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Addendum I: So~ Engineer!E6 Details o£ Proposed PIle 

In order to ,make this report on the physical da1;a or 

the new pile more easily understood we give here a short 

general description of the machine. For more details we 

refer the reader to llon-20l in which the general. engineer-

j~ features of the pile are described •. 

The pile proper will be a light water moderated and 

cooled, pile v/lth beryllium reflector. The active part will 
. . 

consist of closely packed vertically stacked plate assemblies. 
, 

The individual plates are made o£ an alclad Al~enriched U 

a1l07o They are spaced in the assemblies so that water can 

flow between the plates. thus serving both as moderator and 

ooolant. The whole pile. active part. beryllium reflector 

and control rod arrangement will be set at the bottom of a 

tall (""SO .feet high) tower v/hich is always f'i1led with 

flowing water. The water whioh flows at. the rate of 10~OOO 

gop.m •• enters the tower at the top and passes through the 

pile and rerlector. 

The details of the various parts will be as follows. 

The plates or the assemblies are about 1 mm thiok. 8 cm wide_ 

60 cm long. They will contain about 14 mg. of u235 /e~. The 

separation 01" the plates for the cooling stream will be 2 Mm. 

'Xhe plates will be fabricated into "multlplate assemblies"; 

each assembly will consist of about 20 parallel active plat's 

held together by side walls o~ Al into which each plate 1s 
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brazed. The overall dimensions or the aot1ve part or an 

assembly will be about ~ x 6 x 60 om. and eaoh assembly 

will contain about 100 grams of fissionable material. 

About thirty of these assemblies. staoked vertio~lly 

side-by-slde into a prism about 40 om X· 40 om x 60 OD wi;ll 

ordinarily constitute the active part of the pilo. Around 

this active portion there will be the Be reflector extending 

outward about 40 om from tbe odee of the active material. 

In order to achieve maximum flexibility it will probably be 

oomposed of two sections. The part next to the pile. whose 

oross-section fills out a rectangle of1dimonsion DOcm x 60 om, 

will be~uilt out of long (approximate a1menS10na 

6em x 8 em x 100 em) Be columns stacked together much like 

the assembliesthemselves o This part of the refleotor is, 

readIly removable and is interohangeable, oolumn by oolumn, 

with aotive assemblies. Its purpose is to make it possible 

to ohange the pattern of aotive lattioes rather c drastleally 

without major reoonstl"l1ctlon or the pile. The remaining 

part of the Be rei"lector. which extends out until it completes 

a cirole of 120 cm diameter. will consist of large Be blocks 

keyed together and pro"1'1ded with small through. holes through 

which oooling water can flow. 

Control rods will go vertically through the active 

lattice and will be actuated from belowo As described in 

the main text. they. will consist of a length of Bet above 

this a length or Th~ (or possibly Li) and above this a 
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length of Cd. Dllrinc operation the Be or Th \,/ill be in 

the pile; the Cd tops of the rods supply an added control 

margin which will be used for safetyo In addition to 

these rods. which will be used mostly for shimming or for 

safety. there will be one or two small rods in the reflector 

which can be used for control. We estimate tbat a control 

margin of l~ in these rods should be sutficient. 

OUtside the active lattice. and in th~ block part of 

the Be reflector, there wi~l be a row of Th rods which will 

constitute a 23 factory. Beyond the Be retlector .. in a 

fairly thick layer (~ 75. cm) ot graphite. there gill be 

additional holes tor production of C14 and otherisotopeso . 

The pile and reflector are to be surrounded by a ~hlck 

concrete shield. The shield and retlector will be pierced· 

by a large number ot experimental holes distributed around 

the pile. wost of these holes will be used tor beam experi-

ments. Por long irradiations it is planned to use mostly 

the removable Be reflector columns. In addition to the 

experimental holes there will be a horizontal graphite thermal 

column jutting out from one side of the machine. 

Although the active pile is insignificant in size 

(-,40 x 40 x 60 cm) II t~e whole pile Vlill not be small.. It 

will probably look, from the outside, like a large concrete 

octagonal prism, about 30 teet tall and about 25 teet across. 
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Physical Data on New High Flux Pile 

General 

Sinoe the appearance of report LYon p-10a in VJhieh a 

heavy water moderated-experimental pile was described~ 

the physics division. and the laboratorY generally has 

~~ed its attention to a l1ght water moderated maohine. 

In this sec tion tie examine the reasons for thil! change. 

-811d in so do1ng we restate the general philosophy un-:orlying 

the construction of a high flux thermal neutron pileo 

The general aims of a high flux experimental pile were 

stated 1n L~n P-108 to be 

1) Attainment of a very high flux. of ~e order of 

several x 1014 • for general experimental purposes.. 'rh~ 

rigu~ ~lo14was arrived at because this is about the flux 

level at which an eoonomical thermal breeder would operate~ 

2) Production of sizeable quantities of U233 and other 

isotopes. In additionl' tb:Pee other requirement_s for a 

general purpose high ftux pile can now be statedo ~hese are 
" 

. 
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3) The rnachine should be vory fle,x.lble; that j.~" it 

should be possible ~:,s i.·~:l ;;" change the disposi.tlon of the 

.fissionable material in a manner dictated by the,1.1€Hds of ~:;he 

pnrticular experiment t:hu t is to be performed., 

4) The cachine should be so simple thut it might serve 

as a prototype for othor research centers dssiltOUS of building 

an 6xperiroontal chai.n react •• r'·" This point is consldered 

'" ~ t'l,'. but not essential" 

5) The spectrum or epi-thermal neutrons should be as 

<911P.lrgetic as possible. 

\'Ie nOVi 1n.qui~e to what extent the present prop':'s&.l 

,achieves the added advantages v #3, 4 and 5. 

3) Flexibility: '!'he pile,., as is described in the l"(:.',;):-t 

on engineering .. Vlill consist of' a number of "multiplA.te" Al 

assemblies .. each pIa te containing about 14 mg/cr.n2 of f1ss1()n-

able material. The' assemblies are mounted toc;ether at the 

bottom of a deep well; cooling is a.fforded by water ~'/hich 

enters a t the top of the well and leaves at thu bot tOtl .. 

'I'J:j.~ essential flexibility of this arl"QIlgar.1ent ~i':"is$s 

i'l'om tr.te fact tha t there are no individual ¥'later fee·d lines to 

t~'E: :::Q.~)~:\,ca :'.(: iJ :.:s(.!d.>U:!:~" It 1s therefore possible t.:> r~a1"l"ange 

the assemblies in many di1'f.'e:osnt ways v/1thout being :t.·€istriwted 

by the necessity for providing a new disposition of: '··-ater .tead. 

lines for each arrangement.~ 
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AD additional feature 01" flexibil1ty 1s achieved in 
) 

the present design by making all pile elements easily re-

movable. POI" example. a h1gher rest flux could be obtained 

by replacing part ot the Be 1n the reflector by Al. This 

could be done w1thout too DTJ.ch trouble 1n the now m.aQh1n~ .. 

4) S1mplie1;ty: W. believe that the el1I::l1natlon ot the 

Jnd1v1dual _tea teed Bystems and 1be substl.tut1on 01" ~ solid Be 1"8 .... 

rleetor for a l1quid heavy water moderator makes this pile 

DIloh s 1mpler than the one cons idered previous 1y .. ~:1 th an Al 

1nstead or Be reflector'" the pile would use no r£lr9 matel-ials . 

aside from the 25. Tbe reason we do not use an Al reflector 

in the currftnt version is (.'.:ofcl::i ~ first an A!. reflected 

pile ~ould require higner critical cassand consequently 

\~ld necossitate a higher pml0r to achieve a given £luxj 

.and seoond. isotope produotion is less efficient with an Al 

reflector than with a Be refleetor~ 

5) Speotrua 01" Ep1-tbermal Neutrons: Distribution or ----,-
thermal neutron 1"luxes. ~,~h1s is one 01" the mos·t 1mportant 

reasons 1"or eliminating the heavy water/ moderator Ul the 

pNsent version ot the pile. The 1"1ux. (n -u1 o • 01" nAutrons 

which have sU£1"ered no collisions 1s related toq. the number 

of neutrons produced per sec pe~ CSOb and to Lin' the macros-
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copic cross-section tor reduction of the neatron energy, 

by the relation 

(n If) .. 
o 

q 

~ 
in 

<) 

, I This is a correct equation if' the pile is large comp:1.r",d 

to a mean free path. The quantity q 13 proportional to the 

power per unit volume of pile" Hence the flux of ~·gin 

neutrons. '"hich is the flux of most use in radiation experi-

ments o is determined by ho~ much po~er can be extracted from 

a glvenvolume of pile. The old version of the pile had a 

volume about 8 ti::nes great~r than the ne\'/ one, lilhile the panel," 

au tput is about the same 1# as is the average rin for fission 

neutrons" The very high energy neutron flux in the neVI version 

is therefore approximately 8 times as, high 'as the v'cry high 

energy flux, in the, heavy water versiono 

This very f'ast neutron f'lux is nO~Jquite comparable 

\"Ilth the f'lux of the proposed Argonne all metal "fast" 

pile. 'lhis follows from the fact that tho "inelastic" 

cross-section of U for fission neutrons is not vo~y diffe-

rent from the ,"inelastic" cross-section of our mixture of 

light water and al,.um1num since the hydrogen'scattering. 

\1.nich is mainly responsible for dearading the energy of 

fission neutrons 1n our pile. is very small at fisslon 

nftu tron energy. • ... 
As far as the:rmal neu trans are concerned» a thdl'mal 

pile of the trPe discussed here has evident advantag~s over a 
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.fast neutron pile.. Vie believe our thermal neutron .f.'lux:. 

can be as high as 4 x 1014cm- 2sec-l in the region of' an 

active assembly.. This f'igure is determined by the max.imt.illl 

heat trans.fer Vl1hich can be achieved and it correspor:d.s to 

a pow~r somewhat ab~ve 30 x l03kwp depending on the degree 

of flatness of the neutron density dis tribut ion across til~ 

pl1eo 

The thermal neutron distribution in the present nw.chim 

is lowest at the center and highest in the reflector just 

outside the active region. Just how large the rise is dep6n~s 

on the disposition of' control rodso If all the rods are out# 

the distl·lbution is nearly flat inside the active region. and 

rises to perhaps 1 .. 3 times its interior value a few centimetern 

out. With all control rods in (at the center of' the pile) 

the ratio Clf' density at the edge to average may be at) .high as 3Q' 

The circumstance that the region of tlSximum thei'mal 

neutron flux occurs at the outside of the pile is dO'l.lbly 

advantageous.. First,' the maxilllWD is at a place. the l-eflector D 

which is naturally convenient f'or experimentation. An early 

objection to a Vlater moderated pile was that it 1s too small 

for experimental work to be done effectively on it.. lrut with 

the best experinental region being:. in the reflector f of a size 

comparable to the overall size of the hefJvy water machine. 

this objection has very much less forceo We estimat9 

the t the overall experimental faelli ties of the prOPQEleld 
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machine will be less than those in the heavy vJater machine 

by perhaps 3Q% .. whereas the volwne of the !f~E'! re.g:t.on is 

only l/S the volume ot the old devioe .. · 

',1:Ihe second advantage of' the high neutron dens! ty in 

the l"eflector is that it makes it possible to achiefiTe a 

,flux. which is higher than that which vlould be det(~rmlIled by 

the heat. transfer bottleneck. it the highest flux o~eured 

near ac ti ve rna tarial. The maximum SIOVi flu.;.v, anywht';ra in su·~h 

a pile Y/Ould be 4: x 10-14
0 HovJever" wi th th.s rnnx:Lmura fl;u:. 

occuring outside the pile where there Is no :sc t1v!;) mn terial g 

a flux larger than 4 x 1014 is attainable in tht:; rt"'g~.on of 

mos t value for experiment s .. 

In the following vie give comparisons of thl?, ~~lu::e3 11.'1 

the lleavywatcr" the light \"later" an1 the Argonne .fD.st piJ.':n~~ 

Power 

Active Vol'l.1lD& 

PO'ller/VolUI:J:e 
.. -
Lin 
l1Virgin" D ;.-

Ep1-thermal n""~ 

Max.. Slow n 11 

~avy Water .~~A.ht water ~!S5E)E!J_ F.~~f!.~_ .. ~rX:;~;!. 

30xI03 kw 

600 Ii 

3Oxl03 !tw 

100·11 

?! 
10"') kvl 

5 11 

".; 37 ~5 n/l! 300 kW/li 200 kw/Ii 

-v 1/5 cm-1 ".' 1/5 em -1 ",,.1/<3 em~l 

"".., Q,,15xl014 "'-"1 0 2 x 1014 ~ .. J. ~3xl014 

""'. 3 b 5xI014 ",-,5 x 1014 """"2 x. 1014 

-"\,/4 x 1014 "1,;2 x 1014 

100 
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II. gritical Data 

In this section we recoI'd the rosults.ot calculations 

on the oritioal mass ot the proposed pile. Tho results oan-

not be considered particularly rellable tor two r~asons: 

1). The age in the mixture. 01' H2O and Al whioh consti-

tutes the pile .. as calcula ted on the. assumption that the high 

ener6Y scattering in Al is sphorical~y symnetr1co The 

experimental data l!~~~)V' the Al soattering to be non-spherical. 

rut .;~i\1e no indication whether it is predominantly l'orward 

or predominantly backviaJ:.d. In the absenoe 01' such knowledge II 

we bave made the assumption of ::;pho~ical 8'J'D1l1l8trJ'o 

A similar uncertainty exists in the calculated values 01' 

the age in De. Thus the re1'lector savinG may be over or under-

esti~ted, depending on whether the assym:n.etry 01' tho Be 

soattering is. predominantly backward or forward. 

2) Besides -these systematic uncertainties in the qut;>ted 

critioal masses there are uncertainties which arise l'rom 

experimental holes in the rel'lector~ The oalculatlonsapply 

to Idealized cylinders or pr1smS with so11d rel'leotors. In 

praotice the experimental holes wl11 cause an increase in the 

oritical mass whlch we are not yet 1n a p08ition to estimate 

rallablyo 

The uncertainties (1) and (2) will be largely eliminated 

when critical experiments wh1ch are now getting under way are 

oompleted~ 
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The critical mass calculations were performed by means 

of a two-group theory. The constants used were 

Pile -
Volum.e ot Al to Volu. of &,a0 - 0.'15 

35.7 8111 ot U235 
i 

At' • 3 .. 73 cm. ~ 1 - 0'.793 CIIl, t". 64 cm
2 " 8st sow' 

L'2 -3 .. 640m2 
Slde Retlector 

Volume ot H2O to VolU111.8 ot Be - 0.02. 

A.. t - 1,,8 CIIl" .x 1 • 1.92 CIIl. 1: -a9 cm2 " L- 200m ... as s ow 

~e list below calculated critical dimensions tor thre~ 

disposltions of.flssionable material characterized by k values 

or 1 .• 606. 1 .. 432" aDd 1.373 respectlvely. When the 1'116 is 

cold and unpoisoned" the k value is 1.606; the lower values 

correspond to' various amounts ot poison .in the pile. In eacb 

oas. tbe top and bottom are supposed retl.c~ed wlth an 

1n1'1nlte1., large ~O .. Al m1.xture naving the same Al to ~O volum 

rat10 as the pl1e" and the' sides are retlected wlth an Intinite-

17 large maS8 or Be + 2~ ~O. 

Crltloal oata tor Oylinders 

k 1.606 
radlua" . 12.78 Olll . ' 

he1ab' 53.4 cm 
,R.t1~ tor savlng . 

'Ndlus . 16.69 cm 
. R.tleotor a.viDa 

belSbt ,16.~ cm 
Uaaa ot 0235 O.9Q q 

1.432 
17.85 cm 
52.6 CD 

119.17 om 

17.4 om 
. '1.88 ~ 

I~,f) 
 

1.3'13 
21.12 Clll 

52.2cm" 

20.17 cm 

17.8 Olll 
'. 

2.61 kS. 
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The pile must be built considerably larger than is needed 

to be critioal in the oold, clean state. Betore su..'1'l.Insrizing 

in detail thereaotlvlty 10sseswbich are entailed by Xe, 

depletion 01' 25, and temperature rise , we shall explain our 

conventions for'expressing reactivity 108s. 

,It'a criti()al pile with reflector is perturbed so that it 
, - , 

is no longer oritical, it will rise or tall with a period T. ' 
Tbls~s related to the qUantity,bkktt ~y the ip~our formula, 

Ylhlcb, in the usual notation is· 

bkett • ..L. l' L ,§ '2t (1) 
'k kT 't. ..,.. T 

On the other~. blrr can be related to Y . ~ . bD , [,0'1- Dr's 
-.....;;8 __ " ?:rtf, and· ~ in the c ore of the pile by the formula' 

6kart.&"+CII %fs +QJ 6Ds + W IR+~ . bDt
(2

) 
k, ' k ,a 8 Ds Ds f,:r)t Df' 

where OS, Ds' {Tt. and Dt' are absorption coefficients and 

dif1'usion constants tor slow and fast neutrons, respectively, 

and the W's are statlstioa1\veight factors whic b involve the 
.: . I ~, 

neutron density and, the adjoint den~ity in acom~licated 

manner. 
" &k 

It all o~he~ quantities except ~ are 

from (2)' hkett is jUEt equal to'k. For a 
k ,k . 

constant, then 

thermal absorber 

'1n theproposec!pi1e, such as Xe ,or 25, this 1s l1raetioally the 
• \. 
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2 ·cllse. since L . is so smal1~ Another way oS: say1~~ this 1s 

the t i.AJ in (2) 1s va \"IV sma 11 .. a .. " 
In the case of temperature variation. the major effect 

( .. p 

on Ok"rt comes through a change in age.. The bkert due to 
k 

tomperature ohange can alv/aye be regarded as eQulvti.lent to 

the s~~ change 1n "U. all other quantitlesbe1ng held 

c:>nstant. 

The 14ent1t7 ot 

us to relate a eiven 

~t';f' and 
.k 

reactivity 

~~. 
~ 01' the core enables 

change to an inorease 1n 
critioal ~ss in the ,following canner: 

\'1. bave computed ~. seQu.enoe oS: critical masses tor dirfe-

.1"'ent k values. all ·othsr Quantities being oonstant. Henoe we. 
know how l'lI1ch· ;.; .. ~ (0J.it ~'. il~ ~ ') means in 

• . I( t'\. 
terms ot added 0.1"1 tlcal .. 

,.ss. For example. it a tempe ra tare change caused a change in 

~~;tr. of l2~4~ (thiso! co'xrse 1s ver,r much greater than the' 

ac ttlal change., put is used .as an example).. then accord1ng to 

the table the extra critical DIIlSS needed to override this change 
t;. ,( ~ ...... 10 -; .. , would be. 1.8 kg - .,90 kg • 0 .. 92 kg .. 
~ . . ... 
1 ) Xenon and Sm Poison;a,s. 

At full power (2 % 1014 1."1wt) the Xe.135 causes Ii. k 

108S of' .!.~ -
K 

3 .. ~ .. Arter shutdown the Xe builds up and goe s 

through.a max~ at 10 hours; at tn1s ~lmua it absorbs55~ 

aa 1II8D7 neutrons as the U235 • Evident1,. it would be 1mprac tical 

to bu1ld so much excesa roac ti vi tT into the pile the t 1 tcould 

1 
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override the Xe at all times after shutdown. However' ... there 

should be sufficient extra reactivity so that every accidental 

sc~am does not keep the pile shut davIn for several days. It 

'ls felt that if the pIle can override ~2 hour of accuculated 

x. It will have suffioie'nt operational flexibility. After 1/2 

ho'Jr the Xe absorption is about double its steady stat~ value. 

&sides the Xe /) the S.149 also ca'.lses a reactlvity lc.'f s.. This 

al:lOunts to about bK~· O.;.~ at equilibrium" and it rises. very 

much more slowly than the Xe/l to a !:1aximum 1;: fD 303~ at long 

tir.1es after shut down .. 

r:. s~rlze the Xe + 8m po1soning In the following tabla: 

Xe .' Sm POisonlng rhours after shutdown. Flux • 2 x 1014 

·7:(hour~ 
,~ 

....;:!- for Xe135 + .sm149 
K 

~~ k for Sm149 

0 4Q~ 0,,9~ 

i 9f)6~ 

1 13o~ 

10 43 .. 5~ 1,,2% 

20 ·35()a~ 

48 9,,2~ 201% 

-F If 936~ extra -~~ is available for the pile. the machine 
~ 

can be started up within i hour or attor about 2 days. following 

a lon~ per10d of operation at 2 x 1014 tluxQ 

/
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It is clear from this discussion that the shuttlnc down 

and starting up of this pile cannot be done on, the informal 

, basis Ii/hieh is satisfactory for the present graphite pileso 

2) Depletion, 

\'/e 0$ timate that the loss in ,~ per day due to 

deple tlon is 0 .. 33%'; this figure applies to the pile :i:'"1mning 

. at 10,,000 kw/kgof 25_ or a nux oi' 2 x 1014 
J We contcoplate. 
. I etl: 

. a running cycle of abou'c 10 days" which, mallns that 3~3~Q in ~. 

must be available for this purpose~ 

3 ) Temp!:ra tuN 

An accurate calculation of the temperature coeffieient 

is not available yeto Some preliminary estimatesp based on a 

homogeneous Al-HzO mixture indicate that an increase or looe 
, ' 

in the H2O and Al temperature will decrease the reactivity by 

an amount v.bich is the same as if -~ were reduced by about 0 .. 3~ . 
and ~. L2 were kept eonstanto 

4) Other reaotlvltl losses 

Experimental set-ups around, and in the pile will 

reduee the reactivity of the macbine~ It is hard" to estiQ8te 

how much this w111 amount to - we guoas than an, additional , 
"k . 
'~O.r5~ should handle tbis .. 

Total ReQetivl~ of file: , .. 
The total extra reactivitY a11.:med In the' pile 1s 

s~rIzed as follows: 

(see page 13) 

It.D 

'\ 



( 

" 

Xe + Sa 

'Depletion 

Temperature 

Others 

Total bk -
k 

13 bk -k 
9.~ 

3.31t 
O.5~ 

~ 

18.4~ 

'Accordiag to our estimates. a 2.6 kg pile with· DO holes 
, . 

in tbe reflecto~ h~s a k o£,1.373; this Gives. compared with 
. (k 1.606 - 1.373 J 

, the cold. clean k - 1.606. a .a.... - 1.373> - 1710 which 
. k '. 

is 1'a1r17 close to the extra amount ~quired. However. because 

ot the pre~ence ot the reflector holes. and tbe fact that Be 

displaces some 0'235 when the control rods are out. we cons1der 

:5 kg' to be' a better es t1ma te tor the mass required to' ensure 

an excess k.ot about 1.. Under ord1oa17.00nd1t10ns the 
k 

pile will be operated' with a 3 kg load1Dg. 

It is recogn1zed that the cr1tioal oalculations are 

rather unre11able. FortunatelJ'. beoause ot t,he great 1'lexi-

bil1tJ' ot the machine. it lanot partioularlJ' important that '. , 

tba oritical amounts be kDoYlD with great aoouraoJ' ati Ul.1s 8tag.~, 
The de8~is bei~ .o81"l'ied t6rw~rd on the baai. that 3 kg ~ • 

. ' , 

tbe standard loading .. and that 4.5 kg. oan be put into the pile 

without major cb8nge. In allJ' event .. cr1tioal experiments 

wbichare just·8ett~ underwa7 will eliminate Whatevar un-
o '. • ~ • • \. 

,certainties remain in ~ lalo..,ledge ot the critical CJ8S8. 

J1/) 
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The 810\1 neutron dlstJ"lbutl,ons dlspl.c7 0. charact~rlstic 

rise in the reflector. The reason .tor this is that ~le noutron 

11fetime 1s ver7 much'longor 1n the reflector than 1n the pile, 

"'::~j11e their rate or production there 1s only slightl7 s:aaller" 

o ons equent 17 slow neutrons build up to ~ higher dens1t;y just 

'ou tside the pile than inside .. 

The magnitude 01" the rise 1n the reflector depends on 
, 

both the size and shape or the pile. In a large (low k) pile 

the neutron densit7 talls appreoiablyfrom tne centor of the 

pile to the edge. and the rise in the refleotor hard17 compen-

sates II In a smaller pile the rise is more important. Again a 

pile shaped like a slttb has a higher re1"leotor rise ,than one 

shap,ed like a cylinder .. 

In general, it 1s best to have the highest flux in the 

rel"leotor where experiments can be done.. A high rel"lec Ioor 

to centor neutron density ratio makes for maximum experimental 

usefulness with min1.mwa expenditure of .fuel. This situation, 

will be achieved e,,'E;.; in the low k pile tt during ope,ration 

oontrol rods areiD place at th,e centerot tbe pile 0 The rods 

cause a depression in the central neutron density and thas 

improve the reflector to ~enter dells!t:r ratio .. 

Ttle tast neutron. 108. f'lt)1-t.',r~~ .. '~q"..: dnnslty t'o110'!~ 

rather 010sel1 the Dessel funotion OUI'Ve. The oenter to edge 

ratIo is about 1.6 in a pile contaIning 2 .. 6 kg of u235 ., 

IfD 
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Loncltudtnally tho neutron donsity Is well opprox1cated 

by a cosine ~urve wlth an extrapolatlon distance ot about 

8.S om on top and bo.ttom.·· Thus a pile v/hicb Is 60 cm hlsb 

bas a center to top' (or bottom) ratl0 ot [cos (11'.'1'.30)1--
1

• 2092 • . '7 !J 
. ,~e maxlmum to average ratio Is about 1.3. 

In ~e follow1Qg table we give the max~ in reflector 

to edge and the maxilllUlll In retlec tor to oenter slow neat ron 

tlfanii:\.t,. ratios tor the piles computed previousl.,.. 

u.xtmum,in Reflector to Edge and to 
Center Slow Beutron Dansit.,. Ratios 

k 1 0 606 

Cztit. Mass 0.98, kg 

Max 0; to Edge 
Dansit," 1.27 

Max 0 to Den-
.1~~ CGbter i.lB. 
Distanoe or . 
. L'aI:.. .from 
Pile Edge 3 0 2 cm 

1 .. 432 

1 .. 88 kg 

1007 

1.10 

3 .. 2 em 

'1 .. 373 

2061 k8 

1,,00 

,,63 

o oa 

It Dl8J' be remarked that in an tnr1nite slab pile. 

k • 1..806, the maximum ·to center ratio is 1.5'7 .. the maximum 

to edge ratio Is 1020. These. values are hIgher than an,. 

found tor cylindrical piles and serve to illustrate the point 

that the ~ise in the reflector 1s largest tor a plane • 

. It should be reemphBsized that the dllDsit.,. dlstribut10ns 

in the pile w1ll be greatly modified bJ' the presence or a 

control rod. In general. Y/Mn the. rods are in place near thD 

cent~r. the edge to center ra tio 1s better than when the.,. are 

out .. 
I'iD 
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III. a,ontrel 

1) Disposition of ConGrol E~ements 

The control elements should be cede of Th so that 

neutrons which would othorwise be wasted \'1111 produce 23<.> It 

is necessary to avoid ,empty holes in the p.tle \'Jhen the controls 

are out; this can be done by constructing the rods out of t\70 

pieces. a top Th piece and a bottom Be pieee. \Y.hen the ~ is 

removed. tbe Be takes its pliace in'the pile. The contro:L 
/. 

margtn provIded by a single rod ls. 10 this vay. Increasad 

considerab11 over what it would be·iC its remova1 left au empty 

hole in the pile. 

of a 'l'h sheet wllich~ when s tretc:hed aeross the otd-p:tene of s 

rectangular pIle .ot size 40x40x60 cZft.p1'!ill k.,ep it j'J.st ol"'it1c,9.1, 
, . .".. 

. \1e fInd that a vertical Th sheet,1.,5 em in half th:l.elmes8 ,.' 
( '. () r~e~T 

which divIdes the pile in half£> wll1 give a control margi:c. '~k-::': 

or about 14~. The sheet can probably be replaced by n pr raIl:::}, 

line ot . slabs 01." rods ot rathor larger d1mansion. :n:-ovlc\ed 

the ·total amount ot·'.fb. in the rods is the same as tile amount 1n 

the sheet. Tile rods or,~ slabs' cannot be too large in diW:l.8ter fl 

because n~~r the Be rod bottoms there 1s a local rise in 

neutroll densIty; this causes hot S,pots in the neighboring 

888.mb11 •• 0 In the following table VIe eive the value ot n(Be) II 

the neut1"QD density next to the Be rod' divided bJ n(co ) .• ths 

.. This .tlgure has not ,..at been cheeked eomple'i;eJ.yo 

.. 
').oD 
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Addendum II: Local Heat~ neap ~e Control Elements 

FUrther calculations on the local hoat rise near the 

Be control elements show that. if the dead layer of water 

between the Be and the active assemblies is taken into 

account. then the rise ~ill be cpnsiderably more serious 

than indica ted in the body of the report. Thus a 4 mm 

layer of water between .Be and active lattice raises the 

maximum to minimum heat load in the assemblies f'rom 1.15 to 

1 .. 36; a 8 mm la.yer raises it to 1 .. 50.. A roughly equal rise 

(trom 1.065 to 1025) was noted for a 4 mm BgO layer around 

a 2 em Be rod. The conclusion to be dral'm from these compu-

tations is that the presence of a dead H20 layer around the 

Be will cause serious local heating where, in the absence 

of such a layer, the l~ating 1s not serious. 

:.. 
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neutron density far rrom the rod. tor rons ot various 

diameters. This ratio 1s a measure or th\~ local beating 

cau.sed'· by the pre-sence or the Bel) 

n{Bel._ 
Radius or Be n(oo ) 

0 ... 49 em 1 .. 009 

0,,95 em 1.024 

1,,9 cm 1 .. 061 

208S'cm i.l00 

3081 CID 10141 

4 .. 76 em 1 .. 180 

It is seen that even a rod of radiu.s 4 C.'1 does not cause 

very serious excess heatine- If the radius of the rods is 4cm. 

the number of rods needed to put as much Th in \hepile .. and 

therefore g1ve as DI.1ch ,ontrol as a Th sheet ot 'l"lickness 3cm 

1s about 5 .. 

2) Pile Period .. neneration TilllB . 

The pile generation time is considerably l(~er than 

the lifetime of a neutron in the core its~lr~ Thia.s becauSe 

some neutrons have beet', reflected rrom the 3a; the Iltet1n:e 

against capture in the :u, being V9:rr,y ,lone. 1;hese neutlona 

lengthen the average life time of all the ne'!; trona in t.'.!!t pile .. 

The generation tim,a depends on the amount or meta. loaded 

into the pile 0 '!'he larger the amount ot met,11. the le8~ impor-

tant ift the re!180 tor End the smaller ,is tho degree to y.'lich the 
" 

generation ticae is lengthened.. \,,1e gl"e in t~le !ol+oVling table 

the generation times ror various 9ir;ed p1les: 

~:l.D 
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q. or U k Generation time 

0.98 1.606 2.36 x 10-4.s80 

1.88 1.432 1.52' x '10-4 

2.61 1.373 1.26 x 10-4 

The taotthat the generat10n tiDe depends. so strongl,. 

on the size ot the loading \7111 make I.t necessary to cheek 

the transient behavior 01" the pIle whenever a new loading 

pattern is adopted. 

Xe Inatab11itz 

In' a thermal neutron machine operating at suoh hiGh 1"1ux 

.as .; expeot. the Xe135 causes an essential instabilIty in· the 

pile opel-a tion. '!'he Xe is p.r oduced 1"rom the decs.,. 01" Eh 7 

hour I: its rate of production is theraf'ore insensitive to 

fluctuations 10 the power densit.,.~ while its consumption 1"0110\'1.'1 

these tlubtuations instantaneousl,... A s'ma1l %'teduotton' 1r1 power 

will theretore r.-esult in a ~ild-up 01" Xe whioh in turn will 

tend further to reduce the power; this mani!'ests itself as an 

instabl11t,.. 

'!'be ins tabilit,. oaused by the Xe 1s ba·lanced, to some 

extent. by the inherent temperature stabilIty or the pile •. 

Whether.- the overall et'fect is s table or una table depends u.pc-n 

the t'lux '(since the xa instabilIty increases wIth the power 

level). At Ol1nton. the overall effect is a tendenoy tovlard 

stabU11i7r at Hant'ord the overall 9,f.f'eet 1s a slight tend<!ncy 

toward instabilIty; in the heavy water heterogeneouD pile the 

overall e~fect was unstable with a period or about 8 minutes. 

~S.P 
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In the j)resent pile the Xe instability at 4 x 1014 1.'11% 

wil~ be rather more l':18rked (shortor perlod) than in tbt. 

beavr water pile beoause the temperature ~oe1"1"iclent is ~.ower. 

Th$ presence 01" a fairly short Xe instablilty makes it 

advisable to provide the plle w1th aatomatio oontrolao 

Bubbles' 

Onest~1k1ng advantage 01" th1s pile over the old heavy 
, 

~ater one 1s that'there ~ll~ be essent1ally no power fluotua-

tions 1"~om' bubbles. The reason 1"or this is that the 14Od .... 1Da 
water is in the pile too short a time to allow deoomposition 

gases to 'reach their saturation pre.sU1"eo 

\. 

~¥D . 
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IV. Heat '£ranster and Heat Removal --
Heat Transfer Data: A heet trunsfer of 38 t'~il/,::a!'l.2/ 

sec 1s considered feasible in the present pile" If' 'i;he plHte 

aepera tion is 2 l1li1. and the we t0r .flow velocity is ImJ/~~H.'H~ # 

the heat transfer coefficient is 1 cal/cm2/sec/DC; ti::1.is 

eorrespond~ to a maximum film drop of 300e. If' 30 C&l/~rrf./SG ... ) 

8:..--e transferred. 

The assembly plate$ will contain about 14 msmtcmZ of U235
0 

llenee it 30 cal/c~/s8c are ~aken from each Bide of the plats. 

the corresponding slow neutron .f'lux is 4 x 1014 • This may ba 

regarded as the maximum flux atta:lnable; this value \vi1l ba 

reaohed only occasionally because it corresponds to an overall 

power of abQut 60.000 ]cw'. 

~at1ng in Rerleo~or: 

Outside the active part of the pile heat 1s produced 

primarily from absorption ot ~-rays. Most or these come from 

the pile itself" but some arise f!>om neutron captul"$ in Be 

and in grapblte~ 

AD additional source of heat Is fission of' the 23 which 

is built up in the Th. surrounding the pile,~ This heat ~ll1 be 

discussed more tully in,the seQtion on 23 production~ 

The heat load in the Be and graphite re£lectors ror a 

30x 103 kw output is summarized in the rollowing tableD 

H..-,les in Bf.) 

(seft page 21) 
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A,> Ilea ting in Be and Graphi te lIeglec tinS Experimental 
Holes in Be 

Source 
How Distributed 

Heat Flux into Be In MedIan Plane 
Heot Flux 
into Graphite 

Pile 6'8 475 kW 203F1 (oO?x)cal/omP/seo 

Fas t !leu trons 1& leW 

Be Captures 236 kW uniform-004 oal/om3/seo 

161 k\V ,,033 Fo( o04X)cal/cl~3/6e,,~ 
% .. distance from Be-Th 

88'7 kW interf'ao,.. 

Th captul"'9s 

B~Additional lleating in Grapnite due to Holes 

(A • cross sectional area of hol.e) 
(x - distance of' C surface from pile surface) 

11 kt. 

30 k'~ 

16 k~; 

~ LIaximum Heat production in C, - --~ 
uouroe Total Heat 100k~ directll at pile sUi~fa~e 

A2 3 
Pile '6 -ra,.s ,,021 %2 kW 0,,35;:2 oal/om: /sse 

The worst heat load outsld~ the pile occurs in the mid-

plane ot the Be at the in terfaoe between 1M and pile.. We 

estimate this :ua.x1mu.m to be about 2 .. 3 cal/orJiS/sec. It: the Be 

is in the shape of a slab. cooled on both front and baCk faces_ 

the temperature r1se in the center i8 
QX2 

.6. T - -2 k .. 2 <> 9x2 

where q 1s the heat production. x 1s the half-thlckn~ss of 

the slab .. k is the conductivlt,." \fe have ass~d the Be retains 
-1 1 1 its normal heat conductivit,.. O~4 oal deg om- seo- 0 A 

temperature rise 01' 750C is certaml,. sat'e - this alloVls tlls 

J,(:.J) 
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slabs to be 10cm in total thickness. IIowever. this figure 

appl1e~ to a 30.000 kw pile; if the pile is run at 60.000 kw 

(as it may be .. for short times) the allowable thickness of 

~cooled :ee is reduced by a raotor'i2. 

Heat;nB of Foreign uatorials Inside Pile 

Foreign materials. such as control rods or experiments 

which are placed in the center o~ the pile will be h~ated 

even more strongly than the Be at the plle-re.flector inter-

face. 1he "(-rai energy Pl'oductlon at the center of the pile 

rurming at 30 x 103 lew is about 5085 cal/cm3/sec; this is 

also the ~ -heat absorbe'd in the pile.. Since the pile has an 

average density of abo~t 1,,7 gm/c .. o" vie estinste that the heat 

production in a foreign body placed at the center of the pile 

w:!.ll be about 3.4 cal/gm/sec. .Thus in Be .. density 1 .. 85. the 

b8at load is 6.3 cal/c.c./see .. while in ~. density 11. tho 

beat load is 38 cal/e.co/sec. At 60.000 kw. these heat loads 

would be 12 .. 6 and 76 cal/a.c./sec. respectively. If the 

control rods are'shaped like thin slabs. of hal.f thickness Xs 

then the temperature rise at 60 p OOO kvl would be 

6. T - l6x.2 in Be 
2 

~ T - 3BOx in Th ... 

It is true that the Th rod reduces the ~lux in its 

vicinity and therefore these figures are probabily overestimates ... . 
However. at the point where the TIl and Be parts o.f the control 

'J.,7.D 
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rod meet. the neutron density is not r·dduced, veI7 muuh; 

here the Thwill be heated at a rate close to the enJrmous 

value of 76 oal/o.c~/sec. Also. the above .figures taclud-! 

onlyl-heat1ng; the 23 f'ission increases them by peL-haps; 

35% (see below). 

~ In ani case , the he'at production in the 'lh ls so high that 

it· probably will be advisable to provide internal cooling of 

the rods .. 

In addition to the high temperature rise in the Th. the 
, 

heat trans.fer from the suri"ace vlill also require c~r6ful 

consideration. If' the Th is in the shape of' a rod .0£ radius 

r, then at 60 lSI the heat transfer required la 

-rrr2 x 7f5 
21Tx-

• 381" ca1/cm2/sec.0 

Evidently it will be necessary to provide'intet~al, as well 

as external cooling tor the rods on this account also. 

The.amount of' water used to cool the control rods. ~nd 

the size o.f the rod must be adjusted, so that the cooling is 

adequate, yet the local neutron density rise caused by tha 

presence ot extra wat~r is not excessiveo 

Shleldjng 

To est,1mate the gross shielding requirements we have 

compared ~he neutron $Ild, ~ray f'l~es incident on the inner 

. ,'face or the grephi te :t'ef'le c tc:\t>1n the high f'lux pile wi ttl the 

corresponding £luxes 1n~ident on the graphite ref'lector in thB 

~1J /) , 
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Ham.-ord and Clinton piles.. Froia n 'knmvledge of the perfc l1"Ol-

'ance ot the X and W shields. we are able to estimate tho 

additional sh1~lding that we need" 

ijatio o~ .fluxes (30iOOO kw) incid.ent on Br'aphit:~: in 

pJ'lo~osed pile and IIanford and Cl1.nton: 

Ranfol'd Clirlton -........ ........ ~,. 

Ratio 01" '6 -1"lwtes 8 .• 2 ,151 

Extra shield needed tor lte 8 0 6 em ~ 1.0 com COnC1"8 t~ 

Ratio 01" neutrontluxes 2.85 34 

Ex" shield needed tor 5-.6 ~t1mE',sonite - 40 em concreteJ 
neutrOliS 

An additional lial'1fo~ sa.ndwic,h added to the pl"usont . 
HaDf'ord shield would be adequate" 01'" (;';11 add it i.ona 1 , ?O em ot 

-
conorette added to the present Clinton' shield, vlOuld be ad~,quate. 

The 70 cm ot concrete can be reduoed t;o 40 cmu the length naed-

ad, tor.- neutrons. if' a 10 em thermal shield of: tr~ ts pll'.ced 

behind tibe graphite. 

, At the top 01", the pile there If/i].),. be E'l. tt11l c.ollJDm r;f 

.. tar .. _ It th1s aloone is used as 8 shj.eld 11 we EIS ~j1:rnt: to 'thnt a 

he1gb.t of 21 teet above the pile vlOuld be e,deqv.ate at 5Q,~OOO ~!!1<; 

Th1a Batiste :18 based on an absorp1.i(ln :m~an rrS6 pl~.'t;h i\,r 'Or r.l 
", • t 

in ~O of 3~ om" which 1s ra the~:.'" 1ong; hOi;E'~Ve~ f' it 1;,':;99 :tWt; 
" '. , .' , 

·-inolude the e.ttect ot mult1plEf sC3ttel'1ng of ~.s .. 

~ttD 
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VI.' 23 Production; Heating in Tb. due to 23 Fisslon. 

Significant quan,tities or 23 will be manuractured both 

in theTh control rods and in the Th rods surrounding the pile III 

The produo~ion in tine control rods' was calculat~d tor a 

control sheet ot !b. 1.5 cm in balf thickness. Such a sheet. 

which l1l8y be considered an idealization ot an actual arraY' at 

control rods. VJould control a b 1:.1&1" • 14~o It VIas' round 
k 

tbat tor eve~y 25 atoms destroyed los1de the pile. Q081 atoms 

or 23 are made in the control sheet.. At 30.000 kYi. 35g:1!1S 

'of 25 are destroyed perda,.; hence 'IUS can expect 2.8 gms Gt, 

'. , , 23 to be made each day :J:n the oontrol system ... 

There '11111 be a row,ot Th ~ods,about 20 cm out trom the 

active p1le surtace.It these rods are 2 em'radius, 80 ~m longp 

and if they'are spaced 10 cm apart. then we estimate they '1"1111 

capture 33~ or all the n~utrons escaping sideways .. \v.ben the 

p1le is clean. .55 neutrons escape per neutron absorbed; or 

these 0.37 escapflI,.sideways. where the Th rods are looated. 

Hence per neutron absorbed .. 33 JC .,37 a .. 123 neutl"ons are cap-· 

turedper neutron absorbed in the pile. or 0.,16 ato'C13 of 23 ar'e 

made outside per 25 destro7edo At 30,,000 kw /I there \,1111 be [;.!5 

gill of 23 manufactured pep day in the external row o!' TIl .• this is 

to be oompared with the 208 gms/da7 manufactured 1ns1d~ .. · fj.1J:le 

total 23 production at 30.000 kw is 804 g /da7# oopresponding 

to an overall conversion ratio or 24~o 
From the com;p:u.ted absorption or neutrons in the Th l·ods • 

and the asSU1'Jl!td T.h cross-section. Vie estimate the average n~ 

3D!) 
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over the Th to be ._about 3' It ~013 '" 

Beatly 1Jl 'I'h due to 23 Pission 

Inside the pile the heat 1ng ot the th .due tn· 1'i5s1on 

ot 2Swbloh bas been. built up is appreciable even odmpared 

wi th the ~-ra'1 heatiDg. We have estimated that ~~ as ID8.Il.J' 

neutrons are abaorbed 1n the control system as are absorbed 

tn the 25 ot the p1le. It all or these neutrons oreated - ,. 

f1ss1on. then. at 60.000 a. the' total heat production in the . 
o on tro 1 shee t would. be 

.. 08 It 60.000 • 4800 lew. 

However. tbe23 concentration'should never go higher than 
. . 1 

. an amount which would absorb l'O 88 rDaD7, ~eutrons as are 

absorbed in the, Th. The heat load in this case p due to 23 

t'ission. is 480 kw. On the other hand. at 60 Mil the <'6 ~heat 
·in the 'l'h is 5",2 cal/Mm/sec.. The Th control sheet has dim.en-

sions40 .x. 60 x. 3; hence tht? total ~-heat produced therein is 

·40x60x3x5.2xllx4 .. 2.x.lO-3 - 1730 kw G 

At ~' center the 1-ray is 1 0 3 times the average; the tission 

heat however is Clore Dearly 10'1 times higher (since the con-

centra,tIon or 23. as well as the neutron densi t,. p goes like 

the t'l~). Hence at the worst· point the 23 tission contributes 

a heat load which is 3~ ot the "(. -ra,. heating", 

T.b1s heat 'load i8 probably what limits the 23 concentration 

in the 'l'h contrbls.. . If we set the ma.x.1mum. additional hes.t load 

due to 2~ f'ission at ! of' the '" -ray load. then. aa Vie have 

n~ted. this aets a l1m1t or about 1:... to 23 absorption/'lh 10 . 
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absorption. 'lh1s oorresponds to a maximum concentra'tion or 
23 in the 'l'h at 0..01$. If' the Th contI'ola (in the pile) weigL 

eo kg (4Ox60x3 em. sheet) _ then th'is allows a build-up ot 80 

sma ot 23 betorechanging the control sheeto Thentunber ot 

grams built up in the Th controls and in the blanke t" assuming 

a stead1' operation at 30 .. 000 kw. is given in the roJ.lowing 

table: 

Bulld-up ot 23 in 1'b. Controls and Blanke t" 3xl04 kvJ Power 

T1me in Dal. Grams ot 23 in Control Grams ~ Blanket 

0 0 0 

20 10 20 

40 36 72 

60 80 160 

100 109 218 

The table shows that, the control abeets will lulve to be 

changed about ever,. 60 da7S" it heating due to 23 ltssion i. 

the fae tor which determines the .trequenc1' ot change., 

The beat load trom. neutron capture in the Th rods outside 
I . 

the pile oaa. be'-est1mated eas1l7 trom the .faet that 5 0 6 gms 

ot Th per de,. corresponds to a power pI-Odue t 19n o£ :.60 kw. 

Alt'Ogether.' there are;,.about 26 Th l"odsJ hence the helat prodllc-
, . . 

, 
tion 1n them 1s 6-.6 kw per rod. The rod,S are GO om ..... long. and' 

tb.e11- rad1ua 18 2 Clll'~ The average, hea t ~lwt through their 
, .' 2 ' 

suptaoe 1. theretore 1'.5 oal/olll laee. U the 23 1s allow.rod to 

3:). D
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'1 build up to the point where - of the captures produce . 10 . 
tission6 the heat produced by 23 fission alone gives an 

additional average beat flux of about 4.5 eal/cm2/see. 

The total average heat flux under these circumstanees·ls 

about 6 ca~c~/see~ At the center of the rod it ~ill be 

roughly about 1.32 higher or in the neighborhood of 10 

cal/cm2/sec. 
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