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Subject: SUGGESTIONS FOR A HIGH-TEMPERATURE PEBBLE PIIE

Attention is directed inthis report to the possibility of building e
pile of pebblcs of uranium cerbide end grephite, or equivelent materisls, which
will operate et 1500 to 2000° C. The pile is cooled either by circuleting helium
or boiling bistmth. The cooling gas passes uniformly through the whole cross-
section of the pile, hich is kept at a steedy termpersture by convection and
radiation. (peretion &at a high tempersture simplifies the cooling opepation,
opens up the possibility of sepereting Pu and {ission products by wvaporization,
end leede to greater ihermodynemic efficiency in the operation of engines, Ex-
perience gaiced during the recent cperetion of a sas-heated pebble~bed furnace
blowing 2000 cu, Tt. of eir per minuite for niltrogen-fixation, warrants the
expectation thet there are no serious practical difficulties in the operation of
such a pile at 2000° C,

Tentetive Description of Pebble Pile

100 tons of U, occupying 4.9 x 106 ce is disposed throughout the pile
at rogular intervels azs 2-inch spheres of U carbide,

Graphite spheres or pebbles, 2 inchee in diameter, make up the rest of
the pile. The volume ol grephite spheres is 4.9 x 108 ce, which is 100 times the
volume of the U,

The total volume of the spheres is 4,995 x 108 ce,

The %otal volume of the pile is 9,9 x 107 cc, or nearly 36,000 cu. ft.,
asguming 50% voids, and not aellowing for close packing.

Th= pebble pile mey be considered as a cylinder of the following dimsnsions:

A3

Height -= 36 feet
Diameter = 36 feet
Cross-section -= 1018 sq. ft.
Volume -= 36,000 cu. ft.
Weight of U == 100 tons

Weight of graphite -- §60 tons

These are tentative dimensions, ass'uned in order to permit calculetions on
cooling. The exect dimensions can be determined only after careful calculations
involving the influence on k of the voids ani the high temperature., It is likely
that the pile may have to be much lerger; perhaps so large as to render the high-
temperuture pebble=-pile impracticel unless it is msde with enriched U.
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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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Page Two

Helium gas is blown through the pile, which consists of & laitice
of U carbide spheres and graphite spheres, every fourth or fifth sphere in
eacl direction being U cerbide., The heat from the U carbide spheres is spread
throughout the whole pile by radietion, convection and conduction and is re-
moved by the stream of helium which enters the pile at 100° and lesves at
2000° as shown in Fig. 1. The cross-section for cooling with helium is the
cross=section of the whole pile; whereas in other piles containing sclid rods
of U in solid graphite blocks, the cooling gas must be passed only along narrow
paths sdjecent to the surface of the U rods. At high temperetures (2000° C)
+~ *‘rangfer of heat by radistion is importcocnt zxd it tendc to keep the whole
o 'le at a upiform temperature, thus winimiwing the overheating of the center
c. the pile. There will, how.v:ix, .2 u verticel temperature gredient on-
to the ficu of cclder holium, The oxect quentities and arrengement of U cud

oo it LoLnt S u.d uere sre tentative., They cen he nodified extensively vhen

[ L A

colcalations of *k* are mede,

Cooling with Helium at 2000° C

The pile is cocled by circulating helium at the rate of 30C,000 cu.
ft. per minute. The helium leaves the bottom of the pile at 2000° C, i3 pessed
through a vater-cooled boiler at 100° C, and returns through blowers to the top
of the furnece, The hest cepacity of helium is 6.3 cal/cu f£t/°C. Thus, the
heat removed by the circulsting helium is:

3.0 x 102 x 6.3 x (2000° - 100°) = 3.6 x 107 cal/min & 250,000 KW.
The rate of flow through the 1018 sg. ft. of pile is:
3.0 x 105/1018 S gpproximately 300 cu ft/min/sq ft of pile.

The estimated pressure drcp for helium blown through a 36 ft. bed
of 2% spheres at 2000° C at a rate of 300 cu. ft. per minute per sq. ft. is
about 3 lbs. per sq. in. In these celculations the pressure drop mey be con-
sidered to be epproximetely the samec as that of eir et room tempereture,
because the absclute temperature is nearly eight times as much, but the gas
density of helium is only cne-seventh that of eir. (If it is found desireble
for the proper functionin; of the pile to use 1* spheres, the pressure drop
through the pile will be more than doubled).

The power required for blowing ges against a 3-lb. pressure drop is
approximately 15 KW per 1000 cu. f{¢. per minute, and the power necessary to cool
the pile is then

3 x 105/1000 x 15 2 4,500 KW,

The initial cost of blowers capable of operating ageinst a 3-1b.,
pressure drop is about $0.6 per cu. ft. per minute. Single blowers up to
106C,C0C cu. ft. per minute are available as stendard equipment. The delivery

time on blowers is much quicker then it vias & yecar or two ago. The initial
cost of blowers for cooling the pile would be about 300,000 x $0,6 or $18¢.,000.
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It would be difficult to obtain U carbide in perfect spheres, but
lumps or irregular chunks can be used equelly well in a pebble bed for effi-
cient cooling at high temperatures. If the neutron requirements sare too un-
favoreble for U carbide, it would be possible to use molten U in crucibles of
grephite or Be oxide packed into the pebdble pile.: If necessary to use solid
U spheres, the pile could be opereted at 900° C instead of 2000°, but the cost
of cooling would be greater and the several advantages of high temperature
would be lost.

Cooling with Veporizing pismuth at 1450° ¢

The heat of vaporization of a liquid provides an excellent means for
cooling. Metals will withstand the high temperatures and the rediocactivity
without decomposition, end bismth eppears to be the best on account of its low
absorption of neutrons. Dr. leo Szilard has given cereful attention to piles
cooled with liquid bismth. It is proposed to set up reflux condensers above
the pebblé pile, and drip the condensed liquid bismuth down into the pile where
it will veporize and keep the pile &t the boiling point of bismuth, which is 1450°.
A diegrem is given in Fig. 2.

The liquid does not have to bathe the whole surfaece of all the U
spheres, since the whole interior of the pile will be mainteined at a fairly
constant temperature by radiation and by turbulent bismuth vepor. It mey be
necessary to set small vertical grephite tubes in the pile below the condensers
and extend them to different depths so that the liquid bismuth will be discharged
more uniformly throughout the pile.

The heat of vaporization of bismth is 47,800 cal/mol. The atomic
weight is 209. To remove heat equivelent to 250,000 K& or 3.6 x 107 cal/mim
requires the evaporation of

209 x 3.6 x 109/4.78 x 104 = 1.57 x lo7 g Bi/min = 17.3 tons Bi/min.

The bismuth vepor conteined in 18,000 cu. ft. of void spaces at
14500 C weighs 0.8 ton. 1In addition there will be a considerable amount of
liquid bismuth dripping down over the spheres or in the channels.

There are 216 spheres per cu. ft., each with en area of 0.09 sq. ft.
and in the total pile there are 7,770,000 spheres, with a total surface of
699,000 sq. ft. The necessary *hold up* of liquid bismuth in the pebble bed
pile is very uncertain. Assuming e complete turn~over of the evaporated metal
every 10 seconds, there will be 3 tons of Bi in the pile at &ll times. The cost
of 3 tons of bismuth is about $8000. No blowers would be required, except for
a amall pump to circulete tothe top of the pile any liquid bismuth which falls
below the bottom of the pile,

Becesuse the heat transfer from condensing bismuth to the condenser
is very efficient, the pile could probably b e operated at mach higher heat
levels, 500,000 or 1 million XKW, ~ limited only by the guantity of bismuth
which can be allowed in the pile and the effectiveness of the condensers.

2E
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If the pile is operated without & ttempiing to recover the jovwer,
air condensers could be substituted for water condansers. The top of the
pile would then be occupied by meny tall chimney-condensers of iron pipe
lined with graphite tubes, eround which a strong curreat of air is blown.
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Control Rods

Water-cooled iron pipes conteining cedmium rods es cores can be
lowered into graphite cylinders (mot shown in Figs. 1 and 2) which are packed
vertically in the piles. In the helium-cooled pile the graphite tubes are
closed at the bottom to prevent short-circuiting of the ges; in the bismuth-
cooled piles the grephite tubes ere open at the bottom to permit drainage of
the Jiquid bismuth.. Waeter-cooled iron pipes heve been used in the megnesia
pebble bed furnace which has been operated for many months at the University
of Wisconsih. There was no difficulty in heving s water-cooled iron pipe
surrounded by a mess of pebbles at 2100° C,

For simpler control rods it m=y be possible to use verticel iron
tubes of large diemeter filled with boiling water and provided with water-
cooled reflux condensers at the top of the furnace,

Metals, such as sodium, could be dropped into the pile to reduce
k ip case of an emergsncy. In an extreme emergency, ordinary water could be
sprayed into the furnace from safety sprinklers at the top. The neutron con-
centration and the tempereture would be reduced immediately. The hot ursnium
might suffer damege, but experiments on the magnesia pebble beds at 2100°
showed that there is no serious explosion hezard from the steam,

gower

The high temperature of the circulating helium or the condensing
bismuth permit excellent hecat transfer apd efficient operation of a boiler
for power purposes. The negligible distence between pile and boiler minimizes
heat loss a&nd construction cost. The fact thet the boiler is entirely outaide
the pile makes possible the use of ordinary water, iron, and other stendard
materials,

The heat of the pile can be liberated just &8s well at 2000° es at
200° and the possible thermodynemic efficiency is them very much greater. In
order to utilize this high efficiency (1900/2273) if the lowest tempereture
is 100°) it would be necessary to use gas engines or turbines. The develop-
ment of high-temperature turbines hes been hampered by the fact that all high-
temperpture geses obtained by the combustion of fuel contain oxygen which
reacts chemically with the meterials of construction which are cepable of
withstending high temperatures, However, helium or bismuth permit the use of
a turbine mede of tantelum, tungsten or other material which retains its
mechanical strength at high temperatures in the ebsence of nitrogen and oxygen.

D . -
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Removal of Fission Products

At temperatures above two-thirds of the melting point, the dif-
fusion of meieriel in a crystel lattice 1s reasonably repid. It seems likely
that fission product elements produced in U carbide at 2000° would diffuse to
the surface of the spheres in a few hours. Some of these fission product ele-
ments such as I, Br, Xe, Kr, Te, would volstilize out and be condensed in
the boiler tubes where they could be dissolved daily. In this way at leest
part of the chain poisoning by fission product elements would be eliminated,
thus preventing the decreese of k., MNoreover, the intense radiocactivity would
not be eccumulated at the end of the 3-month period which is planned for the
W pile, beceuse the radioactivity would be removed to a safe distance at fre-
quent intervels, thereby simplifying shielding problems during recovery. With
the enormous volume of helium sweeping through the pile, a considerable emocunt
of materiel would be eveporated, even if the vapor pressure is very low, For
example, if the vapor pressure of a substence in the piles is only one-millionth
of a millimeter at 2000° C, the volume of gas swept by is so great thet a’gram
mole will be vaporized every day..

To assist in the removal of fission products, Dr. James Franck has
sugxested the use of electrostatic precipitetion. There is intense ionization
in the gas but helium with its high ionization potentiel will contribute but
few ions end the fission product elements esnd other impurities in the helium
will carry the current and be deposited on the cherged water-cooled plates from
which they can be dissolved at intervals and collected.

Removal of Product

After operetion of the pile for & sufficient length of time, the
furnace is cooled down by inserting the control rods and the pile is dumped
through water-cooled doors into a dissolving pit et a lower level. By meking
the U cerbide lumps slightly amaller than the graphite spheres, they can be
sifted out from the grephite as the materiel passes slong an inclined trough.
The U cerbide is dissolved in acid and the Pu is separated by the standard
chemicel methods now in use. The grephite spheres cen be carried to the top of
the furnace by a conveyer operated by remote control and dumped into e new
pile, the fresh lumps of U carbide being dropped in by remote coutrocl at th~
proper positions and at suitable depths while the pile is being filled.

It may be possible to distil the product cut of the pile during
the operation of the pile. This procedure would make it unnecessary to dis-
mantle the pile every three months, particularly if scme of the fission
products could be removed also by distilletion fromthe pile. Experiments
here indicate that U carbide does not distil appreciably out of a graphite
crucible at high temperatures. Reports fram Site Y suggest that pure Pu
metal can be vaporized from Pu cerbide at high temperetures. Above certain
temperatures then, Pu, which is formed in the crystal lattice of U carbide,
might diffuse to the surface, be evaporeted in the streem of helium and con-
densed out on the water-cooled surfaces or in en electrostatic precipitator,
It could be dissolved from these surfaces when necessary by injecting a suiteble
solvent through water-cooled pipes without shutting down the pile. If the dise-
sociation of the carbides and the volatility are not sufficiently different in
the case of U and Pu to effect a complete separation, they may be sufficient,
nevertheless, to give a more concentrated mixture of Pu in U which can be used
for “enriched piles*;or they can be separated chemically by the sendard method,

using pounds of material instead of tons.
KE S
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It mey be possible to sepsrate the volatile radiocactive fission
products from the Pu by distilling out the former at & lower temperature
and then raising the tempereture to distil out the Pu, or Pu mixed with U.

tne of the present difficulties with the ultimate use of the product
lies in the presence of about three percent of 40-10 produced by subsequent
absorption of neutrons by Pu. If it is possible to distil Pu out of the pile
within an hour or so of the time of its formatioh, pure 49 could then be ob-
tained, free from 40-10. If necessury to accelerate the removal of Pu from
the pile; the U carbide may be used in the form of thin discs insteead of
spheres, so thet the diffusion distance to the surface is reduced. The pro-
duction of pure 49 in this way seems gquite possible.

Alternative Piles

Beryllium oxide is a suituble moderstor and it is a solid up to
2400° C. 1If a pile is made with pebbles of U oxide mixed with pebbles of
beryllium oxide it is then posasible to cool vith air., Recirculation and cool-
ing will not be necessary then if the radiocactive fission products are removed.

It should be emphasized thaet in a pebble pile it is not necessary
to have perfect spheres; lumps or irregular chunks are entirely seitisfactory.
No machine work is necessery. Lumps of U oxide and beryllium oxide csasn be used
directly without reduction to the metel,

As 8 cooling gas hydrogen would be much better then helium, but its
probable resction with graphite renders it impracticel. Carbon monoxide might
be used, but its higher molecular weight would increase pumping costs.

Posgible Difficulties

The high temperature of 1450 to 2000° C may seriously affect k.
However, there may be- advanteges as well es disedventeges in these high tem-
peratures,

The void spaces may require & larger increase in size than has been
allowed for in the calculetions given here in order to give a large velue of
k, and the void structure may require an excessive width of reflecting material,
It should be emphesized that there are no structural materials within the pile,
no iron, eluminum tubes nor weter. The elimination of these features will pertly
offaset a possible decrease in k due to high temperature and voids.

The heavier U carbide spheres may settle among the lighter grephite
spheres, thus spoiling the lattice errangement. Experience with magnesia
pebbles of different sizes at 2100° C suggests that this is unlikely. If
necessary, graphite rods can be used to preserve the lattice; or the U carbide
can be in the form of lerge disks with protruding rods of U carbide or graphite
to act as anchors,

The blowers may becmme too radioactive for repeir and upkeep. Stande-
ere blowers are available which run for years without repair. Most of the
volatilized redioactive meterial will be deposited on the water-cooled surfaces,
but if necessary & large chamber packed with pebbles to give a large surface
could be interposed between the boiler and the blower. The electrostatic pre-
cipitator may prevent the circuletion of radiocactive fission products,
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The water boiler may not be adequate to lower the tempereture of
the circulating helium to a point where it can be safely fed into the blowers.
Supplementary water coolers can be introduced beyond the boiler. If necessary,
the WaITll gag can be cooled in pebble beds vhich have a high heat cepacity amd
very effecvive heat exchange with a gas flowing through them. A pair of pebble
beds is used;; one is cooled by blowing through air while the other is in use
in the stream of warm ges.

The U carbide in 2" spheres mey sttain a temperature which is too
far above that of the surrounding grephite spheres. This situmtion is unlikely
at these high temperatures where the transfer of heet by rediation is lar ge;
but if necessery the U carbide lumps may be mede smaller or the shape may be
changed to give e flatter thinner lump with quicker heat conduction from the
center.

1eakage of air might leed to oxidation or nitridetion of the U car-
bide, but the welded iron enclosure will be tight. The helium will be kept at
a pressure slightly above atmospheric. The lsrge excess of graphite will react
with any oxygen which might get in.

In the boiling bismuth pile the whole pile is enclosed in iron and
the air originelly present is swept out with helium or carbon dioxide.

The hold-up of liquid bismmth on the surface of the spheres may be

80 great as to cause a large absorption of neutrons. This question cen be
answered by simple leboratory experiments.

Production of 23

surrounding the pile is an enclosure of graphite bricks end then
ebout two feet of insulating material such as powdered graphite, grenulated
coke or magnesium oxide of size 8 mesh to dust. By using thorium oxide for
the insulating meteriel surrounding the pils, it would be possible to obiain
preduction of 23 in quantity. The 23 cen be extrascted from the thorium oxide
when the pile is shut down, or the thorium oxide cen be drewn off at the bottom
at freguent intervals during operation of the pile and replaced by fresh
thorium oxide added at the top.

Thorium or thorium carbide could be placed within the pile itself at
frequent intervals if the k is sufficiently large. These pieces of thorium can
be recovered when the furnace is dumped, if they are mede somewhat smaller than
the U carbide spheres and scraeped out in the chute,

The present piles &t X and W, already constructed, can not now be
used for the production of 23 from thoria. It would be easy, however, to pro-
duce 23 arouhd e new pebble pile such as the one described here. There are no
complications in the form of pipes protruding from the sides, so that it will
be a sinple matter to pack thoria and graphite around the pile. There are
seve.al reasons why it would be advantageous to build a pile which can be used
for the production of 23,
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The following research problems are suggested:

I. Calculations of k.
II. Experiments at high temperatures using en induction furanace,

1.
2.
3.
ho
5.

6.

Reletive volatility of Pu and U from a synthetic sample
of U carbide containing smell amounts of Pu,
Volatility of Pu from U carbide exposed in a pile
Volatility of fission product elements from U carbide
exposed in & pile,

Electrostatic precipitetion of Pu end fission product
elemente eveporeted in a stream of helium from U
cerbide exposed in a pile.

Distribution of tempereture (by rediation) in a
lattice of spheres in which some are heated hotter than
others by induction.

Possible interaction between U carbide and grephite.

I1I. Experiments with a pilot plent furnace (1 ft. by 6 ft. high)
in which U carbide and graphite spheres are heated to 2000° C

with

circulating helium passing through an electric arc between

graphite electrodes.

b
2

3e

4.

Measurement of pressure drop through the hot furneace
Efficiency of heat transfer to a water boiler at one end
of the furnace

Data on the cooling efficiency of ligquid bismuth, the hold-
up of liquid bismuth on the spheres and the efficiency of
heat transfer to the boiler.

Possible settling of U carbide spheres.

Summary

I. Experience gained in the operation of gas-heated pebble beds of
megnesia give confidence that there are no serious engineering difficulties in-
volved in the operation of & pebble pile at 2000° ¢,

I1. The edvantages of high-temperature pebble piles are:

1.
2

3.

8.

Simplificetion and reduction in the cost of cooling,

Uniformity of temperature through increased importance of
thermal rediation at high temperatures,

Increased thermodynamic efficiency for power purposes if
@ turbine is used; increased boiler efficiency if a
steam engine is used,

Eliminetion of water cooling, cenning, and corrosion,

Elimination of the Wigner effect in which energy is
atored in a rigid grephite lattite,

Flimination of machining and precision work in the
construction of the pile,

Elimipation of complicated pipe structure at the sides
of the pile, thereby permitting simple water shield-
ing egainst neutrons end simplffying the production
of 23 from thoria,

Eliminetion of cooling pipes end foreign material from the
interior of the pile, thus avoliding a decrease in k.

-oc
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III. There may be additionel advantages from the continuous diffusion
to the surfece snd eveporation of some of the fission product
elements, including the following:

e 1. Removel of some chain poisons, thus tending %o meintain
the full value of k,

2. Reduction in racioactive radiestion fram the pile,

-4 3. Reduction in rediocactive radietion from the product

’ during the chemlcel operations of recovery.

.4 IV. There is & possibility that Pu msy be distilled out of the pile
k continuously and collected, with the following advanteges,

1. 1ong operation of the pile before shutting down for the
recovery of Pu in the U carbide spheres.

2. Recovery of the Pu in small batches of distilled product
instead of ome large batch. The handling of pounds
insteed of tons reduces the size of equipment &nd the
shielding.

3. Removal of the Pu from neutron bombardment as soon as
it is formed before there is an opportunity to build
up the obgectionable 40-10 isotope.

4. If same U is distilled out with Pu, the mixed product

o can be used for “enriched piles" without further puri-
fication if the fission products can be distilled out
at a lower temperature or precipitated eclectrostatically.

V. By using thorium oxide for en insulating lining around the pile,
it is possible to obtain considereble quantities of 23.

Vi. A high-temperature pebble pile permits the production of Pu and
the production of power at the same time.

VII. Leboratory tests could be made on:

l. Temperature distribution in a bed of U pebbles sur-
rounded by pebbles of honconductors heated in en
induction furnace,

2. Cooling by helium of hot pebbles of U carbide and
graphite,

3. Effectiveness of heat transfer of helium and bismuth

4 vapor to water-cooled boiler tubes,

4. Diffusion and volatility of fission products and Pu in
U carbide at 1450° and at 20000, ’

5. Electro<ctatic precipitetion of fission products

: volatilized at high temperstures

6. Cooling efficiency and hold-up with boiling bisrmth,

V1II, 1If calculations should show that the wvalue of k is satisfactory,
: it would be possible to build a pile in a short period of time,
_— hecause no special machinery and no precision work on the cor-
struction of the pile would be needed.

T -
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IX. Cperating data and heat losses from the magnesia pebble bed furnace

operated at 2100° C will be made evailable to the project if there
is an interest in them,

Xo If the high temperature and the void spaces should leaed to the requirement
of impractically large quantities of U and graphite, the high-temperature

" pebble pile described here may still find post~war application in enriched
priles for the generation of power.

- FD:db-17 Farrington Daniels,
T Associate Director,
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