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i
INTRODUCTION

Today the suberitical sseembly ie » convenient tool of
the nuclesr seientict snd englneer. It has several inherent
sdvantages which meke 1t psrticulsrly useful. It is much
ghesper %o sssemble aund operste then is s full seale reactor.
ihe smounts of materisls used ere much less. It is inherently
sefe, no oxtensive shieldling need be provided, snd work esn
be ocarried on with none of the physicsl restrictions neces-
gsry nosr a resctor.

A natursl ursnium, graphite moderated suberiticel sssemw
bly hes been econstructed recently at Iowa Btate College. Thie
asseubly will be useful in a2t leset two espnelties. First,
1t will provide extensive instructional opportunities, and
the chence to compare elassrocm ¢sloulstions with spotual
experimentel results. DSecondly, 1t will provide a receasrech
faelliivy for pumerous theels laveetigstions by greduste
students.

Before other studles could be undertsken, it wes neces-
sary to develop safe and efflelent procedures se well es %o
detersine the besle operating cherssteristics of thls sssene
bly. It wes with thie jurpose in zind that the present thesis
wes undertaken.
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REVIEW OF THE LITERATURE

The historiesl role pleyed by the suberitical assenbly
in schieving the first self susteining nucleesr cheln rerction
hee been given by Smyth (1). It is summsrized below.

On December £, 1942, menkind initisted his first eelf
susteioing nucleesr chain resction et the Univerelty of Chie
ecage (1, pe 7). Thie event merked the culminstion of months
of concentrated effort by meny scientisies and engineers. It
eculd not heve oceourred se it 414 without the suberitiesl
susenbly lesding the way.

By June 1940 1t hed been determined thet the best pos~
sibility for a eelf sustelning chein reretion lay in the
thersal newtron fission of ﬁﬂaa, using 2 heterogeneous muiXe
ture of graphite and netursl urenium (1, p. 38). It wes
ksown that ia the fission of U5 more than 2 fazt neutrons
were produced, on the averege, for every neutron consumed
in flesion. Hovever, mont of these spare neutrons were
asbsorbed by other meterisls in slowing down, or esceped slto-
gether, and thue wers lost before they in turn were able to
resct with other ursnium nuclel to produce fission. The probe-
lem weg to srrenge the llsslonsble materisl and moderetor in
such 8 manner that enough of the neutrone were conserved to
sustain e chaln reaction.

Two mein svenues of spprosch to thie problen were pose
sible. An elaborate series of lnvestigstions into the nuclesr
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properties of varicus moateriele wae initiested, snd theoretical
esloulstions were begun bresed on these deta. lowever, since
speed was the controlling feetor et that time, the mejor
effort wes directed into the empiricel approsch, nnd here

the suberiticsl sesembly becaue the primsry mesns of investi-
getlng the problen.

The very small smounts of materisls svallable, snd the
extrese gouste invelved, made full scale experiments impos-
sible. The method used then was to ¢onstruct s plle of sbout
one fourth to one third the size belleved necessary for
eritieallity.

From the results of experisents conducted with such a
suberiticel sssembly it was possible to predict the charsoter-
istics of a simlilar full scale resctor.

Since such 2 suberitical sesembly could not sustsin a
ehaln resction an external source of neutrons wae plsced near
the bottom of the structure. The flux dletribution in suech
en sgsembly then degreassed exponentinslly with dletence from
the external source. This faet led to the suberiticel sssem-
bly being celled the "exponentisl plle®. :

Dootors Fermsi asnd Szilard hed suggested the use of
graphite as & woderator for a cheln resetlion. Farther, it
was they who developed the lattlce structure, in which lumps
of ursnium would be plsced =% reguler intervels in » metrix
of graphlite (1, p+ £3). 7This lattice structure hed definite
sdventages over & uniform sixture of ursnium and moderator.
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In July 1941 the first suberiticsl sssembly was set up
8% Columbis University. It ﬁag & graphite cube & ft. on e
side, containing spproximetely 7 tons of ursnlum oxide dise
tributed in lumps throughout the gresphite. An external
redlun-beryllium neutron source wes plaged nespr the bottom
of the asseably. Similsr structures were set up in September
sad Qctober of 1941. fThe multiplicstion feetor, k, snd the
lofiaite multiplicstion factor, k., were computed in ench
case. For the third sssembly, ko resghed a.sv (1, p. 42).
The problem remaining wae to get k o to resch or surpsss
1.00 by uelng purer msteriels anéd possibly by using d1fferent
lattice srrangements. |

Within the following yesr a series of experiments wee
eonducted using suboriticel assemblies. In esch expoeriment
the ursnium-grsphite retic waes varied, oxldes of improved
purities were used, latiice spsolng wes verled, and various
sizes snd shepes of fuel lumps were tried. The ninth plle
of this series wes constructed in July 1848. The graphite
ueed in thie cese wae sufficlently free of Llmpurities that
it sbsorbed 20 per cent less neutrons than the best previously
sveilable commeroisl grephite. Cslouletione besed on this
esseably showed thet for s resetor of infinite slze, k =
1.007. An infianite multiplicstion fector grester than 1.00
hed been resched (1, p. 69), and the suboritical sssembly
had been the mesns of sohieving thie gosl.

Sinee 1942 the suberitical aseecbly hes been used
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extensively in developling new recctor types end in studyling
gesocliated probleme. At the Henford Atomle Products “perntion
over 100 suberitiesl experiments have been conducted (2, p.
308). These experiments have had ss their objeetive the find-
ing of & better water-cooled grsphite lettice for plutonium
production snd providing improved knowledge of lettice theory.

Argonne Hational Laborstory hss been condueting s series
of {eet exponential nxp&rxmtnts‘(ﬁ, ps 342). This series of
esperdmente wee designed to obtaln fundsmentsl informastion
sbout the physies of dilute feet resctors. In connection
with the Sehool of Hueclear Sclence and Englneering, Argonne
Hational Leboratory slso operstes s graphite moderated nstursl
uranius subcriticel essembly ss well as s heavy water moder-
ated natursl uranium nesembly.

In order to sld in the design of liquid metel cooled
rm&ata#u. North Americsn Avistion has ¢onducted a series of
suberiticsl experiments with a simulsted sodium coolent (2,
pe 308). These experisente included both nstursl snd en-
riehed ursnium fuel elasments in 2 graphite moderator. North
Americsn Aviation hes also conducted a series of suboriticel
experiments to investigete the besic physice of s heavy water
woderated lattice ueing various fuel enrichments (2, p. 268).

Beglaning in 1944 and 1940 & series of suberiticsl
experiments was conducted at the Osk Midge Nationsl Labors-
Ctory. The purpose of these experiments was to deteraine
values of buckling and other relsted chsrsecteristies for
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various dlemeters of nsturel uranium fuel rods in combinstion
with 2 series of different volume ratios of light water
smoderator to ursnium (2, p. 183). At the present time the
Dsk Ridge Dohool of Resetor Technology has & graphite moder-
sted netursl ursnium suberiticel assembly for use primarily
as an instructionsl tool (3).

A unicque epplicetlion of the suboritiocsl ssseumbly wes
ssde durlng the construotion of the Brookhaven resctor.
During a two-month period the partislly completed resetor
wae used I'or s series of suberitical mersurements. The re-
sulte of these messurements were used to determine oriticsl
buckling and other lattlce eonstante for the full sosle
resctor (2, p. 308). Later s serlies of suberiticsal experi-
ments was conducted at Brookhaven to investigate the chare
seteristios of light water sodersted resctors with slightly
enriched fuel (2, p. 184).
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THEORY OF THE SUBCRITICAL ASDENSLY

The flux dlstribution in » subcritical assembly does not
sslisfy the weve equation for s oriticsl resetor. However,
if the sasexbly ie quite large the therzal meutron flux dls-
tribution ot s dlstance froz boundaries and from the socuree
gan be represeanted quite well by the squetion

V@ (p* &% (Pt 0 {1) (4, p. 280

ﬁ§ ie the materisl buckling for the synten under soneiders-
tion. Although this equation is valid only for s homogensous
systen, 1t may be used for s heterogenecus syatenm without
serlous errer. There will be loeslized irregulsrities, but
Equation 1 will give the oversll neutron dletribution.

Haterisl bueckling ie ﬁat&rw&naﬁ fron zeseurements of the
therasel neutron flux distribution throughout the suberitiesl
sssenbly. The eritiosl size of & resctor of the sane oomposie
tivn snd geometrie configuretion cen then be detersined by
equating gecnetriesl buekliing to the msteriel buekling detere
wined sbove.

For the ususl rectengulsr suboritical amssecbly Fquastion
i ie expressed as

209, 29, 29 w9, (2)

dxé oY o o
If %, y, snd 2 are consldered to be seperable varlisbles,

then
¢ - ﬁ‘zx} *n acggl (3)




snd Bguation £ begunmes

S A b A A e Bl (4)
Letting
%ﬁ%‘“da (8)
pet-- " (8)
%%f‘@‘f*‘ﬁ' ("

Bgustion 4 csn be written
| o\g.B"—xﬁung (a)
If the origin of the coordinete system is sssumed to be
£1 the center of the side of the sssembly nesrest the externsl
neutron scurse, the boundsry conditieons gsn be expressed sey

1. The thermal neutron flux due to the externsl sourse
of {a8% neutrous egunals & conetsnt, QD@. aver the
entire plane 2 » U, and :

2. Thersel neutron flux Je 0 nt x = & 8/2, ¥ = 2 b/2,
end 2 « 6. (&, b, snd ¢ sre oversll dimensions of
the sssesbly, ilneluding extrapoletion Matm.})

¥or m given value of 2, the flux 1s & meximum 2% 2 = O, ¥ »
C, snd is aymsetrically dietributed. It then follows that
g @ Ay Ml(«%ﬁ-‘) (8)

¥n » Cp cau(!%ll; ' (10)



9

" (;n.};e (11)
end (3% - (BI0)° (12)

Substituting in Equetion 8 lesds to the form
$2 - (am®, (am® . o (13)

The solution for Z is of the form Z(,) = F sinh ¥(e - 2),
and the general solution may be expressed as
Zan * FPyu #inh Ygule - 2) (14)
Combining Egquations §, 10 snd 14, the genersl solution of

the wave equation becomes
L) ©0

CP(,;,,,;) - ;_1 gl Az cos(EIX)con( BILE) slnh Fygle - 2)
{18)
where Ay, Cp, end Fgpn sre combined into Ay,.

If the externsl neutron source ls at lessl two elowing
down lengths below the z = O plene, then 1t can be assumed
thet virtually all neutrone have been thermslized by the
ticze they enter the suboriticsl sssembly. Under those cone
ditions the ounly teram of Equsation 15 thet ia of any signifi.
cence is the fundamentsl mode (m = 1, n = 1). FEguetion 16
then reduces to

CP,, Ay cos ..H;& cos .%! sioh Ple - 2) (18)

Qz) = 7 stan Flo = 1) = 7' [oFlom8) L = Flees]  im
ihies can be further reduced %o
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90(3) o P g 70 En"" ¥e . o270 t"ﬂ (18)
For given physieal dimensions, e 3¢ is a constant, end
Eguation 18 becomes
(P(ﬂ s C o= T2 E_ - §~% f(@*&ﬂ (19)
If the verticsl dimension, ¢, 18 very large, and Af z ls
not ellowed to mpproasch ¢, then [1 - u“'aﬂ“"‘y spproaches
unity. Equation 19 slaplifies to

| Cp(g; g o7t (20)

Equetion £0 mxeatw that the therasl neutron flux distribu-
tion decoresses exponentially with ineressing 2. Thue 2 plot
of distence 2 versus the natursl logerithm of the flux (or
of a guentity proportionsl to flux) should te e stralght
line of slope J . Nesr the top of the sssembly the points
will deviste from s stralght line due to negleoting the end
sorrectlon term [1 - =2 ¥le=t) 44 mquetion 20.

The slope, ¥ , is reelly Y3y, end Fqustion 13 cen be
written

(‘2—32 + {%L)g - 'Xﬁ B Bﬁ ‘ (21)

This equation cen be solved for materisl buckling, all

other guantities now beling known. By setting this value of
material buckling equal to geometricsl buckling, the eriticel
alze of the full scele gounterpart of the subsriticsl sesen-
bly ¢an be deterained.
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DESCRIFTION OF APPARATUD AND EXPERIMENTAL PROCEDURE

Figure 1 is an oversll view of the suberiticel assembly.
Figure © shows lmportsnt dimensions and the srrengement and
mumbering of the foll slots. The mssexbly consists of
eylinders of resctor grode grephite 60 in. long 2nd 7 in. in
dlameter. These oylinders had the sldes cut flst to form
sgurres 6 in. seross with rounded corners. These are stsoked
in 2 square lettice, ten rows wide snd fourteen rows high.
The top five rows are only & in. high by 8 in. wide, making
the ev»:ull dimensions of the sssembly 60 by €60 by 79 in.
high .

This plle is set on & wooden bese, and an externsl
neutron scurce is centered under 1t. VWeter fllled sluminum
tenks entirely surround the external neutron source, provide
ing adequete shlelding rgeinat both gemme ond neutron redis-
tion.

The rounded corners between the graphite blocks present
117 holes approximstely 1 1/2 in. scross for lnsertion of
fuel elemenis. The speseing of these holes allows & minimum
fuel lettice of € in. when all holes sre filled. By remove
ing slternate fuel elemente, or entire rows of fuel elements,
the lettice spacing may be varied from & in. to 8.5 in.
(8.484 in.), 12 1a. or larger if desired.

Thirty-one small horizontel slote plerce the rsgsesbly

from the esst face (Figure 2). These slots provide for the



Filgure 1. Buberitical assenbly
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irradistion of indium folls to use in determining the neutron
flux at various pointe throughout the plle. One vertical hole
ie svaileble for possible simulstion of control rod effects.
All verticel sides and the top of the sesenbly are covered
with 0.010 in. sheet cedmium to present essentially a "bleck
boundary® %o neutrons.

The indlus folls used in this experiment are 1.00 in. by
1.560 in. by 0.003 in. thick. They sre mounted on sluminum
planchets with DuPont "Duco" cement, esch with the welght and
foil number inecribed on the back. The aversge welght of
the 160 foils in use 18 0.56043 grame. Aluminum foll holders
sllow plecing of the foils in the previously deseribed slote
at 3 in. center to center specing socross the assenbly. For
meesurdng fest neutron flux indlum folle can be wrapped in
0010 in. cadmium sheet.

Foil counting sppsrstus consists of 2z sulteble decimel
sgeler and either 2 mieca end window Gelger-Nueller counter or
s thin gless wall Gelger-Mueller counter.

The use of indium folls to messure neutron fluxes makes
use of the so-called setivation method. In this method the
lundium 18 exposed in the neutron flux. Indium hss a high
eross seetion for thermal neutrons and Lecomes redlosctive,
eultting & beta pearticle with 2 564 min. helf life. The
neutrons are gulte diffiocult to messurs direetly, but the
beta activity of the indium 1e proportional to the neutron
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sotivity, end beta particles can be detected snd counted
quite reesdily.

For eseh experimentsl run indium folls were placed in
the sssembly and irradisted for a minimum of 5.4 hr. or six
haell livee; in most ceses the irredistion time was much longer
than this. This procedure insured en setivity of st lenrst
98+4 per cent of maximum of the 04 min. setivity. FPFolls were
then removed indlviduslly or in groupe of not more then
eight, depending upon the perticulsr experiment. The foils
were counted in 2 nesrby room having & much lower background
then the room contalning the suboriticel sssembly. Each foll
wag counted for 3 min. Then these counts, less background,
were corrected Lack to the time of removel from the ssrembly
to give net setivity in counts per minute. In eseh instence
in whieh more than one foll wee removed for counting st a
given time the foll expected to have the least setivity was
counted firet. This helped to minimize distortion of low
eounting rotes by large corrections to time of removal.

Ho foll was counted sooner than 3 smin. sfter resoval from
the sesembly. This sllowed & 13 sec. indium setivity to
decay to less than 0.01 per cent, snd only the B4 ain. bete
activity remained.

The majority of the deta in this set of experiments was
obtained using 2 100 millicurie rodium-beryllium externsl
neutron scurce. This wes the largest source available at
the time the experiments were begun. Five, 1 curie
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plutoniun-beryllium sources becsme svallable leter, and two
gets of dels were obtained ueing this lerger neutlron source.

The first experimental srrangement consisted of the € in.
latiice spscing with the 100 millicurle neutron source. A
complete survey of the lower horizontel row of folls plus the
entire verticsl row of folle wee teken in this configurstion.
Folls were spaced 2% € in. intervales from the enst fsce %o
the centerline of the sssembly. Hext & vertical survey wae
wade uslng cadmium coversd center line folle to deteruine
the cadnium retlo. The third set of dete wes obtalned with
the seme € in. lattice, but with only the 22 center line
folls losded. This wes to investigate the extent of flux
depreselon csused by the 132 folls of the originel loasding.

\ ihe lattice epsoling was then changed %o 8.5 in. snd
with all folls losded only the 18 in. 2nd 30 in. {(center 1line)
foile were counted. A set of folle wee aleso plsced completely
through the sseezbly in the y direction. Date obtsined from
these folle were used in determining sny flux varietion due
to the unsymsetricel foll losding employed.

Fyel loading wee changed sgein, end the 18 in. end 30
ine flux mezsurements were repeated with 2 12 in. lettice
epagling. |

fhe 100 mililcurie readlus-beryllium neutron scurce was
replaced by = oluster of five, 1 curie plutonium-beryllium
neutron sources. Two further experimental runs were cone
Guocted. Flrst a survey wes teken with all fuel eslemente
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resoved. These date weres used in determining the effeot of
suboritical multipliestion. Finslly, 2 set of dets was gole
lected uslug the 8.0 in. lattlice with the larger neutron
source. These date provided s correlation for the 8.6 io.
isttice between charseteristices obtsined =1th the susll
external asutron eource and charscteristics obtalned with

the lerge externsl neutron source. Ageln one row of folle
woe extended entirely through the sspenbly to investigete the
syzmetlry in the y direction.

The indium folls were positioned in s holder upamﬁxl»
mately C.L0 dne. fros the end window Gelgereiueller tube in o
gonstant position relstive to the tube. IR eneh case the
srea of the foll wae grester than the sros subltended by the
end window tube, and no correction wes uade for welght varie
stione due to the alight ares veristions ssong the folls.

© A strontluseyttriun sample was used ss a standerd sourcs,
sid this semple wes ocounted st lesst once during esch Mun.
ihis proceture wes followed %o insure thet no ehenge in the
experimentel arrsogesent or devistion in the Gelger-iueller
tube charsoteristics would oreep in undeteoted snd invelidate
the correlstiion bestween dsts obtained on 4ifferent cecssions.
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DISCUSBION OF RESULTS

The results of this seriez of flux messurements sre pre-
sented grophloslly as Flgures 3 through 14. The dats on
which these figures sre besed are tabulsted in the Appendix.
In & sumber of the figures a horizontal flux distribution
is plotted. yﬁx&a« the theoreticsl flux distribution hea the
shape of & gosine curve, cosine ourves wers faired through
the expericentsl pointe rether then attempting to rit some
other smooth curve fé the polinte. ;

A detelled survey wes made with the § in. lettice and
the small externsl neutron source. Due to the smell sotivity
of this source, counting rntes were quite low snd standerd
devintions were necesserily large. Extended counting periods
would have lowered devistions, but thle wese not prsotical
due to the excessive decay of the 64 =in. bete sotivity while
sounting over s longer period. Figure 3 dlspleys the flux
distribution in the x direction ss compsred to the theoretical
cosine distribution. Vertiesl helight of the symbole 1aﬁia&t§t.
standsrd deviztion. It is noted that the scatter of experi-
mental poinie decresses and the flux dietribution conforue
wore closely to the plotted cosine curves ns y inoresses
toward the center line of the ssseubly.

It was deeired to determine whether a2 large number of
indium folle present in the na;ﬁﬁh&j prodused a mensurable
effect on the oversll flux level. Figure 4 showe that any
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veristion due to foll loading is within the lizits of normel
seatiering, and only one cosine ocurve 1s plotted through both
sets of experisentel pointe. This conclusion is also supe
ported by the dsta of Flgure 8. Figure 8 1llustrates the
gymmetry in the y direction even though zany =0re folles were
placed in the essst half of the ssseubly than in the weet half.

in order to deteralne the degree %o which the fsal source
meutrons had bLeen thermellizel, s vertical flux eurvey was
made using calmium covered indium folls. Figure & displays
these date contrasted with the gomprreble dste obtelned with
bare indiuz fells. & conetent ratic of these two fluxes
would ludleste thet all of the fast souree neutrons had been
therusllized (4, p. 134). The date indlents thet fest neutrons
88111 remsin for soue distsnee up from the bottom of the
essesbly. The sppurently echanging ratio nesr the top mey be
due to statistloal sostiering of the polnts bDecsuse of the
very low counting retes involved. It ig belleved that further
lovestigetlon using the lerge external neutroen source would
show this trend to bLe ia error.

Figure & compares the flux obtlasined with each of three
lattice spacings. The 8.5 in. lattice gives the highest [lux
levels of the threg lsttlces investigeted. BSose of the dets
obleined with the 12 in. lettlce is bellcved to be in error,
a8 these were the last gounts sede before an equipnment failure.
luce the nature of the fsllure was such that the counting
rele becase extremely high Just before couplete felilure,
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these experimental peints sre belleved to indleste on une
ressonsbly high flux. Therefore, the experimental points at
x « £7 in. snd grester were disregarded. Instead, the cosine
curve was fitted to points for x less than 27 in., and the
curve drawn symmetricslly. The dashed line indlostes the
extrepoleted portion of the curve.

Prior to the completion of all experimental determ!ne-
tions a lsrger neutron source beonme svellsble. fome dsta
were obteined using this larger source with the 8.8 in.
iattice. These results are presented both to confirm the
findings obtained with the small neutron source snd to deson-
strate the great incresse in flux levels obtained by use of
& larger neutron source.

Figures 7 snd 8 dleplay the flux distribution in the x
and y directions, respectively, with each of the neutron
sources in pleece. In both ceses the higher flux levels,
corresponding to the larger neutron source, show little
scatier of experimental polints, excellent aymmetry, snd o
good conforuance to the theoretical cosine dlstribution. As
hese been noted previously, Figure 8 indlontes no messurable
deviation from the cosine flux distribution due to unsym-
metrical indium foll losding in the y direction.

One set of dele was obtelned with all fuel elements
resoved from the assenmbly. The flux levels present under
these conditions, when compsared with the flux levels present
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in the 8.6 in. lattice, indloste the effect of suberiticnl
maltiplicetion. Figure 9 showe that within 30 in. verticelly
of the base of the sssenmbly the empty grephlte lattlice hss a
 higher flux level than does the one with fuel elements in
plece. This is sn indleetion that more neutrone sre belng
sbsorbed by the fuel then ere belng produced by flieslon within
the fuel. Above 30 in., however, the number of neutrons
produced by flesion in the ursnium exceeds the number sbsorbed
in the fuel, snd the flux level with fuel elements in place is
higher than the flux level of the empty sssembly. Pigure 10
compares the flux level at the 30 in. plane for various

velues of x horizontally. As steted sbove, the oversll
effeet of the fuel elements is esgentially zero ot this dise
tance from the base.

One of the most importent cherscteristies whilech oan be
determined experimentally by mesns of 2 suberitiesl sesembly
is eritical buckling. As developed previously, vhen flux (or
& value proportionsl to flux) iz plotted on & logarithmic
s¢sle versue distance from the externsl neutron source on a
linesr scale the slope of the line thus obtalned is gamma.

If the physical dlmensions of the suberitical sesembly sre
known, eritiesl buckling can then be determined by ueing
fquetion Z1. |

In theory, eritical buckling cen be determined by firet
computing the infinite multiplicstion rsctor, ko, #=nd then
golving the transcendentsl equation
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Kgpg = 1 = Egn*zzgggi (22)
’ 1 + L=B®
The infinite multiplicstion rsetor is computed from the
four fector formule
Koo *H ep I (23)
Computling g from the relatien

529 agiibei
7 *Y Fren -

gives & value for natural ursnium fuel of ) « 1.383. Cross
sections used are those given by Xeplen (6, p. 480). From
& figure given by Glasstone (8, p. 198), the fast fission
factor, € , for the size fuel elements used in the suberiticsl
assenbly 1s 1.030. These two factors ere independent of
lattice speolng and remaln the ssme for all three leattices.
The resonsnce esscape probability, p, veries with the
relative smounts of fuel and moderator present, and 1t 1is
therefore different for esch lattice spacing. The method of
Glasstone (&, pp. 191-1892) wae used to determine p. Welghts,
volumes, and densitles of fuel, cladding snd graphite were
deternined from repressntative samples. The density of the
graphite wee computed to be 1.56 u/tuau ‘The overall dimenw
sloneg of & fuel element were menssured to be 8.40 in. long by
1.080 in. in dlameter. Epoh fuel element welghed £.018 kg,
giving 1t sn aversge density of 16.04 g/om®. Eaoh fuel
element conteined a rod of natural ursnium 8.00 in. long end
1.00 in. in dismeter. This left ecladding of 0.040 in. thick
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with 0.200 in. end plstes. 7The density of the sluminum
cledding snd binder (assused the ssse) was taken %o be that
of sluminum, 2.7 gfew®. The density of the urenium was then
cosputed o be 19.0 glem’.

Velug these dalas, the sguare heterogensous lsattice was
treated #o & system of eguivalent oylindrics) unit cella (4,
pe 265), and p wes deternined for ezch case.

The fourth factor, thermel utilizetion, r, slso veries
with lstilee specing. Thermel utilisetion wee gomputed as
shown by surrey (7, p. 8?), end spein the oguare lattice woe
trested s e aystes of egquivelent cylindricsl unit cells.
Allowange was made for the presence of fuel, eledding, »ir
spsce, snd grephite moderator. For the szize fuel slement
uged, the dissdvantage factor, F, wes computed to be 1.0081.

Gomputed veluea of m , €, 1, T, o0l Koo are tabulated
in Tsble 1. |

Table 1. Theoraticel caleulstion of eriticel buckling

Velue 6 in. lsttice ©.5 ia. lattice 12 in. lettice
™ 1.363 1383 1363
3 1.030 1.030
p O.808 G047
£ 0928 0.767
i 1.047 1.008 1.015

82({ gm=8) g3 x 1078 137 x 1076 18.5 x 10~
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Having determined k,, & first spproximstion for eritiesl
buekling can be obtalned from Formuls 26 which le velld for

a large reactor

B « h._.;.él = ﬁ (26)(4, p. 216)

Ferul sge, U, for grsphite is 380 en®. Tor a heterogeneous

lattice, age may be teken ss 10 per cent grester then that
for the pure moderstor (8, p. 201), giving = value of 385 em®.
Using veslues of f Juat computed, L2 wag obteined from the
formuls :

1¥ - 121 - ) (26)(4, p. 260)
Values of buckling obtained by Equation 20 were then sube
stituted in the transcendentsl equation, Equation 22. The
meximum error wes 0.3 per cent. Slight sdjustments geve
values of buekling correct within 0.1 per cent.

The results of the above csleulstions for sll three
lattices are tabulated me Table 1.

The resulis of experimentsl determinstion sre presented
e Flgures 11, 12, snd 13. The bucklinge computed from these
figures sre listed in Table 2.

In the iaterest of elarity, sll buckling deta have been
displayed on =2 common figure. Flgure 14 comperes theoretieosl
. buskling froa Teble 1 with experimentel values determined
from Figures 11 through 13, as tabulsted in Teble 2.

Figure 11 compares vertical flux distribution for the
three lattices st x = 27 in. snd y » 18 in. Ho sttempt was
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Figure 11. Lattice comparison - vertical, x = 27 inches,
y = 18 inches
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Flgure 12. Lattice comparison - vertidal, X = 27 inches,
y = 30 inches
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Tsble 2. Experimental velues of oriticsl buckling

‘om=2*
6 in. 8.6 in. 12 in.

Configurstion lattice lattice  lattlce

Small neutron source, 8 Not
Xxe 27 in., y = 18 tn. 141 x 10~® 181 x 107 deternined

Smell neutron souree
X = 27 4R, y = 30 in. 161 x 10°® @5 x 108 19 x 1076

Large neutron source, Kot Kot
X= 27 if., ¥y » 30 in. determined 85 x 10~8  determined

made %o estimete buckling for the 12 in. lsttice ss the
experimental points sre too baedly scettered. This is be-
lieved due to the equipment fallure sentioned previously.

Figure 12 presents the seme compsrisons st y = 30 in.
fhis time the data for the 12 in. lattlee appeared to be more
relisble, and buekling wae computed for all three lattices.
Figure 13 presents the data for the 8.5 in. lattice from
Figure 12, snd compsres 1t with data obtained for the name
lattice with the large externsl neutron source. Parallel
straight lines have been pletted for the two sete of dats,
and the experimental points fit these lines very well. It is
noted that the slope of these lines glives s lower vslue of
buckling for the 8.0 in. lettice 2t y = 30 in. then 414 the
date of Figure 11 teken st y = 18 in.

It ahould be noted thet s very small chenge in the slope
of & line makes & merked difference in the velue of eritiesl
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buckling computed from thet slope. For this reasson, repested
esperiments at a high flux level would be necessary before
completely rellable values of crtt&oal buckling could be
deteruined for a given lattice errangement. The experimental
eriticel bucklings shown in Figure 14 should be consgidered to
be indleative of genersl msgnitude rather than highly seceurste

velues.



40

CORCLURIONS

The opereting cherscteristice of the suberiticnl sasembly
under investigation sgree¢ quite well with the socepted theory.
ine 8.0 in. lettloe ie the optimum lettlce, resulting in
higher flux levels snd the largest velue of eriticel buekling.
ALl experimentel bDuckling determinations proved to be posie
tive, which indlcstes thet & full scnrle resctor could be
constructed of the ssme configurstion s8 elther the 6 in.,

8.9 in., or 12 in. lattlce. There l8 no spparent measurasble
flux depression due to indlium foll loading, even when folls
are loaded unsymmetricslly. Horizontel flux dletributions

ere ayametricel in both the x end the y direotions, snd within
the limitations imposed by statistice they agree well with

the cosine distributions predicted by theory.

ihe suberitical sssembly oould be opersted setisfesctorily
using the smeller (100 millicurie) externsl neutron source.
However, the scasttering of the experimentsl pointe obtained
with this souree iz quite severe, and statistical devistions
ere very large. With the larger neutron souree in pleece, flux
levels are higher by s feetor of five or more, with corre-
spondingly smaller deviations snd less semttering of experie
sental polints.

The fast neutrone from the external n»arin are not
entirely thermaslized until they have penetrested spproximstely
30 in. into the assenbly.
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This suberitiecsl ssseably, with the lsrge external neutron
scurce in plsce, can be used to grest advantage ss sn instruce
tionsl tool. Although the experimental resultes obtained were
not extremely eceourate, it is believed thet the dete can be
reproduced with sufficient consletency snd scoursey to core
relate experimental results with ¢lasaroom erloulstions.
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SUGGESTIONS FOR FURTHER 2TUDY

Further study utilizing the some suberiticel aseenbly
used in this work might well be carried out in one of three
generel direetions.

In the first of these cstegories lies the determineation
ol various other properties of the asceably, such as diffu-
sion length, Ferml age, end effective orose section. Methods
of detersining these quantities experimentelly are given by
Murrsy (7, p. 108). HNone of these properties has been deter-
mined experizentally for thie perticulsr suboritiesl sssembly.

ihe second group of poesible experiments ineludes sl)
those in which some basic physicsl parsmeter is veried end
the effeet on nuclesr propertles ls observed. Experiments
such as the atudy of locel flux deprcessions under various
pertial fuel loeds, slmulstion of ccolsnts, tempersture
effectls on nuclear propertics, varistion of neutron source
geometry, and simulstlon of control rods all come under this
eleassification. For sany lettice speeing other than 6 in.
there 1le an sppreeleble volume of sir conteined in the empty
fuel channels. Flux messurements should be made with these
fuel channels filled with grephite to determine the effect,
il any, of the eupty channels.

The last type of experiment for which the suberitioesl
assembly might Le used is one in which the sseerbly sote es
& testing feellity, rather than being investigated iteelf.
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This wight inelude feasibllity studles of & new type of
neutron counter, or the development of 2 moveble, continucusly
wonitoring and recording esurvey instrument. This elso could
include the exporimentsl Justification of newly developed
theory. An example of thie Sype of spplicstion is the devel.
opment of some new and less eriticsl method of experimentally
detersining oritiesl buekling.
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Tsble 3. Key to tebles in Appendix

Heutron Lattice

Table Aun source epacing Comments
4 1 small 6 in.
] 2 small @ in. Cadmium eowM
4] 3 suall 6 in. Light foil load
7 4 snall 8.6 in.
8 ] smell ig in.
] é large none All fuel removed
10 7

large 8.5 in.




Teble 4. Run 1

SGatursted Satursted

Position setivity(e/m) Position setivity(e/m)
From o 4 P e 30 118
B G 8 o Gom D 14
Jrombme i 15 o 6 3%
hebm 18 o3 § GmBe=l 64
Sl 26 (o D 1 6 73
frm Gm 30 “8 (iom Gy 66 21
B &m0 V] G B30 102
o G 11 Hom B} £
Heb=li 21 Vi G €9
P=i=l8 38 Hel=lf 43
B b 24 49 Heb-18 67
e G530 43 lim G P4 a2
C=O=l 10 He 530 80
Cm =6 23 To b 4
Cmbmls 48 Tafimt 19
G b= l8 , 48 Jwbel? 41
Cmbmid 75 J=i=18 42
Cm =30 89 Jwbwmid 4%
Do G0 8 Twb=30 54
LG 28 of b O 1
Deb=12 50 Juf=6 6
D=5-18 73 Jebel? 14
Debmid 08 Jubml8 18
Do B 30 $o Jubmid 26
fim G0 7 J =G50 29
fm B 38 Ful3=0 0
Ewb=12 78 Fwlded 3
feb=l18 76 Fawlldwl® O
o Gmid 106 F=l3-18 1
i 530 129 Ewl3efd 4
Foebmil 10 Hel3-30 4
L £4 Twlfw 4
Feb=li 68 Fwlimd -8
F=0=18 80 Felfwl? é
Fobwid 91 Eelfe18 £



Table 4. (Continued)
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Gatursted fatursted
Fosition activity(e/m) rosition potivityle/n)
felB-i4 6 Fefalfl 50
BEwliw30 8 i 24 74
Lwll=U 4 Fwfla30 213
L=lled o Kot v ) 14
E=llelZ 2 Pl 6g
fwlilels 10 Fedalf a7
Eelle2d & T 108
Lwlle30 5  Fede24 170
L l0=0 1 Vwde30 1886
Famll=8 7 w30 11
EelU=12 16 lw3=f 70
Lel0-18 17 Bwd=l2 117
Foml Ui 18 CwdelB 1986
Ew 1 0= 30 18 Cw3mid 266
TGl G Floe S 30 269
R R ] ] Faiw( 18
L=g=li 21 Tl 71
f=y=18 16 Cmimlf 141
EwDeid 20 Fwiwlf 236
E-S=30 26 Vi e 54 341
T ) 4 Fwiw30 388
Bl 3 10 Fwl=D 18
fmBml 2 Fmlef 88
Eelel8 £e Fwl=l? 187
FmBm i d 28 Felel8 315
FmBem30 38 Felegd 448
| ¢ 3 Twl=30 504
LT 10
BTl 24
E=7=18 25
I 4
[N 18] 62
Fml 4
L G 20
Ewwli 83




b HRun £
Saturated Tetureted

osition setivity({e/m) Fosition setivityle/m)
E-8-30 16 Ew3=30 29

O R 1] 1 T 530 166

e 10w 30 1 o lm30 201
Eell=30 7

Ewliwdl 4]

Bl S 30 4

Bl T 30 17

o G 30 4

Hime Do 50 31

[ 1] &1
Teble 6. Run 3

SBotureted Ssturated

Position setivityle/m) rosition sotivity(e/m)
Bl S 30 4 Chom o 30 108
Eel2=30 R F=5-30 103
fwll=30 14 Floe G 30 188
fwl0=30 1id Fadw 30 178

f im0 24 B e B0 268

Fom L 30 34 B 30 369

B Twd( 47 Twlw3S0 528

B B30 18 _

P e 3L 47

G G 30 ag

o - B30 18

LaBm30 48

i S 30 70

T G B0 786

e G 30 99
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Table 7. Run 4

Saturated Setursted
fusi tion sotivity(e/m) Position setivity(e/m)

Eeldelid i Combion LB 83
[ B Ty 3 (o & 30 103
fmlimli @ P18 108
Belim30 g2 Fonlim 30 132
fmliwlt 8 Tl G 1 6 100
el le30 16 Wine o 30 139
B=lU=18 18 Fedall 162
L1030 16 W 30 204
Legmld £1 PBedels 218
RS B 14 ] v ] Fm S B0 : 362
Eeiiel 38 Dol 310
Lo B 35 Vw30 478
LwTwll 46 Talwlf 3o8
Eow T30 68 Tl 50 810
Fow G L6 67 T o 12
o G 50 83 Vo G £ 47
fmlm 1B 34 Fmbwld 74
A B30 19 FwBeld 128
Hemlwld 48 Fim o 36 129
T G 30 &9 Fow St & 120
Cwi=18 71 o G £ 80
GG 30 118 Lo e B4 45
el 8 ab Vo B B0 20
B30 129

J=l=18 23

J = G 30 i8

1=0-186 68

14630 . BB

RN R 41

b G 30 @7
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able 8. Run &

Getursted Setursted

Position sctivityle/m) position setivity({e/m)
Fml3-18 8 J= 5«30 18
Fwld=30 & I=-6-18 B2
Fwliwitd 6 I=b=30 o*]
Bwlicw30 & HwGm10 70
Lell-ll 14 loe &= 30 1082
L) 130 7 Bl 103
PwlU=18 12 (- 5=30 128
B LU 30 i7 Fab=l8 104
Ewlmld 18 P 530 143
T 30 £8 Fmbe18 100
E=G-18 28 F =B 30 136
E«8-30 46 E-4-18 = 203
Pe-f=ld 38 Ewde30 241
Fow P30 49 , Fw3e18 2680
Home e L6 4 Fude30 304
£ B30 89 Fei=18 348
A=0=105 ig Fomf w30 668
b =30 18 Hwlwl8 408
Bei=18 46 FwlwdO 683
L G 30 bi
Cmbimll 70
=50 90
=b=iB . B
L e 30U 113

JwbmlB 14




Seturated Seturated
Position sotivity(e/m) rosition setivitylo/m)

Ewl3e30 g o = e 30 136
Ewli=30 £ e G 70
Pl L0 35 Vo B 2 236
Fm 10w 30 63 Fmimll 399
BwBw30 73 P Gm 18 568
o e 30 149 P o 004 660
w730 243 B B 30 AR4
Fom G 30 399 e Fm 56 864

T e 30 1187 Fwbwd 537
Fa 5mB0 1842 P b gt 302
P30 2645 o e 554 240
Fel=30 35636 T o B30 78.5
A G50 B ¥

fiow Do 30 316

e b 30U 469

D o 30 g1

Fo w30 699

G e 30 617

o e 30 477

I=i=30 302




Teble 10. Run 7

Saturated Baturated

Position setivity(e/m) Position sctivity(e/m)
Fwl 330 22 o v D 50 141
Lewlie30 30 B S 8b
E=11-30 8 w8 244
E=10=50 78 Pwfwl? 308
A T 1§ 110 ol 531
E-f3w50 183 Flow Do 4 850
w730 Z88 B S 30 708
B30 438 B G582 689
Fw b 30 1084 T Bl © 541
Fwde30 1800 Fabedf 394
Fiwe w30 2330 W e 554 vi4
Lwle30 3116 e e B0 80
Aw 530 138
P b= 30 316
G D50 492
Do S 30 bBg
P 530 723
G D 30 €44
o G B0 4U6

1= B30 318
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