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Subject: SUOGESTIONS FOR A HIGH-TEMPERATURE PEBBLE PUE

Attention is directed izthis report to the possibility of building e
pile of pebbles of urenium carbide and grephite, or equiwlent materials, which
will operste at 1500 to 2000° C. The pile is cocled either by circulating helium
or boiling bismuth. The ocooling ges pesses uaniformly through the whole cross-
section of the pile, which is kept at a steady tapersture by coavection and
redisticf) COperstion et & high temperature simplifies the cooling opepation,
opens up the poseibility of separating Pu and fission products by wveporisation,
apd leads to grester thermodynamic efficiency in the operestiom of engioes. Ex-
perience geiced during the receat cperstiomn of a gas-heated pebble-bed furnace
blowing 2000 cu. ft. of air per minute for niirogen-fixzation, warrants the
expsctation thet there are no seriocus prectical difficulties in the operstiocm of
such & pile at 2000° C,

Tentetive Description of Pebble Pile

100 tcns of U, ococupying 4.9 x 106 oe is disposed throughout the pile
at regular intervals as 2-inch spheres of U carbide.

Graphite spheres or pebbles, 2 inches io diameter, make uWp the rest of
the pile. The wvolume of grephite spheres is 4.9 x 108 co, which is 100 times the
volume of the U,

The total volume of the spheres 48 4.95 x 10% oe.

The total volume of the pile is 9.9 x 107 ce, or pearly 36,000 ou. f%.,
sssuming 50% voids, and not allowing for close pecking.

The pebble pile may be considered as a cylinder of the following dimensiocms :

Height - 36 foet

Dieme ter 36 feet
Cross-section 1018 »q. ft.
Volums %.WO ou, %,
Feight of U 100 toms
Weight of grephite 560 toms

These are tentative dimensions, asemed in order % permit caloulstions om
ccoling. The exaet dimsnsions can be determined cnly after eareful saloulaticms
iovolving the influence om k of the woids and the high temperature. It is 1ikely
that the pile may have t0 be much larger; perbaps »0 large as %0 render the high-
tempersture pebble-pile imprectical unless it is mede with eardshed U.




Helium gas ia blown Shrough the pile, which consists of a lettice
of U cerbide spheres and grephite spheres, every fourth or fifth sphere in
eaclL direction being U carbide. The heat from the U carbide spheres is spread
throughout the whole pile by rediation, conwestion and conduction and is re-
moved by the stream of helium which enters the pile at 100° and lesves at
2000° as showa in Fig. 1. The cross-section for cooling with helium is the
cross-sectiou of the whole pile, whereas in other piles containing sclid rode
of U in solid grephite blocks, the cocling gas must be passed only alofg Darrow
peths udjeceat to the surface of the U rods. at high temperstures (2000° )

‘ ‘vansfer of hest oy redistics is lgportint cad it tends %o keep the whole
le st a uniform temperature, 'hus Tiniawing Lo overbeating of the center
the pile. There will, how " ., .- « vertigel tesgpersture fent -

w the fiov of eclder belium. The oxect Quantities and arrensement of U wod

et e -4 GGFe sTe tentative., They cel be rodified extenuively vhea

culeculations of *k* are mede.

The pile is cocled by circulating helium et the rste of 300,000 cu.
ft. per minute. The helium lesves the bottom of the pile st 2000° C, in passed
through a ' ater-coaled boller at 100° C, and returms through blovers %o the top
of the furnece. The heet capacity of helium i1s 6.7 cal/cu £4/°C. Thus, the
boat removed Ly the circuleting helium is:

3.0 x 109 x 6.3 x (2000° - 100°) * 3.6 x 107 cal/min = 250,000 KW.

The rete of flow through the 1018 eg. ft. of pile 1a:

3.C x 105/1:18 * approximetely 300 ou fe/min/sq ft of pile.

The sstimated pressure drop for bhelium blowm through s 36 ft. bed
of 2* spheres at 2000° C at a rete of 300 su. ft. per minute per sq. ft. is
sbout j lbs. per sq. in. In these calculations the pressure drop mey be con-
sidered to be spproxizstely the same a8 thet of asir &t rocm tempe reture,
becsuse the absclute tempersture is nearly eight times as much, but the -
density of belium is only coe-seventh thet of eir. (If it is found desirsble
for the proper funetiomin_ of the pile to use 1* spheres, the pressure drop
through the pile will be more than doubled).

The powsr required for blowing gas agaiost a 3-1b. pressure drop is
spproximetely 15 K¥ per 1000 eou. ft. per minute, and the power neoesssary to cool
the pile is then

3 2 10°/1000 x 15 ® 4,500 KV.

The initial cost of blowers capeble of opersting against a j-1b.
preseure drop is about $0.6 per cu. ft. per minute. Single blowers wp to
10C,C0C cu. ft. per minute are availsbls a¢ stendard squipment. The delivery
time oo blowers is much quicker then it 'as & y-ar or two ago The 1.itial
cost of blowers for ocoocling the pile would be sbout 300,000 x $0.6 or $1 000
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It would be difficult to obtain U carbide in perfect spheres, but
lumps or irreguler chusks can be used equally well ia & pebble bed for effi-
cisat cocling #f high temperstures. If the neutrom reguirements are 100 ub~
favorsble for U carbide, it would be possible to wse molten U in crueibles of
mhu')om“podod ‘otl.nllhzno. 1f necessary to use solid
U spheres, the pile sould be opereted at 900° C imstesd of 20009, but the ocoet
of scoling would be grester and the several sdvantages of high tempersture
would be loet.

Sooling wASh Yeporizias Mismmth at JA50° C

The heet of waporisation of 8 liquid provides sn excellent mesns for
scoling. Metals will withetand the high temperatures and the redicectivity
without decomposition, and bissuth appears %o be the best on scocunt of its low
absorption of asutrome. Dr. Lec Seilard has givem careful sttentiom to piles
oooled with liquid bissmth. It is proposed t0 set wp reflux condemsers above
the pebbid pile, and dripy the condensed ligquid bissuth down into the pile where
it will veporise and keep the pile »t the boiling poinmt of bissuth, which is L450°.
A diagrem is given in Tig. 2.

The liquid doss not have t0 bathe the whole surfece of sll the U
spheres, since the whole interior of the pile will be meinteined at a fairly
scnstant tempersture by redistion and by Surtuleamt biamuth wapor. It mey be
Decessary %o set small wvertical graphite tubes ia the pile below the ocondensers
and extend them to different deptihe s0 that the ligquid bissuth will be discharged
more uniformly Shroughout the pils.

T™he bheat of waporisation of bismuth is 47,800 ecal/mol. stomioc
weight i 209. To remove heat equivalent to 250,000 KX or 3.6 x 107 cal/mim
requires the evaporation of

209 x 3.6 x 20%5.78 x 10. 5 1.57x 107 g Bi/min = 17.) tons Bi/min.

T™e bissuth vepor conteined in 18,000 ou. ft. of void speces at
LUS50° C weighs 0.8 som. In sddition there will be & considersble smouat of
ligquid bismuth dripping dowm cver the spheres or in the channels.

There are 216 spheres per cu. ft., essch with an area of 0.09 sq. f%t.
and ip the total pile there are 7,770,000 spheres, with a total surfsce of
699,000 #q. ft. The meoessary "bold up* of liquid bissuth in the pebble bed
pile is very uncertsin. Asssuming & complete Surn-over of the sveporsted metal
every 10 seconds, there will bp 3 tons of Bi in the pile ot all times. The cost
of J tome of bismuth is sbout $8000. No bDlowers would be required, exocept for
a amall pump to circulste tothe top of the pile any liguid bismuth which falls
below the bottam of the pile,

Because the beet trensfer from condens ing Dismuth to the condenser
is wery efficient, the pile could probably b e opersted st much higher heat
lewals, 500,000 or 1 million KW, - limited only by the quantity of bismuth
which can be allowed in the pile end the effectivensss of the condensers.
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If the pile 1s cpereted without s ttempting to recover the ower,
air condensers could be substituted for mpter condensers. The top of the
pile would then be cccupied by meny tall chimmey-condensers of irom pipe
lined with grephite tubes, arcund which a strong curreant of air is blowm.

Scatrel fode

Feter-ocoled iron pipes ocontaining cedmium rods a8 cores can be
lowared into graphite cylinders (not shown in Pige. 1 and 2) which are paciked
vertically in the piles. In the helium-cocled pile the graphite tubes are
closed at the bottom to prevent ghort-circuiting of the gas; in the bismuth-
scoled piles the grephite tubes are open at the bottam %0 permit dreinage of
the Jiquid bismuth. Weter-ccoled irom pipes have been uwsed in the megnesia
pedble bed furnace which hes been opersted for msny moaths at the University
of Wisconsih. There was no difficulty in heving » water-ococled iron pipe
surrounded by a mass of pebules as 21009 C.

For simpler control rods it may be possible to use werticsl irocm
tubes of large diametér filled with boiling water snd provided with weter-
ocoled reflux condensers at the top of the furnmece.

Wwtals, such as sodium, oould be dropped into the pile to reduce
k 1o case of an emergency. In sn sxtreme smsrgency, ordinary sster oould be
sprayed ihto the furnace from safety sprinklers at the top. The peutron con-
csntration and the tempereture would be reduced immed iately. The hot ursnium
might suffer demage, but wgerimsats on the megneeis pebble beds at 2100°
sbhowed thet there is 00 seriouws explosion hasard from the steam.

Leovsx

The high temperature of the circulating helium or the condens ing
blamuth permit exocellent hcat trensfer and efficient cperstion of s boiler
for power purposes. The megligible distence between pile and boiler minimises
beat loss aad comstruction oet. The fact thet the boiler is eatirel)y cuteide
e plle makes possible the use of ordinary water, irom, snd other stendard
materials.

The best of the pile can be liberated Just o well ot 2000° e at
200° snd the possible thermodynemic efficiency is them wery much grester. In
order o utilise this high efficiensy (1900/2273) if the lowest Sempersture
is 1009) 14 would be necessary 1o use gas sagines or turbines. The develop-
mtaru*mmmmn—m-mumhnunonhm-
tempervinre gases cbteined by the ccmbustion of fusl scmteis oxygea which
rescis chemically with the msterials of sonstruetion whieh are espeble of _
withetanding high temperstures, RMowever, helium or bDissmth permit the use of
& turbtise mede of tantalum, tungeten or ¢ material shich reteize its
m.muu‘wmummautmmm
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Bemovel of Fisslion Products

At temperstures sbow two-thirds of the melting point, the dif-
fusion of meverisl 1o @ crystal lattice 1s reascrably repid. 1t seems likaly
that fissice product slemesnts produced in U carbide st 2000° would diffuse to
the surfsoe of the spheres in & few hours., Some of these fissiocn product ale-
ments such a8 I, Br, Yo, Kr, To, would volestilise cut and be condensed in
the boiler wubes where they ocould be dissclved daily. In thir way at least
part of the chain poisoming by fissiom product slements woijld be eliminated,
thus preventing the decrease of k. Moreover, the intense redicsctivity would
a0t be socumulaeted at the end of the J-month period which is planned for the
¥ pile, because the radicectivity would be removed to a safe distance at fre-
quent interwvals, thereby simplifying shielding problems during recovery. With
the spormous volume of helium sweeping through the pile, s considersble smount
of meterial would be ewporated, evem if the wapor pressure is very low, PFor
example, if the vapor pressure of a2 substance in the piles 18 only one-millionth
of a millimeter at 2000° C, the volume of gas swept by is so gresat that a grem
mole will be waporised every day.

To assist in the removal of fission products, Dr. James Franck has
suggeeted the use of slectrostatic precipitation. There is iotense ionizatiom
in the gae but helium with its high icanisation potential will contribute but
fow ione and the fission product elements and other impurities in the helium
will carry the ourreant and be deposited om the charged weter-occled pleates from
which they can be dissclved at intervels and collected.

Bamevel of Produst

After operstion of the pile for a sufficient length of time, the
furnsce is occled down by inserting the occntrol rods and the pile is dumped
through water-eccled doores into a dissclving pit et & lower level. By making
the U carbide lumps slightly smaller then the grephite spheres, they can be
sifted cut from the grephite a8 the material pesses along an inclioed trough,
The U carbide is dissclved in scid and the Pu is separated by the » tandard
chamical methods now i wse. The yrephite spheres ocan be carried to the top of
the furnece by & ccaveysr opersted by remote control amd dumped into s new
pile, the fresh lumps of U carbide being dropped in by remote coutiol &t
proper positions and at suitable depths while the pile 1s bDeing filled,

I% mey be possible %o distil the product ocut of the pile during

the gperstion of She pile. This procedure would meke it uanecessary to dis-
meatle the pile every three monthe, perticularly if scme of the fissice
produsts could be removed also by distillation fromthe pile. Experiments
here indicate thet U carbids does not distil appreciably out of s grephite
erucible at Mgh temperetures. Meports from Site Y suggest that pure Pu
metal san be wporised from Pu cardtdde at high temperstures. Above certais
tomy eretures then, Mu, which is formed in the erystal lattioce of U carbide,
might diffuse %0 the surface, be ewvaporested in the streem of belium and con-
Getsed out o e Wmiter-ecoled surfaces or 1a an sleetrostatie precipitator,
It oculd be disecived from these surfaces when necessary by injecting & suiteble
solwveat through mter-eccled pipes without shutting dowm the pile. If the dis-
sosiation of the carbides and the volatility are not sufficiently different in
the sase of U amd Fu %0 offeet o complete separstion, they may be sufficieant,
:ur:::: mun.mmmmmwnuumamhm

r plies” or they can be separsted chamical thod
Weing pounds of material instesd of tome. nfadiaky—— .
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It may be possible to separcte the volatile redicestive fission
products from the Fu by distilling out the former et & lower lempersture
and then reising the tempersture to distil out the PFu, or Fu mixzed with U.

e of the preseat 4ifficultiss with the ultimate use of the product
lies in the presence of about three perosat of 40-10 produced by subsequent
absorption of msutrons by Pu. If it 18 possible t© distil Pu out of the pile
within an bour or so of the time of its formatioh, pure 49 could thea be ob-
tained, free from 40-10. If necessary %o scoslerste the remowvel of Pu from
the pile, the U carbide may be used in the form of thin disce instesd of
spheres, sc that the difTusion distance t0 the surfece is reduced. The pro-
duction of pure 49 in this way seems Quite possible.

Adternetive Iiles

Beryllium exide is a suiteble moderstor and it is & solid up to
2400° C. If @ pile is mede with pebbles of U oxide mixed with pebbles of
beryllium oxide it is then possible to ccol with air. Reeirculstion and oool-
ing will not be mecessary then Af the redicective fission products are removed,

It should be emphasized that in a pebble pile it is Dot necessary
t0o have perfect spheres; lumpes or irregular chunks are sntirely satis{actory.
No machine work is necessary. Lumpe of U oxide snd beryllium cxide can be used
directly without reduction to the metal.

A% 8 oooling ges hydrogen would be much better than belium, but its
probable resction with grsphite reanders it inprectical. Carbon mopoxide miglt
be used, bDut its higher molecular weight would iporesse pumping coets,

Pessible Riflicultien

The bigh temperature of 1AS0 %o 2000° C may seriocusly affect k.
HBowever, there may be advantages as well & dissdventages in these high tem-
perstures .

The void speces may require & larger inerease in sise than hes been
allowed for in the caloulations given here in order to giw a largs wlue of
k, and the woid structure may require an exeessive width of reflecting meterial.
It should be emphasised that there are oo structurel msterials within the pile,
B0 iroa, alumioum tubes nor miter. The sliminetion of these features will partly
of feet a poseible decrease in k due to high tempersture and voids.

The beavier U carbide spheres may settle smong the lighter grephite
spheres, thus spoiling the lsttice arrengsment. Experiense with magnesia
pebbles of different sizes at 2100° C suggests that this is wmlikely. If
pecessary, graphite rods cen be used to preserve the lattice; or the U carbide
cao be in the form of large disks with protruding rods of U carbide or graph.te
t© act a8 anchore,

The blowers may became too radicactive for repeir and upkeep. Stend-
are blowers are available which rua for years without repair. MWet of the
volatilised rediceetive meterial will be drposited on the weter-¢ooled surfeces,
but Af necessary s large chambé. pecked with pebbles to give a large surface
could be interpcsed bDetwesn the boiler and the blower. The electrosiatic pre=-
cipitator mey prevent the circulatiom of rgjicective fission products,

E
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™s wmter boller may 0ot be adeguate %0 lower the Sempers ture of
the circulating mlium t© & point vhare it can be safely fed into the blowers.
Supplemsntary mter scolers can be introduced beyomd the boller. If necessary,
the Wars g San Do sooled ia pebble Deds which have & high heat capecity amd
wry offecsive wat exshangs vith & ges flowing through them. A peir of pebble
beds 18 used;; one is eccled by blowing Shrough aiy whils the other is in use
ia the stream of wum gae.

T™e U carbide in 2° spheres may sttain s temperature shich is oo
far sbove that of the surrounding grephite spheres. This situation 1s wal ikaly
ot theee Righ temperetures vhere the tramsfer of heet Wy redistion is lerge;
it Af necessary the U carbide lumps may be made smaller or the shape may be
changed to giw a Matter thisner lump with quicker bheat conduction from the
center.

Leakage of sir might lead o oxidation or nitridationa of the U car-
bide, ut the welded ircn emclosure will be tight. The belium will be kept ot
a pressure slightly sbove atmospherice. The lerge excess of graphite will resct
with any cxygea whieh might get in.

In the bodling biamuth pile the whole pile is enclosed in iron and
the air originally present is swept out with elimm or serbos dioxide.

The bold-wp of liguid bissuth on the surfeace of the spheres may be
80 great a8 0 seuse & large sheorptiom of ssutroms. This question cen be

answered by simple laborstory sxperimesats.

Eredyetion of 23

Surrounding the pile is an enclosure of grephite bricks and then
sbout two feet of ilosulasting meterial such ss powdered grephite, gramulsted
ocke or magnesium cxide of sise & mesh %0 dust. By wing thorium oxide for
the iosulating meterial surrcunding the pile, 1% would be possible %0 oblein
produstion of 29 in quantity. The 25 ecan be extrected from the thorium oxide
when the pile 1is shut down, or the thorium oxide cen be drewn off at the bottom
st fregquent intervals during operstion of the pile and repleced by fresh
thorium oxide added at the top.

Thorium or thorium carbide ocould be pleced within the pile itself st
frequent ioterwvals if the k is sufficieatly large. These pieces of thorium cea
be recovered when the furnsce is dumped, if they are mede somewhat smaller than
the U carbide spheres and soreensd ocut in the chute, '

T™he present piles at X and ¥, already constructed, can not now be
used for she productiom of 237 fram thoria. It would be easy, however, to pro-
duce 297 arcubd a new pebble pile such a8 the cme described here. There are mo
cqpplications ia the form of pipes protruding from the sides, #s0 that it'will
be & simple matter to pack thoris and grephite sround the pile. There are
seve al resscns WAy it would be advantageous t© build & pile which can be used
for the produetion of 9.




MOC-FD-8
Page Light

The following research problems are suggested;

I. Calouletions of k.
11. Experinents et high tesperstures uwsing s induction furnece,

1. Relative wolatility of Pu and U from s synthetic semple
of U carbide containing smsll amoumts of Pu,

2. Volstility of Pu from U carbide exposed i a pile

3. Volatility of fission product elepsats from U carbide
exposed in a pile,

L. Eleotrostatic precipitetion of Pu and fission produect
slomsnte eveporated in & stresm f belium from U
sartide sxposed in a pile.

5. Distribution of temperature (by rediation) ia a
lattice of spheres in which some are hested botter then
others by induction.

6. Possible intersction betwesa U carbide and graphite,

11J. Experiments with a pilot plamt Turnece (1 ft. by 6 ft, n?)
in which U carbdide and grephite spheres are heated to c
with ciroulsting bhelium passing through as electric are betwesa
grephite slectrodes,

1. sasuremsnt of pressure 4drop through the bhot furnsee

2. Efficienay of heat tranafer % & water Wiler at che end
of the furnsoce

3. Data on the csccling efficienay of liguid bissmth, the hold-
wp of ligquid bissmth on the spheres and the afficieney of
bheat trensfer to the boiler,

§. Possible settling of U carbide spheres.

I. Experisaee geined in the operstion of gas-heated pebble beds of
nagrnesis give confidenee that there are oo sericws mngineering difficulties in-
volved in the operaticn of a pebble pile at 2000° g,

1i. The sdvantages of high- tempersture pebble piles are:

1. Staplificetion and reduction in the ccet of ecoling,

2. Dniformity of temperature through ineressed isportanee of
thermal redistion at high temperstures,

3. Inervesed tiermcdynamie efficiensy for powsr purposes if
a Surbine is wsed; inervased boliler effisiesey if &
steam sngine is used,

. Elimination of water scoling, tanning, and corrosiom,

Elimination of the Wigner «ffeet in which snergy is
stored ia a rigid grephite lattise,

Fliminstion of mschining and precision work ia the
soms trustion of the pile, :

Blimimmtion of complicated pipe structure at the sides
of the pile, therely permitting sisple water shisld-
ing against meutrons and simpltfying the production
of 23 from thoria,

Elimisstion of scoling pipes and foreign meterial from the
interior of the pile, thas awiding & decresse in k,
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111. There may be sdditional sdvantages from the contipuous diffusion
to the surfece abd evaporation of scme of the fission product
slements, including the following:

1. Removal of scme chain poisoms, thus tending to maintain
the full walue of k.

2. Reduction in recicsctive rediation from the pile,

3. Reductioa in redicective redistion from the product
during the chemical operstiions of recovery.

Iv. There is @ possibility that Pu may be distilled out of tae pile
scatizwously and collected, with the following sdvantages,
1. lomg operation of the pile before sbutting dosn for the
umotmuthum-pnm.
2. Recowery of the Pu ia small batohes of distilled product
instesd of cne large bateh. e hendling of pounds
instesd of tons reduces the sise of eguipment and the

tron bomberdment &8 SCOD &8
1t is formed before there is an opportunity to build
w the obgecticmable §0-10 isotope.
. If scme U i» distilled out with Pu, the mixed product
can be used for spnriched piles” without further puri-
fication if the Tiseion products can be distilled cut
dt a lower temperature or precipitated electrostatically.

Y. By uwsing thorium oxide for sn insulsting lining around the pile,
it is possibles %o obtaia cons idersble quantities of 23.

Yi. A M;h-wm‘n pebble pile permite the producsion of Pu and
the production of power at the same time.

v1l. Laboratory Sests oould be made o8

1. Tempersture distribution 1ia & bed of U pebbles sur-
rounded by pebbles of pocneonductores hested in an
induction furneoce,

2. GCooling by helium of hot pebbles of U carbide and
grapoits.

3. Effectivensss of heat tressfer of helium aad bismu th

to water-cocled boiler tubes,

A. Diffusion and volatility of fissiom produets and Pu in
U carbide at 1450° and st 2000°. -

5. Kestro-tatie precipitation of fissice products
volatilised at high temperstures

6. Ooolimg efficiency and hold-up with boiling bissmuth.

viil. If caloulations should show thet the walue of k is satiafasctory,
1t wouid be passible %o build pile i a short period of time,
becsuse no special mechinery and o preci-ion work oo the ecr
struetion of the pile would be aeedsd




Pperating dets and heat losses from the magnesis pebble bed furansce

apereted st 21007 C will be made availsble to the project if there
is an interest in them,

If the high tamperature and the void spaces should lead to the requiremsnt

of imprectically large quantities of U and grephite, the high-temperature

pobble pile desoribed bhere may still find post-war applicetion ia eari
piles for the ganerstioa of power,

0 db=-17

Farrington Daniels,
V' Associate Director,
L L Chemistry Division
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