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ABSTRACT

An spproximnte method of caleulntiag the eritical mass of 25 ms a funetion

g8

of sphericsl core volume of & wide variely of enriched uranium in water solutions
surrounded by wmter is outlived, The results are expressed in such a form that one
ay read, after selecting a single parsmeter, the oritical mess of 25 and the
corrssponding core volwae from the intzrsection of iwo superimpesed curves. By
choosing & series of values for the parameter, one way 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 solution concentratlons
of several uranium compounds having varicus 25 isotope enrichment pcrcent;agasg The
approximations are in such & direction as to yleld eritienl nasses thet are slightly

low,
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GRAPUICAL :HTHOD OF OBTAINING CRITICAL MASSES OF WATER-TAMPED WATHR BOILERS

In & previous report (L&-39%) it has been shown thwt the variationsl
treatment of the integrel diffusion egustion for a spheriocal water=tamped boiler

vields the following critical eguatiom:

NGl = N, 0L f wlir 38 Anfes 39)]-[Gr 3% Aafis-2v X o)

Here N, and Nog are respectively the atomic hydrogen denmsity in the temper (water)

and the utemic density of 25 in the core. The thermal absorplion crossesection of

4 =
=

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

a8 a homogeneous nixture of uranium snd weter,

c 25 .
Oo =0, * ("f)¢¢g“ boip (2)

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

& solution of some uranium ccm§ound in water, one must ndd to the numnerator of the
second term of Equation (2) the thermal absorption oross section of those stoms of

the compound assoclated 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 nunber of thermal neutrons surviving the resounance capture of 2€ during
moderation that appear either in core or tawmper per absorption by the material peo-
uliar to the core associated with one 25 atom 1s the "effective~y ” defined as follows:

CLASSIFIED
w = P (A L) P (7o) UNCLASSIFIED
(3}
The Fraction of the fission neutrons that survive caplture by 28 during moderation

35 the funcsion of the effestive scattering cross-section in barns per 28 etom, @3/28a
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P.h expl-(fo2r 2 67&)[#/!/(0-/23)] (4)

The circled points in Figure 1 correspond to the experimentally determined values
of the erfective ( So,5 dB/E) obtsined by A. Co G Mitchell and collaborators
{8P-1676) for verious moderating medis.
The bracketed expression in eguation (1) is a function of w and the diameter
'l
of the core, Yor a ziven velue w The leakaze [unctions Lﬂ + S'YAN/(S-SYi] and
[G + 3YWdg(5-3Y ] can be obtained mumericully. In (L2<399) the following formula
was derived for the parameter ¥ appesring in the persbolic trial function
n = no[:l ~75,(r/h)2:], for the thermal neutron deusity in the core; R is tho radius

of the core,

3“(: 2,5 [ le ‘v 1 « 3,36C (1 - C) / (1 - C)] ' (5)

Ca(WAHOA.G)/(WBH"'Bg)a

The three functions H, Ay» and BH’ depending on the core diameter, d, and the shape
of the total showing dowm kernel, X(r)s (o, fo Fige (8) of LA=399) were obtained

by numericul intag r&t*ons of the following equations:

H(2) = § (477 P2 ) [T-3/2) (r)d)+(£)( f”3/d )T dn
Aypd) = J¢ 4777’-@[ rjel)~(10f3) (rfal)>+ S(rfd)*(2/ lrjd ) _Tebe
(6)
0[_ .
U = 2 § "ty Lo~ X 7 e )

The expressions for the three other functiocns, G, AG, wnd BG’ sre ziven by the above

UNQLASSIHED
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integrals (6) upon replacing K by the diffusion kernel, (c”r/L) /(4nr Lz),
where L ® 2,88 om is the thermal neutrom diffusion leunzgth in water,
For & given walue of w the criticwl nnss of 25 as a function of core volume

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

_ 235 W, ‘ ’
Mg = __.,m.%,?.v (1 Kg / liver) = ( 0%® /6%) F (w, V)
9 Ny h
. X \
where Plw, V) = 239 04 {w H+ 3 A ], [G + 3 agly
i 9 Ga' / 59—*5\’ i 5=3i (7)
and og = 3} barnsg 02: = 840 burns,

The quantity ¥ (w,V), which is proportional to the critical mass in Kg is
plotted 8s a family of curves on the transparent sheet for variocus values of w. For
. s 5 . . :
8 ziven boiler oza /'c:Als known, In order to obtain the oeritical mass as &

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

o . (3 (29, ¢ . . .
& known constent { i.e., !7\0& /'ca ) times the survival fraction P ( of /28 ), One

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

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

2
R'° = R® + 7% (8)
; . ; v o s . .
where R 1s the actual core radivs and r° is the mean square thermulization dise
'EZ—"“

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 eflfesctive hydrozen densgity, N;, in the sphere of moderstion is givew by
I N MY R Y .,’) C 493

o . . 7 , C__T N
#here N° is the hydrogen density in the core. MNow, since Nﬁ = NH = (B/pilNys.
A

- UNCLASSIFIED
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the ratic L‘JZO/l“F{ is given by

Nas/ W, -(cw/w/[/vm' ;27 (10

Thus an alternate expression for the mass of 25 in a volums V is

Mas ::32;1?? _%__F (d i+ E00) 1 * p (11)
wnece = ¢ /LN, - C(_'j///i/zly )+ O/F]

Fizures 2 shows Mos plotted as a function of ¥V for variocus values of the psrameter y,
The effective seatiering crossesectlion per 28 atom wmay now be expressed in

terms of the paramcter y, namely:
(' ol ) TH e Wy )= L2 D)oz “J(r
A TN /v;, + A Ve r/7~ /’
Hore the importent term is the scattering crossesection of hydrozen ag = 2{) barus,
og is the gecattering cross-gection associated with one ursnium atom in the compound used.
The procedure for culeulating the critical macs as a functlion of volune is

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

horizontal index on the sheet of F curves lubelled (025/66) over the value of (GaZS/Bac)

on Plgure 2, Selecting any valus of y enables obe to compute 03/28 and in turg w by
using Figure 1 to determine the survival fraciicn P in EBguation 3, The critical mmss
and volume are read from Figure 2 at the point of intersection of the particular y
curve and its corresponding w curve,

4s an example, consider a boiler contuining a solution of 14 o/b enriched
solution of U02$04° The displacement producsd by U0580, in water is D = 6.1, The
oxypen absorplion is neglizible and that of sulphur is .53 barns; thus {ca25/54°) =
Selecting the values of y listed below, one salculates 08/%8 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
y a®/28 P w v Mys

0016 (1.9)18° ,955 1,975 12.14 1,41 Rg
0014 (2.2)10° »959 1,98, 15,3 1.30

~ 0012 (236}105 .962 1,990 15;3 1,19 7
0011 (2.9)10° 965 1,99, 16,5 1,15
23010 (315010 967 2,00 13,0 1.12
0008 (3.5)10° ,969 2.00g 22,5 1,12
»0008 460)103 . 0971 2.00g 9.0 1,17

The last two columns are the value of M,5 and V read from Figure 2 at the intersection
of the corresponding y snd w curves,

The experimental value of the critical mass of a 15 liter water tamped 14'0/6
enriched uranyl sulphate boiler, as reported in LA-241, is 1,2 : 200 Kgo An interpolation
in the above table between 1,19 Kg and 1,30 Kg ylelds, for V = 15 liters, a mass of 1.20
Kz,

The graphical method is particulurly useful in obtalining minimum oriticel messes
and optimum 25 concentrations fro purposes of safety. We have assumed in the treatment
outlined here that glowing down and tha;mal diffusion lengths in the core solutica are
the same as in the normel density water tamper. Actually the effect of dilution of the
veter in the core by the ursnium in sclution is to increase the average slowing down
displacement of fisslon neutrons. The leakage from the core is thus underestimated.
Consequently, for a ziven w the function F(w,V), which is proportional to the critical
MaSs, 1§ @ minimum estimste., In LA-399 the 14 o/0 uranyl sulphate boiler was treated more
acourectely; displecement "effects on the leskaze ware not ignersd, This more involved
theory which is not esasily summerized im zyrsphical form ylelded, for the 15 liter voluae

toiler, o critical muss only 9 ofo zrester thon thet obtained by the graphical approximat-

jon presented heres .\_‘ |v .
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