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Abstract:

This thesis is a report of the research, in which the infinite multiplication factor of the Montana State
College natural uranium, water moderated subcritical assembly has been obtained both theoretically
and experimentally. Theoretically the infinite multiplication factor has been calculated from the
four-factor formula to which the simple diffusion theory has been applied. Experimentally the thermal
utilization has been determined by the foil-activation method; two-mil-thick Indium foil has been used.
The theoretically calculated value of the thermal utilization is (0.774) whereas the experimentally
determined value is 0.780. The material and the geometrical bucklings have been determined
experimentally with the scintillation counter and from these the infinite multiplication factor has been
calculated to be (0.911). The simple diffusion theory yields (0.960) as the value of the infinite
multiplication factor. Finally the effective multiplication factor has been found to be (0.814) and the
subcritical multiplication is (5.38).
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Abstract

This thesis is a report of the research, in which the infinite
multiplication factor of the Montana State College natural uranium,
water moderated subcritical assembly has been obtained both theore-
tically and experimentally. Theoretically the infinite multipli-
cation factor has been calculated from the four~factor formula to
which the simple diffusion theory has been applied. Experimentally
the thermal utilization has been determined by the foil-activation
method; two~mil-thick Indium foil has been used. The theoretically
calculated value of the thermal utilization is (0.774) whereas the
experimentally determined value is 0.780. The material and the
geometrical bucklings have been determined experimentally with the
scintillation counter and from these the infinite multiplication
factor has been calculated to be (0.911). The simple diffusion
theory yields (0.960) as the value of the-infinite multiplication
factor. Finally the effective multiplication factor has been found
to be (0.814) and the subcritical multiplication is (5.38).
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INTRODUCTION

Plutonium emits alpha-pa:ticles which interact with a lightlelement‘
such as beryl;ium to broducé neutrons of 5 Mev or higher ene}gy. ‘The sub-
critical reactor at Montana State College employs this type 6f poly-
energetic Pu-Be sourcéAof neutrons. Such fagt neutrons lose, most of their
kinetic energies as a resu1£ of elastic scaitering with the nhclei of the
material, cglled moderator, in which the source is embedded. Affe% a num-
ber.of scéftering collisions; the energy of.a neutron is reduced te~0.025 ev,
which corresponds.to the avérage kinetic energy of the atoms and molecules .
of the moderator. This eﬁergy is.balled'tﬁerma& energy and the neutrons
possessing it are called thermal neutrOASa Neutrons with energies above
thermal value (0.025 ev) are epithermal neutrons.

Uranium~nuclei (speéifically U235) haQe'high inféraction probability
(i.e. high fission cross—section) for the therm3dl neutrons. The U235 nucl-
eus absorbs a neutron and the resultiﬂg compound nucleus is so unstable
that it either returns to the ground state by emigsion of a dgamma-ray or
breaks up into two parts-emitting on the average 2.5 + 0.1 néutrons of
high .energy (approximately 2 Mev). .These fast neutrons are then slowed
down in the moderator to thermal neutrbns~which then. produce fission of
some other U-nuclei. Thus thé chain reaction continues.

In the Montana State College reactor, natural uranium (b.71 per cent

,ﬂZBS) and ordinary distilled water are the respective fuel ahd moderator.
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The gamma-rays produced in interaction of newtron with nuclei induce-
some photofission and thereby help to maintain the chain reaction. However,
their contributien te the chain-reacting systeﬁ is less than one per ecent (1).
Two essentially distinet physical pheneomens are associated with the
uranium~fission chain reaction, ©One covers the individual nuclear
prméesses such as fissiom; neutron capture and neutren scattering; tﬁese

are quantum-mechanical in cherecter, and their theory is nem-~classical.

‘The second one, which is ‘the process of diffusicn and leakage of neﬁ&rons,

is.of fundamental importance in a nuclear chain reaction. This process is
classical., Insofar as the theory of neutfon diffusion is conecerned, the
makhematieal'stud& of chain reactions is an application of classical, net
gquantum-mechanical technique. |

In a heterogeneous thermal reactor, fission in the uranium lump
produces fast neutrens. These neutroﬁs then diffuse in accordance with
the laws of diffusion theory until they are finally captured in the
moderator, or in the uranium,’or:until they escape from the boundary,

If a reécﬁ@r has exactly the eritiecal size, each neutron produced by
fission will, on the average, give rise to exactly one new fission, and
the neutron density will remain constent. The ratio of the number of
neutrons in one gemeration to that in the preceding generation is cai&éd
the reproduction faetor or the eriticality factor "k" and for an exactly

criticel assembly, k=1,
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Critical reactors are designed in such a way thapl"k? can be madg
‘¢lightly larger than one. The réactor can then be made §Qper—critica1
(k>1), just criticai (k=i), or subcritical (kg1) b& means-of control rods.
Since the Montana Stdte College reactor één never become critical, it is
called a gubcritical reactor.

In this paper all calculations for the.deter%ination of the feactpr
parameters are based on élassical'theories. Here foné—group theoryﬂ is
applied, i.e. it is -assumed.that all”neutrons are generated, diffused, qu
absorbed at a single énergy which corrésponds tq'energy,in the thermal
region.

All theoretical calculations are made for the steadystate.
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DESCRIPTION OF THE SUBCRITICAL ASSEMBLY

Form and Composition: The assembly contains about 2300 kg of

natural uranium in the form of ring-shaped cylindrical slugs clad with
Al-8i alloy (density 2,79 gm/cm) immersed in about 500 gallons of
distilled water. The fuel elements are distributed heterogeneously
in the central part of the reactor, i.e., the reactor core. The

horizontal cross-section of such distribution of the fuel tubes is shown

in Figure 1 below,

Fiqure 1. IHortzontal Crvoss Sectcon of the Assewbly
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The vertical section of the assembly is shown in Figure 2. This
assembly contains 264 aluminum tubes each holding 5 uranium slugs. The
average dimensions of a slug are given below:

Outside diameter of the aluminum-clad slug, D1 = 2,90 cm.

Insjde diameter of the aluminum—-clad slug, 92 = 0,98 cm.

Length = 20:56 cm
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Figure 2. Vertical Section of the Assembly
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The reactor core isconsidéred to be composed of 264 cells of
parallelogram cross—sectionj each cell includes one tube of fuel
element at the center of the cell and the moderator surrounds the
fuel element (Figure 3). To simplify the calculation of the different
parameters, e;ch of these cells has been replaced by a circular cell
of the same area as that of the parallelogram; this is the so-called

unit cell (Figure 4).

«—Slon —s

Figure 3. Parallelogram: cell within the reactor, with the
fuel rod at the center.

r = inside radius of the
1  fuel portion = 0.635 cm.
r = outside radius of the
£ fuel portion = 1,350 cm.
r = inside radius of the
2 moderator cylinder
= 1,715 cm.
r = outside radius of the
M moderator cylinder
= 2e650 Clne

Figure 4.
Cross section of the unit cell.
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THEORY -

Introduction: In order to determine the mulbiplication factor of

the Tinite reactor, it is necessary to calculate the multipiication
factor 0f‘the infinite raéctor@ 'If the reactor medium is ﬁssumed to
be infinite, all the newtrons will remain inside the reactor, i.e., ne
leakage takes place, The infin;te.multiplication factor is obtained frem
the four-factor formula: '

koé= mfke ()

These four factors are defined in the following pages.

i)IIL—- thé average number of fagt fisslon newbrons eﬁitteﬁ as a
resultwof the capbure of one thermai neubroﬁ by fuel maferial, i.e., by
eithgr,UgBS or U238. On the average (2.5:0.l) fast neutrons are proéﬂced
by each thermal neutron fissiom. I% should be noted that the thermal
neutren induced fission prdbabiliﬁ& of U235 is mpnh greater than that of
Haaa, and also that the neutrons captured in fuel do not all
necessarily lead to fission. The preponderance of'U238 (99.28%) in
natural uranium causes a marked decrease in the value of‘vl fr&ﬁ the
average number (2.5%0,1) of fast neutrons réieased per sl@wnneutrqn
fissions
: n = .\)_Z_&_
_ 0 S O

where Z&.is ‘the macroscople cross-section for silow neutron fission, and “
Zgwq is the total méerosceopic cress-section for absorption of thermal

neutrons, inecluding beth fission and non-fission capture processes, in
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the fuel material. The macroscopic cross-section is d.e'finéd’as Z¢=T\;.;oj
where Nj is ‘the nutber- of nuclei of the i-th kind per om3 and o7 is
'bhé corresponding mi.crqscopic crbss—sectiono If N235 and N238 represent
the respective numbers of atoms of the two i.sotqpes U235 and. U238 per

cm3 of natural uranium, equation (2) may be written as

Toowa5 235
n = ) zsé a:ssN 13? 235 119 238
Noep N G T N
035
= ot ¢2i5+ R 02“5 ' (
3 ¢ _ y 3)

where V) is 2.5 neutrons per thermal fission, R is the isotopic ratio
of ﬁ238 £0 U=3° in natural uré.nium, O: and @, are the respective
mﬂ.croscopid fission and nonm-Tission eapture"cross;séc'bions, .
2) £ -- the thermal wtilization. The fast~ neutrons originating
from tﬁe Pu-Be source are slowed down to thermal energies by the .
moderator nuclei, The thermal neutroms will diffuse fpr some time,
“the energy digtribution remaining essentially comstant, until they are
ﬁltimately absorbed by fuel, by moderator, or by s;ame.other materials
present in the asgembly--aluninum in the present case. The absorphion
cm;oss—section of aluminum for thermal neutron is very smé,ll. Henece the
main sbsorbing m;a,teriais for thermal neutrons, present in the éssembly., '

will be the fuel and the moderator., ©f the thermal neutrons, therefore, a
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fraction "f" will be gbsoerbed in fuel \ma‘terial. The value of "£" is
represehted. by

Thermal neutrons absorbed in fuel ] .
Total thermal neutrons absorbed in fuel and moderator

T =

()
If the fuel and the moderato;' are uniformly distributed througheut a
system, it is clear that the nuclei of both materials will be exposed
to the same newtren flux at all emergies. If, on the other hand, the
two materials a.ré physically separated, thehn’eutron density at a.
'givezll .energ‘& will differ in the two media. In the case of thermel fiux,
there is, in fact, a depression in the neutr%m pépuﬂ.ation througheut the
fuel region, since most of the neubrons in 'Ehe fuel region are fast. The
unit-cell model (Figure 4) is used to calculate the thermal utilization.
- If Vg aﬁd Vo denote the volumes of the fuel and mmder‘ai:,or regions
respectively in the unit cell, and. CP,Q Q—’b and ¢% 5) den\o-l‘;e

the thermal fluxes in the respeetive regions, the thermal utilization
! |

| Z‘A &) Ay o L
= %f : % ’ (5)

Jr e f1 e
Ve L

can be defined as

§

——————

' where the average fluxes CP;'(F gan be .ex’pregsed as:

i e ey

———

.

i
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The equation (4) may be written as ~
é _ AZW'; Vs ‘E} _

' Zme Vg 54 s Z&'M Vew P

Z,o.g ,
N , ' (6)
T B
ZG-§ Z:cxw\ .\/§ 1"¢‘f ‘ o .

3) p--the resonance esecape probability. During the slowing down prmaeés

or,

>
i

from fast neutron energy (=2 Mev) to thermal neutren eneréy (~ 0,025 ev),
the newtrons pass throughuan eneféy region where the probability of

238 etc., is éxceptionaliy

nen-fisgion interaction with the aﬁsorbers €eBo, U
large. This particular energy }egion is térméa'the resonance region.

Due to this non-fission resonance absorption, not all the fast neutrons
reach the;mam eneigies. The fraction of fast (fission) meutrons Wbich
@scape capture while being slowed down té a paiticular:energyﬂE is called
the resonanee.escape probebility, and is represented by p(E) or simpiy

by "p". For a thermal-neutron reactor, E represents thermal energy.
The‘pfincipal resonance absorber is U238; which is present in fhe
éreaxest abundance in natural uranium, and the term "resonance absgfption"
has become almost synenymous-with the  resonance absoéptiOn by U238; most

of the prominent resonance peaksyfor the Y238 absorber appear in the

energy range of 6.7 ev to 66 ev,
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For a heterogeneous system, ‘the resonance eseape probaebility is
a,pproiimg.tely (within an error of one per cent) given by:
Y o /
PCE) = exp [ - e fiay ‘i*-E-] @

ﬁheré Ve end Vp are the volumes of the fuel and moderator respectively

in the unit-cell of unit length; CI-J; and c}; are the average values
of the resonance flux in the interior of the fuel slug and in the
moderator respechively., The ratio CE“/ gb: is called the disadvantage
factor for resonsmce neutrons., Z‘s'w\ is the macroscopic scattering
cross-section of tﬁe moderator for resonence newtrons. "§,w\ is the
average lagag,rithmﬁ;a energy decrement per colilision with the moderator
nuclei, l.e. if E’I.L is the energy of the neutron before and BEo that

after a collision, - ‘?Mis glven by

'

‘%m = v CE;/EZ)

The integral in equation (7) is called the effective resonance integral,

"l.eo‘,

1

Effective resonance integral = J C %)e% ;’é_,E_ . (8)

the iﬁtegra‘bi@m being carried over the resénance regien.

C@Q) %% is defined by:

— Oos -
(O;-S')e%. = N T3¢ (9) .
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The 'rquafntit'y 7 . / Ny ,’ﬁhe total z;mc;roswpie scattering cross-section
‘@ivided by the nuwber of atoms of uranium per cg3, may be ‘reé"amded. as -
. the scattering cross;section agsociated with each atom of the gbsorber.
The aaiéulatioﬁ of +the resonance escape prdbabilify inlan& particular
case reqpires a knowledge of the resonance disadvantage factor ~W/4%
'which is determined from the physical properties and the geometry of the
heterogeneous wnit cell, For this purpose a quantity fr’ called the
resonance utilizetion, because of ifs analogy o0 the familiar fthermal
utilization (Equation 6) is introduced. It is defined as the yratio of
+he neutrons n‘absorbed. by the fuel in the i-gasanancg reglon to the tofal
pumber of resonamce heutrons produced. As a result, equation (7)

can be transformed into:

o o ($EE) I iy, s
A od

Vo Z&w

— @-X\P[ N% Zna.w\ , v
? Z‘s\m Zw; l'%

dE’
. (10)
where the evaluation of fr. is hased on the relatieonship given by equa-bﬂ.oﬁ '

(6) as ' ' .

T

£ _ - |
o w— A a7
. . . "V P : (1)
where a.l;l.__the_ qm_a._nti.‘bigs involved have the values corresponding to

the resonance neubrons,
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The value of the effective resonance integral (Ref. 6) is given by

Sy 3 = Sulela, (:2)

Substitution of equation (12) in Equation (10) yields:

) | o (13)

4) € -~ the fast fission effect factor. Se far, it has been

p—

b(E) = exb C-_

Sv
- §,

cmnsidéred that the fast (fission) neutrons are produced only from the
fissiens by thermal newtrons, Actually other fission neutrons are
produced by fast neutrons., Befere the fast neutromns have slowed down

apprecisbly; some will be captured by U235 and §23°

nuclei, and. will cause
. Tission., At neutron energies greater than about one Mev, fast-neutrog
fission in natural wranium will come from the U238 nuclei. Allowance for
this effect may be made by introducing the fast-fission factor, denoted by

€ and defined as the ratio of the total number of fast neutrens produced
by fission due to neutrons of all energies (fast and 'bhérmal) %0 ‘the .number
resulting from thermal-neutron fission. |

Calculations of the above four Pactors are shown in the Ffollowing

pages, .

Gnce }’ix is determined from the four-factor formula, the
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multiplication constant fo; the finite medium which is customarily called
the effective multiplication constant, k pe, ean be caleulated from the

relaxienshiﬁ

where Bg.is termed oo tbe geemetric buckling giveﬁ by the equatien
5 . ' 2 2 .
BE = (2105/8.)° + (W/g). R and Eeare the
. respective extrapolated radius and height of the reactor and 2,405 ig the
first zero of Bessel Function Jgj Me,is the migration area for the natuﬁéi

uranium, water moderated reactor..

The subcritieal multiplication is given in terms of kgpr DY

1 (15)

M =
1 — ke
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CALCULATION of 'YL ~ The average number of fast neutrons produced by the

capture of a thermal neutren in the fuel is calculated from the equation (3)

iﬁeo >

P 4
!

e
B

18 235 g

N
N8

where R = _
o 238
—~ ‘3‘3..18’
0.71
= 139.%
and ‘O;,z:ss — fission cross section of U235 = 582% barns
@135‘____ ﬁon-fﬂ.asion cross section of U235= 106% ‘arns
lﬂé

- non-'fission cross section of 0238—_: 2.8% barns

Q,nqh

= average number of neutrons given out by a

fisgsionable ' uranium nucleus

I

2.5

Substituting the above values in eguation (3),

M = 1l.35

(3)

* These values of the cross sections are taken from the Nuclear’ Engineer:mg

. Handbook, Etherington (McGraw-Hill Book Ce., Inc., 1958)
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CALCULATION OF THE THERMAL UTILIZATION f

Eggggz:“ In the case of the heterogeneous reactor, the following three
assumptions have been made for the determination of "f":
(1) The slowicg down density is comstant in the

moderator and zero in the_\uranium° In ether

wofds, it is assumed that thermal neutrens

are produced uniformly throughout the modefator

© but not at.all in the wranium. -
(2) The lattice is dlvided up into 264 identical unit
cells, each cell having the fuel rod at'the centerol
Tt is supposed. that a pérallelcgram cross-section
‘cah be replacéd by a circclar crocs‘section of the
same area. \
.(é) _ The simpie'diffusion theory is'c@plicacle within both
‘ the mederator and the fuel reglons.

With the above assumptions, the thermal ufilization "f" is
calculated. According to the first assumptien, the ﬁeutrons may'be treaﬁed
as mcnoenergetic and therefore one- group theory can be applied° The thermal
‘diﬁfusion equations are -as follows: |
In ﬁlge fuel, DV () - L, P (F) = 0o veeses(16)

In the moderator, 'Dw,v'lc.}:@(‘?") T OLF) + 9=0 ' T (1)

vwhere "q" is the source term, equivaleht to the nunber of newutrons
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becoming thermel in the moderator per em3, and @ (7) and q>§($j denote
the thermal neutron_fluxes in the moderater and fuel.respectivglyo The
_-D’s are the diffusion coefficients and the Zzubégthe mécroscopiﬁ
absorption cress-seetions for the~thérmal neutrens in the respective media,
The boundary conditions are:
’(i) ¢%(?) is finite at the center of the ceil, i.e. at r=0,
. d- - <
(s2) %ﬂ%ﬁ):q et o=
where T is the oulside radius qf the moderator in the ugit
cell (Figure L), |

e - () RGN
(d11) d2TNE (N + 2T, AL (v = 277 3 )
T ) 2 Pa g5 () ) taking the
) .
" »g cylindriecal ecell
) of unit length,

(iv) 277 g._c‘é)(m = d @A) 21y 30y

vwhere, /G is the;fraction of neutrons, leaving.the moderateor at
the surfase r=ro heading inward, which miss the .fuel lump,
Te and r2 are respectively the outside radius of the fuel :Gﬁ
and the inside radius of the moderator ring of the wnit cell,
and

J'f and j_ are thg bartial neutron currents, the plus sige
denoting the neqtrbn current flowing out from the eenter_ef‘tha
cell and the minus sign depotipg‘the newtron eurrent fl@wigg

towards the center of the cell,
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¢ 1s the transmiésion coefficient of the cladding
material -and the tube material (voth aluminum) and is
defined as the fraction of the ﬁeutrons iﬁcident upen.
the surface of a lump of ‘the matgrial which pass through
the lump without-beigg absorbed. For aluminum, ol hés
been experimentally found to be unity. ' (Appendix I),

-

Equation (16) can be written as

- 9 - _; | .
V CP+ CY) - kS—LCP_g_ (?) =0 ‘eswecacoe od.me (16"9:)
were kP = Tui /i,

In cylindrical co-ordlnates,
‘ L:BQ_,: 1. ..l.—-al -t-aL
V= oy Tyt ¥ 5 Lo
In the present case, the flux distribution is axially
gymmetric (ioe, dependent only on the radial distance r), hence the

- diffusion éqngtion.(i6a) can be written. in cylindrical co-ordinates as:

o, o)

5 Lodgo) _ 2 _ .
T ¥ AR kg ) =0 (16-5)
The general solution. of the differential equation (16b) is:

Qo) = ALGEY TATK (4n)

where Io and }{o are the Bessel's functions of zero order and second kind;

A and A' are constants.

P
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With the boundery cenditien (i),

at T=0, q;%(v) =+ o<

hence A' = ©

Therefore, CP% @0 — AI, (K;,T) , (18a)
' Likewise, equation (17) becomes
| oL D) . 2 - : ‘ (172)
V . — k> qu@).r%:o
where, Kol = Z.@m/ Don |

‘and the general solution is
‘ 1
B0 = BL (o) + BVK, (e v L >

[ 2%Y

where B/ and B'{ are constants.

With the boundary cenditien (ii),
. . 3 R * . o
O = Kywm B/ IJ. CRW\Y?\V\> ~ K. B,/ K:L (KMY\w\)
/ IJ_ (KMY\“)
i Kl (KMY‘M)' -
Therefore, ¢¢;\(T) - B [Io (Kar) K, (ki) + T, () Ko(k\.r)]-t-g- (192)
: am -

On B”: B

* , [% {LIO (\wﬂ = KI;O(-Y) Ommd O_i?(? {KOO‘Y’)?{ = ’KKiékv)]
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where, - B = B/Ka_ (ke , (19)"
or Q. () = BGCr) + s - (19m)
where, G.(T) To (vw¥) K, (Kwar: ) Ly (%) K (k) (19)*¢

Now, the bowndary conditiens (iii) and (iv) can he written in slightly
d.n.fferent :f:‘orms as fellows:
GO TR = B () (141)
: a,n.d 'G)( = (- ‘(W)(v ' (av)
. Yg’ 3/_ J;_ — A 2/_ a L ; "
The partial cﬁrz:ents are given in terms of +the diffusien coefficient D
3 * 3 N

(R‘eﬂ 11) by the following equatiens (for an arbitrary space point V¥

in an infinite medium) :

“.;

3 () le P(¥) - _23%, VPP |l ;2%)
= Jo = L BH + 2| 9B @b (200)

where - 9 is the co-latitude of the gradient of the flux, @C ¢ ).
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If @(‘7")-3 q)(r) vhere r is the single co-ordinaté of. the system, the

relations 20a and 20b become , j, ™ = Z ‘qb(~r ) d oty (20c)
%+ Z 7 I .
~ Y .

‘.' =& D d¢(
3’_,(1) s CPCY) + T IV )

and (204),
in which case the gradlent of neutren flux is in the direction of To
Therefore, _
N — 4’;-(*(’5;) — D 4@t ,
0y =% 5 2 RO (e1a)
‘)‘:Y‘ﬁ_
. 0w '
and by )= 2005 on 4, e (210)

Substituting the abeve values of the pa;rﬁial aurrents glven by the rela.'bi@ns

(21a) and(alh) » “the boundary -condition (1ii) becomes
$elvg) " D,
1 &3) 25 | dq:,rm)) _*ﬁﬁ P (1)

4 /8 XD w Mw)l *af»w "Dy & P, ()]
2-

7? (i1i) -

e Y\l_

and the boundsry comdition (iv) becomes

Y @g) 4 28 d gy

2 Ay C .
‘("Y_&_ (:LV) )

Ay Bl 4%»@9 (-3) 2 Bor) wmcvg
Y=

-~

=T, .
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Adding the two relations for the boundary conditions:(iii) and (iw;), '

and multiplyimg through by 2,

Y&QD () = (G-» Y’z P..(v) —2 /32 D, d dx.(*) } (111)
. Ty,
Subtracting (ii1) from (iv)
P — d ¢,.00
T+ Ty }_T - T»ZD”,“T-P
Yo L PY (iv)’

Substituting the va,ILues of Cl)&— () and ?,M(v) from the equations (l&a) end

(191v) respectively ﬁ.n (iv) s

Ty Dg kg AT, (KeYs) = Y, D, BG ()

: | (22)
Where, Q'(ré) eienétes -bhe'@erivativej ‘:)f @(r) with respect to r o
a.jl? the p_cpint r=Tne L
Eﬁuat:;on (22) may be written in a slightly aifferent form as
| S B=a - | (222)
b we Tdus Doy e
Y D GO oo
Substituting the values of CP s and cp,m in (iﬂ.i)/
| T AL (ReYy) = B [_(l ~AYy G-Cry = 2/3>Y}_ D.. C-r’(v,)] + C’ﬁ_}Y‘,, o (23)
were, . - AMP 4 U-Av, g5 | _M“ (e

Cl—ﬂ) Ty, G-CY‘:,) - l[irL Dw C_r’(_n) o T (23)
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Bauation (23) may be written, after transp@éi‘bion, as
AL L ooy —me) = (opv, 4
. . Taw !
or, A= QA9 (24)
Zg\w\ [Tg I, Ck-§Y§) - M-P:] ‘

Thus the values of A and B can now be calculated. The computations are shown

on the succeeding pages. Once these constants are calculated, the fluxes c;%(‘r)
and. 'q)w(w) can be determined easily from the .e'quations- (18a) and (19b). Then
in the infinite medium, the thermal utilization “"f" is calculated from

equation (6), i.e.,

§_ _ Z ot . ' ’ ]

o _ Vi &,

o ZN;*ZMW,@ | (6)
where the average thermal fluxes . and ¢ in the fuel and the

- mederator respectively are given by

5 f qyfr (v) &V (252)

and

(25b)

4;:“ = —\l/; fcp%@)w

’

v £ and V are the respective volumes of the fuel and the moderator within
m )

the eylindrical unit cell of unit length.
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' NUMERIGAL CALCULATION OF THE THERMAL UTLLIZATION "f"

Kk =0.57 e 0k sebRan
b = 0.16 cm * _ B ;:,_-@,785 em¥* .
Z am = 0.022 em ™ ¥ _ \ ng = 0.3135 cm—;L‘ *E

r. .—= 2.650 cm r = @.?655 cm | | ?f = '1,55'@ em T, = 1.715 cm
ko = 0.853 kmra'z 0.6345 kT = @. '

I (kere) = 1199 I (k1) =005 I (kr ) =1.255

Ty(kgred = 0067 L (mp) s 0-355 I, (k) = 0-551

Ks(kfrf) = 0.522 “Kbckm?EQ ?'@«73h‘ Kﬁ(gm;m?-; 0.433

K (Ecre) = 0.780 | .Kl‘_(kmrg)'_ = 1.207 Kl(kmrm;)_' = 0.623

kpr) = 0.401

1;]5(}: frl)—.-.- 0.20h .

All the aia@ve values have been taken from the Table of Bessel Functiens by

gray,~Mathews, and Macrebersts, gnd compared with the yalmes.in the Tables eof
the Ref. 17. . ‘ - .
The guantities, ﬁﬁ}(r), @’ (_ra)\, P, M, ‘A, apd B are computed in the follew-

iﬂé pages.

*  These data are obtained from page 165 or Reference 1l.

#% These date are obtainéd'from‘pages 6-96 and 6-97 of Reference k.
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The missing-probabllity £ has been computed by Newmarch (ll) from the

relationship B =
where
r Z
£lr) =
and
Y. 3
=
Therefore,
g =

-l

From equation 1192?,

- ~29-

(l—r) + ¥, £(r)
17 r f(r) + g

£ 1.350
z; . L. F 0787
T N
.2 sinflr - ‘££ (1 r29‘?J
I i -
.11k

25,4 (v,) .
L 5 rf“ (prime denoting the

0 (r.f /

to r)
2 Dy Ko ATy (kgrs)
AT (kf r.)

0] 9389’

(1-0.787) + (0.389) (0.114)

=1 +.(0.389) (0.11k) + (0.787) (0.389)

G(r ) =T, (kry) K (k r )+ 1 (kr ) Ko,.‘:(i-kmrQ)

- = 1.895

~derivative- w1th respect
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G’(T;): K [Il (k) K-,-(_k\“vw\) = I, (k) X, (kwv@]
. = =0, Lé‘a_ : '
.From equation’ (2_3);/',-,

P = (1A% 6(o) = LA T2 DGty

= 1.5317
and from (22)',
2D G0

= —-6.752

~From equation (24),
A :__ C"p) T 9
Zaw\ [:f.; IoCngs,) - M'P]

—
—

5.2 6619 ,
And from equation (22a),

B =AM

-_—

= "35-567

The fluxes CP&(") in the fuel and 47;“(’0 in the moderator are then given by

equations (18a) and (19b) ( in neutrons - 2 - sec™l) as:

) = 5246 g To (k) (260)




e
and P (¥) = 45-459 - 3556 G(v) ? (2§b?

The average o% P ) s

___ (dy = _5-266 f
‘Pg ftP ) - o .YE)? :vaCK&»)ow

-

where r and rl are respeci:-ive‘ly the outside and inside radii ef the
£

fuel cylinder in the unit cell (Figure 4).

Therefore,
N .__' 2 (K 266) VIO S NCAD AT - -1
cb_g - Y ?[ 3 ] neutronsrcm"zls'ec, (27a)
. s , e
~ since, f‘f"Ip (keX)dy = &é‘i&.@ :
: v ' §

\ ) . e . .
Finally, after substituting the numgrical value;' of the quantities

involved in k27é),

—

<P; = 5.829. neutrons-cin2sec | (27b)
‘Simiarly, Bon = 45.45‘9 fG(YB 2Myd P
' C 77.(7».. —Ya_
= 45.45 2 (35 2 (35.5¢) fm@w o
] ? (VM =Y, ") 7 : (28b)
where r and r2 are respectively the out51de and inside radii of the
n ‘ .

moderator cylinder in the unit cell, (Figure 4)e




NOW9
Com / T
f"(‘G{T)@b(‘ = K (KNYM)\IYIo(K».N)d\{* -\-I (K\,., ) K (KMY.)“Y’ |
Y,,_ _ _ Yy . L (28)’

The first part of the right-hand-side of the above equation (28)' equals

K, (kur) [m I.¢ uw:y - Yo T, (Kmmj

RS

N

= 1~503.

ahd the second part of the same, t.e.,

v
I (kw\.,)vao(kw)m = I,Ckwm) [ - v K, (%)
by

Koom Y,

= 0.4 ]7

Therefore, after,substitﬁting the above values in qguation. (28)1,

rem
f‘rG—G)ow = 2.]20
Ty i
Thus, ¢ () = 45'457 2(35 56)? (2. Iio)

¢~»\ = €51 (7 neu‘l'.réns---cm"z--sec:-1 (28¢)
The values ofd%ﬁq and ¢ 0~as given by equatlons (26a) and 28b) gt diff-

erent distances, rs from the center of a unit cell are tabulated belows:




=33

| TABLE T - THERMAL NEUTRON FLUX IN THE FUEL REGION WITHIN A UNIT CELL

Ty
IO( fr).

(im) f (q neutroﬁg éel cm? per sec)
0,90 0,569 1.080 5,687
0.95 0.600 ;1.092 54750
1.00 0,632 ‘1.102 5,803
1,05 0,664 1,113 55861 -
1,10 0,695 1124 5,919
1.15 0,727 1,136 5,982
1.20 0,758 1.148 6.0@5

. ,TABLE I1 - THERMAL NEUTRON FLUX IN THE MODERAIOR REGION WITHIN A UNIT

. 2250

CELL.
T k' T | I (k r)#% K_(k r)**- G(r) ¢m'(r).(q. neutrons
m -0 M : O"W " ' per cm? per sec).
1,75 0,647 1,107 0.719 1,086 6,832
1,80 0,666 1,114 0,697 1,078 7.116
2,00 0,740 1.42 0,620  1.053 8,005
2,20 0.814 1,172 0.553 .1.035 80645
2.30 0,851 1,189 0,523 1,020 8.859
2040 00888 10207 90494 10024 9 Q37
0,925 1,225 0.460  1.021 9.143;

.

The above valués of the Bgssel Functions are taken from the Table

of Eessel Functionss

i3t

® (Refereﬁqe 7)

(Reference 17)
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Using the values given in Tables I and II, the thermal neutron

flux distribution at the vertical medial plane of the unit cell is shown

in Figure 5, which depicts the depression of thermal neutrons within the

fuel region.

R

2

S

x"l

<

<O |
v «®@U
2 | o
+ <3
S ~b
&

&

e ’ .
\ ' |
3 B Emodore Tyr—s

& - o l

Radol distonce, ¥ —>
1 1 “ P i 1 I L | |
2.5 2.0 1.5 (/] 0.5 1D l.s 2.0
Figure 5 - Thermal neutron flux distribution in a vertical
plane through the origin of a unit cell.

1}
2

The flux across the vertical section of the heterogeneous reactor

is shown below in Figure 6.

e i

‘0‘ Rodied d,ls(_;»:g Lrowe Vha CO-To o N POy =B
Figure 6 - Flux across the vertical section of the heterogeneous assembly.




e - =35=~
- Using the average values of _ &%(r)_and ‘&%(r), as given in
edﬁations (270) and 28b), the thermal utilizatioﬁ Pf“ is calculated

~ from -the equation (6), i.e.

£ = -Za.g :
LoHlo Lo
£ ‘ 4@ e
0«2135

. . 2 &
0.31245 + 001 X - = ¥.5)
I o e 2019
3 - S'v?@?

ST 0T (29)
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CALCULATION OF THE 'RESONANCE ESCAPE PROBABILITY - "p" :

The value of the resenance escape probability can be calculated.from
equation (13), »(E) = exp (-fr/l-fr) ' -~ (13)
vhere f,. is given b& eqnétion'(ll) as
Loc

ZM Bl Zg\w\’\/_g_ . 52;

;S:CT) =

The disadvgntage faotor qa“//'qb; CR@J%)is now to be determige&-in a
mamnef similar to that of the determination of the thermal utilization, The -
resonance neutron group constants are entirely -different from those for
thermal neutrens. (For the thermal neutrens, k; = 0.37 cm‘l, Dm=:®,16'cm,

ke = 0.632 cm“l,-énd.l) = 0,785 em, while for the resonance‘neu$rons,

£
ka = 0,885 cm"l, D,= 6.585’f cm, k, = 0. hl* ICI‘n-l, and D, = 0:.»65%%61!1..)‘
Since very litéle slww;ng.dewn occurs in"the fuel, a uniform séurcé of
resonance meutrons, q; (cm—Bséc"l), in the moderator may be assumed. Thus,
the diffusion eqpations"for the résonanee nen@rons are:
V¥ o) =Kt Pty =0 | (308)
md V0 kP, )+ 9, =0 (30b)

where qi is the souree term corresponding to the'resonance neutrons..

% Page 669, referemce (18).

25 Page 666 reference (i8);
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‘The boundary conditioqs are,the‘same'aswin the case of ‘thermal”
neutron diffusion for the caléulation of thé thermal utilization.
Solving the differential equatiohs (30a) and (30b), in the
same way as is done -for the galculatioﬁ of "f%, the followihg sol~
ution can be obtained: | ' | .
- P () = AL, (kD (1) j
and | ¢y«($_)_; BC’@) +71 /Ze% L(BIB)
‘ A, B) énd_q(r) satisfy the same :elatipnships"és‘those in the case of
thé thermél‘ufilizatiéng the only differénce being'the numericglnvélues
due toythé changed values of the group constants k,Zia, aanD_and'the

source term qlo

- NUMERTCAL CALCULATION OF “p"

For natural. uranium, km = 0,885 cm™¥ ﬁ; = Oubd em t
?m = 0.585.cm . - —Pf’?'0°65fpm
| | T = 46" LR 0.1258% om™!
kfrf = 0,594, 'kmr2!=”1.518 e kmrm’?_Z.BAS .
.Io-,,(_k_ & f)-f 1.090 IO.(_km‘rz) = 1,666 IO(.k"I"rm)_ = 2,920
Il(kfrf) = 0,310 'Il(kmr'z) = 1,000 'Il(km;‘.m) = 2,180
Kolkgre) = 0.785. Ko(km’_z,}.z-; 0,208 - KO,'(llcmrn']) = 0,075
:'\Kl_(kfi‘f_) = 1,321 ._ 'Kl(.kmr.z) = 0,270 .Kl(kmrm):' 0.090
kxo=0.279 o (k) = 0,141

fl

' These values sre calculated from K. E Za;//D{
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To find A and B, first..G(rz), Bs. P, and M are ‘calculated as is done

with the thermal utilization.

(1) GO = Tolkar) K (et + I et K, (ka2

= 0.60%4
(1) 606 = k[T 00 K (r) =T, () K o
‘ =-a.lyin |
(111) 4 = LD+ RS

I+ YF §O) + Y TE
where r = 0,787 and f(r) = 0.114. -{Page 29),

, .
ﬁ = %i._fig R where ¢%(*c)= HIO(Kﬁ_T)
and  Plev) = Ak T, (ker)
o= Rk Ligw ~
o Lo lkerg) /
= 0.163 | |
Therefore,

A= (o234 (0-|63'>[0‘”ll)
| + Co‘legﬁo.u@_f (0.797)(0,—,.25' :

= 0.20}y
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(iv) P = (I-R)7,60r) =24 YD 660
= 1l.o00v
(v) w= Pk T (kew)
: ‘ T2 Do G/ ()
= —o~2’7ol, }
" Therefore,
A = (-RYY, - (323)
aw[TgIoO‘GY&S‘MP] %‘ S ’
= 1.707 91 . |
wd B o= AM (320)

‘Finally, from (3la) and (31b), the resonance neutron fluxes (neutrons =

Com 2 - sec ) ares. 49&(?) = 1.707 9 To(ke) (33a)
1 N ' - .
and ¢w0‘) = ‘O~46166—6r)7 +‘2h)7339 (3’313)"
1
'Therefore, a_)_;b{"') = 9‘ (1 707) ﬁl L (34a)
O s

-1
= 1 07‘9? 9 neutrons—cm .2—sec
1
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and 47“) = 2.7
A 33? + 2( 0. 46!6)
Y G (r) dy.
C(w\ -Y‘ z) 9 f

= 2'73‘39 —032_1_
4.0%

o ¢“‘<¥) = 1. cﬂ55(? 'neutron‘s—cm_z-secdi (340)
. 1

Therefore from equation (11),

Sy = Z o e
ZM'}Z&\M vg‘ ;
i3
— 0.0%or

€0
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Theory: Fission neutrons may undergo various reactions with U™ such

as non;-f__i_ssiqn»g_aptui"e, fission, ahd,eiastic} s_catte'ringof _Considering
alli thesg, an exp;‘éssion for € is gi\}en in terms of P which is the
probablllty tha‘t a flSSth neutron, formed inside the fuel element, |
will ‘make a smgle collision with a uranium nucleus before escaping

into the moderator (Ref“"zi‘,), as ‘follows:

o, (V-1 =T ) (Gt )P v
€= I= \—-@)0“+0')P . . (17)

where subscripts c; f, and e refer to the non~fission/ captures fission,

and élasticsgatt_e:j_ing‘réspecti.vely, and O is the total cross section

inclﬁding that for inelastic scattering. For natural uranium,

0. = 0,04 barns
0y  =0,29 "~
Oc =1.50 "

Oc #2547 *
o ‘='4 30 "
’Substltutlng the above values in equation (17), €=1+o. 095% 0-5217)
From the talbe (Ref. 2), P is-0, 28; therefore, |
€= 1+(0.095)(.28)/[L Lo 521)(0-29)] = 1. 003 (36)

Therefore, for the infinite feacto'r,

Ko = (1,35 Coﬁ?@(o.3,|6j.(n..oog) = 0.960 (37)
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EXPERIMENTAL DETERMINATION OF THE THERMAT, UTTLIZATION "f"

In the heterogeneous assenmbly, the fhermal wtilization is defined by -

equatimn (6),

§= —Lee o L (6)
Z&§+2am7%
The average thermal newtron fluxes 4%hand. ¢ have been determined by the
fell activation method. Thin indiwm foils have.been used beoth in the fuel
and in the mederator, Fhe foils have begn éetiva$éd for aboﬁw ho hours and
by that iime thefactivify attains almost its saturation goint. A neutron
reacts with thé indium isotope In-115 to produce the radicactive In-116. The'
/3 —activity. of these In-116 nuclei has been measufed-with the Geiger coumter.

Thélfoils are activabed ﬁot only’by'phe thermal peutrons but alse by the
éﬁithe:mal and’the fast neutrons. In the determination of the tpermal
utilization it is essential to know the ratio 6f the density of neutrons
with energies above thérma; to thab af the thermal neutrens., In this

connection, a neW'Qpantity called the "cadmium retio" is defined as:

Saturated aetivity of the bare foil
Saturated aectivity of the cadmiuvm-covereéd foil.

Cadmium ra.tio,'Bcd =

g
J

Metallic_cadmium'absorbs fhgrmal_neuirons of energiles up to 0.4 ev, The:
epiﬁhgrmal apd_fast neu#xons pass through the cadmium cover and readt with

the foil inside the eover.
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The values of cadmium ﬁamims measured at'sévefal l@éamians in the reacﬁar
are given in a@penﬁix IIL, The average of these‘is the Rcd uged. belmw;
If Ath and Aép denote réspectiveiy the saturated actlvity of the
thermel meutrons and that of the neutrons of energies higher ‘than thermal,
then the cadmium. ratio méy be written as

or, Ayfby, = R4 -l | , (38)

Therefore, from equation (36)

Ap/(Ayy + Bgp) =  Reg -2

Rea

(Rgq ~1)/R,q is the ratio of the thermal meutron saturated activity to
the total nemtren saturated activity, This factor is inserted in the 3rd
and 5th columns of Teble IIT as the eorrection factor for the thermal

neutrons.
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TABLE III - Average Thermal Neutron Fluxes by the Foil Activitiesn Methed

Foil No.: Couwnt Rabe , -
In the moderator * [ In the fuel ¥ _ , Prf=C1 /0,
et-(—Back- | Corrected | Net (=Back- | Corrected (8,), ¢ -
ground’) Gy (x.T251) -ground) | (x 0.6337)
1 86 267 2h1 155 14,353
2 283 205 232" 147 | 1.39k
3 Th, 126 1h1 89 : - 1415
b 9o : 138 150 .95 1.452
5 po2. 146 171 108 1.352°
6 270 196 230 146 1,342
‘ _Total - 8.308
The’ ajrper_ag.;e ratioe) ¢m ¢ = 1.36k
e f
The thermal utilizabion can now be c’a’lculat_éd from equation .( 6), after -
substitution of the values of the - s and the V¥s from page 28, as .
T 2 ag;
3155 4 w022, Wy " Tp ) :
: —0 =7 1,38k
x(x 2. r"a)
Deah i 1 &
or, £ 0.78 - - (39)

1
¥
1

* All the foilg have been activated for equal intervals’ of time and the
beta-counts have been taken after the elapse of the same time after
removal of the sdmple from the reacter.
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 EXPERIMENTAL DETERMINATION OF THE EXTRAP@LATED BOUNDARIES AND THE
BUCKLING

To deﬁermine the extrapolated radius 6f the suberitical assembl&, the
seintillation aounter* was useds ‘The vertidél‘positien of the
seintillater inside the reactor was kept fixed (the source being at the
bottom of the reactor). The radlal,dlstances of the scintillator were
changed and the eorrespon&iné count rates were taken (the sciﬁtilla$or
wag always situated very close to the fuel réd but on_the'side-awgy from
the source, o meintain identieal locations in the different umit eells),
. These count rates are plotted against the'radial distances of the counter
from the cemter of the Pu-Be source, - TWO éets of readings were taken
for two different verticaiwpbsitions of the scintillation counter. It was
fmmnd that the extrapolated lines éf both the plots'(Grajh I) meet the
absclssa at the same point. This peint is considered to lie on the
extrapolated radial boundary of the reéctor, and. conseqﬁéntly the distance
of this_point on the abseissa corresponds to the extrapolated radius of the‘
reactor. It will'ba noticed that the radlal flux pl@ts'(Graph I) fit very
nearly the Bessel funétion'JG(r), and there is a particular value of r
where the plots meet the abscissa i.e., where J (rﬂ:: 0. “This is a
c&mseqpence of “the boundary eondition that the flux vanishes at the
extrapolated boundary. The. partiaular value of r for which Ja(r) 0 is
the extrapolated radius Bo° The data ana'the plots gre glvem on the

following pages.

*In a different experiment; it was found that the scintillation counter is
1east efficient for fast neutrens. Hence the readings directly obtained
from the counter correspond te the thermal neutponso
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Trial # 11

Vertical distemce of the scintillatien counter frem the center of

the source = 41.5 om,

.Radial distance of the Counts per minute
scintillator ' '

T«1l cm : _ . 918

8.2 » : | ‘ 871

12,2 ' : 8l1

17.5 » ' ' 689

18,1 » ’) - , 67k

22.3 » | - 5TL

23.9 » o ' 558

8.2 v ' : , 40

5 v k 360

Trial # 2:

Vertical distance = U6.5 cm

Redial distence . Counts per ﬁinute
15,4 cm ‘ : 595
20,4 » 532
B3 » | M
30,5 5 . e
355 » - | 252
Lok » _ _ . 108

From the gréph on the next Page, R, = 49,3 cm.
The detted lines on ‘the graph.correspond to the J6'59
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The material buckling Bj 2 g given b,fr,ﬁhe relationship
ot =( 2:4057Rg1% — (7D | . (40)
where Ro is the' extr?,polated radius, and f'is the slope of the plet eof
1na against thé vertical distance of the scintillater from the cemter of
the ﬂPu—Be. source, A b’einé the relstive activity ( i.e., the observed éoun'l‘;“‘
" rate). The data for the detefminatioﬁ of ¥ are given ‘below: |

ﬂ!he radial distance of the scin‘billator from the center of the’ source

= 16,4 em,

Vertical d‘istance of thé scintillator | Qounts per minute ..

16 inches o 2690

17w | | 2315

19, , _ . 1580

21" o, - 11k

25 M ‘ ‘ 813

ar- w» " 335

29 1 ' _ 252

The relative activities are pl@ttea agalnst the vertical distances as’ shewn

in Graph # 2 and frem the plot, T = 0.071 c¢m -1,

. Therefore, Bma — (Eo‘hﬁs/h%;ﬁ)a -(@.071)2
. — —2,6615 x 1003 a2 | - {41)

* 2,405 15 the first zero of Bessel Function Toe

~ - o~
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The -geometrieal buckling can be obtained (Refe 3) from the felationship
2 2 3 2 | : |
Bg = (2L05/R )" + (77 /H)%, . (k2)

where Ho is. the extrapoiated height of +the ieactor.
The exfrapolated heigﬁt is calculated from the relationship (Ref. 11)
Ho=1H + 0,7104 A tr, ' (43)
where; H is'the geometrical or actual height of thé reactor and ‘2fy
. is the franspert mean free bath of a thermal neqtrén'in water.
The heighﬁ of a number of. fuel rods'was meeasured, the average value‘being
102,8’cm.’ The value of )ﬁr is 0.48 em*. '
Substitutiné these values in the equation (43),

B, = 103.1% om, -

Then, from equation (42),

Bg2:: 3.307 x 1073 cm-?.' , - (44)

% Page 6-86, Ref, h.




, Pages 6"86 -and‘pé“,889 Befo 4

| -5
. EVALUATION. OF Kk, keff’ and p

The infinite multipliqation factor, kacis obtained from,

k

e = :exp (Bm,zM?),

2 s ! X
where M~ is the migration area, given by the relationship
MR = 12 + T3
. 2
7 is the Fermi age, and L is the diffusion area of the.

heterogeneous reactor.

The diffusion area of the heterogeneous reactor is as followss

1

(Ref. 14)
t2=1 2 (1-f) + £,
m. S
Therefores, -
12 = (2,85*)2g(1-o:72@ + 0.780x(ln5§)z
or,L2 = 3,66 cm? | |
With T= 30.4% om?,
M° = 34.06; cn?
Hence, . | '
k= exp (-2.66 x 10'3) x(34..06)
= 0,911 |
From equations'(IA),(AA) and (48),
Kgpe™ 0-814

Therefore, p can be obtained from (15) as

p=_1 .= 5,38
aff

(45)

(46)

(47)

(48)

(48)

(49)

(50) -
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_ _DISCUSSIONS

(1) In t’h:e.present work, L used 'bhe simple  first-order diffusion
the@rir( In a heterogeneous, reé,ctor, better résui‘hs would _be obtained, if
the ’cransi:or’c theory were used.;' The Bolhzman tranép@r'b equatien ﬂ.s'inmre
fundamental in expressing th'é .prihcipie l@f ebns"eai"vé,’:uionv ef neu‘brons; In
this treatment, "Eh@‘_ depend.’éﬁrb vg.riable is the angulg.r dﬁ.s-brﬂ.bﬁtimn c?f '
neutron veloeity vector, n._'(?,‘\z,\;?e\_ ) which is defined as the number of

newtrons at 7 Dver wnlt volume that are traveling with speed v~ per

£
-

velocity interval .ﬂm the’i oiire.ation‘ S2 pex" unit solid angle. « The qﬁe.nﬁity
m(‘f‘vaS% ) 1s called 'tvhe vector flux and is merely the number of

newtrons traveling in the direction <2 which cress a unit area normal

t0 this direction per unit time. . In the diffusion tﬁeor& the dependent
vari.able‘ has "oeen reduced ’n@ the 'séall.ar neutron fﬂ.m.: with the assumpbion

that the ‘angula.r distributimﬁ. of the neutron velc:mi'by vec*béx: is isotrép‘ié,
and independent df'energa'[__-g' . ‘

If it is assumed th;'l; neutrons deflected in seattering collisions -
m!.-bh :ﬁue@l.e’i nay progead in any direction with equal prebability
(sphgrically symmetric ,@r-‘i.soi;aropiq' sca‘_aterin’g)‘ ‘and. that all neutmné have
;. sing]_.‘e constant velééiﬁr, the transport theei'y .reduées to diffusien
theory. . If it is further ;ass‘umed.,:bha.t.‘ the meubron density dees not chenge
rapidly with distance W'ei' a':few‘ scattering mean free ,;aaths, ugually a

‘:Eew cmy, then diffusion theory redfmes to elementary or first-order dlffusion
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theory.

The latter assumptioﬁs.limif the elementary théory to systems im which
the ratio of O, to O, is relétively small, 1l.e., to weakly.abserbiﬁg.
media., The assumﬁﬁion of‘isotfopic scattering leads to0 gorrect éstimates of
the flux:at éistanbés<§f a few mean free paths from sources and from
boundaries between materlals having significartly different abéorbing and
scaite?ing prppertieéoj Hetimates of filux closé to such sources or boundaries
may be greatlyliﬁ error 1f made on the basis of diffusion theory.,

(25 Assumption (1) on page 20 is accurate 1f the cell size, i.e., its
separéfion between'lﬁﬁﬁs; is not large compared to thé slowing down distance
of fission newtrons. In the present case, the slowing down distanga.Jﬁ;,is‘
gbout 5,5 em and the céll'diametgr is 5.3 em., Hence asguﬁption (1) is not
quite correct. | |

Assumption (2), in which a parallelogram is replaced by‘a circle of
thé same area haéhﬁeen introduced to simplify the mathemsties, since &
problem with-exis)l symmetry is easier to handle than ene with angular
dependences In this approximation enly zeroth order cylindricgl harmonics
are involved.' This implies an error in estimating thé neutron flux,
Assumption (3) ig accurate if: 1) tpe fuel~diﬁgnsions are not large compared.
0 & mean ffeé path; 2) if_thé syétém does not absorb neutrons very heavily;
and 3) if thé systeﬁ,conﬁains.no sources. . None -of these assumptions is
stric%ly correet in our uranium-lattice. Errers due to the use of

elementary diffusion theory in our system are obviously present.
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(3) The one-group method aésumes that all neutirons are thermal, No
allowénce is made fTor the fact that fast neutrops escaping from the reactor
core have s longer éwerage life in'the reflecter (water-medium surrounding
the actual reactor core) than do thermal neutrons. These fast neutrons,
therefoe,‘have'a highef probability of being scattered back into the cere.
Furthermore, ﬁeutrons,.entering the reflector wﬁth energies .above the
fesonance level are moderated in the reflector; tﬁen they return fo the
core as thermal neutrons, having compleﬁely avoided the resonance captﬁre
+0 which they WOuid have been subjected if they had reached thermal energies
. in the core, Both these factors tend te increase the number of ﬁeutrons
available at thelehd of any particular neutron generation Wﬁich would
consequently increase the value of the effective multiplication eonstant, keff“
(4) In the calculatien of‘!f', the denominater of the right hand side
of éqﬁaéibn‘(é) should contain an extra term, Ziac&i Ve o, which_
gorresponds %o“the)absérption of thermal neuﬁrons’in_fhe gonstliuent
ﬁé$efials of the unit cell (other than the fuel and water), such as
aluminum, Thés cﬁntribuiioﬁ'pf this term to the denomiﬁa%or is negligible
because the'macroscopio absorption cress section of aluminum Ziac is ,‘.Q
very small, | |
(5) For the determination eof the average thermal neutron flux,
in the fuel, the indium Ffoil was placed between tie fuel rods, as

shown in‘the figure on the next page.




ol

O.lumi'nuw\

Figure 7

Locadtion of the foil between the fuel rods

It is evident from the figure that the foil was not ‘gctually

exposed to the thermal neutron flux,<¢%(r) but compositely to the

thermal neutron flux, 4%(r). This fact will decrease the experi-

mental value
increase the
(6) The

value of the

of the disadvantage factor, 55/’&% and consequently
m
value of f.
experimental value of f is 0.78 whereas the theoretical

same is 0.77. The agreement between these values shows

that one-group theory is adequate for the determination of the thermal

utilization.

(7) The

count rate from the activated indium foils was not large

enough. Thus statistical fluctuation might cause considerable error

in the relative activities of the foils. Larger count rates could be
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obtained by using dysprosium feil which has very high théfmal neumren.
absorption cross section (for Dy, O, =~ 2 700 ' barns, and for
In, O, ~ 150 barns). However, experimental difficulties
preveﬁted the use bj dysprosium. |

(8) The one-éroup treatment 1s an. approximate ene, but it is simple
and. léaés‘to conclusions which are éualitatively correct, -

(9) The experimental values of the thermal utilization, material
and géoﬁetrical'bumklings and cadmium ratie which have been obtained here:

" ean be used in further research work,
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-Appendix I'
The determinstion of-the transmission coefficlent of aluminum for therﬁal~
neutrons. -
Bare indium foils-and.alﬁminum-covéred indium folls were activated within
tﬁe reactor for dbout LO hours. In both the eéses, a.single foll was‘used‘
and in the same location wifhin-tﬁé reactor, IGamma-réys with & few high

énergy beta-rays ﬁeré counted in a well counter. The data are recorded below:

) Backgr@und‘GOuﬁt-fate, at the start 8 ga&nﬁg-'

at the end 10 o/m

Average = 9 e¢/m,

Observetion|Time after the . |Net Gount rate | Saturated Transmission
removal from the | (background),A | relative | coefficient,

. t1 o4
{reactor, % ZF =yi§y’(ﬁﬁ o .

- Bare 12 min 342 ¢/m 392 c/m
#1 . - ‘ 1,015
Govered 16 min’ | 330 e¢/m 4ol ¢/m
Bare 20 min | 383 ¢/m 49h o/m
#2 ‘ : \ 1,041
Govered o4 min 381 ¢/m | 517 e/m

The decay constant A of JIw-ljg = "693
N P 7 S B ——
hofftoge 4 Tn-lig

A -2 -
5% i 1+ 283 %10 e

But, ¢ cannot exceed unity, hence it is taken to be equal to unity,

The higher values of c&b can be attributed to the état%stiqs of the counter;

the count rate was nob high enough to minimize this statistic.
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Appendix II '

_ syivmowﬁsmm
B2 = buckling, em 2 '
D = diffusion coeffieient, cm
f = thermal utilizetion
£, = resonance utilization- .
KN = infinite multiplica‘bio’n factor
‘k'eff=effective multiplication factor for fin:'!.te reactor
L = diffusion le‘ngfh, cm
2

M* = migration ares, cm

resonance esggpe probebility

P =
g = slowing-down density, neutrons/(em3)(sec) |
? = positien véetor ‘ h * _
Ve= volume eof fuel c}ylinder\ of unit length, emd
Vm = volume of ﬁod.erator in the uni‘l: cell of unit lengﬁp, cm3
o = transmission coefficient of aluminum for the thermal neutrons
= m_igsing-prc_ababilﬂ_.ty
© = fast fiselon effect factor

A

M, = fisslon neutrons produced per neutron absorbed in fuel
k= inverse diffusion length, ~em™L

“J = neutrons produced per fission

0"= microscopic cross section, cmg/nucleus or barns




Cp, = microscopic crobs’
O. = microscopic cross
0; = microscopic cross
g; = microscdpic cross
Z = macrbscoﬁie eross
7 =Fermi age, cm®

¢= peutron flux 3 for
neutrons /( cm

..59..
seetion for absorption, barns
sectlon for redlative capture, barns '
section for fission, barns
section for scafteri‘ng, barns

section (N6), cm™t

thermal neutrons unless otherwilse speeified,

)(sec)

AE transport mean free path, cm.

U R
r1]‘{

i
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Appendix IIT
The determination of the cadmium ratio in:the mode?ator and the fuel,
The cadmium ratio has been defined on ﬁage k2 as the saturated activity .of
a bare foil, for example, indium, divided by'the'saturated activity of the
indium,foil completely covered with cadmium. Bare and cadmium covered
indiuﬁ foils were expeéed t0 the neutron fluxés bpﬁh in the fuel and in the
moderator., The folls were'activated for about 40 hours in all cases and
the beta—activities were counted with a @Geiger counter., The saturated
activities were then obtained from the relationship A_ =4 exp( D x t),
vhere A is the corrected relative activity (i.e;; observed couﬁt rate minus
the background), 7\ is the decay constant of In-116, and t is the time
elapsed after femoval of the foil from the reactor. The cadmium ratio
in the fuel was determined by positioniﬁg the bare and the cadmium
govered foils between two fuel rods bn a line perpendicular to the éxis of
the fuel element. The cadmium ratio was detérmined at geveral locations

in both the fuel and the.moderator, The data are glven helow!

Date fer the cadmium retio in the moderater:

Foil No.*. ' __Bare foil Gadmium covered foll . ~ Cadmium
. “| time, t. |corrected relative | +time, t |corrected relative | -rat?o,
- activity, A achivity, A R.3= A

1 b min 202 c/m K 4 min 50 c/m‘B Cd'h?Bh ¢
2 how 190 oo 55 u 345

3 Loy 7k v ' Lo 53 " 3629

) ML 202 W 62 3.26

5 22 586 22 uwo - 150 : .. 3.90
6 25 o . 966 25 250 k 3,86
7 28 1489 28 v R E- R o 3,61
8 Lo 283 | & v T6 3.72

9 8 560 8 50 373
10 16 v 380 v | 8 108 T 3.53

%These folls were positioned at different locations well within thé reactor,
{i.e., neither too close to the source nor . te the boundary of the reactor),
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The average R 4 in the moderator is 3.638.
Therefore in thé moderator the fraction of the 'bhérme.l newtron density
of the total newtron demsity, (Rgq -1)/R__ is ,725L, |

/.

Data for the cadmiwn ratio in the fuel:

Foil Ne, T Bare foil Cadmium covered foil | Cd-ratio

Time, G | corrected relativel Time,t corrected relative =A‘b/Ac
a:.ctivity, 4 . ‘activitly, Ac ‘ |

1 L min 232 ¢/m bmin | 8l c¢/m 2,86
2 oW 131 o 1+. v Lo n [ 26T

3 L iy T h v 65_ n 2,63 .
Wy W | e85 [y 9% o0 2,79
5 . 410 Yoo 150 4 | 2,73
6 L 38L R - 1hk3 . : | 2,68

Thé average value of Rcd--in the fuel is then 2,73 and the fraction of

thermal neutron density .ozﬁ' the total neutron density is 0,633'?,
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