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Chapter Xl - Air FlO'ff and Heat Removal 

• 
In this chapter we ahall give in sone detail the data on air rlaw 

in the Clinton Pile cooling system, and hout· and air flow in the pile it~ 
. eelf" . 

1" The Cooling System 

The Clinton pile ~s c09led by air which is sucked by tans throUf.h 
a system of duct work and the pUe 0 The air 1s sucked in from out-ot -doors 
first through a fUtero 'l'he air then passes' down1fard, is divided into 
two streams and then united. again after a series or baftles and turns, the 
Dbject of which is to eli'oct the deposition. of anI liquid water which mal' 
haw been formsd by the cooling which result, when the air passes throu.gh 
the filterQ This cooling is due to the expansion of the air in going from 
atmospheric pressure at point of intake to sub-atmospheric downstream from 
the filter" The air then passes through a duct which 10 below floor l.evel 
in the pile building 0 '!bis wct emerges at a loer comer of the inlet 
plenum. chamber, which is aPPJ;'ox:i.nultel¥ J. Wide 24' long and J7thigh~ The 
plenum chamber is bridged, in l:1ne with each graphite charmel, by a steel 
pipe or bridge tubeo 1his tube is 1~1t IPS galvanized steel pipe, and it 
is slotted with a slot !" wide and 4" longo The tube projects slightly 
(about 2l') into the 1 374" x 1 3/4" square channel in the graphite, leaving 
a space between the outside of the tube and. the graphite ~ Air enters the 
channel thr~ both this opening and the slot in the bridge tube 0 The 
slugs, having a total OD of about 1017" 11e :in the 1075" equa.re. channel; 
since the axes of the square are wrt;ical the channel appears diamond 
shaped, with the slugs lying in corner of the diamondo The. air flows through 
the remaining space. The channel is 24' long, but normally is not complete·­
ly full of sl.ugs; the number of slugs .in any- one c~el is usually )0 to 
68 0 The slugs have an overall length, including the jacket, of about 401" 
each 0 

. The air emerges fran the pile channels into the discharge plenum 
chamber whiCh had, a width or approximately 5~ Q and is JO D wide and roughly" 
24 e high~ 'J.'his chamber is unobstructed by any bridge tubes or other ob­
jects" The air leaves it to enter another sub-floor duct 4° x 5 W in crose 
section 0 This duct leads to the fan building, and in the straight portion. 
of tho duct a Venturi meter is locatcdo This is simpl,y a constricted 
throat, 2-3/4' in diameter, which 1s tapered in the stMdard way to con­
nect with the larger rectangular portions of the ducto The air then passes 
into a large manifold (fan inlet manifold), off of which lead J smaller 
ducts; each of these leads the air through ~ pit and under a hanging wall 
in the pit; these pits may be filled with water in order to seal off any 
fan from the inlet man1told. Tbe air next passes throueh the fans of which 
one is a s.mall. steam engine driven fan with a capacity or about 5000 cfm" 
The other two fans are Buffalo Forge Coo double suction, .3500 rpm centri­
fugals .nth a rated capac itT of 60,000 c!m of air at 55" wat.er suction 
and 1500 F (air densitY' ObOS5' 11lso/rtJ ) 0 '!he small fan is for' emezogenc;y 
use only and usual.ly is not runningo i<"rom the tans the air passes throuab 
another se.t of seal pits into the fan discharge man~old and thence to the 
discharge stack# 1Ilhich is 200 v hiRb and 5 t in diameter inside" The two 
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large fans usually are o~erated together, exceptions occurring only when 
oqe of them is shut down tor repairs 0 They are drl ven by electric lootOrs 
capable of developing ')00 horsepower each.. Each run 1s eq IJipptid with a 
shutter-type daJltper which makes it possible to regulate the air flow 'When 
necessary. This da:ilper also prevents sucking b',ck ot air through the 
smail fan when the lar~e ones are running" 

2<> Pressure OroR,s in Flow System 

The rather complicated p,eometry of the duct work and flow system 
generally makes it dU'tic\1lt to calculate it.s resistance to air now~ 
One would suppose, theretore" that the moat rellable estimates could be 
got from experimental .ll'lt8.surements ot the preS8\ll'eS tllrougnout the system 
during actual operatiCllo Actually this is probably true, bu.t the experi­
mental measurements themselves are sOJJewhat subject 'to question since it 
is someti:;es hard to separate the "staj;ic head" at a point from the "vel ... 
ocity headt • because ot tue poor lOCl.i.tions or exiat.ing boles for pressure 
measurement 0 New holes cannot easily be made 81nce the duct walla are 
concrete, 1 or 2 feet thick,> In spite ot the Wlcertainties mentioned the 
experimental values are cons:1dOred better than the calculat.ed ones., The 
following tabulvtion is taken trom a smoottd.ng of exper1rrtantal data., The 
figures apply for an inlet. air densit.y of 00010 lbs/ttJ, whicb is apprOxi­
mately the average air density 10 the s7stem precec:ti..ng the pile with one fan 
running, pile pgwer 2000 Jew and Otl'tdoor air at 'Jt::P C, and outlet air density 
of 0,,058 lbs/fV wb1cb repreeent,s one ran running" power 2(x)() b$ and exit 
air temperature near S,SO Co Other data, typical of more recent practi.ce, 
appear in. Section 15 or this cbapt.er .. 

tABLE 1 -
• ---- • '.9 __ ~_ 

Pressure Drope in Pile CoollOi System 
C.Values Smoot.hed from Exper1Dmtal Data) 

.-' 

Exit Air now 
Ibs/sec 4Pi . .o P2 6P, AP . 4 APS 

Inches of \Vatar 

40 1013 0 .. 54- 202S 1060 408 

eo 400 1090 800 S06 1605 

120 8.2 400 ' 160 S 12.0 3,.0 
-_. 

- Atmosphere to P1tot tube near end of inlet duct 
- Pitot to pUe inlet plenum chamber . 

.4OP6 

9.4 

31 

60 

oAPl 
OP2 
~P3 
.oa. P4 
APS 

- PUe inlet plellWll chamber to pUe outlet plenum chamber 
- 1'11e outlet :~lenu.'l\ chamber to Venturi 

~P6 
- Venturi to ataok discharge 
- fotal pressure r1se aCI'08S fano 

p] evid.ent.l¥ dependa ~ an the load1.D8 of the pile and is included 
in t.he above table tor Uluetratl". purposes W70 The values g1 wn refer 
to a 1oacl1. of It4 8~8 per ohame1 in '1l3 ~I' 'IS ~armel. ~ 

and. empty ~ ~he ~r of the l25,2 channels plugged up~ 'lbe abaft 
table ~ assumes a1r 1n-1ea~ of 1,.. lb- av,allable daf.a can be ex­
pressed 1p sl1gbt17 Lore eeneral farm ae a series or tb. torm 

" :' . ..6. P .. :: (~ '~o8" ., . 
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, . 
where ~ P is the pre:;sure drop for the section under consideration, in 
inches of water, W is the air tlow rate in the section EOpres,sed in pounds 
per second, r is the average air density in .the section in pounds per cubic 
foot, and 0<.. is a proportionality- tactor uhich also contains the necessary 
nwnerical conversion factors. Values of the factor 0( are tabulated below: 

Table !.. 
Air Resistance Faetors in PUe Cooling System 

,6P1 L\. P2 

0< lo4lxlO-4 o69xlO-4 

*For conditions ot Table 10 

)., ?ressure Drop through Pile Proer 

lAP:;· .o. P4 

l .. 9l:xlO-4 l.o22xlQ-lt 

The pressure drop through the pile is made up of 

APS 

30 51xl.o-4 

10 Entrance losses where air enters br1dge tube and graphite .. 

I 

2.. Contraction loss ,1Ibere air enters metal-filled section of channel .. 
30 Expansion 10s8 where air leaves matal-tillsd section .. 
40 Expansion los8 Where air leaves graphite. 
5.. Friction losses in empty sections of grarnite channel .. 
6.. Friction loss- in metal-filled section ot channel .. 

The expansion 'and contraction losses may be calculated approximatel;r 
using standard formulas (See Perry. Chemical Engineer's Handbook" 2nd edi-
tion" PC) 82l) and sum up to . 

where 

~P :: 2303 ,,.2 
.~ 

P :: pressure losses due to expansion and contraction, in. of 
water 

w :: lbe " air/sec flowing through channel e: air densit1 (average), lbs/ft.3 

The frictionai losses in the empty sections of the channele plus that in. 
the metaJ.=tiUed. portions DlB7 be computed t1'Om the Fanning equation, us­
ing the concept of equivalent bydraulic radius. This being done these 
losses are found to be calculable b.Y the equation 

.o.p l!l wl48 C- (2.9L ~ 16.2) 
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where L is the length of the metal filling in feet and the other symbols 
are as before. In each case the constant contains the properties of air, 
the channel and/or slug dimensioM and otber .nwner1Cf.:l tactor.s peculiar 
to this system only.. The v'alidity of the abo"(e equations was tested ex-

. perimentall¥ by RLlPP and Bol'nwaaaer who produced the following comparison: 

Tnble ...l... 

Open Graphite tube, ir.cbes water per ft. 
Metal tilled sect1on, inches wat.er per tt" 
Expansion and contract. ion.. iQ:hes wat.er 

Pressure Drop 
Measured Calculated 

0 .. 12 
O~64 
0 .. 31 

0015 
0011 
0 .. .38 

The formulas given above wert) roocti.f'ie4 to 81ft results concordant with 
the data ot Bornwbsser ar .. d B.t.lppJ the t')rm.t.1las we" then cambined to gbe 

'L fJ 
. P::!"'f-. (~o61L. 1.300 <&- 2.3 .. 3 .0 .. 2)' 

Actual measurements of tte pressure drop across the pile tail to check 
tids resu.lt;tor exa.nple~ the actual value was found to be 7.0" water 
when it was calculated t!) be ~lo8" water.. Several possible elCplanations 
for tilis discrepancy haw been' advanced: 

a) The graphite channels -T Ilot be exactly 1" 75ft square, but JDa7 be 
largeru They wou.ld. have to btl about 1,,$3" square to explain tbe re­
sults" bowever, and it does not seem likely that such a large devia .... 
tion from const.ru.ct.ion e~c1ticatiCll8 occurredo 

b) Some air may btak around. the metal-tiUed cbannels either across the 
t.op of the pUe (1' t.bl"OUgb cbannela in t.be graphite pres.-ed. to be 
plugged up" Lea'».ge acrosa t.he· top of t.he pile seems uiiJ.lkely in 
View of the tact t.hat the eeal1a.g-bafne original.lT installed has 
been replaced It.th one or better const.ru.ctiooo The plugs used may.\) 
it is t.Ne, be dlowing SOlID air leakage but eaeneiD laborator.r . 
t.esting ot the ploe:s before insertion ebes .lot support this viewo 

c) Possib17 t.he melt likely explanation ia t.hat there is a little leak­
age past the pl~s, but that. the major portion ot the effect is 
caused by tranerer ot .ir~ through cracks bet~een graphite stringers, 
·,from unpJ..tl(".g.d ~hanne18 to plugged. ones back or the plllgs Q ~i s 
hypot.besis 1s sl.rengthened b7 the tact that there are many transverse 
stringers and oienings in the pile wbJch would taciUtate cross flow 
ot the air.. . 

4... stack Draft 

Cont.inued opera~ion of the pile causes heating ot the ducts and 
t.he walls ot the concret.e stack.. Wben the p:Ue is shut. down, cold air 
passing through the p"-&,Jh1te, duCts, tans g and stack beCOllBs heated, and 
a tberT:al syphon effec;r.. ensus beea,.,.. of the decrease' in density" A 
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single observa.tion on this effect showed :Lt 1n1t1all7 to be capable of draw-
.) ing rougbly '1000 ctm of air t.br~ the ;'7stem with 110 power 81pplied to the 

fans., Atter several hours the'magnitude Colt the ettect.' would be much decreased., 

5. Fan Characteristics 

The fans originall7 installed ma,y be bl"1efll' desCl'1be4 u follows: 

/11 5,000 clm capaclt;r 
/12 .3O~OOO . ctm capacltr, max" pre8i .... I"18e 15" water a 150 Co 
113 5O,OOOctm capacttJ', ..x" presti'" rbe 2'1" wattlr 8 15° Co 

Late in 194.3 it. beC8DIe dltairabla to 1ncntUe the powr of the pi.lAI; in 
part this was done bT subA1t.u.ttng Aew taas 1Il U. place of tbe old 112 and 113 
tans R above" 'lbes. new faDS an 14ellUcal; 1ibaJ' _" rated b1 the manufacturer 
(Buffalo Forge C04) to deli WI' 60,000 dm ea«lta at 1"a , (a1r denaltT - 0 .. 0555 
lbs/.rt3) with a pre8sure rise' of .55" -.ter.. All calculations of perto.mance to 
~ expected. (see, tor example, report CS-lIP') _1'0 "seel on the J&1utacturer t s 
curves" Once the tans were 1astall.ed, howeV'(Jr.. dinlct; determination ot their 
characteristics beCBIDII poss1ble aad. a discN}NU'lC7 ",ween prediction and. actual 
characteristics appeared. The colldlt1C11l8 tor t.heae C\ll"WS are Wet air densl 1'.7 
00 0555 lbs/tV" and no throt.tl1nso '.' , 

The two curves are repr«tu.ced in Fig.;, 1.., As it tvned out, the operat.iDa 
region is not. far from the point at, taicb the pred1ct.ecl and actual curves crose, 
so that the discrepancy be1;,,:een tbaa baa bad DO pract.i.cal ccnaequenceso 

A more' usetul plot of the tan cban.cter1at.ica 1a W10Wll 10 1'18" 2" This set 
ot curvee shows the preS111U1'8 r1ae aoroa. the tan a8 a fUnct.1on of the .aa as rate 
of air it. ,i& perm1ttecl to bancll.eJ as a paramet.er the p1ller of the pUe is shown., 
Alsoahown on t.his l'lot are the "qat .. cbarecter1atice", Car a particular pUe 
loacling, i08 .. , the presaw:'G drop _loh occurs 1Iha'1 air .i.& passed through the 
cooling system at a giv.tn __ nte; bero &lain the parameter is pile poweru It 
is evident that the interaect10ne or the tan cbaracterbt1ca with the s18tem c.har-
act.eristic& are operat1ng point.so Given a t1xed inlet. air t.eJr.ptrature, each 
such operating point is cbaracteriled bl'. a dot:lnit.e air t.enptrature, slug tempera­
ture, and. tan horsepower requ1rema1tt" 1'1& .. ) shows a ran horsepower curve,; Air 
and slug, temperaturea are considered 10 a lat.er section .. 

60 Measure_nt of Air now 
The cooling s,atem 1s prorided. with two d.eY1ces tor .laaur:lJig air flow; ODe, 

located in the inlet <bet, 18 a t1J)8' of Pltot tube J the "',iher J located between 
the pile and. the tan intake anltold. 18 a Vent.1U'1IIItter Q fl'he Pitot t.ube was cali­
brated. by the manufacturer betora 1nstallatiCXI" The Ventut"!.ll8ter 1I'8s cast ot 
concrete to detailed and exact.1nB d1Dmsional specifications" In the course ot 
an exper1mlmt to daterm:l.De the beat per f':lss1on and the produ.ct/powr rat10 it 
was necessa17 to re-calibrat. both the Pltot and the Yentw-io 'l'bis was d.one by-
introducing RH3 of 1m0Wb purity into the iDgo1na airstream, and determining 1ts 
concentration 1n the et.ream at ftri01l8 po:1.nts in the cooling s18temo '1'he RH, 
was int.rocblced froa orcUnary steel cyllnders. and. the 8J11)UIlt. introduced. was aet­
ermined. by weigtliDg the CJllncIera betore a.qd a.tter the eJCp8riD8nt () B7 this DEans 
~t was estab4shed that the now rates are glwn by , 

, i, Q ':: '1lOO Vf14 IF . (V,antlrl) 

 
Q oS 19,5OO " AJf (Pitot) 
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where Cz is in cubic feet . er minute measured at local conditions,.6. P is the 
pressure dif.terent:1al reading of the aeviee, in,:fnchelS of water, and tis the 
local air densit1in pounds per cubic tooto The discharge coefficUliit of the 
Venturi meter wa.s found to be 00976 + 0,,005 ae compared. t.o the usual value of 
0098 'given in engineering handbooks7'" . 

7 ., Air Le2J9!&! into Pile 

, The ca.l1brat10Jl experimnta ot the tare&oiIC Mction resUltea in the dis­
covery that ~ to l~ of the air passing throv£b. ttl. tan$ does not go through 
the pile but leaks in area the pile sf,NCt..JN. !he normal nlue seems to be 

. near l~<> Part or this air .is iatl'Oduced' l ... ratione.U¥ iA t.he apace back or 
the Cellamite talse wall Which covers the ~ plem. chaJIi)er - on a t1 s1dBs 
except the east, occupied by'the pUe grapb1te. and the ecut.b4 Nominally this 
cooling a.ir is 1000 c fm; act.ua1..q it JIB7 be aOlllllbat. more, but in &n,J case it 
does ,lot account tor all 1h e aU in-leakage or even a -Joritl or it" Most 
of the leakage enters through the various e:xper1men1.al holtls" 8y sealing up 
most of these openi.nt'.s the leakage was reduced to a;..out. .; aone j however, 
could not be sealed, and most or t.hem ca,anot. be kept. 8ealecl wlthou.t inconven .... 
ience to experimenteJ·s on the pUeo . 

S~ Heat Tralster trom Slue to Air - . 
The prinCipal :IOde of heat removal trcm. the pil.e is by tl'8lJ8ter of heat from 

slugs to ~ro The pile is contmlled trcm. observations of' tbe temperature of the 
hottest" or almost, b.ott.est, slug in the pUe; this t.enperature usually D'LIst. not 
exceed 2500 C and 19 measured b7 a thermocouple attached to the slugo The heat 
transter coefficient. 'Was calculated trom tbe standard D1ttua and Boelter ef'uatlQ119 
using an "etfectift h.Jdraulic radius" 0 Because of the )'.JOaition of t.he alug 1n 
the chamel, at 1ea.8t 1/1. DE it.s svtace _ not in close ~ontaet with the air 
stream.. It was tberefore uaWDlitd that tile etfective beat 1.ranster area tram slug 
to air was ")/4 tb&t or the cylindrical-sl. surtace, 'lbe ealculation of h, the 
film heat transfer coefficient, requires a knowledre ot tbe air velocity in the 
channelo However, tho air ftloeltJ' 1n the channel is not uniform over the pUe 
because the air in t.he center o~18 receift. IDOI"8 beat, henee becomes lass 
a.ense than in other channels" Lesa air thY P.'lSS8S the center chaanel than the 
average oneo 'lb.e relationship 1s appraxima:t.e17 

Air tbru central: et,......,.l = total air throV£!t pil4\! 
Number channels 

Density in central channel 
Dault)" in aver. channel 

The radical. wa. found t.o be &8 amall as 0 ... 95, averaging about 0 .. 97# which value 
was used throUChout al an. adequate approldmationo 

. '!'he heat t.t'8I1ster CQ9tt1c1ent, b, was calculated from the well kncwn equa-
t.ion of DittUs anet 8oelter\9) 

in which. 
k :: thermal conduct1v1t.1 or the gaa 
~ : equivalent tqdrauU,~ d1.ameter. 4x. c~ss section/perifpDter 
Co .. h~t oapac1'\'7 l~t cf'~t.ant presaur" I, ;; 

fo. = ~cqa1t7 
G = masanow r'tte, lbs/(n.2) (sec) .. 

 
( 



 ... CJ.-

For air at 5SoC (an "average II air temperature in the pile) and channels and 
slugs as described abow de = 00762 ttl> (free area for rlow :a 1.,99 sq" in .. ) 
and the above equation red.uces to 0 8 

h "'4 .. 59 G <> 

or 
h III l42 wOoS 

the heat transfer coefr1c1ent deoreasel as the air \empera:t.ure rises, fall.ing 
about . Oo09~ per degree COl air temperature rise.. . 

90 H,!at Transfer trom Slug to G!,!ph!te 

A considerable portion ot the beat frOID the slue leaves it to enter the 
graphite rather than the air.. Prom the graphite it 1& event,uaJ.,q transterred 
to air I either in the same cba.anel or another one ~ !his tact eamewhat compli­
cates the calculation of the slug temperature 10 that. the following asswnpt.io~ 
were made: 

1) All the heat generHted in a given cbannel1e carried awq by the a:i.r pas .... 
ing througb the channel. 'Blere is DO subatantial conduction throQ,gb. the 
graphite to other c.tumn.ela 1'1 

2) Longitudi.n.al (pal"'dllel toa1r now) heat condUCtlon in tbo graphite is neg~ 
ligible comparec1 to the heat prod.uced.in 8117 Slwn channelQ 

Then one may detine Jt ll the· overall heat transter coel'1'icient per unit length 
of metal-rUled channel" by tbe eq\l&tiCl'l . 

where 

q ~ I (ta.,. tal 

q ::: heat. &..aeratiall per ubit l.ensth or cbannel 

tm.= _tal 8\lrtace tenpet'ature 

ta ;: air temperature 

Furthermore ~ one III1J.7 show that. 

where 

K :: b rAm of) Aa (1 - 1)] 
l.." 1 + ~7hAa 

h :: t'il.m beat traneter coetficient, &sSlmed to be the same tor 
both metal an4 graphite 

Am :. eftect;ive metal surface ~ p.art 1D. heat transfer to air 
. per toot of tube - 00228 tt2/1t. . 

As ;: COlTespandin& graphite surface, 00486 tt2/ft , 
~ a, cOJrt,aat beat tr~t.r coettiqent .. PCU/(br)(OC)(ft ~b ot metal) 

 



 ... 10 ... 

This equation follows from the set of' equations 

'Where 

q :: ~4<lg 

<1m =: h Am (tm.., tal 

Qg :: ,.e (tm *" t g> 
CIs = h Ag (tg .... tal 

CJm ~ beat transferred. direct from metal .:to air, PCU,{rt}(hr) 

Qg' ~ heat transferred from netal to graphite to air" pcu/(rtl(hr) 

tg iii graphite temperature, °c 

The contact coef'ficient·~was evaluated.ex'per~ntally" A replica or 
the graphite channel was set up" and. a slug bearing a thermocouple welded to 
its jacket was heated in an oven to 150 "'" 2000' Co The hot slug was then 
placed in the graphite channel, protected from air currents, and the fall or 
its temperature as a function of time was followed", The rate of' cooling ma,y 
be assumed proportional ~ the difference in temperature between the slug and 
the initial temperature of the graphite since the latter is a good conductor 
and represents a total beat capacity large compared to that of the slug.. The 
rate of temperature faU is bence 

.....4L ::- lit ; ~ =: C/erel 46. -C " 

Y4lere t is the elevation or slug temprature above graphite temperature J 01s 
time and C Isthe heat capacity per foot of the SlugB~ e re10 is the relaxa.­
tion ti.tte of to C1 rel proved to be about 305 minutes3 whence ,.,.'= 4 PCU/{rt) 
(hr) (Oe) ~ The relat1w" importance of the WJ.rious factors going to make up K 
may 'be appreciated from the statellBnt that in a rather typical case (air velocity 
about 150 ips 0 in metal filled part of pile·' . 

K :: Z7 ~8 [0.,228 ofJ' 0,,486 <1- 1')1 
. 1 4> 4/27,,8 Jt ,,481)] 

K -= 2:7,,8 (0,,228 ~ Oelli) 

K :: 9,,4 

In this case it is seen ttlat about 1/3 the heat is transferred by contact bet­
ween .!Ietal and graphite" At bigher air velocities t.his contribution becO!les 
lese important, at. lower ones more so" 

10", Calculation of 1Ia:x1mwn Slug Tenerature~ 

The hottest slug evidentJ¥ will lie in the channel whose radial position 
is such that this channel is the one ot mtpdumum. average neutran den£dty.. For 
a pile of roughly cylindrical cnitline thed18tr1bu~iOn of J'elai>1ve n~utron den-
sity n/~ along ar:rr channel is given b;r . 

n/po :i cosT % 
V-  
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where 

n ;; 

no: 

x = 
Li ': 

local neu.trcn d.ensit7 

nl;:lutron dens1t7 at center of abannel (1.,8 .. ; the maxigpDl demit1 
in any g1 van cbannel.) . 

di. etance alon& the c.barmel, ...... from it.a center .. 

etfeetlve leD&tb or-~o Lt. L .4L, ... re L :: actual1eogt.b 
of metal 111 ch.aAael, ..0 L ': .ft",,1 .. • u.smmtat.lon <hie to renec­
tor .treet» 11 the retl.ect.or b s,. t .. " t.hick, appJ."'Old.-tel7 

~L 1:: 10 6 tanh Lr 10 t.t 
1 .. 6 

1069 18 tba relaxation length in t.be grapdte. 

It one denotes the total p1le power b7 Q, the number of act!_ channels b7 It, 
and the ra.t10 

beat in Riven cbann!l : (;II( 
heat in awraae cbannal 

the film temperature dU'rer8llce betwean .. tal and air is 

o(Q 
KNt,L 

- Lp 

:zu ~¥ La 
coa ..u...L -~'1T'. CO!! • 

- v ."L a:1D ___ 

coa 1I:z.... dx. 2L' 
L2 

The air t eBp8ratu.re rise is £1.,. by 

where 

! 
wC,,: 

.Ii 

~Q7T 1.J: 
2NtL~ . 81n.,.L/2L8" cos 

. -~Z 

1L.3...ctx 
£1 

w : _tpt rat. of now through cbannel 

Cp = 8peCit1C heat of air r 
--. q('Q 

~ 

810. 7I'X 
L' 

.,in .1L!:: 
, a' 

.1 
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The metal temperature is however the sum 

where 

whence 

tm :: to .s. tr <4 tr 

'~o'= incom.i.ng air temperatUl"e 

tt :: film temperature drop 

tr ': air temperat.ure rlae 

tm :: to'" ~g" • 
211 t 

.". coa"'" x 
~ L~ 

aiii ""'L 
2L' 

• -l...- (.ln1fz/L' • ~ 
we; ~ ~1n 1fL/2Lq 

, / 

till will be greatest 1n aD'I' given channel wb8Il it.s derivatift 1& zerot 1"e .. , when 

1l.. sin1f-'" II - 'i cosT-it • LO ...,... - - ., ... 
wCp 

t.an 1fx. 
V 

- LVI ... -jfwep 

For a typical. set of eonc11t1ons tile maxiJlJlDl tuperature is calculated by this 
rormula to be at x. eo 2 .. 4-. 1he conditions uauad tor this cal.cul.aticm. were 

SOO clwmela 
44 .1uga/cbaDDel , 
'air NW 0: 1.20,000 eta «a OQOSS) at fan. 
G ~ 80 7 lba/(~)(sec) • " = 430 lbs .. /(channel)(bour) 
It ~ 8Q4 pcu/(ft)(OC)(hr) 
L' = lS' 

The calculat10n of 0(, the relat1w beat per chaanel, depend8 t.o a la.rge extent 
on the 10cat1on of pOison :lD the p1leo fbis cbangee trom time to t:bIB in accord­
ance with the changing plrpoaes t'or 1Ibich the p1le 18 us8d., and although 0< may 
be calculated frO. theOJ7, the complex. poison' contiBurat10ns in the pile ma.llr;) 
such a calculation appl"Old..rlate c:mlJo .Further, tile pUe is not alwqs c7lindri­
cal, rut usual17 has been 8OII8what hawed in ebape so t.hat the central ctannela 
contain rewer sl.up than the outer ones., The calculatiCll olea(, againll i8 possible 
for such conf1&urat1ons. 'but. .111 ~ be cCI'lSidered further here.. Usually it 1s 
in the neigbborbooc:l of 1., SO L1kn1., the ratio of .,X-hmUll to average neutron 
densit.7 in the p:Ue i& ftr.l.able bQt usually 10 the ricmtt7 of 2 0 0.. Vhere the 
exact value of the neutron flux· -.at be mae, it 18 custG1D1.17 for the exper1-
.nter to c1eterm:lne it d1reetll',p tor .. ,.la.& b7 the use or a BUver w:1re the 
activat10n of which 1a JJBaSUl"84, 

,  
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llo Accuracy ot SlBS TeJ!!P!rature Predictions 

In spite of the various appJ."Cl'dmations (more wul be uentioned subse-
quently) which are -necessary in pred.ictlng the slDg temperat.ure under given condi­
tions, this prediction proves to ,be at sat1sfactory accuracy.. For exampie, Lane 
and Webster predicted that at .3088 lew" -the "IIoldRlWJl 81\18 temperature would be l~C 
above inlet air.. Several months latel"', when the specified 1.oad1ng was achieved, 
the slug temperature was found to be l83CCabove :Inlet air temperature .. 

1.20 Heat. Flow in GraE!hite 

The calculnt.1on ot 8l\aa ~ature is _de on the aseumpt.1ons of no 
hoat il.ow throU8h the graphite bet_en chaDnele nor aloog a s1wn channel.. Since 
graphite is a fa1rlf good beat conductor, theae &SII'WDpUo.na ev.lclently require 
examination .. 

The tirst requisite 1s knowledge of the heat conduC\ivitl' of the grap bite 
pile 0 This is less than that of graphite because the joints between blocks act. 
a.s partial barriers to heat now.. The conduativitl' of the gapnte was determined 
in two ways: 

11) Stoady state experiments on a .3 Q X .3 i X 20' pile of graphite erected for 
the purpose. Onl¥ the radial conductiv.1t.l' was determined in these ex­
periments ... performed by L Bo Briggso 

20 Unsteady state exper1Danta QI'l tile X pUe, made by i: 0 Ko Kanne.. The data 
were analTz.ed 'by J" -Ao Lane .. 

In Briggs II experiment-e ana1uminwn tube was inserted horizonta1l7 through 
the center of the graphit.e pUe which _s 20' long, )' bigh, and .3 9 w:.i.de.. Nuar-

·ous thermocouples were buried in the graphite at various distances fran the tube~· 
and the tube was feel with dry satvateel stoamo The condensate was .neasured, giv-
ing the rate of' beat condW;Uon awq trom the tube, and the graphite temperature 
gradient was determined. from the thermocouple readina.o 

In Kanne is experiment the pUe was all.o'III8d to come t.o operating- equUi­
brium" In this cond.it.ion the center sections of the pile are, of course, hotter 
than the outside ones.. The power wa.e suddez:aq sbut orr, and the air- now stopped", 
and the readings ot a number of therB1OC'ou.ples embeclded 1n the graphite followed 
lor several hours.. The method or anal;rais wau to 1magtne t.be pile as didded 
into a nUmber of· cylindersQ start;1ilg with the hottest cylinder" the quantity of 
heat leaving it in 8Ilya"bltrary short time interval 18 calculable from its avera,p 
temperature decrease I vo1ume, and heat capac1tyo This bea.t now into the aclja­
cent cylinders, part. ot it fleming radial an4 part longitudi nally, and the rate 
of' flow in each case 18 proportional to the mean temperature. gradient and the 
thermal. conductivity in that directionb Since the temperature gradieJt, can be 
approximated fran JtarlJl8 liS lIEIasureaJlt.s 1J one can cnlcu.late bat.h the long1tud1nal 
and rad1al conductivities if ODe assumes the ratio between th.o The process 111&7 
now be repoated an those cyl1nders adjacent to the f!rut -one cCIl8id.ered, and.ttl e 
conductivities again ant calcuJ.a:ted, assuming, as batere, a definite ratio between. 

 

" 
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them, and also taking into accOl.1Dt. the heat n~ into them trom. the first 
cylinder" ThifJ process can be repeated. until all 8UCb cylinders in the pUe 
bave been considered; it the conduot1v1t1ea thus' succeGsivel¥ calculated check 
each other the ratio assWDlflld bet~jean them 1& corr~t; if not new ratios must be 
asswned Wlti1 checks are obtained.' 

. In this way it was determined tbr.t the rad!al conductivity was about 
12 PCU/(hr)(f't2)(OC/f't) in the unstoaq state exper1a8nts, as comp"red to about 
9 .. 8 in Briggs' experinMtnts; the lon&itwi1nal oo.nd.ucUv.Lty .. found to be 36 PCfJ/ 

, (hr)(rt2)(oc/rt) from Kame'a datao ' 

With these data one can .st,1mate tile ftd1a1 and lqitaudinal heat' flow 
~ the pile under operating cond1t.1ca18. 1be aetbod used •• to a'3SU111B first that 

. the graphite temperature.: was &8 calculat.ecl ,.. the equat10u of Section 9 of 
this chapter.. ' 

Tilis gave a first appro.x1maticm t.o t.be temperat.ure gradients in the 
graphite and by st.art.1ng in the center ot the pile and working outward, bot.h 
radially and longitudinal.lT, Clle couJ.d calculate tile aecond appr~tion.. Act-
ually the Clinton pile is central.l¥ pois0ne4 so that an almost nat radial. tempera­
ture distribution prevaUs in the neighborhood. of the batt.1It slugao Hence an 
insign1:f.'lcant effect on max1.mum _&1. tempomt1U'8 wU1 reaulto 

The l.angitud~nal ettect also can f be ,1gnored ~ccorcl1ng to cal.culatiDaa 
by ,'iebster" 

13 <7 Heat Flow and Generation :in Shield 

The sbield of tte X pUe is buUt. without. expansion joints j it is tm re ... 
tore necessary caretu+l7 to l:1mit temperature sradients in it so as to avoid 
setting up stresses which would. C8uae it to crack.. Practically this aD>unts. to 
the following, according to the clu Pont. Des:f.p Diri.elon: 

~o The te~ature to which the coocrete :is aposed local.ll' mat not ex­
ceed 1800 , (S:ZO C) 0 

2" The temperature gradient across ar:rj wall JII.1St averaaG 300 F (l',o c) 
or lesso 

When an 1ncreaae in pile power waa proposed, it .., therefore neces8&17 
to cal.culate the shield temperatures ..mich wculd result .. 

The teaperature or the shield rises above cooling air temperature for 
two reasons .. 

1.. It 18 in thermal COIlIIIWI1cat100. \iith the OGtaide of the graphite pUe 
wh1cb in tum 119 heated b7 the drainage from. its hotter interior .. 

20 Absorption of neutrcns and. sama rq& in the ah1eld. causes it to .teat 
internall7 0 

The telllpfJ",t~ or t.he graphite was estimated in the .manner outlined in 
the foregoina !Joctlon. In this ~, howe,-r, it ~s tOUfld tl'la1i there was a 
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considerable etfect or co.nduction through the graphite" Thus, it wall calculated 
tha~, at 3150 kw# an out;side channel would ave~ate 24° C abow inC01,dng air 
temperature when graphite conduction was taken into account, 'Whereas it woold be 
calcul;ted to averae:c onlY' 160 C above incOJDiDg air t.empera:ture it graphite con ... 
duction were not taken into account.· In the .torDl'l)r case I. of course J tbe tempera­
ture rise exceeds the specifications. and. some cbannel.e (20) are recODlDSnded to 
be left open 80 that tbe grapb.1te would be OJ oled acleq,uateJ..y.. This diversion' or 
air flow decreased the pile power about 1$0 

The' he<.,t generated in the abield. b7 the absorption of neutrons is. given 
approximately by the product . 

F· fissions per aecCl'ld 1n p1le 

-,.) neutrons torad JI81" t1a8ioD 

E ~nerl!3 liberated by capt.ure or 1 neutron in she1ld 
(estimated at 6 _v) 

.t thermal ut1l1aat1on or neutrone :In pi,le 

k-l neutron J.eaka&e per ceerationo 

At 3150 kw Lane calculated this beat to be not, greater. than 10 Do The tempera­
ture rise in the sb1eld.\'A8 calculated to be about, 4° Cj and the temperature drop 
a.cross the asbestos lapr alao was- abou.t 40 Co SWIa.1. up tho Vttrious calcula­
tions the tinal resu.lt got; bJ'Lane, aa8WD1.n& operation at .3150 kw. witb 20 open 
channels to a14 in cool:lng the graphite, was 

Temperature inlet air, aftraee 

Temperature rise or grapblte above inlet air 
Teu.peratureo 

Temperature rise or ah1eld. due to neutron . 
absorption 

Tenperat.ure drop acrose aebestoa 

Average temperature of room air 

Averaa8 temperature difterence across shield 

This compares with, the prescribed value or 1.,0 Co 

11)'> c 

16°0 

40 C 

40 0 

:JIJ0 C 

l~ C 

Actuall.y the pile bas been operated at a power lavel in excess ot that 
proposed by Lane and l;ebster tor some time, and more thaD. 20 cooJ.ing cha.rl.nels haw 
been opened up. The shield teDperature dirfel"8DCe" JlBanWhUe, has beentollowed 
by means of thermocouples in the e:x:perinBntaJ. holes.. 1.be above calculations t..a.ke 
no account of tbe t[~ct that 8CIIIIJ beat leaks ou.tward tbrough tbe shield... Probab13 
this leakage. amounts to about 1/3 kw per side,' 1 ... 8 0 , about 1/') the be:;t of neu­
tron absorptiono It is tberet~ pegl1g1bl.eo 
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14.. Methods of Increasing PUe Power 

It is advant.ageous to operat.e the pile at. a power level as high as pos­
sible, and tor th1a reason numerous expedient.. tor increasing the p.:>Wer have· 
been proposed and investigated" Some of th .... Ul be ,numerated and briet17 
discussed" 

The limitation that. t.be shield sball DOt exceed, ~117. a te~lperature 
of 820 C applies, in Practice, Otaly to the south pUlel of tbe pile exit. plenum 
chamber; all other surfaces in tbe chamber fU'9 .i:tller trM of this limitation 
(bottom and east aid.e) or. are prodded wlth. CelJalliteEalse waU (west, nOl'tb. 
and t..op s urtaces) he!lind which cooUoa ail" i.e in\rod\Iced.. It. lilly reasonably 
be a.ssumed t.hat the souta panel at.ta1ns the temperature of the air in contact. 
'With it; but this temperat.ure is not easl1,. oalcul.:'tt.ed. becaue t~ere is mixlns 
in the plenum cbamber~ 'l'be te:~tu.res ift t.rala I"e(d.on bave, tberefore, been 
determined experimental.l.7., 

While op"rat.ing at about 1600 lar (bstore inet.allation of new tana) 
a maximum temperature ot the a11' in this region was round t.o be 710 C and ttl. 
minimwn 400 C~ The average was 5~ Co Higher te:;.peratures bave probably been 
experienced since installation of tbe new Inns and increasing t.he pile power II 
but no ill eftects have been observed.. ADot.her l..tm:lttltion. is that. placed on 
max.iJnum slug telnperature~ It, bas been fOWlCl that at higb teu,peratures tJ;1e cans 
develop leaks which pernd.t air to axidize the slues.. 'l'be expansion result.~ 
from the formatian of oxide then rup1!ures the can. !pUling act.ift dust into 
the air stream and eventually bl4cking the now or air in fbe channel.. Thi. 
effect is found not to be seriOWJ below 2400- 2500 e .. 

The simplest method or increasing the pUe power it the maxi !IIIUB slug 
tmnperature is not. being attained is to aUow a l'dgber slug te<nperature" 'DIe 
incr~a.se tht's attained is not quite linear in teu;perature, bOMver .. because 
the decreased d.ensitJ' or tne hot-tar air leads to iucreased air resistance in 
the pile and heatlld ducts p and alao to decrease preesure rise and d.ecreased 
mass :rate of air ,thrQUgh the Iaaao . The beat transfer coefficient also decreases 
slight.ly", In tbe regiaa ot inturest an increa,je or about 1.0 1m per degree of 
ma.xi.:li.'ilJn slug temperatve increase can be expected .. 

Another simple method or incl"eaain& the power is to "monitor" the air sup­
ply" i"eo, to distribute it a/iOng the channels in proportion to the energy gen­
firat-ion in each. It has been estimated that the power could be increaced b" 
several per cent if' this were d.one.. Bowever~ it is quickly seen that this proced­
un.; would result in over-heating the shield and tbe south panel of the discharge 
chamber" Gai.ns.from this procedure are therefore rather limited bDd hava not 
beer.t considflred. wo:rt.hwhUeo . 

The power CWl also be increased by cooling the pUe inlet air, tor ex-
alllple by a hwnidityiDg tower" 'l'be eftectiveness of t.his procedure depends upon 
the sprea.d between the at;:lOspileric dry bulb and. .t.bulb temperatures" . This 
spread is considerable· only during a port.ion. or eacb sUDIIIer dB.", at!d it has been 
estimo-ted that the attainable increase 'WOuld be 18:Js than ~. averaged over the year c. 
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Cool1Dg the air after its d1.sct,arge' from the pile but before pas ... 

sage tbroueh the tans would increase the air dsns1ty at the :fans, iJlcrease the 
pressure rise acrosF them and inorease their mass handl1~ capacity., Probabq 
the method of cooltnp would be & tubular beat 8xchallfer .. alld this ''!oold result 
in inoreased pressure drop in tbe cool.1JJa 8fstemo There would also be a oon­
siderable amount of J'J8W oonstructlQIl requbed tor lnstallatioll of suoh a cooler" 
It has been proposed that the cool.1JJg be acoomplished b7 a sp1"a.,y of oold water 
direotly 1ntroduoedD However, this m!f.bt lead to entraillll.eDt of droplets whioh 
would be oarried throurh ~ tans, possibq C8Us1_ c:tamare then., A rourb es .. 
timate of the power increase atta1nable by attu-ooolilll at the air fives -2'-'0 . 

A somewhat d~,frerent proposel haa beea JUde that water oould be ilP­
troduced into the air a8 a t1m mist or ret. thas .ttecUvell' inol'9asitl€ its 
aWl'Sf,8 speoitio heat., . this has been appl"O&checl 111 a l!a1ted IIWI1ber of expe"': 
r1ments which Ur:lioated a possible laiD of .... ""4f11,o BORftI", munel'OU8 pra~tioal 
difficulties were encCIU!ltered, and. the proposal ... 00D81482'8d not attraot!_. 

15 r, tm1cM OperaUns Ra. 
The tollowil'Jf table presents operat1J:ly data typical ot June 1946 .. 

fable -'-

!zpicaJ. 9,peratb r Com2·:tltmg. JRpe W46 
Power t avera,e while operating 
" of t1me lIot operatiJ)f, 
Iletal !n pile 
Pile loadiqt 

24 ur8ld.um metal slUf!a/ channel 
36 ur8ld.um metal slurs/cbarmel 
40 urantum metal sluc'S/obannel 
44 uren1um metal alugS/cbam&l 
50 uram.um metal alufe/ cham:lel' 

2 1lZ'B1'd.um metal GoupbJlUte 
4 thorium metal sluf.s 

40 thor.lum carbonate elure/charmel 
14 tbor:1um carbODate el,uf:s 
30 lIol,tbdenura metal slue a 
65 calcium,nitrate slufe/ohaanel 
Empt,. channels 

Air inlet temperature 
Air discharge tempel'8.tU1'e 
.A1r iDto pUe 
.Ur ilrto taDS 
Static pre screa in STatem 

atlllOspher1c 
at pttot 
aol'OSS PJ Ie 
a't Venturi 
at tan iiUet 
at ~8D eXit 

 

3400 k'Bo 
'¥. 

1 channel 
590haJmels 
26 charmels 

306 oh8l1lals 
438 ch8ml8lS 

'I cha1Dl8l 
1 oha:rmel 
2 ohalmels 
1 oh8Dlle1 
1 ahazmel 

lOOchanllela 
316 

49,,09 tOllS 

250 C 
WoC 

6soolj l'lin" 
72aJF/1!dJ4 

740 mm .. of mercury 
722 

36 
664 
6(>2 
753 



" 

., 

.. 

• 

;~ '. 

HoDN.,,:tS'1 

. Jla:rlmum metal temperatu1'e 
Average. me t:::1 temperature 
Ma:dmum grapJ:oJ.t() temperature 
Average graphite temperatue 

 

" 
""J.8.c. . .,..,' 

245° C 
,.." 1.200 C 

150° 0 
_90° C 



, 

• 

.. 

MonN..,157 .. 1C).. 
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