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:Sj' 

Gale yc~ 

1, Illtlroduct1an~ Th1c repo:rt presentfll 001:20- ootleiderat1on:s !)Yl ptH;Gl\' 
~_~_~""':'l 

piles opll):rmting on th~:rw or ltltl;l3)r=thel'1llal neutrcnso Attontion hGl"~ 

li21 ted to hip tezperatull"t< tmits. the cooll!:\lltl\} being gaG.0s or l1q\lid 

m<19talB~ thal'e 18 also eu~:ront di3"u~sion of' me(liWll temp@J."e'ture f)OW®1.' pnrEil~ 

'" cooled b,1 9Mter \Ulder higll plre~&u.)!,0,,'" Alt modell.'ator" "le 9hall. _\i~ly OOil,= 

eid~r BG ~etmlQ ~th ~o~ m~ntion ot other high temp~ratur0 su~ 

as~apb.i te and lle od,d~·, 41. Fur~hel" i'l'lJf 0l'0.ll01l)~ on v3l'1oum pile t7])6\1l and 

m.at&dal~ bave been glv0il in a. l"@«:IlDnt llli&tIlO" 2 

, It if.) hoped that a potier pili':J opeli'sting OD clo'ld neutx'OllSl can 8!;'bl)ut; 

hold its own OD. tissionao10 h~teris1 in $ 23=Th c301e~ and thus G~s~ntislly 

bu.nt tllcri-w:n &$ tu.el to c,btain usefu.l hea.t and poll/eX' c As a 1l.ilC9Sfl&1:r . 3t~p 

ill. tb1\0 dir(jct1on o we shall :requ.:h-e the n~tro1.1 loeeee in the p11e to b~ 

l!'@&lilonably l0ti152 D t\OIllIE> m~n tiOD of 10 !90(!)S in the!. thor1t.11ll blanket and in 

the chelld.cal pro()(tel'lling plantID io cl!lo mad0~ bl:l:~ .p-o :r~&l d.iSCl.\IIU1l1oIl. of 

breeding lOlHUili i.e attemptt9llo 

Beoause of. its a.'1Y!li~abil1 ty aJ,ld l'ela:tl'ii'e frol!Jdom from health lla.$alt'd.l9a 

it e;ppCSl"1d t.hat the' first teet ptlel'.ll~2 wit'l Uf.lG 25 iaot61ad of 23~ ~d liDS 

pil£ c.alw.l&Uona bavo. f'Q:t th\!l moet Pa:Il~tp been wads foX' 2:5(; hOWli!)'V@:r'. ~;h(il 
.. ~ ft:,,:P 

j 

iltwlear properties of .Be. BeOR Md, N$. aJ!'1S uE.unealimr0d or u.noor1iej.n to ~ .. lU.r,1h 

&'0 tlXtont that the osJ .. mllations are 0lCI.\lG=~'Ork anyveT" 

2,. Go.s Ooo1ing., Some e&lc-a.latiotte on the output of a Bem.etal pile 
,~~~--'"'" . 

eool,ad' with hl!ll1UJll have been rt')p'..)rt~d. :pl"~vioudy); Thl!l specific pOW0li:' .ob= 

tfJ.CIDd 'IliQI'l qt1\1te hlgb~ however" th$ plll!l composition wa.s such a.1tl to il'l·.rolvlJil 

eon§iaerablm neutron loo@ to tho mod0~&tor, th~ am5Um~d h01ium pr~uw~rG ~a~ 

f~I'-
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h1gh~ and tho pil& pl~tGa ~er~ aueumed quit~ thinu Am there ~ug€e~ted~ 

one uould like to incX'ca~e the c.:onoanuX'st1oD. of t~l'J8ionabla !lle.t~r1.al it:, 

the modera.tor in order to reduce the neutron lon to a value uot incollfJi&t"" 

Qllt 'ri.th the hope ot bl'eedlng~ and Doe how much th10 low0T1ll the IIp4!)o1th,l 

PQVGr output (power per unit am~~t of flsG1o~able material), ala() , o~e 

~ould like to Bee the ef~eot of ino~ea.lng the plate44 thiCknes$o and 
l' . 

the effect of lo~ar1ng the &aD prS88urev 

Tabl~ 'Iglveo the l"Osultn of aome 4Jalcll.lat1onil ma.de in th!~ CQlOl14.'!lCI= 

tion. baB~d on pil~ comp-o.tat:!.01l8 by Goldberger" 4 The first eolu.mn ot 

resul to 1 Ill' repeated :from before; 0 in the 1&9\ 'tow oolu.mnl the breeding 

lostj dUG to moderator abeorpUon haB been reduced to 4.> 5%~ and ill 'th@ l.ast 

ClOJ.Ulml the plat@! thickness h&1J. D0en incresaod to 0,5 em. ReduotiO'l in 

gal!! prorwure \~'Ould tUl'ther decrea,z(;;} tho pover output~ appro::dmatol;r in 

proportion to tbe preGsure~ mnd zo l1kewl1e would a ~eduction in tba t~== 

perature rlee &llowed in tbo pile., 

Intl'oduct1on of eg" graph! te powder has been eanaldered5 for the pur= 

poss ot increaBing the bea.t CApac! ty of the gas.} Th.~ 0peoific heat of 

gXOepbite ita about oXl$=th1rd that of heliWJA& and thus '!lI6 \/Ould nee". ti.\ 

gll."aph1te flov of 100 g/Q1!J2 Gec to mat-roh the heat capacity of thlll'h~l1un 

flow in Table I., It the g.raphite can be cax-rle6. at a. density ot 0.;511 tb.:Ls 

~I)uld requ1rB a flpeed of tw metsre per' tiHBCOnd o alii compared to the 140 

met~r speed in Table 19 alio the ~igh gaD pres~ur0 can be avo1ded.Suoh 

a graphite "liquid" hao atti'aotbre teaturee D but has perhapo :rather-poor 

tb.ermal conductivity and hea.t tranlllier propertiEls. Al'ld is probab17 quHe 

a nuls~ce to handle and to keep tlo~lng in nsrrow duotso 

Hydrogen has better cooling propertle5 than helium and has been given 

soms cone1derationo 5 

----
~ 
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Table I 

cr~3290 Pr09~nt Ca~oo 

m:-of 25 +- wi .. ' of :Be i ·0:3<% 1% -~=~ 

Atolns of Be -+ ator.ltl of 25 ' 5~ 700 2,600 

.1\.b sorption in Be .:- ab til. in 25 1 ~ 4~ % . 
25 1~ bare solid sphere 3,,6 kg 6".3 q . 

·B0 tn bare eoliA 0pheJ"G Ie 260 kg 630 q 

Radius of barlS: cylindrioal pil(J 103 em 10; ·-b'-~~·~ 

Height of' bare 07lindrical pUe 190 (lID 190 121 

Gap volumo ~ total volum$ 00 5 OQ6 0,375 

Total volwns .;- liIolid volume 2 2,,52 1,.6 

AmOUllt of 25 17" 3 k~ 45" 7 18·,4 

Amount ot l$e 5"Sm tons 406 1..8 

strssm thlOkness44 3 mm .3 3 

Plate thlckne3s44 :3 mm 1091 5 
j 

Helium pre(tliu:.r~ 50 &tmQlJ.) I 50 50 

Maxi ..... helium flat! rat. 32 -~...,.- I 32 32 
em eeo 

Ma;\ti1TlWll hell wn v'e1001 tl' I 1!l5 m/ eeo 1145 i 138 
PreSmll'S <b:'op in pilo proper I 1)'2 atmoG.1 1~2 !. 0,14 

o I 70m3 . 1 -I '1 Gas flow ~tering pile at ""'300 I 5~5 x 10 '60C' 6~6 x 10 1,,6 % 10 

~11e friotion pumping po~er 69 600 ~ 8 0 000 10200 
. 0 561 581 Ma7.1mum ~all t~mpor~tur0 riaQ 581 o. 

Vall r1ils -=- stream ri5tl 1012 1012 1.,26 
o Stream riss 518 51S 461 

Bea.t output. 61., 9000 Itw 71~36 000 . 164"oeo 

output per amount of 25 35~60o k~/kg 16 0 ;00 8.900 

Factor b.1 whi~~·oUt.Jnlt per 25 2.2 leg 
10' !'educ0d f;rom 'P~·®ced.iBlg colllUml 

\ output por amotmt of :ae . 106 kW/kg 162" 91 
~ . 

M~iwwn he~t flux from plate 25 - ~a,l~_ 25 36 
0111 fi!e~J 



 

30 . 6 
~1~id Metal .• C~~g, Some previotul ,entimates on a 1J(£l £!I<I!)t&-l 

pile cooled with Na al'G essentially repea.ted in t.he f1r~t CO~t!UllIl ;;:-11HJu.1ial 

in Table 11,.. The last. colu.mn givs1.9 tho l"l!IlSulta of 1I10m0 calculations on. 

IJl. dlftsX'ent oystam in which the neutron losses have 'been eOll'l~tth;a.t l'Gdu,c£Jd 

and the mtream thidCneae incressed~ The pile 91ze estimateo ar~ ba$~d 

on ~o:.rk by Goldb0rgero 4 'In 'the pressnt eeS9, many of th~ noutrono 

absorbed bef'or/& they l"SBiC".h thermal energy 0 filO 'that tiO have actuall¥ a 

tle~1-reBona1il.CSn or "somi, ... ther1'f:lall'l pile15 • to .take account of' this ;rould 

~equire reflnemonta in the calcu1atione p but in vle~ of the Ullcerta1ntiss 

in the basic data much correctione have not bllen worried about. For 

~full~rosonaneen piles of this type ~ee other ~mtimateG given by Goldberg0rv 7 

The l18Q.tron 10 8BfillJ
g al'~ l"o,'itheI' larger then in th0 gam cool1:ug otl.ee 

e,boVCll~ however. thc'Ue. loaD can be reduced (by pel'hapa a tact·or ot 1",5) 

by dQcreneing th0 l'01atlve amount of Da in th~ cuter parto .of tho pile ~here 

leBO co.oling h neededo Th~ captUl'e crQlIls=sectioI\ of Wa ~ae ttl,ken ae 0" 6 

bsrnn in th6 prs!8snt calCllle:"ioJ1lh aQ.d the thormalconduoti vi ty of :tic ella 

of 1'18 W&t3 asIDw0d. t.o ba 0,,2 in oga-calori e un1 ta, 

The abeo~tion in Pb il about .one-third that of Ea. and that in 'pure 

Bl 13 about 0,.1 that in Pbn' thus th~ coolant ).08fi168 may be' ruducod, COl'reo= 

pOnding1750 ~J the uno of the~~ liquid metalG9~ their thermal oouduct1vity 

i 01' bowl!lver. o",ly 0" 2 that of E'sv and they are about ten t1m08 Qll) heavy. 

ll1hich mEW mE\lt€l them some\1hat l more dUfi cuI t to pW1Jp .QIld handloo· The 1>lt'oOl:tle-

ilion ot Po by neutron capture inveBt~ B1 with e. peculiax' health htl.~al·d< 

Piles of thi S oO'rt are on the way tOWB.wd 49 l"GCOnanC0 bJl.'aQd~:t's" 7. 10 

~ 
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'labl@'U 
'IOCU'E;~~== 

=---------.--------------1
-~iO~d1:fi0d from • ______ . ___ .~T 

MuC=GY=39 Pl"S13@t CS,Ul 

Wto 25 ~ ~to of ~s 

Atolllu of :Be -:- atol'll~ of 25 

Ab~orpt1on in ~e ~abao in 25 

25 in bare 60lid sphere 

l~ 

2&600 

405% 
603 kg 

4% 
650 

1.,1% 

~~ in bare solid Bphe~o 
~-=~~~--------=~--~~ 

Plato th1ckne~844 

StreMl 'th:t:.clr.neiH~lt4 

__ _ 1_ 630 kg :_~~ __ 

I 1 CQ 

13 kg 

450 kg 

l~. i'nm 

Absorption .in N& -:- ao;;;., ill 25 

Amount ot 25 

Amount of. :f.!<li 

Rsdiue of bare cylindrical pile 

Roigbt of bn~o a,tlindrleal p11~ 

To tal duct (:l'O f!lEl=20ct1on 

~D%1iilUi1l cool.ant spoed 

Of!lnter ntrea..~ -7 average et:r~Wi' 

To t.al flow 

Tcmp~ratur0 rie9 

R0St capacity p0l" unit Tolumo 

1IIJ!lst outpo.t 

'Output ;p®r 25 
Output pSI" Be· 

H&x1mum·tl\~ from plate 

Mmx1~ tempu drop in plat® 

~.:d.mu0. tilm drop 

M!lld.:.ra.m looal rho ~ etr0a,t1.l rtao 

f 

1 rom 

4"7% 
8,,~ kg 

640 kg 

44 em 

82 tOm 

560 om2 

103 om/aec 

2,,32 

2.,4 % 105 em>! fj(lJ1/J 

3330 c 
0., 3 __ M'~_' •• 

om J deg 
100.000 kw 

kt7 
120 000 kg 

120 ~! 
kg 

96 -~!-!..-
cm2 seo . 

1200 

10° 

1.>14 

I ! ' 
• I 
i 
I 

L 
I 
t 

·1 
I 

2tt!m 

5.,8% 

40 kg 

l~ 000 kg 

52 eM 

96·0!.\\ 

2 e 53Q cm2 

103 Cl'J/S(s'i;'. 

2·,32 

1" 2 x :L06 mJG)' !'J0@ 

3330 
C 

'.I: ccl 
O""I-r-==-

em,] dae 
;00 & boo kw 

12.500 kv!l:.g 

500 kl1/kg 

160 e@.l 
~z-==;<-= 

em sIDe 

80Q 

35° 

'P' 
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4" Heat rtlo\t in PoUe 1l.l3aelllblifulo Pile aeesmbliGs frequently Q.'Ppx'oxi= 
i A ..... 

IDa,to plat" 01' Z"Oo. Shap58a Let e donote the radiu.& .0"1: half=th1eknl!fu\1.~ 

p = uniform ra.ta of h0at production per un! t Tolus p • Q ;: center tem= 

peJ'tttlU's m~a.aured allovo the m:tl"facc telilpGretureo ''9 ;.' average ta!Dporatvrs 

measured· above that at the ata.l'face. a.nd k: = thermal (lonductivi ty of 

the material, ~he;!l Vel have till!! :reou.lta given 1n 'l'able IU., F01" the 

!~~,!!! 

_----.:.--,-~--.; _ r 

~:~. ..f ~ ~~2----1 

~~ I 
- i 
" _J 

~~*: I 
*- I '. I 

Rod 

e!llDEl ilurftv.!e~·to~volum0 l"$tio 1'00.1 :11'0 w1'u11 tb;tUl plat0~ by a fatltoli' of 

2 O~ a and a.facto~ of 1~5 on G~ 

Ther~ streegeo or mtra1n6 at & cooled su~rmoe depend12 on i and ~n 

properties of th~ mate1'1alc and th~ir Qllowable valua~ depond upon the 

9t:rengt;h R,nd dt1(~t1l1 t;r of> tho ~terii!l.L ThUG we ma.r condder49 th~t thOlr$ 

1 e a maximum sJ.lowab10 "i!Ilue ot '9 .tor a B1 VeEl material q Gineo the propoK'-

ti~0 of the .mater:l&u fI1S;1 vary ll11th teIllp~raturEh the allowable value of 'a 
mE13' depllmd upon tho tempt!lratu:ca of tbll) l!u3Bomb17,' 

Lei; E :: YOWlg~ ti moduluu of' (dastic! tYr 0\ == linl!a.r $Xpandolll CO(:)tt1= 

dent. and rr:::. Po i!.30on& Ii) ratioo At 'the cooled murl'aee of a pertectly 

(!llaetta (1 cOo u lilio~d.ng no plaGti c flo'i) material Wei bave12 

!:ltr06!) 

Qllil." Jil()K't! ~eneI'ally c 

'!:: E c( i 
l:--'? ~ 
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Table IV gtV0t3 some rough J).w»~ricsl values by wa:g of illustratioil.. It 
. 13 

appeare that BeC shows l~ttlo pla.stic t10"9 0 even st elevate": tS!liperi!o"'l;'\U'Gn 

s.nd benoe t.bet e mU.et :really be kept qu.ite loti, Graph! t~43 nnd U appe,';l,I.(' 

quite good. even if the,r did not ahou plastic flow. ~he ductility of Ee 

metal depend" u.pon ita method of preparatic.fl and "').pan 1 te te!!1p«1I'sturS" 

With the pile described in the last oolwnn of Table I we f1n~ that 

the max.i1l1iUll value ot e for homogeneou,s pla.tes 1s 3/k? AliiSWIlil'lG' k:: O~ 2 

osl, . etc., 0, for :Be lllGtsl givee e :: 150 1!Jhich sounds SafOD but UBi:ng 11: :: 0002 

for l:}sO gives e :: 1500 which is 1lD.CatG,. With:Be metal lihe pile'dl3e1cr1bed 

in the last .eolumv. of Table II. giVElti1 i :; 5.1> a 'tihich fiJS:Y or me,y not be sa.fG 

depending on the ductl11t7v 



Table IV 

I " -;;; _.. l' BeO { Gr~phi to ! u Conerf8t@ 
-~---------tI-"';';'------4I--"-----' . -.:-"----. ~=~ 

E in atmoaphereo56 

Tensile bresklng strength 
in a.ta 

Brtl?lnldng strain if per~. 
feotly 61&81;10 

~JPi~ml observed atrain 

o<.t per de~ree C 

i to ~1ve strain (2) 
of 1/~ 

i to maltG the at i'etIUI ( 1 ) 
aqual to tb(l brcB'k:1ng 
8t~e~8D assuming 
(f:: 1/3 (except for 
COUO~GtQp ~ere 0"2 wag 
usi9d) 

lief el'!bIlCS9 

6 206 :t 10 

,I 2,,2 x 103 

o."oo~ 

o to ~ 

15 :It 10-6 

, 3"3'30 

)50 

6 3,,1 :It 10 

10.3 

O"o-,j; 

10 x 10=6 

5000 

22° 

I Ch1eaeo Band-I(l) and I . book IX E2, (14) 

~ I 
~ 

\ 
ltlForgeQ. or 
extmded 
motel 

I 

11 x 104 1105 z 106 
I 

205 :it 105 

102 ! 1 x 103 19 

0<>11~ o ,Jn~ ~ 0" ()0.31& 
I 
I 
! 

~>:.vel:'al ~ I . ~==~ 
4 It 10=6 ~ 20 x lCf,,6ill x 1((6 

12500 2500 450° 

1000 1560 6° 

Handbook' l Han".booh: (16) 
lIE j IXA 

, 

I 
I t 
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5" ,Oc!2t.l1%'leon .'?!. Different Mocleratoro" Somo eorly6, 61f.l1lld. OOtllC:l lno:("e 

reli:lt;)llt13~ 14& 170 18 ~ 19 dhcu.!tsiolll of tho ::rola-tiTe'merits ot vSl"1oUG t'!Oder:.,.. 

etoro has 'been givenQ Current w.)rk by Dt!D1elo20t 13 contemplate the UGe oj~ 

~&pbit$ vlth U installed in ita porea in the form of oxide, rather than 

Yith U carbide as Xlrot considered, 

Some comparhon betaaf.)ll oolid mod@ratore vaa made in the prevlouQ sec.-. 

tion above, and. this 18 c~r1ad a 11 title farther in Table V 0 Occasion hi 

taken in this table to present a rQ~ estimates on relative pile elzsm ~d 

ewounte of fissionable material r0qu!r~d, with piles of the type diecueeQd 

in section 2 in mindo Table VI COmpUte8 aome f1ll'ther qw!.l.ntit1.0B for Be 

!!\letal and graphite piles hav1ng thG Bf;Wl9, neutron loss to tho aoderatOl'e ,.he· 

same fractional volume in cooling voiden and the name plate th1~08B~ It 

i 8 :eocn' that graph1 te Ghol1G 1q) Cllllitel:1@llf) 1 to 10ltGl" e'boorptioll giving 1. f; 

thr®e times as much cooled ourf£cft ~th conee~ent reduction in film drop~ 

Th0re have not yet be~n any tests of the eftect of internal f1081Qn~21 upon 

:Be metal or gl'AphiteD Q;Ild the values given in tbe th1rd line ot Table V may 

be quite mdBleadin~o45 
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'~8ble V 

-------------------.--~-,------- ". ..... -~ .. -~~~ .. 
. , 130 ntlO; Gl'tliph:il. tl') 

-----------------.--.-_. +i --- !----~ .. 
I Ivg5 3 i Density 

Relet! va lIlEiutl'on aboorpUOll pel' n.'li t 
volUlile 

ThOi'ln&l ~gnduct 1 v1 t7 of' bombarded 
mat eriel , 

Equally a11ovabl~ e (~eBsed from 
. Table IV) 

Rele;,:;ive apeo1tio PO~Ell' ou.tput for: aame 
pl&t~ thiCku08D and Game neutron 108900 

~:: ~i)!') 

l/~' co lcl-t 

L2 hot v emt1matcd a3 146 : L2 cold 

"12 in pile for abaut 5% .aeutl'OA ~QliJ8to 
modorator 

r + L2 in pile 

Relmt;1 "''' i' + L2 

R~la.U.ve piI" ·volt.l.lto ,....,.rr:;. L2)3!2 
. . 

Rf.llo.t:1 "If~ abaorption Plllll' w:a.l t volUJl,\0 

RQlativ0 critical maso of fissionable 
material fo~ bare pilcs ~ith S5D& 
Dw.troll lOll€} 

Relat.ive beet capacity por ~1t anwunt 
of f:l~lllonnbl~ ms.tcgrisl: 

Cost pe? pound57 

<tGrephite value from Handbook IVii :e~ 
and E11I0 v'all,,\&O from (22) 

;- Btl and BeO valu@s from (23) 

I 

I 
.i 
; 

j 

i 
·i 

I 
i 
I· 
I 

3 
i I 

i 
02 Cal,etc,,1 

400 

26 

98 cm2 

622 cm2 

994 em2 

;0 em2 

l~ em2 

1 

1 

1 

1 

1 

30 ciolla;("li 

I 

2 

.,02 

10' 

1 

110 cmc 

582 C1112 

930 tl.lU2 

41 cm2 

151' t=m2 

L06' 

1,.09 

2/3 

O~73 

1~6 

i 15 rl411ar. 

! 

j 

6 
, 

~02 

100 

20 

387 ern2 

2" 500 ':Jm? 

4., 000 fl.fij2 

200 em2 

557 cm2 

,3,96 

7,,9 

1/3 

64 

1,1 

15 Cl0nta 

to. 
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Tablo Vi 

_____ , ___________________ , ______________ • ________ u • __ ._ .... _ 

Lin~ar dimension 

Cross-section area 

.Ar.uotmt of fissionable material 

Total plate surface 

])J.et fU'ea. tor 1)Uli tn s,sionable 
w .... "),t@rial 

Be!r~ 'lira,nefer nux-fact!) per ,mit 
fissionable material· 

Plate power output (11n0 5 of 
Tabl0 V) 

I 

l 

'I 

Be 

1 

1 

1 

1 

1 

1 

1 

GraphitG 

L99 

3096 
206'+ 

709 

5 

3 

O~77 

-~"QZR" -'----.,.. 

60 :BombarQm3l1t Effects and Breeding IQsses. in Pile" Hanford sluga --- - . 
anccs@sfully t~th8t.sndo but perhaps show Dome eff~ct9 f~om24. an Gxpoauro 

in l.1b.icb. ans atolll Ot;!.t of 2.000 1e fl£1sioned., A rod made of. :8s0 'With U 

o.:d.de had itl thermal l."esi&tanee lncroaaed b.;v a :tGlt~tor of five 'Wh~n on~ 

atom in 50 0 000 total was ficaion0d~ .A U foil ~as abeervsd tabs completely 
25 ~o~dGred after one atom in ;0 had i16s1onedv In the absanea of any real 

information we ohell gll.Gl0ll) that a. p1i@ alloy ce.n be :nm UlIltil a. fraction 

!v~ of its' ato!'ut; ha.SI f1adonedn wher~ d.. 11') a f'el!1 thOUlllalllio This GUOO~Hlt.1lI 
o( . . 

that thIS pi.l®tl of Table! and the firot· oolumn of TablQ! Xl migh·t la.st until 

most of the aot1ve materiel had flBS10fiSd (provld~d not too mueh of ths De 

is :preeent in the form of inert jacketB~ Ilpa.00l'Ul e etc" JD but that th0 pile 

in the last column of Table 11 might withstand the fls0ioning ot only a iraQ-

tion of i ts aottv~ materiaL 



I, 

,~12~ 

Another contiiderat10n involv0d in determining the length ot time a pil~ 

plat€~ ahould 'be rwo. is tho breeding lOBs arising from fission produetso If 

Dot :a~oZlloved. therUo'l a.bsorb ~eutron8" and 11' the;r are rCiJlUOvea.. a traction e of 

the ~ctive ~terial is lost in the ehemic~l purification proce~o; this conflict 

results in ~ optimnm period of operation betwoen purlflcations,26 

.raJ" pr06alllt purposes. trG ahB.l1 give only a, raul'" e.ppro:r.:lmate treatm(!)il,t 

of tJ8B8 mattersn A8BUming a'fixed 100s (of about ~) to the Xe end Sm. ~G 

euppose27 that the rest ot the t1ss10n produote ~ be represented am a perma-

nent croeB=o~otion of 50 berne per t10s10n or (in the OA&e of 23) 45 barn3 

per eieztruction:, If the fraction f ot the active materiel 11lSe4 \\p bGfora 

the pla.te is rsproc$seed iii emallo \llEI have (in addition to the Ie and Sm logal 

J~ ::. AbsorPtion In"lj 
~sses N r:r. (T ::: L....p -+ c + li'_ t 

:itt rru 2 0-U (~» 

~h®XIJ N -= nwubel' of at.oms. (J'::: <6ro§s=s!!ction for n.hIlOrptiO.D.e Po. t.he 

subDerlpt~ Po Un F ~~fer reapectlvely to·plateD uran1um~ and the above 

described (non Xe or Sm) fiseion p:t'oduct e.tol11eo 

A qU&.lltity of the form i + A t: haa ite mitllmum value 2 \lAO tor 

t ~ ~ D the nature of ths eolut10n being auoh that the two terms 

contribut.e Gquall;y to the re81l1t1ng minimum value. 'l'hu3. tht\ sum ot tho 

lali"lt two toms on the rigb.t ot (J) hal! 1 tl mmal1eet value 

tor f 

~~ 120 l.fU 

tr "'20 ~. 

(4) 

(5) 
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Wi th ctU" pr()sent materials tie hevlS cr 1!' :. 45t 0-U -::. 620 for 2). and 

8I.SOumillg l~ tor c givSll a 10SB (4) of 3~g~ tor Q "l:UUG (5) of t . = 00530 

!lor such s. lQl"ga value ot f the ebove formulae are lnaccura.te~ but a.t 

l~act we have here eo~e 1ndlc~tiou that it may be desirablo to d~lete 

~"ppI'eei&bly the plates before reprocessing them" Udng theel9 Vd\lGS ve 

have for the losseolll the pileli.\ dascdbed in the last two-columns ot 

Table 1 the valu0e; g1 von in Table vn.., 
.., 

:rable VI~. 

xe and Sm '1$ I 
! 
I 

.1 
other fission producte 

. 
109 

On~ecl. 1.,9 

Pl.!!;te •. . , ~v.~ • =~ 
i Total 15, 3l~ _ ! 

When the aDOV''' plate ha.B been run to t ::. o~ 53. we ha~e one atom fis... 

s:loned out of 40900.. If 0\ :::: 2 0 000 q '!lYe could reduce the rele.t! YO amount 

of ' Be in the pile and gO dGOrea6~ the plate lose from 405% to 
20 49 x lh5::; l"g%~ l1b.1oh 10 8. ssv~lng of 201fo. 

Howevar o t1~ can ~ even fl.1..l'ther in tho e.t\juetment of th~ 1Je/U ratio 

to raduc0 10.8S0So . In the fll'·et t~rm on the :right a1de of (3) introduca 

ref.. = IIp/,tlu tOgst 

c (~_~.! t !!L __ 
L = t + () U 2 0-'0 ) f~ (6) 

. 't1b.:1. ch iilinim1.z08 ill the Game lllSY &ill b@tore~ bv.t m th an incraaeod va.l\\0 

fo::' A~, i!lithtA. = 2~OOO~ Up :; 000107 tor Ee (which mslcoe tho l~o5')b plat@ 
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loes in lable I conai.tent mth our othor numb0i"Ed. QD.d the other VSllMHiI 

alii before 110 obtain L min: 5, Yfo (til.i!J .eompared to 50 ~ in tho prec~dlng 

paragraph. and to fL 3% in Tablo Vl1j • .t ::. 0038. Gild mp/Nu =- 7600 Thill 

val.ue of Np/mu 1& close to the compolll1 tlon in ths laet colWllI! of Ta.ble II ~ 

an.c:l thus for ~uch a pile tl'e have loe8ea a8 given in Table 'fIlL With 

Tabls VU~ 

------.---------.. -.----------~.~. ------------~ 
1J:e tJ.\Ud Sm 71b 
other flms10n pro duct 0 1 .. 4 

Ohemical 2c.6 

Pl at /3 103 

ia I 60 7 j 
~~ ----. ·19 f;1 .! . "'''''', I I .:-____ ~ ____ _+_._-... _.. _ __ "zri 

pooeibl$ ~eduction in the Wa 10SB. SG m~ntloned in section 3® the total 

1088 deorea3ee to &1>011\ 111';; \lI1 th Pb cool:l.ng the to tal 109B might be 1'0= 

dtllOed to Sl'"Olmd 14%0 and50 wi th Bi cooling, . to about 1~Q 

In thlJ foregoing eBt1ma.tea 'IlI$ h&ve &!!.ulUJUed an ideal un.loading 'elch0mG 

t:h.ll1lX'eb;y eall:b. pi eee waG brought to a gl yen value of f be;fox-8 rep:rooGss1ng~ 

in Pl"QctilJ® BOJ1l® compromise would liksly be made for mechanical conveni~nc0~ 

a:n(t 'lillie ~ould increaoo tho losses somewhat" .4100 0 the!'0 '!dill be lOSSEltl 

(lUf~ to pila cont:roh31 QIlci to hflav;y isotope formation" 2S 

In ~he abO?0 oohame of Qperation. the amount of aotive material th~t 

gQ~Q to tn, ch;smio&l plant to'Z p1.U'if1cation 1e l""f t1meo th0 ~unt 

dGfitroy~d in the pile. 
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"/ ;, Semi_lj'1~i":.?l,le8c Some of' the piles mentioned', S.bOV0 tlontai!.l 

nppl'El'c1able amounto of liquid metal and are p®l'h!1.pe auggestiv0 of t1aeign.;~· 

in ~hlch the fleeioDsble ~ter1al 1s looated in a liquid metal bath rest~ 

ing against :Be ll1sl1e through which thl':) h~at paesfl9 to a moving coolant ml 

the other o1d.e of the tlSl.l1 t the object being to hf.\Vt; the .\\lol1d parts £1't10 

, ~ f i' 2q~ 5S of int,,;ma,.r,.. ie8 ono ~ 

Use of t.h.e fiBBionable llul.tarla1 in & fluid form \10111d not appear, 

froID. the reBults ot the pr(l)codlng section, to hel.p much to reduCie the 

lO&\fl}es in theabovs thermal pilEllG axcep·t alB it mekem th~ ti8sion productl!l 
13-(~~peo1a111 Xe '> mora easily removable; this might be the cn.e with some 

of the g81e(!')s30 ~ lio'Wover 0 in resonance p11t!l21 -the' ratio of :Be atoilllS to 

f12610nable atoms may be more Hk<e lOO 1:1hlch 9 ttith 0< = 2nOOO~ 'b'Ould re.-

qu..ire f not to exc0ed 00050 in th1.e Moo46 ilfltb It\ :: l~ the ohamicsl lO~ia4ln 
woald- be 20~. and it becomes 11»portont to either improve the choolccl 

pb,ntor to incre8.oetha ree~d@nc9 time of fissionable ma.ten&! in ina 

p11e b~twosn rcprocellJsingf;), 

USG of the Active mater,l& in a. fluid: OI' oemiJluld form m.ay p :t.n 

addition to incl"esol:o.g the allo~able ::residence time a permit more of a 

cOntinuous floti purification prOCe$8 ~th lees ~etabr1catlon of the moder&= 
. 60 

tor or other solid pilo parts and coneequent rGduct10n 1n oper&~lng coata ~ 

gil Lo8~('!j8 in Blanket" Table IX gives a :felt aetimatf)f) adapted from "'-':; , :a:.=:_ , 

the reports namGd33
q These are 1ntended to 111uetrate some of the itsma 

involved 111 arranging thorlwn blQ.Dlcetll around piles, but ha.ve not the " 

ctatUQ of real~alculatione or de8ign Cholcea~ Water-thorium mixtures 

ha;tra been aumttoned32
0 but not reall;, computed; the leo!tage pel' cpt 
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quoted. h0);13 is just t1 gness," In t.b.e heavy water case the· thOlL'1um (all a 

thorium o:do.c slurZ7) 15 conetd@:f'ed a6 stirred about; in caee of the 

solid lU'rang0mel1to tho variation in neutron. dsnsl t;1' through the rc:flacto~~ 

\W'Uld have t.o ba takqm into account" as well as the unloading 8cb.edulGv 

before the absorption in Fa and. in 23 and the amO\Ult of 2; C.iU1 be aSC6r= 

ta,1nsd" The looe 0.1.113 to Fe. 10 d.oubled bacs.uGs a capture deDtroyo both 

tht\! neutron and the potential parent of a 23 atom? The graphi tEl blanket 

doe~ not take into account any prov1sion for cooling. and this vould 

incrSSidC the lons"G and bla:nket thicknes.s; similal:'ly. no mllowanc(~ for 

coatings haB been ~e in the ws.ter caBS" 

Con8idarable work is needed on th~ problem of high ef!lelen~7 blankets. 

inoluding anginesring arrangement tor cooling them and for getting the 

pile coolsnt in and out through them without introduc1ng too great leak= 

age and absorption 108000" 

Th0i'e are advantagea and dieadva.nt&ge. in locating part ot the thOi'illl'n 

~lthln the pile prcper33
a 

¢.Thf!) I_ages arici thicitneoBse quoted are no-t reallycompara,'bla ,,{net!) .1n 
tome caGes a. plain reflector hal been' &8SUlJIed outeide the thorlum mnd in other cases not~ 



,"-,11-

Tabl\) IX 

Reflector thicknea0 

Leakage '1013111 

AB~med radius for gpherlcal pile 

wt.o of moderator 

1ft. of tho:tlWll 

Assumed power 01ltpu~ 

l1t~ of Fa. 

(J' P;!A + (}~ll 

Aba. in Fa .;- a.ba 0 in thorium 

!fa tal 10913 due4Y to Pa 

lift, of 23 in blanltet 

Abe. In 23 7- abs. in -Ph 

Loos due to 23 fission (gu,ese) 

Ohemical 10SB ot 2; or :fie. 

Total breeding loeo 

" 

Total l~a or 23 holdup in blanket 

ReprocaBsin~, lose of 'flb. 

Fraction of ~h utillzed 

MlTCc.EPW-l;;-r CP-2222 '----_._----
HeavY water Graphite .W~t~? 

1 

1/2. '1> 

,40 CD 

1/2 ~ 

60cm 

3,3 In tons 

,3q 3t;OJlil 

100.000 kw 

4.8 kf.: 

13 

2~ 

4 '1& . 

30,3 kg 

3 ~' 

21' 
1 ~ 

8~ 

g kg 

0,1 " 

50~ 

.. 1 

.7 
2,% 

gO C!l 

1 ~ 

60 em 

1.,.8 tons 

13 too. 

100,000 ltw 

4.'S kg 

13 

3 

35 

3~ 

1;0 em 

2% 
60 em 

('.6 ton 

2g tone 

lOO,O()O,lt1l1 

4. S kt'S: 

13 
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:3 ,. ·l!ell.""7 hOtpOP0SJo BeDi6i~HI mnh::lnr:; f1meion prod:tl.,~tG& pl£!'Jlt opel'a·--
~....,...~---.-~=... . 

~-.~. .....~ 

tion t.!.lao generatela various h-$8;1/'J' i 60tOp~6" Thea« CB.VdIH" ueutron lOf!)fHlta~;'-i. ::>L~ 

Sl?lli complicate the chemical Pl?OC0I'Hling" l$otopea of Pl'OC0Q3S mtat~r1f1.ln 

(e., g,: U and. 'I'b.) cannot be rSlIl(nl'(!l>rl by ch.emical m~tbo'dfij 0 and th~ m.\ltoria.l~ 

tl.\P.l.y "O® thus made hot tc handl~, :requil"i.ng I'smote contl'ol operationll\' or 

Iil.::\Y bE:.va theil' D.fJUtron pl'oper'~i0~l ch&tAged Cel" g., t the 23 may b~ d®ne.ture~:', 

agl11iofr,t bomb U'£G), In. ac:una MEll!}O enough dilution. m~ occur (e.go, of 

23 by 24) - to appreciably affeot the pi_le ~ompoeition and ~~1"~ m~ta.l1u:rgJi 

G or eolubili ty cb.rulgee35~ 51 r. 

hi" Economic Conaidcratio:l.'H~-_, , 36 ii.liH}u.mlng that rock can be procI<HII~I~ii 
.-------.-.~-.---, 

tOl,' 10 $1 tOtlp ~,nd thm:t an e,dequlflt® smOtU'lt of a.tomio ra':D material (U and 

Irh; :ls availablo in 100 ppm er)!H;:~ltltratiQn (a. flglll'e ten timea the aveX'~'?~ 

fer;;,' the oarthP. 2 Cll'110t'j ~ th~ COw,t59 of r8,\,) material is 100 $/kg, Pi10 

ur;.H~ 01.' i"1 edonat.l@) l!IJll.ttlJ:rial. g:l '\"1915 aJ)o,!;lt 20 O()O ~\l1 '!.,.l!.~ 9' G·o that if half 5.g 

of th~ re.v mst~ritU ce..n '1.1'4) u.tiltzed 'the or~ COl'9t tor 'h~at comes out to 
F:3 'be 10 (CeJ;l.h/kw Tear.,. lJ.'h~ ~06t of hf.llat ~nelt"gy as coal 13 t;ypi~slly:J abf}ut 

8 $/k't.} year. aiQ.d thG cost ot ge:n®raUng sletlt;:rical en0i'~ in, coal burnin~? 

plnntlY! is €,bou.t, 50 $/kYtl yG~,) 

'l!h(.'l CQ~t of ate.mic J:o()wer lIB ~SHl~)lIt:J.tUl:r that of !'It:lintainil.lg fl~.d. 

opGYo'atin.g the plt..n t X'f!lquil'ed to (l btain it 0 the co 9 t of 'l;ho fuel u8t!ld up 

!:I!!lillg t\ltlSll" ;sQlD~ ilI.atirll,&te1l! oj-v ~!:hompBOll':H on the use o:t a Hanford. typ~ 

pH~ to generate elec.tI·1.cal enel'g;y indicatci a. pleJ1t investment 01' 2()O to 

300 $ per ~10ctr1cal k~~ &nd an opereting and roaintenanc® cost of 60 to . 

gO $ per electl"ica:..1. :itt? ;real'e Nt. dm.!sr ISGt1lk1at~'!! l!l.~~e yetavaUable :to;.;" 

pil@5 of th~ sort \1;t1l axe eonulf.t..:,X'ing h@:re, 

... 
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Some attempt can \)$ made to estimate th~ amotlJ).t~ of '!1a~'iou21 matsr1aln 

needed in the plant.. Alii a.tI p:a.mpl(1l~ con€.lidor the pile in tb.s laat eolU!l~il 

of T.!l!.blc!' 'rhh CtmtsinB 13 }x:g of 23 and. &l.l1ilB:I.l.lUlng op@ration at lOO~ Of") ku. 

eJ'.lQut 110 g of' 23 Sl'6 dEletroyed per da::!o SuPPOStl ihti,t :t:::: 0.2 anti that 

it takes 10 dars to reprooe~s a unit &nd return it to the pile; then we 

have a core p:I'oe~s&1ng holdup of about 4 kg" '!Ihs holdup 8.8 ·Pa 1s 5 k£5~.~. 

the hQl«h.\p of 23 1.n the bl,ank:et 1 a ~ ki: in the hea;,y 'Water C~Ull! Qf 

TaJJle IX h):'ol)a,bly higil(')l' in the other caa~8). I:f' 1t tf'.ltf)1i! ten cayf1J to ., , 

r':Jmove 23 from. the blavket and insteJ.l it :in the pile. ther(9 1s 1. kl1. hold-

up in this procesilh. For def'lni tenseG lie gIless 14 kg tor 1,la, and 23 holdup 

in the b1:an~3t spa. bl~llr:ei; :proce!Md.ng~ thiB gives a totf1l of 36 kg 01' 

tlt,rlc~ the al'lOU.nt in '(;he COI'e l)l'oper.., Th(;l sMle plant e130 l'eqn1re@ two 

tOl:'J.5! of Ih~o and Q.'/")0111;41 tive tons of Tb' 9 and :tour of heav)' water it 'lihh 

type of blanket is ~lojedo 

T.able X gi'Ves (!OID(t !lJat1m..q,.tel>!i on the oost of lKl,t,teri.uflt ':Jith So guStlU 

1;),11 to hov the8~ ~ ch.ange vi th fllture d'l1'lv€')lopID0)l tiiL A1 tbou.,gb. no t bl1\l.3e~. 

1'8101(,;') .I 

---- _. --"'""""-"""-.. -----~.-.-,-. _.----_.-----_._----

]'1 uB1onabloma:~.p,:r:i.aJ. 

'l':nol".ilU!.\ 

:8e"B 

RIil,S;.'q Wa.te1'39 

:SQW 

30~OOO, e!k8 
10 $/kg 

60 0 000 $/ ton 

-ro~ooo $/t01'l. 

Latr.lt' 

5nooo 
100 

20p OOO 

4QpOOO 

---.-~-""----~----. --- ------.-.... ---.. --.. ,--,--,~ 

\ 
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Oil 8JJ'l' r-e$lJ. knot:!ladgeb the t1~ll'e quoted tor the prssant ct:st of i'i~~ 

siona'ble m!\terial is iu,tended to l.'epre:'ll\5nt the KG>25 type proC6tHh e,n,r.!. 

the f.it~l.'I.re q:u.otcd fOJI" lateI' on 1. 0 intended. to indicate ho'i;! the coat Cif 

pro~neing tiG01onab16 mat~r.ial ~ay be ~p~cted to 00 lower v~th a pl1a 

'oreadin« procees in which milch (,1"'- ell of' thl1 operating cOGta cau be ftlSt 

, ).:..0 
by the value. ot '!;h0 pa~)'(al' produl'!Rd w 

Tabl~ XI ehov0 cOt\te for chs pile jtll)t 11e6oo1'i1>ed 'ld.th a hee,v;y water 

.. t"llft .. tlket~ tlguretl according to the »%'1068 given in Table x~ The (J~.f,iXll:i) 
\ 

!~!!.B 

. -I liiOuill,~"""·-··· • .._-- . -.---~ 

__ LU~. • _. I ii(f.dali_L:ll·~~ent Cost J Late!' Cost 

--..::t;'~~ ___ ~ ____ • 

l4a:-licl'hJ. 

Vi.sionable material 1 36 kg " 10.S x 105 $ 

:at) I 2 tOJl3 1.2 xlO 5 

Th I ,tOD' t 0.5 x 105 
~:'7 .:::=- _I 4 to=-+.- 2"$,, 10' 

,!iot~..l of 1.t~ms ob.cnm. I I 15" 3 ~ 105 

1.S % 10' $ 

O~4 Jt 105 

5 x 105 

L6 x :W5 

5 8,,8 x 10 
i Total ~sr 0echsn1cal k~! I' 61 $Ik'!f1 35 $/kll1 

_.-___ ......... M _ .... _...,.,L __ ...... _""'_ .. _L_.~ ____ ,""--_. _____ ... :m'\."-~""_,~~_'I_!' 

~fficl~cy w.as ~8f.li:tm0d to 'b$ 2!r;gu g:lv1n.g a m~(;han:tcml 01" electr1,e.al ,-Hat." 

put of 25,)000 lt~o ~Hh a. ~rtlr.bHe 1'0flec~o:r- USilll'5 12 tong of Thr. th.a 

PX'lt1SflInt covt. d..rops 1rOl~ 61 to $/k'll1. provided that the 23 hold~p :\..~l 

thCl bl,'!illket is !lOt lnC2'E';&ii9sdu 

At a tixGd ooa.rg0 ('It lCY,6 pt!l!' ';fear for 1nv~st1Ul!!nt. in m'£lr3Xtc ° , etc" 

co~~\tl1J~ th(!) items juat ,USu;m.tHle<l amount to a.bout 5 $ POl' elactrit::.\ill ktl 
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y(/jal'. ~icb; doea not SI9f1l!l an unduly l~gG f'l"!),ction of the current OOBt 

of 50 $/k'!JI year,. 0/ Cl':n~.l'~(!lN ~ oth.er itemfi60 lJ:Lll h.a?"0 to be f.?one1dal'0d 

bafore the total ~ost of power from such So plaut osn be!) EliltimatocL. 

It LIl3Y b8 reill£lI'kgd that if fiosi(l.nablE) waterlal should ba~ma low 

cost at"·d plentH'ule ona would Hk&ly build plante with e, 10'1101' k'tJ/kg 

ou.tput and not "Btrainlt the pile 'so harde 

At preseD;t the dgn:l:f1cant. ilOUrCf.) of' fiseioDable meterial i~t the 

K=25 plen,t~ If 'lge aI1l8~<!! that 1 t can supply 5 kg/dElJ{ and that t.td.o is 

us~d to start up4S ptl'll1er plants operating at an average heat rate of 

2 0 000 ]tw/kg and meooa.t\:l(;1!l efficiency .ot 25%~ we ctW· from this Bourca 

increase our electrical gen~retlng capacity at a rate of 0.1 million ku 

p®r ',feu. which wotU.Q. double the electrical «l&pa,c1ty of the United state§; 

in s,bout 50 yearso If th.s K=25 plant extracts oD<!)=thira. ot the 25; it 

'i<.!O~J.ld in 10 yeaX'D opqslt"$ti01ll at this rs.t~·uee 8 0 000 tons of natural 'li.ranium~ 

this 113 all amount oomp.nra.ble36 to the U.> So rich dsposits. and ISO we 

t;ou.ld soon at thh l'at!® have to tl.trn to lower grade ores or to foreign 

tiQU.rC\!Hh 

The same amount of uranium !i1i~t be tU3ed to construct &bout 40 high 

temperature Hanford type plante37 ~ioh would ;yield an ~ount ot 49 COIn= 

paI'abl~ to tho K-25 output of 25. and probably a.t Ii comparable c:o~t55 u 

It a plant such a~ d08cr1b~d above (100 9 000 kv from 36 kg) can be 

m&d~ to show a bre~din€ gain of 9%0 it would each d~ create 10 g of new 

f:\1.ee1onable mat~rieJ. 40 r Q,.qd could thus "double itself" iil 10 :yea.l'Iii. 

The author is indebted 1;0 Mr. \f, L Thompson and Mro Jo Menke. wlio have 
:icGEld the manuscript DJld meA.S a number of suggestion!) for ih ilUprov~ment. 

" 
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MUC=LAO~22; MOIl p·=93~ calcru.lationo by :Baboock SIlO. \11100::1: Co-" 0 maroc by 
llsnedetU detect 6/12/46; some px'eliminar;v ~ol'k done by A,bel\'ion 1'0:" the 
Navy, as mal\tlo11ed in Qf=3403& pn 41~ ItEPA ts considering steam engine 
and pile aystsm& operating above the critical point for uater. 

summary of n0~ Pile Studies& Young. October 19460 

CF=3290o 

r4UC= ll'CLML<l= 7 ~ 

Sse a0ction 2.2 of raterence (2)0 

!-!UC~GY =-39" 

CF=3490; Mon S~.124. 

See section 6 for further dimcuss1on • 

Sea section 2.1 of l"fJi'eI'ence (2) 0 

Sse section 6 ot r$!erenc0 (2), 

Mon P=147, pu 75. 
OP=1693;; t1.on P~147. po 89;; for further refal'encem see section 9.,5 of 
ref e:nD.ctil (2) .• 

Report of Meeting'to Discu.;ss Fuel Rod 'Problem, Etherin,gtcmo 7/18/11.6. 

~![JC~JEW~127~ OT=3528. 

See section 6" 3 of l'ofcrenca (2) ~ 

Urql~to 01v.11 Engineering Handbook, pp. 552~ 5630 567~ 190c 

Mll'c=JEW=63" 

Current ~ork in ~lcCullo1P.gb.u a divioioJi" 

S~e ceetion ),6 of refer®nos (2)0 

(20) AW~OOS~32" '1 

(21) Sse section 60 

(22) MUC=tfC=l'riLG...,10o or CW=3403~ po 43; §«)@ also CP=31~07 and·Jlkln p~16o) 1', 5., 

(23) Muo..J!w.~6o& 'lDectiom. 3,,1 of. :refCl'0nC@ (2)~ bu.t 2GlO also C1i' ... 3562., 

(21~l 'Se~ 3eetion fl., '- of r~ferenee (2L 
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(25) MUO-C'YTS ... 1S3rL 

(26) WO..Klf-hl;; MOll P=147. p. 106-110.» SElCtiotl 8.2 of reference (2", 

(27) Estimato by IJ6011S, I4&rsh~l trom Hen:ford obzenatiQllth a'S qilotGd in . 
Mon p=152" 

(28) Sea .aotion 9. 
(29) UF'=3352, pQ 18~ IiiUO-GY-40o section 6?6 of l'e1tcnrancG (2); some furthel" 

deacriptions of such 81StpS exist in an unpublished meliO by Young to 
Zinno 

(30) :Of" wrk at .Cl1nton en th~l he&V)" vater Mmogeneoua pils. 

(31) SGel section g,.3 of i'€It et'eIlce (2)" 

(32) Oh~iBty in OP=3S1Q 

(33) See o~ctlQn Sn4 of reference (2) for additional r~erencee6 

<:-;4) SeeUon S; MUC=E?lf ... l31h ppo 20 26. 270 31 0 

C35} . 5stS f)~ct1olll S" 6 of lrstarenotO (2)· MUC-WZ...JfF,~169o 

(36) 

(31') 

(38) 

(39) 

(40) 

MUO .. LAO-1S; MUO-M~=19D .m=lQ03ii graph b;yGoodman reproduced in JIlQt",s en 
re~@nt moatinge of new pile groupo Yeunge 9/6/46~ Buclonr 'iesien as &n 
Econemic Soureo of tnduntrlal Power~ J~ R~ Mewte~ Som0 Estimatos en the 
Availabil1 ty of U and ~ and thair COl'\'; in the U 0 S". J. R" Menko" 
November 1946nc 

Rec®nt Baruch report; note~ on m~eting0 of nev p110 group. Young, 
1/29/46; Thompsonu 6/11/460 Leverett, 7/6/46; and other mem00, 

fhoas figures a.re quoted from $l. d1li1cus\ilion with Kyger" POBaible IJhol't,,,. 
age in the 130 ore supply ha.snot besn taken into account hrut'Q; ~o 
is looking a little into this ma.tter. and we und.ex'stsnd ths;b the Hadlson 
Sq'lJ.2l'e ue8 15 startiD.g an inveBtlgatioA., The ve;,gl:l.t of Be in tho 
ea-rth'j C c:rIl.et is tho~t to ,he r;imilar to the weight ot TIl t 11" 

Ths valus quot0d 18 thought to be a.bout right tor the 'frail plsnt; the 
corre8pond1ng C08t with the DuPont plan.t 10 porhspe morEl like lOOQ 000 
$/ ton" Th@ lowlon valno ~i ven for later OlD. 18 an Gfltime.te b:r Karl Cohen, 

With an lB.zte!1lal blanket operated as 111. section g~, it 1~ l!lsceseary to 
r0prOCG~s leOOO tg of ~h for oach kg ot 23 obtainsd. Thi~ ratio of 
Ip 000 to 1 can b@ !'edu.c90somntmat by romoving the Pa along w1 th the 
23, 'The coat ot' l."0pl'ocsmeingto metal 118 several dollal's per kg; the 
cost of reproeeoeing to oxio,e mig,ht bill rather IS19ls. If. e. power pi10 
Which Jnmt holda ita own Qn fi0Qlonable mat~rial 10 moditl~d to U@0 . 
e. g;rostel'f'racUon of thf.' <aXCIllI!I1ll AElUtrOXlIll and 190 give a breeding €ain, 
a ,greater i:tl.V'~!9tmexit 10 :;r~quil"e~... If 0 to take a. t:)rl.1.d0 ElXamplch it 
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roauirot'J an extra ton each of '1:,h Qlld heavy ~te!' to gt3t an addH1on~1 
~ ~produCtio:n of 23 in lEt. 100 0 N)O it" pi14h \f8 nava ~Jl mdded irivE~r.rtment 
of $140~OOO to ge1n 10 gjd.~ ot 23. AIIS'WlliD,g a ch.at'ge of 1% per J'~!alr 
on the investment gives a cost of 2 D100 $ per kg of 23 fxom this it~m 
slone" 

The invsetl!l~nt and opel'att.,ng eoats for the Th mq be l!l.ppi'~31t1.blY r(;...= 
duced by pu.ttlng some '01' all of 1 t ineide the pile ))X'Op6,1;' " l!"lu.::(~.;h.a:x' 
~ork on this point is lleededa 

(4].) beO has featuretl. in ~.rk on tho Daniels' p11a at Chicago ew.d in 
McCullough~p divieion at Cllnton~ A review of this development 
is baing written by Daniels" 

(t!2) AlQo. the st(U't"",up of later piles IIl!\Y be done on 25 or po~aibly ~J.9# 
see reference (45) and section 100 

(43) Recent expe:r1T.1l~nta.l wrk by Daniele hnde to confirm the good 1'1Sl13iot= 
anoe of' utibouiba:tded graphl te to tempsratU$ d1ff0rence~'. 

(l~.lJ.)' Ths piles diGt.'\Ullled 1n tho preU~0nt :report art'! e;rl1ndri.cal with tl\(!) 
coolant flowilllg pSl"sl101 to the a.x1e batwsen platau whl.Ch cO!latUt'Lto 
tho BoliO. par-till of thill atructtu."tL The notion. ot a. "pllil.'te pUe" il[l 
u~ed 1n ~ fairly gener~ ~a1¢ Actually the ~plateen mar be bent into 
hollow c.;rlinders or epll"ele q or ffJS3 be flat or OllrVlEld piecee held in 
tr.wn.avorlt3 in & val"1etyof waym; S(!~ MUC",LA,O=57 * tI.on 1?~10g. and Olll'l'Cnt 
~ik on the Clinton high flux pile tor a number of exampleon Similar 
re::la.Ns apply to the ehapc;l of' thflj coolant etlf'C&lll0~ 

(1~5) ThQ!) ·ii'aluea gi:ren are' ga~Dlleo as to the conductivity of bombardod !l.1&teri&l~ 
The values fOl' unbombax-ded material are more nea:rly aqusl; rouib valuQs 
at 5000 CL being perhape 0,,2 for & Be alloy (CP"",2332), 0.,2 tor g:r.m.phlt~ 
(Proco PAyfL Soc, of London 2!,t p~ 165 0 :rear 1939)t and q.l for Bf)O 
(WC-JE\1-121~ CT~3431)" . 

(46) S111'1il~ i'Gms.~~a ~ ap})ly to thermal pilea llsing graphite 01' BeO" f()l~ 
example, 'ili'ith about ,p nGUtron 10818 to these mat~r1slli1 there tiOuld be 
about 5~OOO moderator atom!! for ea.ch atom of f1efdonabl$ material,. 
Titan i1" ex 10 50.000 tot' theee materials (ef" S0ction 6) i:iID have 
t :; 0,,1 and ~1 tb. (3 ~ 1% the ohemicel l()mllElz would be 10%~ 

(tj. n .t\ecoun t has no t olSen taksn of th~ fact tha.t Dome of' the p& i 1) in 'tone 
bla.nttet :reproceefling plant outside the plleo If the reprocf)msllng time 
ill 10 d.ayB~ there will be about one ton of thorium in th1~ stage' (1'10111 
of 23 : 110 {!j dey. and of Th' Ie A thousand timell greater or ~lO kg! da:n 
10 day I holdup thus amounts to 1.1 tOllS). A1~0. there 10 some external 
holdup III th4!l ~l.urry cooling tlytltel.'llo These cOIl.Gid®ratioru;: lrou.ld red:u,ce 
the Pa 10 os to ~ '3%0 inorelll.&e the amounts of Ij.'h mnd haa.". vatsr re= 
qu.1l"ed. 3,Ild increase tho 23 holdup in the blaDkc!ft .. 

(48) In Iiltarting up a pla."lt 'by maane ot fission.able ma.ter1al leos efficient 
than 23, mora of ouch material has to be oo:pplied than th<3 amo'tUlt ~t 23 
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neecll!lld~ If the pl~t JUlilt holde itt! ow on 23~ it tlil1 v,eed abo;;;.t; 1",3 
timee 8.B Im1.ch 25 or about 1.,.4 timee as mudl 490 

(~~9) The pl'eS911t discussion 11B rather ldea..\1sf8Q. and over=sif!lp11fiecL Ilo 
at'hlmpt 1fl made to conoidel' the et;fect of crm.eks mnd str~sa conCllmtra=. 
tion. radial tenolon on coolingo repeated temperat~re cycl~ngo 

(50) It f!J.I!ftI be llotsd that pu.r(~ 13i haa only aboui~ o~ 4 as meb. nflutl'on ::?'bmorp= 
t10n &8 an equal l,-olumo of l)~h Thus l'elaUvely IBl*ge volumeo of 
(JOolant can be tolerated and He veloei ty need not be so hlGh~ A 
pile vith B~ .3% 1080 tg Be end an equal volumlS of B1 uould do qt'.Hs 
'l!1011 m til Q coolant veloc1 ty of' 2 meters/ eoc o and might compQ.%'G favor-
s~ly with th® piles deec:rlb~d in sore detail in the taxt~ 

(51) Current calculations b.1 stoughton, 

(52) For some purp01H~IEl (e,g" in mobile units) ~'he requiremsntil on f.l9iltron 
®conomy ma;ybe relaxod; thus permUting tho use of J!!Or6 t,;osorblng 
rusteria.la in the pile, reduction or el1rulnut1on of the blanket, 0tC,> 
If piles eho~ing ~ significant breeding ~in (eog~. fast br~edere) 
are d\9'VEllopeds they ldll be abla to 8U8t&1:n the operation of SOUle 
l:i'nl te which do not hold their O'Wlll on fhu,iona'ble materiala in a 80"" 
called system of "mother" and "daughterD pilee~ 

(53) At 1 $/ short ton: this value m.e;y be a 11tUe high~ 

(54) pIDC-EPW-134~ pP 27> 

(55) The operating end maintenance costo would be of the order of 100.000 $ 
per kg, of 49 produced. but the plante \'fOul,} givtl about 3 alill.ion k1'1 of 
electrical ei:u:lrgy micro tfOuld meet wah of the ~p0nB8G., If the POVt'lr. 
covered O.~ of the e:p~noe2. the Rcoet" af th~ 49 would be about 
20 v OOO $/kg, etc~ , 

. (56) The valus of E for WlbQUlbarcled graphite h abou.t 6 x 104 atmol£lphGl"l!fb. 
Beth E and theb~e~iDg strength increase upon irrad1ation~ but E 1n~ 
erea3®S more rapidly (s@e aection 8"1 of rutere~cs (2»)0 To mato 0O&a 
allotrElllce for thh. we have here l'lut1p11e(\ the normal value of III by 2,3" 

(57) ~e cost f.romKyger (B0e.r~for~ce )5); BeO cost 1s given ss 14 $/lb, 
in. Cl"..,lt'D=16~ The grspni tel 00 at quoted 18 ~ju,Elt a g"..tfl8S 0 

(58) Menk@ and DoD.e1.ian have eontJ1deX'~d a. mlz:tw.e ot act1ve lUld lnacU-'6 
grain& parked loo~dy. with th.:. pores fUlnd witb liquid metal, 

(59) Recovery' of by-products i'::rom the rock might tf)nd to reduce the C(lt~t 
. of U and Th" 

(60) One of these 19 thG cost of reprocel.H~1ng the :Be &,O.d returning it to 
thti pile.> Chemical metllodg tor d~colltamlnatlng 'Be are not· de.velopadc 
and 1'0ma1l:ing into metal is at present quit() s:pl!nuivClto 101"0\ -::: 2,,000:· 
thIS w{llight of 110 revorked iSl 80 timez the ttC!ligat of U fifiHallanedo '1:h(!l 
flee10n ot one kg of' U giveS! abou.t 20700 Itt, 7ear~ ·mnd if the oo.lI.1t of 
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r~roCf!lfl9ing the :Bei lEI 30 $/1"0. OJ' 70 $/k{g;"thi3 Helm ~!li'lount~ to l',1,t"'jAt 
2$ ps.I' k~ yeir irt hee.;, For ths pile d.e~a.ll."~.bsd in' the last oolUll\!t~f} 
o:t Tabls- 1 operated 'a.t; di:scv.GIiI0d below Tabl,~ V:U~ 'th1.B U~ h aoout 
2,,5 timl1l~ ThUlBt a8 ruM!1 bean pointed Oll.t by D;aniallil, it 13 
e:rpenelve to process the Jle any oftener that', d!S:D'.a;nd(!Kl by f)ofzibard.m'Bnii 
d2ml3geo it mghtbe p::(J:f~I'a.ble to tmIte eom® loes tn tlp't!cUic outptttf 
by concentrating ths U into "fuel rodaN or into smaller piiG~~ in 
OZ'diSZ; to redl.'l.ce tho smoun't of Be r0workl8d" The as~:t~flu1i1tt 
aim ti,t a dmlllU" tl)eononw tfi thollt necelllllla;rily saerific1:o.g Op(!~ifiC . ' 

potier'" 

Sim112'.rly, if' cJ...:: 50.000 tol' B¢'lO (which ~' be a. ml\'~l1!!Etd;i.ng nUmO(lI" 
e1nC0 l'~cent Ob06x'Vl3.tions 3ugg0~t th&t the ·ilomoal'dlllent etfe(rtm'in tM.e 
wat'!rlal show ilcuae to.!ld61:U~y to eaturat®) D 'IIf~) IlIhocld he.:we ~Cl reprti(~sflB 
ailOut 20500 kg of :600 for each kg of U tthlch :hl fi6s$.on<ad~, At 

'14 $/10. ::: 30 $!kg, t~i'9 tl).IIIQUlltm to n~s.r1y 30 $ per kw Y~~.l· of 
hq)e.te or· ab()~t foUl' times the <:0$1; ot, ¢Oal~ 

o 

(61) f" di[ICUlllS1on Bomevha'l; 6imllar to, the pl"eaent rsport t1ara given, in 
all! unpublished me,mo "Oxide snd Othel' PilElstt from Young to Zinn in 
the :tall ~ 19450 
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