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FOREWORD 

This report has been put together from & set or rough draft notes 

written by the author during his year at th$ Clinton Training Sohool whilG 

on leave ot absence trom Do .. Chemical Companyo Some general considerations 

are givuuD and .everalpiles adapted to speoifio purposes are indioated in 

the outline. 

We are indebted to Hies Sue Elam tor preparing the ms.teria.l tor 

publication. ' 

Gale YO'Wlg 
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~S'AJD_SUGOESTIOWS OW PILE APPLICAT~ 

By 

\'\' John J 0 Grebe 
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Ie sm·m GEWE'EIAL COWSroERATIO~ 

To get fA browier view'of the various possibilities in conneotion with 

nuclear energy applioations by different combinations of materials and wsthoda_ 

a series of chartB waf] starteef).. Tbay show.l! t:lrst p the like ly torms of fuel 

that m1~iht be used; sacond J the materials and forms of the various moderators 

to be considered; thlrd$ the neat transfer fluids that appear to be pertinent» 

and fc;,urth ll the fluids used to carry the energy to produce useful ohemieal o~ 

DlGchalnical work" A good many of thses have naturally been considered at .gr®a;t; 

length in the p&st..Nevertheless" an expandGd lis·a; of' possibilities cannot 

help but bep the many .. l"l;snu~t1 ves in h'ont of us so that OXlf! 18 tree to con-

eider alter,aate methods every tim8 difficulties arise in oonnection with the; 

design for lIU1;r one llilliJthod. 

Out of these possible combina tiona (they run up to mi 111ons) a re 10.-

ti valy small number have ba·sn seleoted and separately considered ~.l.8 liklSly ones 

f'or specifio applications. These ~harts a.re by no means exhauativ~l, nor do 

they take into acoount much now data 'that should be available" They a.re meroly 

presented as a way of' looking at these projacts and ~che possib:Uitiel~ ot dif-

farent combilmtions~ I[lUch more work b Z"Eiqulrsd to expand these intcl i. pmcti ... 

cal ~1de for tr~ analys~1 ot problems dealing with the application ot nuol$~r 

enf!.lrgyo 

-----_.---.....----....;. .. _-
11)1 Theoe oharts are reproduoed at the end of MonP-S35. whioh report should ',I)® 

.r@ad in oonjunotion with the present one. !-
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No search bas been ~de of the project literatur~ to mak$ it ccmplete 

and locate TGfel"enoGs. The important fields that are not oovered at all iUG 

p~Bsibilities along the line,of 'nuclear reactions that may be used as a source 

of energy other t~l8.n those based on uranium and plutonium :fission., 

The most important general factors 86em to be the d0sirability of using 

a homogeneous pilo9 using almost any fluid other than water~, Thera are plenty 

of elements from .Moll one 3hould be able to choose desirable pile fluids with-

out using a comp.,und that 1s readily dissociated and hard to recombine.. Fluoro 

compounds should be permissible since fluorine does not requir.e",~y 'activation' 

energy for recQmbiningo . 
rt is also good to look for possibilities of combining all. four" or at 

bast. three ~ funotions in a single mterlal" A number ot: possibilities have 

been indicated. 

The third point is th'9 neoessi ty of overcoming the prejudice against 

'vaporization within the pile propero It is true that it is not necessary for· 

the fluid ot a homog0haoua pile to vapol'ir.e within the pile .. ' 'In f'aotp it is 

well known that» in genera1 9 more heat energy can. be removed with 8. given amount-

of power for cirou'latlon by using speoific heat than by heat of vaporil'!ationo' 

Nevertheleas~vaporization wi thin a' hom.ogeneous pile s when the heat goneration 

has increased beyond the transfer oa.paoity of: the circulating system, should.,be 

looked on with favor since it automatioally reduces the content of fissionabla 

material within the vol\ll1l0 traversed by neutron flux and s.o reduces the' p,:l.le 

aotivity" While -this ma,y'oause a form of surging or bumping cOID..'Tr.Only observed 

in laboratory dis't:tl1ation rl8.sks.~ it must be recognized that no commercial 

eqt.1ipwmt 18 so orudely designed as to alloW' uncontrollad Circulation and bump-

lng" 
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", 

".' 

"', 

.. 

", 

10' 

The list of oooling methods and agents bas basn expe.nded to ttlclude 190_ 

methods that would nO:r'1O&lly be considered impractical but whioh may. neverth6-

1~s8» have very good specific applioations., They are listed as follows: 

1.. Partiole Emission" This includes neutt:0ns, Alpha. partioles, 

Beta. rays, and fission products. Instea.d of restraining the 

emission of suoh particles .. there are conditions under whioh 

one should look for the maximum. emission over the longest 

distances possible in order to distribute the energy over !l 

mass larger than t~t containing the active, fuel .. 

2. Ra.ditll.tlon.. While Gamma and X-ray radiation is ~nerally ex-

peoted, mch more might be done by the use of thermal radia-

tion.. This requires higher temperatures of operation in the 

pile itself.ll but it is not inconoeivable in view' of the high 

boiling point of uranium carbides and graphite.. I did not 

have time to give an illustration of a pile cooled primarily 

by thermal radiation as applied to an indust'rial operation 

that might be cODlllleroially practical, but every effort sh~)Uld 

be made to find and analy%e suoh an application. 

3. Conduction. This 1s very generally understood and used, and 

should not require special discussion. 

4. J(echanical Work by Expansion of Gases or Vibration of Liquids 

or SoUd.. This method applies pa.rt{cularly to homogeneous 

gaseous piles and possible liquid and solid piles generating 

high son10 frequencies" 

5. Convection.. This. a.lso" 1s lIell understood a.n.d should not 

require special discussion. 

0. 
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6.. Changes 9£ State ~ llany efforts have been d11'"$ot84 in the 

11Dt of finding materials that will remove heat. espeoially 

7. 

, I 

in the for-m of heat of' fUsion.. A slurry of solld in a liq-
" " 

uid having good lubricating propertiea permits the alternate 

freozing and melting of the 80lid, thus inoreasing the heat 

transfer oapacity. The change ot state trom. liquid to vapor, 

&& mentioned'above. ia not likely to be pa:t of a commeroial 

operation" although the pile as listed under Bo .. V1;II tor 

producing radioaotive rain and pOisons depends primarily CD, 

the boiUng of water for its effectiveness and self regula ... 

tion. 

Beat of Dissociation and Craoking., This should be a PQ.rtiou-

larly profitable yay of removing 1).e&t from a pile. Hydrogen 

,oan be dia80cia~,d to atomio, hydrogen" Datural gases and 

other hydro-oarbona into CHT+"t radioals and oils. and other 

liquids into lo.,r boiling craCked produots. 

8. Beat or Transformation or Rearrangement of Atoms and )(010-

oulee in the Solid State. This method may well be used for 

short time pulses. of atomic energy. By means of theBe ~ a 

oonsiderable amount of, pressure oan be generated.. In gerLeral, 

,the oycle tsnot sufficiently reversible. 

9. Heat of Reaotion. This may also be used for removing energy" 

particularly in the fo~ of heat of'solution'anddilution in 

a liqUid state' and, as heat of rearrangoment or ooxnbination 1I:l 

the gaseous state. In some instances 11 1 t is hard. to differ-

entiate from heat of dissooiation and crackingll while in other 

1~ 
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o.ses it 1s quite pot~nt in removing large quantities of 
. 

heat 4ue to endothermic reaotions taking place at ~gh tem-.. , 

pe~tures$ suoh as the. formation of HeN and C2H2. 

100 Electromagnetic Energl Transfer. This should not be excluded 

as a means of cooling the pile. Any 'liquid conduotor passed 

through a magneti,c field can serve to remove energy by oaus-

'lng induoed currents in a coil outside. 

11.. Electrostatic Energy Absorption. As a by-product of particle 

emission. particularly Beta raYs. variations in the charge on 

'liquids and gases oan be used to induoe electrostatic anergy 

transfer. This, of oOUrse. has very little .. if any capaoity 

or effioiency at lOw' rr~quencies. However. at higher fre-

quencies. the sky is the limit. and it would be foolish to 

overlook the possibility of high frequency gene~tion directly 

trom radioactive materials or fission reactions. An alter- , 

nating magnetic field can direct Beta rays 'to alternate tar-

gets. thus transmitting the energy. 

12. Producing Thermo-electric Currents Directly Between a Hot 

Junction and a Cold JUnction. This possibility has orten 

been inve8ti~ted and, of oourS9_ demonstrated on some practi-

cal appl1cationso In the case of pile cooling where heavy 

metals have to be used anyway for the sake ,of retaining walls, 

shielding, and breeding. there is no good re~son tor not 1n-

corporating the direot oonversion to electrioal c~rrents by 

this method. This low voltage D. C .. power can baoalterated 

by a sodium. jet conductor tor tra.n8fonni~ to high voltage 

'8 .. 
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Ao C.P&any details of' construction hava been worked out or 

suggested in the past, which should e,pply hel"El. The oombi-

nation of this method with the e1eotromagnetic and Gleotro-

static methods of energy absorption may well produce unique 

results that will have great value, both in the 8xtreIIWly 

high frequency e1g~1 range and in the 60 cycl® pawsr range .. 

An effort should be lIIlAde. in all CQS8S JO to reduce the number of: steps 

end transfers to fA very miniil.WJ!l.: Only by doing so can the. overall equipment 

b600mo compa..ot and light eo tlat it can call tor the minimum of shielding. 

In ~nEllral<l' the:n9 is too muoh concern about the reiiabiUty and lite ot the 

turbo generators and the like.. There i8 no real!on why boilel"8j) turbines" ~n-

fll"8l.'t;Oi'G, and (londensers e&nnot be mad~ a part ot the shielding with the idee. 

that they can be replaced every two or thx>ee years" if' neoessary. This is 

p&.l-tlcularly true on bc,ard ship. It would be easy to replaoe whole unitsl) 

dumping the old ones in thedopths of the se&" while careful maintenance ached ... 

ulea of obsolet@ equipment would emesh the operation in endless detai is and 

manpower rsquire!W9D.'ts., 

The following illustrations of specifio pile designs for definite pur-

poses are not intelO,ded to be a bas is for actual proposa Is for constructid.!:ll) 

but mll'lXooly to illustrate the variety of condi tiona and methods that might 1':.1~ 

used to oonstruct pileso . 

9" 
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n:. PQ'BLIC UTILITY PUE usnm ffiOSPHOm1S AS COOIANT AND 1II0'l'IVE FLUID -----.- -"*'------.. ~-,,- ---... _ .. 
This scction was :reported separately as 'MonP=344. Earlif.',lr 

msnt:1.on is found in MonP-Z26" page 34:; l4onP~269_ page 25; 

and Mon?=335~ P&se 150 

III" PILES AS HrGH TEMPERATURE CHEMICAL R~CTORS _ IJII__ _ _ r~_'1i 611 ••• 

See MonP~335~ page 11-13, e~d MonP·314» page 123* 
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IV.. HIGR FWX PILE FOR ACTIV:A'rlWG 
GAS :tmAi¥.J:~ RAM JETS .. 'TURBO JETS AND ROCKETS 

While a lot of work will have to b6 done Oil produoing B. pi 1e suitable 

.tor rockets and bombers, it would seem most urgent to get away from any usa of 

u. pile f'or operating a:ny unit that may not oome ba.ck. The small pSR"oentaga of 

'che; fuel that would be used up on anyone trip justifies the trouble of' s!:Llvag-

ing the remainder. It is a.lso very difficult to do away with such c. plIe so 

tlat fissile roaterial oa.nnot be reoovered·. Only the diapers,ion :tn a b.rga bc,dy 

of water or vaporization into air would be good enough. 

One vtf.l.y around this diffioulty is ot:ten discussed but seldom takEn f'filr.-

lcmsly. It involves the use of radioa.otl ve materia.ls whose balf"'Hi'e is of 

a.pproximately the right ~alue to serve for anyone tripq The appended lint 

(Table I) of materials seleoted trom current oharts gives a numb~r of them with 

their' most important oharaoteristics ~ 

It 18 desirable to h&ve & material of high melting pointb preferably a 

metal that has a high oroas-section tor conwrsion to the radioaotbre "lsoJ"ope 

by neutron absorption. It should be an Alpha or Beta emitter with '~~ry littl~. 

it' any" Gamma. emission.. This makes the shielding simple and cheap.. The halt' 

Ufe should be approximately two times the time required for the POWEll:' to 00 

in use t'or anyone "charge" .. 

It has beeil caloul.ated that a neutron flux denSity of 1016 with u. 

orO$:5=seotion of 20 barns wi 11 permi i? one tenth of one pert,ent of a heat\i1h'" 

gI'id to be oonvorted to radios.eM.ve material. thus produoing a.pproximately one 

kilOWi\.tt of' heat for every 10 grams lOf' mass. Even if it shc!Uld take t~n t:i.:Mes 

the 1IMi'ght of heater grid, or it the flux of 1016 could not be reached, 1't 

W01..'11d not matter too muoh siuCI3 this Bart of' @nergy peX' "1ni t 'fif'dght '.6 suf'f'i-

~
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Ta181 

Pd108 

. PdllO 

C059 

S0 46 

Va 51 

;166 

W
18

' 

Cu6S 

Cu65 

(]a69 

Ga." 1 

As76 

S.80 

Br19 

Br81 

RhlOS 

A_gI07 

~ I - .us 
-_.MiI"'t stU , 

iIllJlll' 

~ 

Absorption 
Cross-Seotion 

13. 

21 

12 

GS9 

31 
. 

22 

5 

34 

2 .. 1 

2,,8 

1 .. 8 

lq5 

304 

406 

.,52 
208 

, 801 

2.25 
13.1 
11.6 

44 }, 

" 
~1 \l. 

66 

~ • 
. 

I 

-':rULE" I 

#' 

---,..... -
I -

lfalt";'Lit- Bet~ *~oi;iv1 t ~ 

2 .. 59 Hr 075 ~ 2088 

111 Va 1 

13 Hr' 1003 . 
26 Min 3 .. 5 
10% .. 503 Yr .. 3 
~ -lO .. 7M!n T:n' 

85 De. .26 -106 

. 3.9 tin 2.05~ 2.65 

24 Hr 1.4 

14 Da .6 

1208 Hr .6 

6 Min 2 .. 9 

20 Min L1 

14 Hr 1.7 

21 Hr .7 and 2.6 
67 Vin Wo 
19 1I1n IG5 
4 .. 4 Hr Low 
18 Kin .. 2 

34 Br .7 
~ 

44 Seo 2 .. 3 
4.4 . Yin Wo 

~ .. 3 Uin 2 .. 8 . 
i~6 ~:o 038 -')1.3 

48 Va ue:u:::o_ ... !.,.,_ 

Gamma Energ1es 
% 

"7.;.,,.j 2,,14 

1 .. 6'--'" .15 

'No 

50 

Low ("OS?) 

1.4 

1.3 

.. 9 

Wo 

No 
, 

No 
-

No 

2.66 . 

1 .. 6~302. 
Low .. 
No 
Low 
.6 

.66 
No 
Low 

No 

.6 ~ 1.6 

Low '***' ................. 

I 

.... 

. Peroent 
Ooourrenoe 

100 

100 

27 

13.5 
. 
100 

lO~ 
100 -

28 

31 

70 

30 

61 

S8 

100 

4ScO 

51 

49 

100 

52 -
48 

5 

! . 

Notes 

I , 

Submarine ,-..-I , 
No J" in any Pd j 

) 

Rooket I 

I 
; , =-Submarine 

I. 

-
I 

High C 

. I 
0 

--
Rocket 

Rooket -
~ 

1 
i ~~: "" ..... _-



 

I In 11 5 

Sb121 

Sb123 

1127 " 

a 13S 

PrI5e 

R.IB5 

Re1B7 

11'191 

11'193 , 

. 
Au 197 

Pt198 

pt198 

I 
~ 

.. 

.. 

Absorption 
Cross-Section 

52 
145 

608 

205 

"6025 

8 

10 

101 

76 
260 
1010 

128 

96 
101 
0 
3,,9 

, 

, ' 

Balf-Life 
13 Seo 
54 'Min 

2.8 Da 

60 Da 

25 Min 

40 Br 

19.3 Hr 

90 Br 

18 .. 9 
1.5 ll1n 
60 Da. 

19 Br 

2.7 1)& 

18 Ilr . " 3":3 Da 

31 )Jin 

.. 
TABLE 1,_ContOd 

Bet&. Aotivity ____ ' Ge.mma Energies or 

208 Bo 
.85 1 .. 8 and 104 

,,81-1,,64 .51 

2.45 1.71 

2.0 ;.4 
. 

1.45 1065 

2.14 . 109 

1006 No 

205 .8 

"5":V 03 - .8 
2.2 1.55 

oB .2-J 206 

.:1. , 

1.8 No 

, 

1 . . . 

Peroent 
Oocurronos 

95 

56 

4* 
100 

100 

100 . 
38 

62 

38~5 

61.6 

100 

27 

7.2 

, 

"'. ., 

I 
I 
f 
~ r 'I! 

Notes --
High Y 

-

~gh rr ._-

High ;J 

-

I 
~ 
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ciently large to allow for a lot of leeway. In any case, one could do a lot 

better this way than by using only one part in 2000 of' the fissionable mater-

ial in a rocket, or one ,part in. 500 of the fissionable material carried by a 

bomber. 

Calculations indicate ,that the ~imum :peroent oonversion of the m-

terial in the heater grid is independent of the ,half-life of the isotope being 

produoed.. Approximate~y one half of the total energy produced by the radio-

aotive isotope i. usable. The other halt 1s given off during the ,time that it 

i& being produoed. In addition, one obtains only about one percent of the-

energy out of eaoh Mutron that would have been obtained if the neutron had 

beeDused to produce fission.. Much depends upon the particular material used 

and the energy content ot its Beta or Alpha l"filYS. But even at this low esti-

mated efficiency of one half of one percent. it is still better by a factor ot 

ten than the use of a fissionable material in a hydrogen rocket powered by 

nuclear energy aocording to present conoepts • 

. One material that is we 11 known and has some ot the characteristios 

desired is platinum. For simplioity and ,convenienoe we will use it.as a gene-, 

ral ter.m in desoribing the design and operation ot such a unit .. 

'1'heexaot arrangement for converting the platinum and maldng it radio-

active wil,l naturally be the object of much experimentation and development .. 

Tw!, general ways are available: 

First~ one oan disperse or dissolve the platinum in a homo~n8oua pile 
. . 

fluid where it can piok up neutrons at the ma.x.imum oonoentration for high con-

version. The material would then be plated~ filtered. or adsorbed onto a grid 

suitable tor heating air or the like in a rooket, ram-j~t, or turbo jet unit 0 

It may even r J posaible to keep the platl.num in III. tluid oondl tioa, depending 
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on centrifugal force to retain it in a heater unit while it hea.ts the air .. 

DUring the time tba platinurll is transferred from the pile into the rocket" it 

has to be kept cool in as muoh cooling fluid as would be neoessary for.aotual 

use.. This makes the t:r8.nsfer quite a problemo 

The seoond form in whioh the platinum. could be used is as one or more 

grids I manufa.otured ahead of time in the exaot shape and form. desirad D whioh 

are then put into tho oenter of a high-high flux pile. the units would have 

to be introduoed through tubes that oontinually oonduot a stream of air .over 

the grid.. When the aotivity has oome up to the maximum .. the sa.me stream of 

air can follow it as it is transferred into a jet unit that has been backed up 

"CO the pile.. It is then locked in place a..Ud used as soon "as possible with the 

air stream never being shut ofr. The main di1'f'iculty in this design, which is 

more easily visualized, is that the neutron flux in the center of eaoh unit 

would be hard to keep at It. maximum value. Sub-dividing does,\\' howe'Vl8lr~ reduoe 

this effeot oonsiderably. 

Some consideration has been given to the method of ene,rgiz1ng, which 

involves putting the solid grid into the circulating stream of a homogeneous 

pile so that both the meohanical structure as well as the high flux density 

can be had at the sa.me time.. This" hOllfover, requires a transfer f'X"0lll the fluid 

1n the pile to air that my become a: major operationo It would be necessuy to 

remove th,e grid from the center or the pile to a. ohe.mber in which the 6f111l4!1 

oooling medium without fissionable material would be circulated through. the 

grid to wash it tree 01' entrained uranium.. From. this oheunber" 801001 distanoe 

e..-.y from the high flux and shield, the transfer to a stream of l!L1r would have 

to be made" " Water or 011 or so_ other oooling medium that oan be blown away 

at a high velocity could be used as an intermediate oOtllant" 
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Naturally there are a great many ways by 'I!1hich this sort of a device 

can be worked outo Any description of anyone phase of it should be merely 

usod &8 WIl illustration of what we now think might be possible. More funda-

me..ntal data whioh may be forthcoming on all of our elements and isotopes wi 11 

mc1dify this considerably. Entirely different methods of approach may become 

p~ssU)leo For example, last fall I hunted for quite a while for an isotope 

wlt.h two isomers, one of whioh is 'stable or of a long life, and the other with 

o. short Ufe. It should then be possible ·to energize the first into the second 

by Gamma. radiation so that one oould have oontrolled radioaotl ve deoay just as 

one haa oontrolled fission. This would increase the efficiency considerably. 

So far, it ~eems as though the crosa-section for energy absorption by radiation 

ot any ot the iaoIlll9ra is fairly low. It is hard to tell, though, whan new in-

tormati(,J!l Will change this pioture and make it very praotical to do sOn'Wthing 

ot th1,8 typeo 

The design of 8. pile that 1s able to turniah a neutron flux of 1016 

would naturally be quite a. problem. Nevertheless, one should not be scared 

~way from ito Rough calculations indicate that 8.- heat generation of one kilo-

watt per cubic centimeter would be required. The remoVal of -this f1lIlO1mt of 

heat 'would tax the best known methods to the limit. 

It is also obvious that this heat should be generated wlthin the heat 

transfer medium, at least to e.' very large extent. ,This would leave only a. 

suall portion ot the heat that could be generated within a rigid s·~;ruc.·tu", and 

transtc.el"red from it to the fluid IDItdiumo A pile .that. could produoe this high 

flux will alao require a very large heat oU'''put, sometmtng on the ordur' of one 

million kilowatts of heat - three Hanford piles in one cubiomstero Naturally 

all this heat should not be 1I8.sted" but should have some olther practical util-

14;" 
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tty.. In general, ~nly about one half of.' one percent of the power produced by 

such. a centr~l station could be furnished as power available from radioactivu 

disintegration of the plat1numo 

'fhe moat important development for such a pile is to make lithium hy-

dride or lithium d~~teridfJ available in sufficient quantities to serve as a 

moderator and hea.t transfer medium.. It melts at 680000 ThaLi 7 isotope hav-

ing a lOw cross-sectior ... i8 required. This, combined with other hydrides or 

deQterldes of metal such as ur&niumg beryllium. bismuth. sodium, and rubidium 

metal, should mr.ke it possible to have a molten metal. hydride. homogeneous 

pile with the "very maximum of heat transfer poss1bil1tleso 

It is, ... 11 established that the maximum. heat can be transt"el"red ff'Om 

one given point to another. better in the form. of a liquid than in the form 01' 

vapor Qr ~8. Even steam heating facilities are being replaced by hot water 

oirculation SyslteJ11S as a result of new knowledge and understanding oi' the.engi ... 

neering problelDB involved. On the other hand.!> there is no more oompac.t and 

effioient oool'~g method than mixing a volatile liquid with the first, whioh 

then tla8ht~s off as a vaporo This mDa.~ that in any really high flux pH .• de-

8i~;U. 11.0 1.8 e8sential to remove the hea.tf'rom the pile spaoe &8 speoifio he.a.t 

in tht. liquid. after which the liquid is oooled by direot oontact or admixture 

,.1't,h a more volAtile liqu1d. 

It II tbsn. one takes· advantag.l of' the vapor produoed to give an air-

lift efteot 111 the Elystem. one oan get the benefit of' a power oyolt' oontaining 

an engine and. a purl1l) of the most simple de8ign possibif).. (See Figure I) .. 

Th8 .por .• on being separated trom the liquid at a higher ele'va.tion" 

oan ~h8n be oOD.l3.f .. nsed on a tubular boiler tor any desired fluid.. .Mercury 

would be preferable in this oase t a8 it does not require super-heat'.ng 1'01' 

15" 

-' 

# 



· 

'. 

C3 
,DiG. II 4419 
MonP-34S' 
8/5/47 

CYCLONE VAPOR -LIQUID 
SEPARATOR.. 

PUMP OPTIONAL 

JACK.£TED FOR. 
f<E.MOVEL ANO 
PRESE R,VINe TJ.lE: 
CONTAINER 

COOLING P/PE~ 

/ 
/// 

FIGU12E i 

PUMP OPTIONAL.. 

J 



SG.tisfactory opere.tioD. of tUI'billS8~ t!'..nd permits cyc16 effioiGl:l.OlfJS in eJtC.l$$a 

of 50 p0J"C61nt owrall. The c:ondeml9d 'vapor of the ,,·olati 18 liclu1d could be 

retuX"Zlsd for Z'O(lycling into the aam~ process of mixing wi th th.e heat trm.md'er 

fluid p va.porizingl' lifting the fluid to Et higher laval, aeparatingjl and 'chen 

oondeneillg. 

In the case of a. boiler containing IMtals . and their hydFld.ea or d<eu-

tertdss, a logical materi.al might wsll 'be rubidium metal whl.oh boils at 70SoC, 

wM.Ie the 11 thium has a boiling point of' 'around 14000 C 0 Bismu;th that lW.y b~ 

prSSCtnt to reduoe the melting point and to produce poloID.urn has a boiling po!Lnt 

of 14SOoCo 

One problem ·"ha.t is partioularly pertinent in this case is the resid-

ual concentration of' the volatile material suoh as the rubidium.. By flashing 

it off: undsr. vacuum. only a very low oonoentration l"emaj.Ils to 'ba ci1"oulated 

dcnm and into the pihto 1'h'Dl"E~ its volatl.lization is rai?ress~d by the ir;;OratM~@ 

in prsssuX*El dUll to tMi hydrostatio h08.d of' the moUen metals and hydride!:10 A· 

fa.irly high oondensing temper.atur@ of about 6000e is deai-r~bllB1 j,n ordel'" to pro-

duol') high temp!'»re.tuN meroury vapor. ~hts J h.o·wever., limits th9 tampsra:t;ul'tl 

rise psrmimsible.. Nsvertheloss, a cycle ·between. sOI,y., 9000C 61.nd &i1,)00 Qhould 

psnnit e. low holdup of flul,i and .f'issit'l7labla mats rial outs:f.ds of' thu p:11@ itself. 

In order to reduce 'che v91001 ty head los.G in ent;ering Ilnti leu.v.\ng thE! 

pile SpaCID itself., it 1s quite dasimble to break the total si;ream. of liquid 

into many sm8..11sr. ones with e'pprcx1mately oonstant fluid 'l-reloclty throughout thtl) 

eyola.. This means that the liquid metal leaving the bottom of' the cychme sapa.=· 

rat~r would. go down through a tuba wh:.tc:h lVould pass through th~ pila SpS~(')®I' ma..lc.-

ing a 180 degree turn in ~ loop of the !lll:lximum possible r.adtus., It would tht.'ln. 

epiral Upw.rdiS to a. point where it would separate f'l"Om tho spllmric:e.l r;onlIlf,try of 
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the pile and travel through the breeder section Dr the pile wher6 the neutron 

flux would be absorbed rapidly and many of the delayed neutrons would be 8&1-

vagedo At this point. the addition of the volatile liquid would take pla~e • 

which would gradually mix in and vaporize as. the hydrostatic head is reducedo 

The tubular duct would haw to increase in diameter tram here on up to prevent 

. undue inorease in velocity until it finally can be discharged ta.ngential1y 1n-. . 
to a cyclone separator. No sketc.h is shown for this multiple tube arrangement)? 

but a rough geometrical model has been made. 

This pile would also have inherently built in self regulation in excess , 
. . 

ot .hat is usually obtained by temperature coefficient alone. Fission product 

poisoning would be reduoed to a minimam since the volatile produots, such as 

10,dine and xenon" wou Id be remowd continua lly in the torm of HI and I.e ga. 0 

thoue fission produots that .ould be soluble in the mixture oould be burned out 

by the neutrons, aocounting for a one peroent 1088 • 

Whenever the heat generated would be in exoess ot the heat that can be 

removed by whatever may limit the he~t removal at the time. the rubidium lIould 

not be completely separated and ·more rubidium would remain in the circulating 

mass; causing a higher neutron absorption as well as vaporization of the rubid-

ium in the pile zone. This would reduce the concentration of the fissionable 

ma.terial as a result ot both the increase in volume due ~o thermal expansion 

and the increase in volume due to the vapors being produoed.. There l,ould be no. 

danger ot sudden collapse of the bubbles due to changes in the oi.rculatlon with-

in the pile. 

No matter whether the l1m1tat.1on in heat removal is a result-01~ the 

turbine being shut off~ a tendenoy on the part ot the pile to go beyond the 

oapaoity of the system ... or a.ny other change in rating·. the pile oould not exoeed 
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a moderate temperature rise above the normal operating tempe~turs without 
Q 

reducing the heat ~neration in p~oportion. The excess volume displaced a8 a 

result ot the expansion and formation of bubbles would be retained in the va-

por separator at ~he top of the system. It would be out of the neutron flux 

entirely and would still further reduce.the effeotiveness of delayed neutrons 

by the increased retention period outside of the pile. In other words. even 

it by error some unusually large amounts of fuel were added to make up for de-

p~etion# we could still be sate-guarded a~in8t the pile going critical on a 
I 

prompt neutron basis by,a displacement of the liquia up through the riser 

tubes. and'by preventing it from entering into the pile through the down-comer 

tube .. 

A pressure wave will travel through the fluid fast enough to pre~nt 

inflow of fluid when gas bubbles are being prod~Qed sud~enly. To avoid surg- ' 

lng and water ... hamm.er effects that might collapse the bubbles, all that ,is 

necessary,is a sufficient amount of friction in the Circulating system. 80 tha.t 

the rate of inflow· can not exceed the normal operating rates. This should be 

inherent with a system using a lar~ pressure head for oirculation. espeoially 

where that pressure head is 80 oheaply obtained by merely flashing a volatile 

liquid and oondensingit, after expanding it in an air lirto 

It 1s true that this method of circulation taxes the overall oyole by 

a high temperature differential which makes materials of construotion for high 
" 

tem.perature nec.saary .. but this ·is not an impossible handicap, pa:rticularly 

wben a high temperature rise is desired in order to get the maximum, heat capa~ 

ci ty per unit weight and volume from the oirculating medium. It is untortu-

nate that all this does not reduce the total volume ,and content of fissionable 

material muoh below a factor of 2 to 4 times the volume of the pile itself. 

18 .. 

, 



.. 
... 

<~, 

.. 

.. , 

" 

With such ~ high flux there is still a very high rate of consumption ot the 

fissionable ma.terial and a very loW content ot tuel per kilowatt o:f heat pro-

duced .. 

The spaoe between the tubular oonductors oarrying the homogeneous pile 

fluid would be filled with a mcxlerator suoh as grapbite, Be. BeC, lithium hy-

dride, and possibly beryllium hydride. 
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v. StrEfMARINE PIlE 
,.. tM 

For producing power on board ship it is very desirable tJ.ct to cn.rry 
... 

any materials that might produce toxic gases in the enclosed spaceso A homo-

g9neous pile could be used for this purpo8e~ consisting of enr'iched uI'allium 

a:nd \,u'"anlum oarbides f'or fuel p dfssolved or susponded in a mbr.1;ure ot metals 

and their hyd,:"ides and oe.rbide~1 such as Be" Bi,s Rb j We., 1.17 p DeH2 or BeD2D 

Na2H2~ WaaC2 and possibly Hall or NaD~ Since Na2HZ melts at 800°C. sodium oar-

bide boils at 7000Cp bi~',Il'lUl:h ~lt.s It:t 271oC; and rubidium. and sodium am ot 

still lower melt:i.ng po1nt!/ sllch lI\ u1ix1;ure of hydrides and carbides should be 

quite .fluid at a teroperatur'a of about ZOOoC even though soma cOll1ponents my 

w,all be in susp8llsion .. 

The rubidium and ·scldium oarbid9 would be the lowest boilh\g constltu-

ents and wou:td bEl used IUS e. mea-ns of trans.fal"ring heat. from the molten liquid 

in the .fO!'W. of heat 01.' vapor'izat1on to be tra.nsm.itted to a marcul"Y (I.i\" steam 

boilsr. 'rhe vapor would eondense tU1d return to produce a.ir-lit't llctiut\ and 

supply the oooling requi!:ed for reoycling ~9.b in thfi7 pi 1~' r.~~;scr.J. o(!.ll:l .l.-., :)nr,o::.i C.i~ 

IV. Sinoe there would be no need tor tubes in which the grids oould be 4msr-

gllMid .. this pile could 1)8 more compact and more simple.. All!h')., since ths ru>-

q'J.irl§!lMnt for.' high flu'll does not exist" simpler lm.ethods of cL~cula.tion or -the 

rluld with e. lowlir te!J';perature differential and fl. low. oirculatitln ra.te m:\y 00 

amp loyed. fhi a redu(>':l s the hea.d los s on ohange in veloci ty and lllf.! .. ic'9s it po£;-

sibl@ fe,'!' the pile t,\) be one solid lIBSS with or without a. porolls fi11ing of 

moderH,f.,;or such. as bGlryll:i.um. m6tal~ gl"8.phite. or ·,jacka·ced· metal hyd!'idt'l~ • 

This pile could ·00 des.igned .for much morel breEH:..1.1n.gJ> using thorium 11y-

drir'lEl and the liko for reflecting, 1!.ilowing dOWL\lI and absorbing the neutr:')l.'s ~ 

tC:> . 
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'the breeder material WQuld be both on the outsi,de of the pile as well as around 

the induotor tube through which the fluid would rise. A single discharge tube 

from the top ot the pile leading to the surface ot the fluid may se"e the pur-

pose instead of a number of tubes desoribed for the High-High Flux pUe in Seo-

tion IV. This ma.kee it pos8ible to haw the amount ot oiroub.tion unaffeoted 

by variations in tilt ot a pile such a8 it would get on board ship due to piteh 

and rollo 
fi 

This pile. toe. has the feature of provicl1ng more tl'18n the usual Gelf 

regulation due to thermalexpansion'and the decrease of the tission crOS8-sec-

tien with rise in temperature. Any bubbles formed due to the production ?t 

heat in excess of ,the oapacity oftlie vaporizing and ciroulating system to :re-
(, ' 

move_ will reduoethe amount of fissionable material within the pile volume by 

holding baok the fluid trying to enter.. Here again. in order to avoid water 

hammer effeot8 .. it is deslra.ble to have Q high head and a reasorably high ve-

locity and friotion 1088 in the down-comers delivering the fluid into the pile 
I 

-
volume~ so as to make· the period for oscillations within the down-comer cirouit 

moh slower than the period ot the system, including the riser. The high inlet 

ftlool,tyalso can be used to provide effeotive agitatlqn in the pileo This 

permits fluid to get out in a hurry but come back at a predetermined ma.ximtll.lm. 

rate. Such a, pile does not XlecGssariIy haw. to operate em slav neutrons. It 

a large amount can be invested in fissionable materia.l, it can opera.ts on inter-

mediate energy neutrons with a d~cre,ase in the sise of the pile a.nd amount of 

shielding required • 

A sketch of this design 1s given in Figure 2. 
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VI. AIR POWER PILE 

In an airplane an i~portant requirement would seem to be avoidance .0£ 

any _terials that are highly inrlammable· so as to produce tire when there i.s 

a crash. For ~his reason, the materials described under Sections IV and V would 

not be so practical. Shielding 1s also 8. problem. Avoiding hydrogen. hydridf»s, 

oarbides and alkali metals will not reduoe the size or the pile~ but inorease! 

ito Nevertheless, in this instance, it should be po~1ble to use a pile that 

has a. cylindrical shape and is severa~ times longer than its dia.m.eter. The 

cross-section. theretore. in the di rection ot the passengers can be reduoed, 

thus avoiding some ot the heavy shielding requirements. In this particular in-

stance, gravity is· not a desirable source ot head tor producing circulation so 

that another Circulating system, 1t possible not using rotating shatts and close 

fitting machinery, should be employedo 

Here again. the scheme ot using an added power cycle ~ superimposed on 

the system. for producing circulating power, would seem to be desirableo The 

pi~e circulating fluid would conSist ot a mixture ot metals and their oxides, 

flUOrides 'and o:xytluorldes. These would include, particularly. Bi., 1.1.1., Be, Sb 

and Sn.. The tuel would be uranium oxy1'luorlde. The breeder, it any_ could be 

thorium metal or .oarb1de and U238 axytluorlde. 

The 11 terature shows that BeF2 softens at 60000 and beoomes a trans-

parent, meltln~ at 780oCo The addition ot only one molecule of RaF to 2Be'2 

. reduces the melt~ng point as low as 3600 C.. It U 7 would a.ot like sodium in this 

system, and is made available, a lower I118lting point tor Li 7, t, 2Be'2 + !la' 
should be obtained. Since this mixture would be an alkaline melt, it maYlINll 

be that carbonates can also be added, still further reducing the malting point 

a.:nd lowering the molecular Wl9igh~ for improved aotion as a moderator. 
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to avoid the need of gravity for oirculating, the most volatile con-

stituents of SnF4 boiling at 70500 and SbF3 would be the heat transfer medium.-

This could be carried on by means of a series of traps, or continually. by 

means of jets.. In the case of traps, the circula.ting fluid would enter a tube 

which then would be sealed ~ff roughly with the fluid diverted to the next tube 

by a simple rotating plug _lve.. SnF4 and SbF3 would then be injected 1nt~ the 

oolumn ot hot fluid producing vapora whioh would d18cbar~ the liquid against 

the pressure head through the pile. followed by venting ot the vaporized mater-

ial into the heat trans~er system .. 

In the case ot the ram jet or ~urbo jet most o.t the heat would be de-

livered into. the compressed airo The tubular heat interchan~ system required 

tor heating t.h18 air would naturally have to be designed tor a rather high 

pressure differential in order to keep 1 t8 air resistance to a minimum.. For 

this reason .. the metal fluoride vapors would have to be generated at a suffi-

Ciently high pres8ure to permit high velooities.. The temperatures required 

for this air jet .. in order to get effioient operation, are probably higher than . . 
one could tolerate in the turbine of a turbo oOmpressor 80 th2.t a secondary 

medium such as mercury, boiled by contaot with the c~rculating pile fluid after 

the metal fluorid.es are vaporized off, lIAy well be the best choie.:... This mar..: 

curl"" atter driving the turbo compressor. would be oondensed in the air befors 

it receives heat from the metal flUOride vapor .. 

It may even become possible to use e. Uquid metal oxide such as bismuth 

oxide mixed with tin and lead metal and oxide aa a direct contaot heat transfer 

medium between the portions of the pile that have to be liquid cooled outside 

of the tuel mixture, allowing the high centritugal force in the compressor to 

separate the spray of' metals and oxides from the air being heated. 
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Under conditione where the extremes in compactness are not De06ssary_ 

suoh as on locomotives. surfaoe ships and stationary power plants. the IIl9tal· 

o.xyt1uoride pile has many additional attraotive features. The bismuth whioh 

is converted to polonium oan eas11y be separated in a small unit serving 8.S a 

continuous olean up by adding fluorine. The polonium fluorids. be:l.ng more 

volatile, would be easily removed by distillation. Similarly .. plutonium. whioh 

might have better uses other plaoesJt oould be vola.tilized out as the fluoride 

or ewn the oxytluorlde. Iodine and xenon would be oontinually removed 80 that 

the only re~neratlon that should be neoessary is the addition ot new fuel to 

maintain the reaotivity at the desired level. 

Jlt.ny of the fission products from. fluorine oompounds have a. very high 

mslting point and are" therefore" likely tabs preoipitated out in the olean 

up unit.. Ei thaI' the multiple tubular system desoribed under Seotion IV or the 

single draft induotor unit described under Section V should serve for oooling 

and pr.oduoing oiroulation.. - the. m9tal flUOride oompounds taking the plaoe of 

the rubidium. as the heat transfer medium used for produoing superhea.ted steam 

or mercury vapor .. 

. 2~" 

The materials of construotion for the 9xytluorlde pile will provide a 

partioularly tough problem since niokel h&8 a fairly high neutron &bsorption 

cross-seotion" lIletal sulfides having very high melting points may -"ell help 

auto Refraotories made of fluorine oompounds suoh &s magnesium and ",aloium 

fluorides may well be ~Bed in the pile zone where temperature differences might 

. make it very d"ttloult to maintain mtalso The important item i8 to d(~ enough 

oxperimenta.l work to establish the desirability of using e. metal oxyf"lu.oride . 

pile tor speoific purposes. Once this is establishedp it 1s quite likely that 

the materials ot construotion oould be developed. 
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VII. PILES FOR ROCKETS 

For this section see KonP-335. page 13-18.. Also the figure 

following page 21.. 'l'hepicture did not reproduoe well in 

that report, and. so 1s re-sketched here as Figure 3 • 
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VIII.. PILE FOR' PRODUCIWG RADIOACTIVE RAIN AID POISONS 

Ever since I sa.. the second burst at Bikini" the potency of radioaotive 

rain, air and water a.s a mea.ns of crippling industrial produotion 11'1 thQut in-

jur~gmany people direotly has become inoreasinglyapparent.. Praotioallyall 

industrial operations are centered around water transportation and ample fresh 

water supplies. Destroying the usefulness of eaoh of these makes industrial-

operations imposei ble for a considerable period of time .. while g1 ving the popu-

lation some time tor dispersing .. 

The problem or deSigning a compact and very light, tool-proof pile that 

can bCfJ dropped into water and act completely automatically until most ot the 

fissionable material ha.s been consumed is ..,.ry intriguing_ Bodies of water" 

such as harbors, l~kes and water reservoirs, should be fairly easy targets to 

hit. It is desirable to find a location that is close to shipping and trans-

portation oenters, a& well as the drinking .. tel' supply.. Our Great Iakesj> 

e8peoially lake Huron and lAke Superior.o are partiou1arly potent targets.. Simi-

lar -communication and _tel' supplies are likely to be found all o'\'l'8r the vorldo 

An important part ot this pile would be a large strong metal draf't tube 
. -

that would permit a rather high head or water to aot on the pile proper.. It 

would be designed to float in an upright ,position with the pile at the bottomo 

A grid or ~isslona.ble material,. a.lloyed with bigh melting metals that. would 

withstand the temperature shooks. would be plaoed inside or this tube~ Under 

ozodinary oonditions,. it would not ,be active SmOG it requires water aSI a modera-

tor to slow down enough neutrons to make it ori tical. The amount of •. ter re-

quired is so @1l.sed as to permit almostc'omplete vaporiZation of the water with 

the heat produoed by 8. g1 ven i.mmerslono . Sinoe the unit might be 15 feet lcmg, 

.l."!>'tl"~ 
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there 'Would be more than 10 teet 01' head ava1la.ble to force the 1'lJ8.ter in and 

b l~ the steam out of the tube .. 

\'!henever too muoh water enters, more steam is generated than the prea-

Bure head is able to dlschar~ from the dra.f.'t tube, so that further inflow at 

water is reduced.. Only the bottom end of the pile material is, therefore, ao-

tift a.t anyone time.. As this becomes depleted, more ot the metal 1s illlm&rsed 

in a higher ooncentration of foam and _tel" until finally the entire mass needs 

to be tlooded in ordeZ' to 1lI&l!:.8 the pile critical .. 

When the unit hal spent itself, it ia desirable, ewn though it is very 
I 

radioa.otiwjl that it disintegrate in the water at a fairly rapid rate, distrib-

uting the. !'8ma.ining aotivity over as large an amount of 'Water as possibl~. 

This oan be done by means at galvanic aotion provided to cause heavy currents 

for oorZ'oding the uranium and fission product oontaining metal. For this pur-

pose, the ahell and possibly otber suZ'faces should be ooated with silver. oxide 

01' platinum black ll whioh would have a very low hydrogen over-voltage, thus per-

mitting heavy ourrents to flow. It my also be pra.9tioa1 to olad the fuel with 

a thin layer of metal which peals off and deteriorates as a result or th0 aotion 

of fission produots and temperatu!'8 change.. To prevent such a unit trom being 

easily retrieved in case it should not fall into _ter or deep enough water to 

work well. water shouldbl provided inside ot the dratt tube in such Pi way tlJat 

retaining disks would burst on impact.. this would provide the initial supply 
• 

of water to make the unit highly act! va and d18integrabl4h In all, the aotion 

might well take several days, providing radioaotive rain, air and water over a. 

wide area .. 
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Another, discuSSion ot this topio was gi".11 by Mr. Grebe as an e:mmple 
in oonneotion with the charts of Section Io It 1& 8,S follows a . 

A pile i8 to be built whioh will be under'oritical while being stored 

and transported.. When it is ill.ll9rsed in ordinary water, (say" in a river or 

lake' wh1o~ i8 to be, contaminated) 1t should beoome very aotive and operate in 

a self-oontrolled manner so as to use up the maximum of the fissionable ,ma-

terial. 

Under these condi tiona, a combim.tion of materials ordinarily not OOll.-

sidorad at all practioal may be used. A cba.rt giving the data in a much more 

cauplet. form. than the -samples submitted herewith will then help solve the de-

. sign problems from Ii\. much broader and more efficient point of view 0 

For example, in this ca.1.1# Pu metal alloyed wi tb Ba and JIg clad in a 

very thin la)'Sr ot Al might serve best.. A sheet of this materia.l oorruge.'ted 

at Il. slight diago_l, laid again8t e. sheet that ba8 been turned to make the 

diagonals oroas those ot the tirst 8heet, the two wound up into a C10S8 spiral 

oOil, would alee a wry simple and streng as8embly that would be quite inert 

until iIlll8rs.d in water. The .ter would be .able to penetrate between ,theae 

sheeta only to the extent of maldng the pile oritical. when the steam produoed 

would blOll' the water out.. Surges of this type would oontinue to use' up the 

fissionable material until the assembly would go below critical when t;otally 

immersed. 

A stack a.ttaohed to the upper end would increa.se theoi,rculatiOll, of the 

gater and make the action more steady and intense .. 
, 

The alloy being oOfTo4ed. a.tter the Al jacket has loat its impervillUs 

properties due to fission reo011s" would probably cause the remaining Pu to) bG 

dissolwd in alkaline solution if it acts like other similar metals .. 

". 
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To avoid the danger or capture intact if the pile should not drop into 

iii!. lake or l&l'"/lqjl river. the stack could be filled with 'i18..ter to flood the pile 
r', ,inlt:lta.lly tID. impact with tlw groWld" This would make it so hot that it would 

. b, d1f.f:1cn~lt .. if not impossiblel> to recovero 
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IX. A SDlPLE PIIB 

Going on the principle that eventually we will end up with an exceed-

ingly s1U&ple, compaot" and cheap pi1.8 design, I have speculated a lot cn what 

it might look 11ke in the end.. 1'0 doubt ot~ers have otten contemplated these 

same sorts of procesees" but may not have had the oourage ot their convictions 

to advocate it go 

ASsuming that _ are to use very cheap and simple ma. teriala such as 

graphite, and U, Pu and. 'th carbides for :tuel and breeder m&tel'ial, moderator, 

refleotor and heat trauter ~dium.one oould th~k ot drilling a number ot 

small holes in a large d1ameter graphite eleotrode. !his graphite cylinder 

would be placed into a spaoe surrounded by a cold ooil tor producing steam or, 

mercury 'Vapor, or even heating IDltall10 sodium by radiation and some conwotion 

from the quite hot graphite .. 

Into these holes drilled into the graphite trom the top would be placed 

U, or Pu and tb" as needed.. When suffioient :tuel has been added, it would be-

oome hot and -torm oarbides with the graphite ot the ohamber. Further heat1rJg 

would result ,in dittusian ot the fuel out to a zone where the cooling of the 

graphite ,is suffioient to bring the temperature down to about 230000.. If'the 

, ruel would get too hot" it would volatilize to a higher seotion ot the tubes, 

thus deoreasing the reaotivity until it flows down again to the bottom. The 

upper po~lon, having a. muoh larger area tor oonducting heat out andtb.e sur-

faoe from_bloh it oan be radiated and oonducted to the ooollng coil, would not 

permit the vapors ot the fuel to boil out oompletely .. ' Some 'of the _ fission pro-

duots, particularly the pcisons, would be volatilized out. In other words, 

'there would be only a very sUght excess reactivity required at anyone tim 

whioh can be held in check by volatili,zation an~ refluxing of the tuelo lew 

trom---

30" 

f' 



# 

, 
>' 

.~ 

\ 
;;'\ 

, .. 
~I" 

4 

'( 

J. 

" 

.. ";.'" 

;. ,.;; 
;~ ~j: t ,l ., ,. ~'hrk 

fUt'lll \v-ould have :to:'be; iidded to make up for depletion .. 
... , ... : .. . 

"t-'. 

Such units could be used in multiple as needed to butld up higher capa-
, ' , 

c:t tios" Thill' hes:/;; from the outside of the containers might we 11 ooradie.ted to . , 

thermocouples which would then carry the energy partly as electrl~l'current 

a.nd partly by conduction to the cold junctions t which would serve to heat t.hfa 

motive rluid~ the t.hermocouple material wO' .. lld then be, serving,;, not only as a. 

current generator~ but also as a shield# and possibly a breeder~ It may also 

be designed to furnish the retaining wall that might be required to increase 

the vapor pressure within t~ pile zone by the usa or-helium gas or the likeo 

If. other moderators and contain@rs can. be found, suoh as be>rylUum 

oxido$ OT if the pile is made sufficiently fast so that the crosB-seetio~ of 

high roGUing alloys is not troublesol:ll.aj) uranium. metal, its oxyfluori~iG9.1' anli 

possibly its halogen compounds,.II may be us~d to produce a fuel that will volat1-

Uze when it bWCO!OO8- too hot in the cont&inero 

. The important aspect is that the fuel is so disposed insida of the ~,;!Ci)1-

tainer that dispers!on by vaporization and oondensation soma distance 8.1lay will 

reduoe the activity of: the pile 8..71d re'gulate it to tho boiling point. of the ma-, 

terials involved under the pressure suppliedo 
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