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A Pile with Space Uniform Activity

" G, Goertzel .

The present note considers a pile~breeding arrangement
, uhich éxhihits goms desireable features and-for‘which a geasonably .
~ exact solution may be obtained by alementary methods. A simple
. example of such a pile is presented here for illnatrationn
| The system 1is considered to be divided into two regions:
1) a spherical core containing fissionable material, moderator,
and breeding material and 2) a blanket containing moderator aad
breeding material. The modetating proﬁerfies of the system are con-
sidered to be independent of position, both in the spherical core
and the dblanket. The density of fissionable ﬁaterial in the core t§~
alzovassumed to be coastant, 1In a&dition,_it is required that the
thermal neutron flux in the core be constant thioughont thé core. This
means that the number of fissions éet unit volume and time -4ll De
bonatgnt throoghout the core, so that the heat liberation 1n-the_core a
ic essentially 1ndqpenden§ of poéitibn, o | |
In order to accomplieh these aims,iit is anparent that
onzg must distribute the bfaeding material\iﬁ the core in a manneé

determined from the condition that the neutron flux is to be constant

throughcut the core. The probler in the blanket is by no meane so

i

definite,
The example considered in this report is a system with

23 as the fissionable material, thorium as the breeding material,

and heavy water as the moderator, It is assumed that thorium is




availaﬁle in large qnantitieslso that, for the priﬁitﬁve discuséion
présented here, no effort need ﬁe made to keep the aﬁount of thorium
required to a\minimumh waeQarq an attempt is made to indicate the
relatiog betweén the amount of heavy watér and émqunt of 23 réqﬁired
tc make the pile go. | |

Since the amount of thorium used 1s of no interest for the
pfesent, 1t is seen that thé blanket may be subdivided into two, |
regions, 1) a spherical shell reflector snfrounding the cqré and con=
sisting of heavy water, and 2) a thorium--heavy water mixture im a
bianket snrrounding the reflect§r such that the thermal neutron flux

density at the reflector-blanket interface is assenfially zero and

©  al'so such that all neutrons entering the external breeding blanket

may be assumed to be captured by thorium.
The requirements that the pile cpnsidered have

1. a spherical core containing a uniform density of 23 and
8 variable density of thorium in a heavy water moderator

2. a spherical shell reflector containing only heavy water

3, an external bree@ing'blanket consisting of pure thorium '
‘or a thorium heavy water mixture

4, constant thermal flux throushout the core .

15 sufficient to define a two:pafameter set of piles, These para-
meters may be, for example, the radiuws of the cﬁré andjihe thickness
of the reflector, However, for the presént pnrpoée one parameter will
he takén as the 23'den§1ty in the cb¥e and the other paraﬁe%er (which

need not be speciffed in detail) wili‘he fixed by the condition that

the thorium density go to zero as the edpge of the core is apnroached.®

® This assumption is made principally to eimplify the discussion; in
some wses it may also give the smallest acttal mass of 23,
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We have thus defined a sinele parameter family of piles. Three
such have been considered in some detsil and their charactepistics

are summarised in Téble I,

8D, 0 G2, 020 : o -
Pile Yoy GB3 | Mess of 23 | radius radius of out- { Neutron ab=orption per
23 “23. of core | side reflector jneutron absorbed in 23
(kg) ~ (en) surface _IInside core Outside core

' S (cm) in D50 in Th. in D0 in Th.

A 0,028 3.7 10%4 \ - Jo.028|0.89 | 0.k2

B ~0.02 4. b 99 209 0.020 | 0.88 | 0.027] 0.40

¢c | o00 . | 72 | 9 135 10,010 | 0.86 | 0.010 | 0.46

Tgbia 1 Smnmarﬁ_of characteristics of three piles with space
| uniform aétivityc . . B
" Pile A is the limiting case in which the mass of 23 18 as low
| as is consistent with the hypothesis of a 23, h_eavy water pile withv |
aphce uni form activityn Piles B and C are of more practical iafereet
since they each invo_lve sufﬁcian'tl;zy enall nodefator absorption that
the breeding ratio may be greater than unity, providing other losses
(eg. fission products, reprocessing etc) can bde kept likewise small,
,.P.ilé B will contaln 3.9 kg.of 23 and approximately 47 tons of‘ heavy
water whereas Pile C has 6.4 kg of 23 and about 13 tons of heavy water,
assuning no heavy water in the breeding blanket. By inc?eaéing the

mass ‘of 23 still fu_rther,' one can reduce the heavy water required, dut

D)

.~ the fact that in this case an appreciable portion of fast neutrons
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would leak out the reflactor would probably make the specific ‘

e arremgement considered here impractical

in Pigure 1 the neutron flux and thorium density in the core,

'ére plotted against the radius for Plle B. Fiemre 2 ig a plot of

thorium demcity in which the abscissa is the relative volume rather

than the radius.

It should be pointed out that the above results are baced .

‘on & primitive caleulation in which no consideration has been glven

%o the enginecring features of the pile, so that the ostimates of\

mass of critical material required and losses do mot take into account

holdup, absorption of etructural and cooling system, poisoning, etc,

‘A Gansgsian slowing down function using the exﬁ;e_rimentally deternined

-

age of thermal ne’utronb in heavy water was used throughout ?:h'a.
calculations, It was alpo assumed that eiementai'y diffusion theory.

wan applicable in the reflector. A brief summary of the method of

_ caléu.lat)‘ion is given P_efow, The various material properties used

are listed in Table 1I, -
A, Heavy Yater,
. Density 1.107 gm ‘cmf'}

_Diffuaion Length 171 em

- \

- age 6f thermal neutrons 125 cma

D= 2.5 cm

B, 233 } B -
g8 = 500 barns »1):2“314

¥}

1

\

‘Table 1I. Material Properties Used in Calculations,
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Mathematical Formulation _ '
|  The notation used is summarized 1n.‘fable"III; J It 1s
assumsd that a value of (Xg) / (Nc’) is spcciﬁed Then one has

for she slowing down densits

alr) = umna-\,,qrof/ 2/ R ’Z‘ {Sf (F? é(gﬁ‘)}

vhere the[] is the slowing down density at a point { Jfrom the :
origim for o spherical shall of radlus r with unit. streneth’ (J. fasc
n_entrcn/ pec. from the entire shelf). Carrying out the mtegrations

one has | ' ' . (1).

vq(i)‘ i foma-) q %{(ﬁ“)“ g{"’“}" E(!‘;“? 11["'5"!,')‘ .

Table 11X Notation

(NG}, . abeorption cross-section o&‘ ﬁssionable‘material, em
Ng), ebsorption cross-gection of moderstor S em ¥

_ (HCT )y ' absorption cross-section of b?éading material B “s:niﬂlr
At ) - traneport mean free’ patﬁ of moderator . em.
1 . aitfeston lensth ( %i‘i—);-% ta modsrator om

T " age of thermal neutrons in moderator o o cm‘:2

o ' fission neutronsXproduced per neut.ron abs rbed N
7’) ’ in £} ssionable material., :

X = /T
£ = ' nv;thermal meutron flux I , 'bxﬁ“.zsec"l
fo = .' thermésl peutron flux 1Vn‘core - . cﬁ"zsec’gl
s - sradius of core . - om

Ly . outer radius of reflector. o . cm
BV , |




r = xyrjiF* radius of any point:’ from éystem orgin ‘ en,
Gk e
q (r) elowing Idown density for ther@ neutrona , ‘ . cm"IBaec"l

) r.)= fa
) e q'(r)/' ..gnmu 7’]]

P (Fp)°

It 1s well to note that if b) 6, as 1s true for all piles of the type

under consideration, one has very ciosely " , . o
Ux) =} - § x—‘») ?,,_@ (x«b “(1a)

Eq. (la) is used th:oughout the work below.

" ' Since the thermal flux f is conatant_ in the core, one has,

" in the core,

N | @
((r:r‘)u+(Nr~)m+(Nu )/7 £y = qfr) or %CEF% 8 Y]\Q(__;_-_;_V)F %;% -1
' ’which gives the breeding material distribution in the co(;-e., - Since
(Na')ﬁ/ (87 )y 'decreaso:s as T 1nbreases, one sees that it may go to
zero at the edre.of the éoren . The core size wﬁ.ll be detemi;aed 80

that this }ﬁppeu&;“ Theroforeo the equation to determine the core size

is ' ‘ , .
0= 7)aw) -1 (na-)m or ~7( - = *,Jﬁ%m_ o ®
' o Ja

®See footnote on page 2. - | _ o o



i ]
The thermal 'neuﬁrog flux'f in he reflector is then tim

solution of |

4‘%2‘ (A %i f} - (), £-+alr) 20

which aatisfiés the boundary ,condit;oné ‘

£ (a)

£'(a) =0, ~ S

£, F(r/,/-%)

&xp [~ _xDb
[Z/ ((N )5m L ylﬂ{ q-(%#fb) (y+b)dy=b,, )/) (

one uses (X¥) to determine the edga/o,f the reflector by noting tha,t

2oy T) =

-8

’

it

riting f(r)

“

on.e hes F(x)

. /
F(x) goes to zero here, so that

| FS)=o0
defines (5

Using (3) %o obtain b and (5) to obtainﬁ one thus has '

. N:
the pile dimensions for any specified (m' 1f the value of -%-1;%—

is too small, qu} {3) and (%) will be 'incomp‘atible. The limiting -

~ value of (N&)u/(lc )m 1s found by setting /39 =& 1.e, by requiring
the second.[ ]m (4) to vanish. This condition ‘tfogeth‘er with (3)
will determine both b and (N o )uf (N g )m for the limiting case. |

It 1s now'feasible to determine the neutron economy. The

neutrons absorbed in moderator inside the pile per neutron absorbed

N

by fissionable materisl is

\

(no?)m/(No\'fSu e | (8

s

) (’4)

(%)



\’I;'he neutrone lost. to moderator in the reflector are glven by

4 o \
- (N’ //-‘1:( 1 1"2 ar - 3 N ‘ /f—b . . - . o
ré*-r2'3/2 b (m’): £o - ®3 (Na-' f P(x7d) (x+5)° ax ‘(7).

The neutrons absorbed in breeding material 1naide the pile are dven by

N

‘l'he_r‘ne'utrana absorbed in the external bdlanket squals
the outflow £rom the reflector? i.e.
=D e WAV T . | o
( 2 1 (/J’»))u :(./. ¥ e ? p(p) (;ug%f . (9)
T3/ B o (503, - % RO

3
Calculations presented previously }rere made with the

above formulae and the gonstaxitg of Table II,

' #To this must be added the neutrons slowing down in the blamket,
but this was negligible for the cases considered.

-~
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