuelelement. Daniels (1956) proposed a system consisting of blocks of graphite moderator containing fuel plugs and separate holes for thehelium coolant

Probably the main reasons why such reactors
have not yet been built include the fact that
the only moderator available in quantity has
been porous graphite, and this has led to a
coolant circuit contaminated by ssion pro-
ducts. The problems and safety considerations
associated with this have been suicient to
put several of such schemes on the shelf for
future reference. Another technical problem
which has appeared very formidable is that of
changing fuel elements in this type of reactor.

Unfortunately, much of the work being done
in the UK. and in the U.S. is covered by
security, and it is therefore not possible to dis- '

‘ Qcuss this type of reactor, except in very general 200 400 coo coo iooo I200 moo oeoq

ModeratortorcmrodusrecsnMu/M¢tre"o

cylinders, or plates, with the fuel distribution ' assumcdto or '/2u.r.s
l
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FIGURE l: Comparison of moderators for

.Amtmnm Atomic mu” Qommmion munch mixed fuel moderator systems on the basis Of
htabllshment. Manuscript received Match 14, 1957. thermal stress-
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should also be cheap and easy to iabricate. At room temperature the thermal conduc-

From the processing point of view, it should tivity of graphite is reduced by a factor of

be easily separated from ssion products and, 30 by neutron irradiation, but this eect is

unless very cheap, easily reconstituted. greatly reduced at 150°C (to a factor of 4) and
- -- has largely disappeared at 600°C. The thermal

I: gactihe thnieg T°der:§;)rF'g?‘pmt‘€i1beryu1€‘ conductivity of beryllia and beryllium is ap-
an ery um ea are ar rom eidea.
Graphite has many excellent high temperature nglt greéatli féecgeg min in:dia't1°n'

properties but unfortunately is not impermeable e. em‘ “Fm “C W 7 ° ery 3' “teases

to ssion product gases. Beryllia is also slightly °°ns‘der9’b1y wlth temperature‘

porous, and only beryllium oers the possibility
of complete containment of ssion products. Neumm gummyAlthough graphite has a much lower absorp-

To be resistant to thermal stress a material tion cross section (3.8 millibarns, as compared

must have any or all of the following properties: with ~ 10 mb for beryllia and beryllium)

a very low thermal expansion coemcient, a beryllium is a more efcient moderator, has a

very low elastic coemcient, an exceptionally higher scattering cross section (6b compared

high thermal conductivity. with 4.8b for graphite) and has a higher den-

Figure 1 shows that graphite has much better sity °f amms. per cubi” centimetre‘ C°nse'

thermal stress resistance than beryllia or beryl- quenum graphite systems have 3‘ much greater

lium, because graphite has a very low elastic
coeicient. 1

Graphite and beryllia exhibit very little
creep. Beryllium has some ductility at certain
temperatures, but in general all these moder-
ators must be treated as brittle materials.

Fabrication is difcult for all three materials.
Graphite is still difcult to join, and beryllia
can be fabricated only in relatively simple
shapes of sizes of the order of linear length of
10cm. Beryllium can be formed by powder
metallurgy into useful fuel coverings, but must
be regarded as a. dilcult material to work.
The toxicity of beryllia and beryllium add to
the diculties of their fabrication.

Estimates of costs are graphite £600/ton,
beryllia £20,000/ton and beryllium £80,000/ton.
One may expect the cost of beryllium and
beryllia to come down, but it is clear that these
materials must be used sparingly, and that re-
covery after processing is necessary. For-
tunately (Figure 2) the size of a beryllia or
beryllium reactor of conversion factor near 1.0

is very much smaller than Lthat of equivalent
graphite piles.

Mixtures of moderator materials may also be

considered, e.g., g1'aphite_ giving a strong struc- 7° '
ture, containing plugs of beryllia with the fuel
mixed with either moderator or in a separate
zone.

All these moderator materials should be stable
under neutron irradiation, although there is
some doubt about beryllium above 600°C. The
(n, 2n) and (n,a.) reactions produce helium
within the beryllium and may cause damage.
At lower temperatures, this does not appear

33
329

30

6° 1

40
Average ‘l'c'n_p. 60$ °C

no Con |s°], voids ,

Reflector SZ voids

____ Spherical Systems

I00

RADUSOFCORE(Cm!)
asas8553§

.I!r4

l::~.~-- i.‘
lalli

||.\,_..

nag-II_:"\!-

60 ‘
4I _

2o
no e _

Q ,

-s ~4 -s -s -3 -a -0, I-0 1-1 1-2

CONVERSION FACTOR

to be Serious Samples from the reector of lflGURE 2: Comparison of core sizes for

the United States M.'l‘.R. reactor showed no "°"°“5 '“°de'°'°"s' . . .

damage after an irradiation or - 101 nvt. fast U2§g°"°"°° *°' P°'$°"5- °-°5 " °b=°'P*'°" ""

neutrons. Because of the dependence on energy -

of the neutI.ons___(n’ an) threshold ;_, 135 Me“ Allowance for burn-up control, 0.05 x absorp-

‘ use hon In U233.

3;’ t':.)eat::1es£§Eev this evm must A——Grophite R: 4,000; graphite reflector.

Wigner eects in graphite are not expected graphite: l:l520:l7l0. Graphite reflec-

to be serious above 600°C but at the cold end

or the reactor must be allowed tor. The equiva-
lent beryllia eects are not so well known.

POWER REACTORS

B—Equol volumes BeO and graphite. U:BeO:

t .

C-—L‘l:BeO = l:2400. BeO reflector.
D—U:Be = l:3000. BeO reflector.
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physical size than beryllla or beryllium systems considerable effect on the conversion factorsof the same conversion factor. This may not Systems 01' only 6ft. in core diameterbe important for very large systems of power conversion factors of up to 1.1 or 1.2 may begreater than 200 MW, but for systems in the possible.
5'59 MW range the graphite Systems 3-1'9 in°°n' The stability of the moderator which is proveniently la.r e (F' ure 2). Th

- -
E 13 5 curve f°l’ 9' ducing helium at a rate of about 08 atom;mixed beTY11ia'81'aPhit9 system 511°“/S 9' ¢°n' helium per ssion is a matter requiring ex-siderable reduction in size from the pure pa-imen|;a1inveSt1gation_graphite system.

In addition to the greater compactness as a The most attractive fuel cycle is the U233“
. . t ' . h ‘ ‘

moderator beryllium and berylha oer the Sggmm giggle T e high '7 value and Its con
, ,_ H ,, c W1 rise in tem erature offer betteP°Ss1b1hty °f neutron enhancement by the neutrgn economy than tge Pu239-U238 cycler.(“I 2“) ee°t' Tms “°nha'n°emem”_dened as This latter cycle allows only a poor conversionthe number °f neutmns reaching thermal ener‘ factor because of the rapid increase in thegies less the munber of ssion neutrons—m-ay

- ' -
-

high 8 cent for beryllium metal ‘ proportion of non-ssion capture of plutonium
This “enhan<='=meni" is Over and above the §’é§l§mZ§m$°§§§”t§f§;m§§fv§§“le1§§§t1§fo?‘titislitg1°55“ due t° the 01'“) rea°ti°n in berym“-m‘ large natural uranium power stations plutoniumThis latter Ieactmn pmduces lithium 6' which fuel may become available to be burnt in lowhas a high cross-section and which therefore conversion factor svstemsmay be assumed to absorb one neutron for ‘ 'every lithium 6 atom produced. If this estimate ¢°0|¢IIi=

iproves correct, the neutron “enhancement” in Figure 3 shows the relative merits of C00la11t-sberyllium and beryllia systems will have a from a purely heat removal point of view.
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The best coolant from an engineering point
the operating temperatures, the relative meritsof total heat output and plant size and com-H‘ plexity, and whether the system has an isolated

bine system. Fortescue (1953) gives the rela-tive bulk of circulating equipment for a constant

‘
. Helium

H, Hydrogen . 2.64

1

1 M20 For a combined coolant-gas turbine systemthe heavier gases are preferable, because oftheir smaller bulk for a given power.
A —O Hydrogen is clearly the most eective cool-ant, but has the disadvantage of requiring veryI

‘ large circulating equipment. Argon is a poorO 59° " ‘goo ,5;-,9 coolant, and gives only a limited heat output

FIGUR
gases at
obsolute
Q=

.5 P =
1 o

P Z

from the reactor, but has advantages in the4T"X4Ts matter of turbine size over hydrogen andhelium. Carbon dioxide, with better heat re-E 3: Comparative cooling properties of moval than helium and only one-tenth of the600°C. (Note that Q is not sensitive to circulator plant size. is an excellent choicefempefqfure_) when_permitted by compatibility and corrosionheat output in MVV (heat) sq. metre of 0I‘it6I‘1a-channel x sectional orec. Nevertheless, because many projects haveAtmospheric pressure. foundered on the problems of corrosion andcoolant stability, it is probable that the nalMean pressure of coolant gas. choice will be made On stability and compati-AT = Temperature rise of gas across core. biliify 81:00-lids .1‘9'the1' than 011 heat I'BI110V8-1-AT :, Sw-fq¢;e temperature - gqg temperqfure Hehum XS clearly $118 IIlOSt 8.ttl‘8'CtiV8 f1‘0I11 thiS

X =
point of view. Its disadvantages are its avail-(hear transfer). ability, cost, and the bull: of circulatingPumping power used in core eql11Dm911t-

_ .+

5“ r "1 of view depends in a rather complex manner on

primary circuit or a single closed cycle gas tur- f

ratio of heat output/pumping power as:
Relative circulator

1 -volume (isolated Total heat QGas primary circuit) output "
1 1 _co: Carbon dioxide .13 1.39Nilrogen .11 .78 r53

‘ ‘Argon
' .033 33 1

i

»

Y

l.=.,.

"l

3

;

.1
> r

Q 1> Compatibility and stabilitydent Omput of core From information available—
Carbon dioxide appears to be satisfactoryl_Z‘.=.3‘."n£§3§¢‘éi§*°E.‘t2b1li§;mi;».“28,“€£?§'n;.‘mF“ with graphite up to 5<>0~‘<1; with beryllia toPAGE 342
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1200°C (probably no limit if dry) ; with beryllium

up to eoo~c.
'°’ " e

Hydrogen appears to be satisfactory with
graphite up to 900°C; with beryllia to l200°C “-
in absence of radiation ( obably no limit if
dry); with beryllium up top§00°C.

‘ \‘ “hm

Nitrogen appears to be satisfactory with
graphite up to 2500°C; with beryllia at least to

1000°C (probably no problem); with beryllium '°‘ if "*'°'

up to 600°C.

Air a ears to be satisfacto with graphite $2 ’ i i if
DD 1‘Y

up to 350°C; with beryllia up to 1500°C; with
beryllium up to 500°C.

Activity of coolant gases

Hydrogen, helium, carbon dioxide, oxygen

1

_.____.__i_ r .

a',,-horns

an

"ina

I
6

u illI,—eorno“Sas

do not become signicantly active.

Nitrogen has an (n,p) reaction, giving C14

with a reaction cross-section of 1."l5b for ther-
mal neutrons.

\

Argon becomes active but its activity is

short-lived (aa = 0.62b, half-life = 110

minutes). It is unlikely to be used unless the ‘O1
.

compatibility problems of the other coolants °.°| 0., ,_,')°

are insoluble and helium is unavailable.
5-,,

Oth o l s with x llent heat .

removiill giggaeftigspbzageeif their? liizh specic HGURE 4‘ C"‘°"9e °f " °f Xe °"d' 5'" Wm‘

heat, such as methane, ethane, carbon tetra- T

uoride and benzene have been proposed, but e"°"9Y-

it is probable that the above list contains the some eects, e.g. the eect of the sharp fall

likely coolants for any high temper-liure system. in the absorption cross-section of Xe and Sm,

Coolants with an appreciable crosS_sem-lion, will require special treatment. (Figure 4.)

such as nitrogen and argon, introduce a stability The resonance of plutonium at 0.3 eV can

V ' problem because the loss of coolant increases have an eect on systems burning plutonium.

t

J X

' a

4 2

:~

gr
‘-4.

Z

. ‘i
F

A ‘

l
V

\

:g‘g1‘;1£3é'aI;oigittexzgid‘;g?9£g% :2rlgegttnlttgg _The provision of sulcient control to deal

increase could be of the order of 1 per cant with all these effects and to operate these con-

‘ trols at a temperature of the order of 350"C

Burn-up control
(cold part of the reactor) through a pressure

At 50b of stable poison per ssion, 100 per Shell, P0565 B: challenging design D1‘0b1Bm-

cent. burn-up represents about 5 per cent. loss
of reactivity due to pois°ns_ Problems of on active circuit

_ . The coolant circuit may become active be-

At 3‘ ux °f 5 X 1°“ the Xe and im polsomnf cause of induced activity in the coolant itself

Causes 3’ 1°55 °f reactivity °f ."‘_b°“ 6 pier min ‘ as in the case of nitrogen or argon or by the

3'3? 1;11:1%b12llI1lIn%ir:lé?:é?'1Il%u§1;§béOn$3g?;.°;1SS
dlig; gégzgtgf ssion products from permeable fuel

be used to avoid some of the awkward mechani-

cal controls.
In the case of argon the problem is largely a

Te-~»=-<-i--e -~"<-==i
f,1?J‘€ii2s2§.S“§§§;?.sge aédti 13%‘; °§2f€fa?‘t‘i

1
the induced activity, the problems of mainten-

The — effect gives a reduction of ssion and ance and fuel changing, although djmcult and

expensive in “c001ing” time, are within the

absorption cross-sectioiis in the ratio oi 1 at bgulnds of pl-ai;1;ic€_tg1;1;y_ h‘-I-2; egect on stability

o oss of coo an a a e een mention d.

thermal (-°25eV) '50 "" at 595°C (-075 ev)- Nitrogen presents a 310136 digicult problem ge-

\/3 cause of the long-lived (half-life 5 X 10’ years)

Hence, one major diiiculty will be the prob em and toxic carbon 14 formed. The destination

°f startlng fr?!“ C015» 9_-nd 3-n°ther the shuttmg of this product in the circuit is uncertain, and

d°Wn f°1‘ 3' tlme Sumclent f°1' the temperature adequate leak control and ventilation will be

15° 1911-
necessary.

5"-ibility ,-.
A more serious problem in systems using

In general, it is expected that these reactors permeable fuel elements is the release of ssion

will have a negative temperature coeicient. products. At high temperatures many of these

Nevertheless, this is by no means certain and will certainly escape into the coolant because

more detailed work will be necessary to deter- some 40 per cent. of ssion products pass

mine this point. Many temperature eects may through a gaseous phase. Suicient work has

be measured on a zero energy assembly, but not yet been done to determine the ultimate

POWER REACTORS
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destination of these ssion products, and this Q single circuit gas c00lant—ga5 turbine sy3_ ,in itself represents a. long and dicult research tem.
task. As an example, consider only one ssion

.

product, xenon 137, which comprises 5.7 er . . J .. _cent. of the ssion product yield. Much of t‘1?liS In. en eeeee.“ 15 eeeueble ee have mgh 1""will escape from the fuel element and decay *‘=E."'=Y end. “$11 bum'“p fuel elements as 3
(3.9 minute half-life) to caesium 137 (half-lite ‘"5" 9‘ ‘ms 5*“ ‘”°“1‘1 “°‘ “’“"““t a large

33 years). There is a strong probability that eelenhe memtenenee seemthis will deposit on heater-exchangers, blowers
and ducting. In decaying to barium 137, 9, Two examples of possible reactors are:_
0.66 MeV gamma radiation is emitted. Pre- . . _liminary calculations indicate that heat ex- (1) A system eensleemg Pf eylmeneel fuel
changers, compressors, etc., will be equivalent elements made fret“ e mlxture er U Ben»to a source of the order of 10“ curies for this Th Be“ 2”?“ eenned m beryllium‘ The fuel z°n°may be either a very enriched annulus, or 9,one ssion product homogeneous mixture of the ssile and fertileIt is clear that the maintenance of equip- °°mP9“°“*S Wm“. berymum The. s°°9nd"Yment under these conditions will present for- eyele 15 e.teem' ‘Fmeh may Pveme “nth an °°n'midable problems to the engineer. It is relevant deneere 1f °.°°11“g water .15 ‘?*P@“s“"=- w- R-to note that the estimates of maintenance of WP°‘°“ (pnvete eemmumeetlerm 9‘ Bebe°ek'an active circuit of a proposed homogeneous W‘1e°x' has prepeeed e 1° MWE “mt t° matchaqueous reactor have proved unexpectedly high eueh a reeeter"(~ 4.1 mill/kWh) in a reactor specically de- . . . . .signed for such maintenance. Further the Thle example 1e very eenservetwe’ g“"¥*gadditional capital cost due to the need fer an enly %b°"‘= 1 heat per kegrem ef see“ve circuit may be seri0us_ material. Much higher outputs are possible using

higher gas pressures, smaller fuel elements and a
It should not be assumed that these costs are higher eeelem veidege fraction‘

strictly applicable to a gas-cooled system, and
a. great deal of detailed design will be necessary gy§e1?'_U ' T§‘.t' Be #'401'l?eee'
before reliable cost gures will be available. Ce1.e%°r_gre'p 1 e.°r e<'y1‘11%' h. h
Nevertheless, it should be noted that systems Y1“ e‘“h“*3°m- d"““- imla ‘E -condently expected to produce power at 6-7 Coolant? etuum °r eerben d OX1 e‘mills/kWh in 1955, are now being costed at Heat °“ P‘!_" 3° MW194 mills/kwh (Anon 1957) Coolant voidage—l7.5 per cent.

' ' ' Mass beryllium (core)--4 tonnes.
Schemes have been proposed for the con- Mess m'emum_."' 26 kg"

tinuous removal of ssion products released in- guet eiemem dmnte€_4‘5em'
to the system, but the information available eelen Prees‘%'ee_ e‘ m‘ a
does not indicate that an advanced stage has 00° ant Inlet mpere'ture_250 C‘
been reached in this research. At this stage it e°°1““‘ °“t1°t "°mP°“"t“’°_5°°"e-
is only possible to say that it is highly desirable Beryillm Srice ttempen:ture—600z:C.
to reduce ssion product activity in the coolant Bery mm een e empem “re 63° 'to a minimum either by a reduction of m0der- Thermal stress at eu'fa°e—e “Inmate stressator porosity or by scavenging techniques. at eoeec‘

Pumping power in primary circuit (say l/3 insite safety should lie mentigned in this core, 2/3 in circuit)—- 10 per cent. elec-

megacuries of activity in an unxed state. Burn-up— ( 100 per cent. probably deter-
p°ss|B|_E REAC-|-QR; AND 1-|.|E|R mined by endurance of fuel element.

APPUCATION (2) A reactor capable of supplying a gas tur-For the few large central power stations near bine must deliver gas at at least 650°C. Athe major cities of Australia, the normal possible system is a beryllia moderated and re-development or the UK. and U.S. systems burn- ected reactor or 180cm. core dlam., 15 pering near-natural uranium will have an appli- cent. voids and a heat output of 50-60 MW incation for many years. Nevertheless, Australian the form of hot helium gas at 15 atm. pressure.requirements are mostly for units in the 5-50 For a gas temperature of 650°C a beryllia sur-
MWE ranee-9» reuse for which the type of face temperature of 850-900°C will be necessary
r68-0t0r hem! dismissed 18 most Suitable. if the fuel components and channel diameters

are not to be inconveniently small. An assembly
Assuming fewbmty Pmblems are 5°1"°d» of plates with plates of the order of 1-2 cm.economic factors will decide the choice of thickness may be preferable to a rod system

cycle from: in this case.

9 Primal”? 395 °°°1“m"‘se°°nd°'1'Y seeami Larger outputs and high ratings are possible
Q primary gas coo1ant—secondary gas tur- with systems of a higher channel voldage and

bine, or a larger core cross-section.
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‘ Processing ond economy this W99 °f'1‘eB-¢5°!'-

Only a limited mention will be made here of CONCLUSION
. in — .

processing rgqpirements For process g pm Th1S paper _do_es no more than outline some
**~ th rxm of fuel and moderator 1s a

gglssggvangafgné, aid an effort Wm be made to of the possrbrhtles and problems of this type
'“’@1';>f1»1-

. . . .

- <1 r el element in which the fuel and °f _"=a°t°r- Extenslve 1!"d1aF1°11 tests Of
g p1° uce a‘ u bl h ~ 91 possible fuel element materials w1l1 be necessary

moderator are easllytsepam e by mec amc before any may be selected with condence for
f m ans b fo e - rocessing. This applies par—- . ..

auay ‘Zn rthepcase of berymum and beryma a reactor experiment. Corrosion and stability

-2*;-:<Mm

"fig th 1 f the problems will have to be eliminated or solved,
‘

moderated systems’ where e -Va ue O and fuel removal and processing will need to be
moderator makes recovery esSentla1' examined in detail before any reliable cost

Finally, the economy of processing and fuel assessment may be made_

changing depends strongly on the in-pile life
of the fuel element. The development of a high R5|:5R;N¢55
. .
integrity fuel element of high burn-up-—perhaps

§ several times the initial investment of fuel— 1§§gI*§,Lg9§1,>_,56,1?“g}gg§gg;,gf*§g§gh}9§g56_

A {§:

y is the most important factor in the future of FORTESCUE (1953). A.E.R_‘E. R./R2.
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