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ABSTRACT

An spproximate method of caleulating the eritical mass of 20 ms a function
of sphericai core volume of w wide variety of enriched uranium in water solutions
surrounded by water is outlived, The regnlts are expressed in such a form that one
my read, after selecting a single parsmetler, the critical mass of 20 and the
corrssponding core voluwme from the intzrsection of iwo superimposed curves. By
choosing & series of values for the parameter, one wmay easily compute the criticul
mess of 29 as & function of core invelved.

This information is particularly useful for purposes of salety. One cen
rapidly obtain minimum critical messes and optimum water solulion concentrations
of seversl uranium compounds heving varicus 25 isotope enrichment pcrcent;agasg The
approximations are in such & direction as to yield critiesl masses that are slightly

low,
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GRAPHICAL :ETHOD Q7 OBTAINING GQLTICBL MASSES O WATER-TAMPED WATHR BOILERS

In & previous report (L&=39%) it has been shown that the variatiomsl
treatment of the integrel diffusion egustion for a sphericel wateretamped boiller

vields the following critical eguation:

NI el = /\{woafz’ w[u+3xﬁ,.,/(5- 3x)_'] -[Q+ 3% Agfts-=2 x‘,ﬂj (1)

Here H; and Nog are respectively the atoric hydrojen density in the temper (water)

and the atomic density of 25 in the core, The thermel absorpbion crossesection of
P

4 =
=

an hyarogen atom 1s ag 231 barns, and the absorption cross-section peculiar to
the core that is associated with one 25 atom is 0g®. If the core is considered simply

as a homogeneous mixture of uranium snd weter,

c 25" 2
Cp =0 + (:-/b)o-a_t Da;j-‘]F A (2)

where p is the 25 enrichment {rachion and D is the number 6f atoms of hydrogen (i.0.,
half molecules of wuber) displuced by one ursnium wtow in the core. If the core is

a solution of some ursnium com§0und in water, one must add to the nuanorator of the
second term of Equation (2) the thermal absorption cross section of those atoms of

the compound associated with one uranium atom, and the displacement D is thet produced
in water by the ursnium plus its chemically bound atoms of the compound,

The nunbsr of thermal neutrons surviving the resonance capture of 2€ during
moderation that appear eithoer in core or tawper per absorption by the material peo-
uliar to the coro associated with one 25 atom is the "effective~y ” defined as follows:

o CLASSIFIED

w = Y(O'az_f/o‘;_‘)/o(a's/ef> UH~ D220 1LY

(5}
The fraction of the fission neutrons that survive capture by 28 during moderation

is the function of the effwetive scattering cross-section in barms per 28 etom, @3/283
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P..h exp[(fﬂ’zs“zq&)[,d//(a—/zs)j (4)

The circled points in Figure 1 correspond to the experimentally determined values
of the evfective ('5028 dE/%) obtained by 4. Co. G Witchell and cellaborators
{8P-1676) for verious moderating medis.

The bragketed expresgion in eguation (1) is a functicn of w and the diameter
of the core, For a ziven velue w The leakaze [unctions LH + 3Y2 N/(a-aﬁi] and
[G + 3Y45(5-3% ] can be obtained mumericelly. In (L2«392) the following forumula
was dorived for the parameter K’appcaring in the parsbolic irisl functisn
n = ﬂo[:l "‘f,(r/h)z:], for the thermal neutron deusity in the core; R is the radius

of the core,

5= 2,5 [: 1. Yr-ssec(1-0)7@-¢] (5)

wnere

c = why - AG Y/ (w By - By )

The three functions H, AH” and BH’ depending on the core diameter, d, auad the shape
of the total showing domn kernel, X(r)s (¢, fo Fig. (6) of L4-399) wers obtained

by numeyricul intag r&t*ons of the following squations:

H(2) = g’ G iy B /2) () (£)( P2 )T

Ap) = J¢ 47—,72,«:)[ rfel)=(10f3) (rfet) >+ 3(rjd)*(3) Yr)d)* Jebe
(&)

Bf/ (d) Zj (477 r*K) /.6"//6/) (/4/3)(:-/d) 2(,—/6{)3‘(//2//) Zﬂ

The expressions for the three other functicus, G, AG, snd BG’ are’ ziven by the above

UNSLAJSIHﬁD
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! \ , , - ‘- . =r/L
integrals (6) upon replacing K by the diffusion kernol, (e r/ ) / (4 nr Lz),
where L ¥ 2.88 ¢m 1s the thermal neutrcen diffusion lenzth in water,
For a gpiven wilue of w the criticwxl nmss of 25 as a function of core volums

in liters V, is given by Eguelion {1),namelys

235 N,
4 b .. L3 -.1’5
M25 __mmm%,“v (L Kz / liter) = ( ag /'q:) F (w, V)
9 Ny
where Flw, V) = 239 ;’g. v/ {j" T “‘H]; [G +-—~—7-3 Aty (7)
7 9 G&~ ‘s:"\rgy 695
and ag = 31 barnsﬁ 02; = 840 barns,

The quantity ¥ (w,V), which is proportional to the critical mmss in Kg is
plotted 8s a family of curves on the tresnsparent sheet for various values of w. For
5 R .
5 ziven boiler oza /'c:Ais known, In order to obtain the eritical mass as @

function of core volume, one must be able to evaluate w, which for the given boller is

o S (29, ¢ . . .
& known constent ( i.e., ‘V\GQ /'oa ) times the survival fraction P ( of /28 ), One

may obtain the effective scottering cross-section per 28 atom as rellows,

Let us define u "sphere of moderation " having & radius R® given by

2 —
R*“=RS+7T (8)
. o H - 2 : . .
where B 1s the actual core redivs and r is the mean square thermalization dise

2
placement for neutrons in the water tamper (r = 200 cmz)O During slowing down a

neutron may suffer collisions in the tamper es well as in the core, survive 28 capture,
and still produce fisgion in the core, The sphere of moderation is the estimated

volume in which we shall assume scattoring mey complete with 28 resonance absorption,

The eflfwctive hydrozen density, N;, in the sphere of moderation is given by
I N MY Ry .,’) C 793
d Ny =Ny (' Za)+ N, & (%)

o . . 7 , C__T N
wshere N~ is the hydrogen density im the core, HNow, siuace NH = NH = (D/piNsg5e
H
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the ratice Néa/uq is given by

Nos/Nid ~(¢"/¢“)/[’V"/°’" 727 (o)

Thus an alternate expression for the wmass of 25 in a volume V is

s %;ﬁ _ET (d*+ £00) 3/7'/ (11)

e yr) Ly s 4°)0 £/F ]

Fizura 2 shows Mo plotted as a function of ¥V for various values of the perameter y,
The effective seuttering crosse=sccllon per 28 atom wmay now be expressed in

terms of the paramcter y, namely:
o Yat= Loy (4" Ny Yo (> N ) T W )=L=" (/s D)t og _7(/--/3}
(13

u ., . . .
o5 is the scattering cross-section associated wilh one ursnium atom in the compound used.

Hore the important term is the scatterling cross-section of hydrozen GE = 2{) barus,
The procedure for culeulating the critical macs as a functlion of volune is

now simple, The constants necessary are (oa25/'oa°), p,§3 , and D. One places the

horizental index on the sheet of F curves labelled (025/66) over the values of (GQZS/BEC)

on FPlgure 2, Selecting any value of y enables obe to compute 08/28 and in turo w by
using Figure 1 to determine the survival fraction P in Equation 3, The critical messs
and volume are read from Figure 2 at the polnt of intersaction of the perticular y
curve sand its corresponding w curve,

As an example, consider a boiler contuining a solution of 14 o/c enriched
solution of U02$O4a The displacement produced by U080, in water is D = 6.1, The

Ls . X s . . : ; 28, o

oxygern absorption is negllzible and that of sulphur is .53 barns; thus {(gg /ba ) =
Selecting the values of y listed below, cne osalculates os/%B by Bquation 12 and the

survival fraction is resd [rom Figure 1, Using the value v = 2.09, one then obtsing we

UNCLASSIFIED e
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T o
y a®/28 P w v Mys

0016 (1.9)10° L 955 1.975 12.14 1,41 Kg
0014 (2.2)10° »959 1,90, 15,3 1.30
~00L2 (zneﬁxlo5 2962 v 1,920 15;3 1,18 7
0011 (2,9)15° 965 1,99, 16.5 1,16
70X0 (30155107 ,967 2,004 19,0 1,12
0009 (3.5)10° .969 2,004 22,5 1,12
»0C08 4.0 )105 . .971 2.00g 29.0 1,17

The lsst two columns are the value of My5 and V read from Figure 2 at the intergection
ef the corresponding y snd w curves,

The experimental value of the critical mass of a 15 liter water tamped 14 o/o
enriched uranyl sulphate boiler, as reported in LA-241, is 1.2 : 200 Kgo An interpolation
in the above tuble between 1,19 Kg and 1,30 Kg yields, for V = 15 liters, a mass of 1,20
Kz,

The graphical method is particulurly useful in obtaining minimum oriticel masses
and optimum 25 concentrations fro purposes of safety. We have assumed in the treatment
outlined here that slowing down and thajmml diffusion lenzgths in the core soluticn are
tho same as in the normal density weter tamper., Actually the effect of dilution of the
yater in the core by the ursnium in sclution is to increase the sverage slowing down
displacement of fisslion neutrons. The leakage from the core is thus underestimated,
Consequently, for & given w the function F(w,V), which is proportional to the critical
mass, is & minimum estimste. In LA=399 the 14 o/0 uranyl sulphute boiler was treated more
acourstely; displacenent ‘effects on the leekaze were not ignersd, This more involved
theory which is not essily summerized im yrsphicsl form ylelded, for the 15 liter volume

toiler, o critical wmass ounly 9 o/b srester thon that obtainad by the graphiccl approximut.

ion presented here. .\:—},
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