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TI\IIRACIETL FIIIX TRA\IIRSffi AND THERMAT IIIIIJZATIONS, L.O27% Ð[RrCEMmru
URANTUM BODS IN ]-IGET WATM

By Eerbert J. Kouts, Kenneth LI. Dor,rnes, Glen A. Price,
Rudolph Sher, and Valentine J. llalsh

Abstreq!: The distrlbnrtlon of tbe¡rnal ncutrons has tleen neasured ln tyolcal

lattlce ce11s tn rraultiplyl-ng assemblles of I.O27% enrlehed uraniu¡ rods ln

ordlnary uater. Relatlve fluxes r¡erc found r¡ith snall fotls of dycprosiua

oxlde dispersed ln lucite and polyethclLcne. 1'Ìre ¡easurcd flux distrlbutlons

are gLvcn, and ihe innliecl therral uttlizations aro caleulated

Experlncntal l{ethods: ifhe æçerinental nethods h^ave tecn dlseussed to so¡o

cxtent in a prevLous.mar¡orandr¡m,(nm Log lio. C-7568) ott r."snrenents of lntra-

eclÌ flux dlstrlb¡¡tions fot: I.3fi çnrlched uranf.r¡n rods in llght rntcr. Wc.

rcpeat thenn here, hovever, because sone proccdurcs heve changcd.

All theraal neutron f,Iuxes nore ncasurcd vlth dvsprosiun. The uttì.lty of thls

å¡tcctor Golnes fYon lts'¡nall resonancê absorptlon, r,ùleh ¡akcs the neagurc-

rcnt cf eadnfi¡l dlfferenees unnccèssary. Slnee dysproslun is cunently rvatl-

eblc only as the oxlde powder, r earrier for 1t Ls neeessary. Bcfore thc sct

measure{nents reported here, vc used luclte as the carrl-ar. A nixtr¡re of dys-

proslrm oxldc and lucite 'rnolding povder i¡as comuresscd to a tcr¡ rnll thick

rsfer ln a netallurgLcal hot press, ard t/t6' dlameter folls wcre punched. frcna

lt. these folls r¡cre the dctectors vhlch, vhen placed in the moderater and

the uranh¡n rod, scrsêd to neasnrre the loeal thermal nGutron f[r¡x.

these folle are qulte brlttle, and desplte careful handllng, they,conslstently

chlpàcd. I1¡e rcsr¡Lt rns that the lntcrcallbratlon factors of thc folls fr¡-

quently etnngcd. Although lntercallbratLons rrcre naCc bcfore and aft,er eaeh

-t-



.2-
lntraeell flux dlatribnitlon neasurernent, lt r¡as often dlfficrrlt to decLdc on

uh¿t caltbratl-on factor r¡as to be applicd ln a gfven casê.

As a rcsul.t, ue have svitched to using polyethelcno Lnstead of lucite. In a

ray' ¡toì-yethelene is more Lneonvo.nient, beeause lt ls not avallable as a fine
rnoldlng pouder. To nake the f,oLls, ve have found it aecessary to begln the

nixlng process uslng s¡nall nLeees of the plastic. These are nlaccd on thfn
alw¡lnrr¡n foil shlch ln turn fs plaeed ln a gLass plate heated ty an ordlnary

hot p1ate. ldhcn the po)-ycthelenc reaehas a good eonslstency, dysprosir:n oxlde

is addcd, and thc nlrture ls lørea¿ted r¡ntil as mrch pouder as posslblc ls takaa

up and ls distributcd throughout. Another layer of a}.ullrun foil ls thcnr

placcd on top of thc mirùure, and thls sandr¿lch !.s presscd bctr.¡ecn glaes platoe

t¡nttl tt has the proper thlckness. Drring prcsslng, thc polyethclcne cools

.and sol-1dl.fl-es. lhc ahulnun foll adheres strongly to the rafer of plaattc¡

cven rrùcn foLls are pr¡¡ehcd ortr they rctaln a thln protectLvc alu¡¡lnrn Goat-

hg.

lbe folle rnade in this manner have shoul¡ excellent reslstence to atn¡se. Oce-

aslonalì-y a sectl.on of tl¡e altmtrnn foll cones fuee, tut thls does not s6€n to

ehange callbrratlon factors. the only caLlbratlon factor ebanges rihlch have

oceurred ean apparentl:¡ be attrltmted to the loss of ôysproshm vhj.ch hag been

lnperfeetl-y assinllated wlth the polyetheÌene. Care t¡tken in the lcrædlng

Droeess reduees these cþnges to a negllgfbJ-e factor.

tJe have eontlm¡ed the procedure of fnterealltrrating all folls before and after
an lntraeell flux dJ.strlbutton neÊsur€ment. ?hls practlce nos prorldee ln-
ereaaingly aceurate eallbratl,on faetors crrer a perlod of tlne, and aLso sery€a
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to lndtcate wùen a callbration factor has changed because the foll lns lost

dysprosftnn.

t}¡e nsutron flux in a typical lattlce cell- ls dete¡¡lned þ placlng dysproshn

folls sfun¡ltaneously 1n ntlled depresslons l-n one etd of a split uranlurn rod

ard ln the water moderater adJaeent to lt. Â t¡¡plcal foll array ls show¡ ln

flgure 1. A cross of thlrteen foils ln the rod gi-ves the flux dlstrll¡r¡tlon

there. Folls are placed in a¡ ah¡mlm¡¡n holder in the rater, along tvo ll"nes.

One llne of folls ln the rater neasures the flux varl-atlon betr¿een nelghborlng

rods" The second llne glves the flux along the nedlan llne of the trlangle

forned by three adJacent ro<ls. lhls ndsu¡ement then does not glve the fh¡x

everlnhere throughout a trlangular lattlce eell, but Cleska and l'Íozer have

sholrn ln BNL tog No. C4g83 tbat the lnforrnatlon obtained ls sufftclent to

perrnlt calculatlng þ rela:atlon roethods a contour dlagran of the flux etrery-

uhere.

Because of the exponential attermatlon of the neutron flIux ln the ve¡tleal

dl-rection, considerable eare m¡st be exerclsed to assure ttrat folIs ln the

rod and ln the r¡ater are at the sarae height. The flnal calculatlon of tbe

lntercell f,lux dLstrlbutlons reported ln Bl{L Log [o. 7568 (neasure¡nents rrl,th

t.3f enrlched rods) uan not done r¡¡rtll after the uranh¡n rods vere shtpped to

!¿ÀPD. As a resnrlt, ve have found slnce that at l-east tr¡o of the r¡easurements

reported (thou. for'the 4:l ar¡d 3:1 elæn lattices) are r.rrongr alnost certaln-

ly because of helght posltlonlng errors. Probably the fluetu¿tlons obsen¡ed

ln fllux averages ln the r¡ater as the boron polsonlng vas ebanged can be att-

rtln¡ted to sucb errora, too. l{e took tvo precautlone to prevent thls happen-

1ng vlth the neasurements reported here, First¡ thl nethod of adJustlng the

helght of uater and rod follg to ba the same r¡as slmnlLfied and nade almost '

foolproof. Second, ve dld not rel,ease the uranlu¡r until the analysls uas
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cøIplste. Às a result, ve ar€ mod€rately nre that lneorrect adJustnent qf f611

helghts does not eauae any appreclable error ln the f,Lux traverses g{ven ln thls

report.

Intercaltbratlons of the folls Ls aecomnlished þ sutrJectlng theno slmrltaneously

to the sarne neutron flrx, and roeasuring thelr relatlve aetlvltles. the oxÌroeure

ls done ln a l"uclte tùêe1 vhlch ls placd horlzontally ln the botto¡n of the ex-

ponential- exper!-nentsl¡ater tank. Ille folls are placed on the perlphery of the

vtreel; the latter ls rotated at a eonstant rate by rneans of a strærn of air

played on vanes att¿ched to tÌ¡e Long shaft pasclng through the r¡ùreel . À mal]

rary of the sbaft relatlve to tbe nheel eauaea the folls to recelve a sltghtly

uneven expoflrre hLstory. Thls cffeet has been neasured; beeause of lt a, co!-

rectLon of at ¡nost 1.8f m¡st be applted to the flml lntercallbratlon faetors.

fn aeeordance vlth our usual praetlees, ve counted all folls ln every case Ln

selveral esunters (usualty six - at least four). Ttre totaL cotrnts fron a n n

r¡ere used to lntercallbrate the counters for that nrn, and the tabrilated count

rates for all eounters after appllcatlon of the eounter callbration faetors

nere used to deter¡rlno errors ln reduelng data and ln the count-t¿ktng. The

annount of analysls lnvolved ls eonsiderable, h¡t ve feel.that thls system bas

been lnvah¡able ln reduelng eonprtatlonal errors to a nlnl¡nrn, ñrrthemore

rte are not foreed to reÌy on the tntegrlty of any one counter and scaling cfr-
glrlt.

All fotl counts are earrLed out to et nost * lf stattstlcal erFor. Folla,vere

eounted on both sl-des (although occasfonally thts nay not have banpened - 1t

ic l¡!Þossible to tell one slde of a 1-h6â dla¡neter ptastlc fol1 from the othen).
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Results: The neasured neutron fluxes for vater-to..netal volume ratlos 1:1,

1.531, 2z]-¡'3tI, and ¿,:1 are llsted ln tables fll. the fllr¡x plots are shoun

1n flgurea 2 - 6. lhe eunes 1n the flgures are drann lry erye Bo as to pro-

vlde a reasonable ftt to tbe flux values. In addltlon, the folloving crlt-
erl¿ derlved frour cell sSrmnetry vere used:

I. Beeause ef the eyllndrlcal syrmetry of the rod, eorrospondLng polntq

on the erossed patterrr of foils ¡rere lurrped together ard thelr fluxe¡

nere averaged. the result ls that the polnùa at .O6?r, .184,ñ, and

o25}a frorn the rod center represent fotrr tlmes as ñ'ny neagurements

as does the eenter polnt. ÎÌn¡s thelr statlstlcal velght ln fttttng
to the curnre shåpe ln tbe rod ls appro:d.nately trlce as great as that

for the center. lbe eunre in the rod ls so drarm as to fft the outer

polnts t,etter than lt does the cemter point.

The f,lux cu:¡ye along tbe llne Jolntng nelghborlng rods ls nadc to

pæk at the half-r¡.y polnt.

bcnlnatlon of the cell geometry ln flgure 1 shows tbat the two llnes

of folls ln tbe uater have one eorrespondlng polnt vt¡ere the rneesur-

cd flrmcs should be the sB!D€. 0n the short line, cal].ed t]¡e eenter-

to-center 1lne ln tbe tables, thls 1e the nldpolnt. 0n the long llne,

called the diagonal ln the tabLes, the polnt occurs vhere the llne ls
parelng nldvay betneen tuo rods. fn flgure 1, thl-s polnt ls approx-

l-nately at the outemost foll poaltlon on the llne of the dlagonal.

tle curnes are so drarrn as to nake tbe flr:x equal at these correspond-

lng poLnts. :

flux val"uos are all noruell¡ed ln such a ury as to ¡rake the plotted eu:res

lc

3.
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h¿ve the value 1.OO at the conter of the rod. Of couree, proper seleatLon of
thls non¡ållzatlon fuetor depende on the correctness rrlth r¡ith the surv€a

vúe draer¡, and sone srror DuBt anter lnto tbe cboLee.

lbe polnts of lntelscetlon of the vaten and rod crlrvêr r¡ttb the ¿1r:nlnrn rcd

cladding rrere alao gelected by eye, the crlterla beLng slmnly tl}¡¡t tbe over¿l1

cllr,¡e repesent the aeasured polnts ae vell as poss!.ble, and that tbe absorptlon

ln the ah¡rl'prn j-s ver'7 tnall. Sone enrror nrgt of cdurge oecür, tnt repetltlon¡

of the curvê dravtng lndlcate tb¡t ralcctlon of this poiut ie nrong þ at noat

-Lß. the effeet uould be an error of about .51 Ln the rod dlsaôya¡tagt fac-
tor, and a nrch roaller Grror 1¡ the dcdr¡ced theranl utiri¡atLon.

tlerral llttlt¡etton: Ilalng the crperlnenteL flr¡x eurr€s, on€ ErJr calculate tl¡e

a'vsra8€ flux ln the r¡ranirn and 1n tbe ¡oderater. Calcrrlatlon of tbe tbernal

utllkatlon nales use of thegc flux averages and the assued caprtr¡¡c crcæ-

seetLons for the nedla.

ltrc Ît-ux avsregros Ln the netal brrye bea perfoned þ rrr-,erLcal cral"uatlon of
R

tl '* t Gt =i, (r)

st¡e'ré R la the rod dl¡¡etrq, I (¡) fg the raanred flur, and Á ia the eycragr.

11t" ¡e'ngonal symetry of tbe nten rcgl.on of a unlt lattlco cell can be 1d6l-
1¡ed to an equlvalent cytinder of tbe aa¡e volu¡ne. llo¡er bas sborrn that tn-
tegratlon of an averraged radLal dlstrltrrtton oyer thls cq¡ulvalæt oylindcr g1vea

for all pnactleal Frrpotcs tbe cete flr¡x avo'age6 as doeg a nore aophlsttceted

¡61-¡nlnt caÌeulatlon tltor tåe æet lattlcc oelI. llc bavo uocd thla e¡ui-
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yalæt cyllnCer calculatlon to obtaln the average

mnerlcally

fhn ln the r¡ater, æaluatlng

(z)2
R3 -q

R2
'["url(r) 

=
\

ø,

ø (") fs here the average of the ftux dlstrlbutlons measrred along the tr¡o

Ilnes.

the va-lues of the averaged flr¡xes obtalned thl-s vay are gLvæ ln tablc Vf,

and are plotted ln ftgure 7. The derylatlonc of æperl.mentally detemlned

rrolnts fYon the slooth cruìlot âppear to be '- 2fi at nost to, 
-l* 

and - $
at nost îor ñ^.

R, and R1 are the outer and lnner rartli of the quivaleat nater arnrlus, and

?heræl uttllsatlons are calcrrlated ffø the orpreselon

.. h rü¡-
l^U + 6tz'vvv + h,.. va

Bere dts thc ftr¡x ln the ah¡rnl-rn¡n e]Ðddlng, and fo, Iï, Xa arc r€sp€cttvely

the abaorptLon erosg-sections of met¡l, nater, and alumLrn¡n. V* and V" are

re-spectl.voly rater-to+rrarrir:m and ahnlnrn-to.{rranl.nn voluno ra?Los. the

eross-aeetlo¡s used are glvsr ln table VfI. These vere ealculated þ 0leska,

and rrere reported ln BNL Log I{o. CJIT¿,. All cross-Beetlons vere averaged

over a l.{axu611 dlatrltr¡tlon at roonr tenperature.

The flnal ialues of thernaal uttllzatlon are list€d ln table VfIf , aRd are

plotted againat the r¡ater-to+ranfum volu¡ne ratlo in flgure 8.

(¡)

ft 1s apparent tbat tbe neasured valuss of f ftt a s¡nooth currre mrch better
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tban nlght have been expected fron the appearane€ of the averag€ fluxes in

flgu-re 7. The reason for thls ls probably tvo-fold. Elrst, the value of f
for all these lattlces ls so near to I tllat relatlvely large errors must oecur

trefore tàe change ln f Ls apparent. At the 4:1 volr:ne ratlo, an error of ú
fn 4, causes f to be urong ùy only abotrt .3f. At the 1:1 volr¡me ratlo a ã
6rror L" ln causes an eror ln f of only about .1f.

the sæond reason ls that some errors ln the analyals are aelf-coapensatlng.

For instånec, 1f t,oo lou a value ls talcen for the flLux ln the alunlmn, thÍs

h¡s the asaoclated effect of reduclng tbe flux averagea f-n tbe uranfu¡m and

ln thc uatcr. Sinllarly, a oa1l error ln eettlng the helgbts of folls ln the

uter nlght eauae tbe flux average ln the nater to be nrongr but tbe neeesalty

for ætching the fLux ln tbe rater and fn tbe uranlun at the a}ntrrum boundarly

v1L1 change the other ayerage fllr¡res ln the sa¡ne dlrectlon.
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Table I

Intracell" Elux Dlstrlbütton, .600r Dlarneter Rods of
tn Llght l,later. lJater-toJ{etal Voh:me F'¿dLo = l:1'

Dl-stanee fron
rod cente¡:-(lnches\

oo00

.08/,

.]:67

.250

.179

"1r78

.579

.677

-l1o

.)79

.1r79

Heasured
relatlve. flux

.985.

1.009

1.O34

1.111

L.276

I.)rlj
t")8
I.82
r.91,

1.193

I"JL7

t.o27l Enrlehed Uranfin

Remarks

E[ux

1n

Ilranltn

Elux i.n

tlater

(Dtaepnat)

llux ln
l{ater

(Center-to-center)
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lab1a

fntrecell- Elux Ðstrltmtlon, o6OOt Dlaneter Rods of I.a?7%
tn Ltght Water. l{ater-toJetal Vo}ume R¿tlo = 1.5:1.

II
Enriched Uranl¡m

Dlstanee frcn
rod cqnter (lneÞeE)

.ooo

. og¿,

.167

"250

.)79

.lrL2

.507

.57J

.6)9

.70L

.77a

.37a

"/+98

.561r

Itloasured
relatlve fl.r¡x

"gg3

1"020

1"055

I t,,L. Lt+4

L.J27

L.L8

T.L5I,

l.l+t
1./n61

T.J77

1.419

r,337

t.L65

tJ37

Rgnarks

llux

1n

IIranfin

llux 1n

Ìlater

(Dragonal)

Elux 1n

llatar

(Centæ-to-center)
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lable -IIf
fntracell llux Dlatrlbutlon, .6O0r Dlaneter Pods of
1n Light l{ater. ltatsr-toJetal Volune Ratlo = 2zl.

L.O27í Enrtehed llranlrn

Dlstance flor
Igd cgnter -(lnches)

.@O

.093

"167

.250

.376

"a5
.518

.590

.659

.730

.798

.968

.37 5

.lrlr5

.51¿

.593

.655

üeasured
relatjtve 4ux

.gg3

1.015

L.O72

1.166

t.365

L.lr58

1.L95

1.517

1.L92

1.503

I.tt97

l"ru

t.)86

1.4.6t_

1.508

l.I*51.

r.)79

Rertl¡rks

lh¡x

1n

Uranir¡n

lltrx ln
llater

(Dlaeonar)

Elux ln

hter
(Center-to-cer¡ter)
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Tabla W

Intraeell Itux DlçtrlbnrtLon, .6OOr Dlameter Rods of l.O2Tí
tn Llght låter. 1{ater-toJetal- Volur¡e Ratlo = l:1.

Dlstance fron
¡od eer¡ter (lnche.sl

''000

.08/*

.L6?

.25A

.37 5

.lr,U

.5a3

.592
' .65t,

.723

.793

.966

'931,

.t70

.UJ

"5].'2

.581

.65]-

.7Ã-

.79]-

l,laa¡¡red
reþtlle fltn

1.æO

1.019

1.ffi
1.1_4É

\..375

L.lrqt*

1.583

1.599

1.612

1.580

1.585

I.631*

1.603

1.380

L.t*? l,

L"5l*3

t.56?

t.537

1o 502

1.¿15

Enriched Urenlrn

Ræar.ks

llt¡x

t!

Ìlranltn

Elux 1n

tlater

(Drasonel)

llu¡ 1¡

lhtcr
(Centcr-to-cooter)
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lable y

fntreeell lLw Dtstrttmtlon, .6OOr Dlaneter Rode of t.O2?í Enrlcl¡ed ItranLtm
ln ttght llater. llater-toJetal Volune Ratlo = 4,:1.

Dlstånce fron
rod center (lnabea)

.oc)o

.084

.167

.öO

.38O

.l*73

.fi3

.653

.7tl

.933

.98

1.C13

J..lo3

.)n

.til9

.569

.659

.7 l*9

.8t9

.932

lleactrred
relatfqe flux

.986

1.019

1.076

I-.17Ì

l.&2
1.608

r.681+

1.716

1.73Ì,

r.138

t.695

1.68¡('

t.709

1"4'æ

1.591,

1.613

1.683

r.6t3

1.568

t.t+æ

Rærks

tlux

Ln

llranlun

Îlr¡x 1¡

lbtgr

(Dtaepnal)

Ilux ln
ttatæ

(Center-to-center)
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l$blc II

Elux Âverages Calanlatad fYou l{sasured btraeell Traycr¡es. .600r DLaneter Rods
oî l.OÍlÍ Enrlched Uranfrs tn Llght llater.

Yohue Ratto l"l.h

1:1

1.5:1

2:1

3zI

4:1

1.079

1.105

1.1ã

1.1o7

1.12!l

L.llt
1.381

L.lr,L3

1.505

t.6Lo

1.172

1.211

I.?J*6
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