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PREDICTION OF CRITICALITY BEHAVICR
OF A SLURRY UPON SETTLING

SUMMARY

An investigation has been made of the criticality behavior of a slurry re-
actor as a function of settling of the fuel particles. For a glven reactor
with an initial H/U235 ratio above a certain value, a super-critical condition -
can be attalned as s result of slowing down of the stirrer motor. Complete
stopping of the stirrer motor should lead to a less dangerous situation. The
slope of the U235 critical mass (C.M.) vs H/U235 ratio curve appears ‘importent
in determining the criticality behavior upon fuel settling, a super-critical
condition being attainable when d(C.M.)/d H/U235 is positive, zero, or slightly
negative. FPFor nmore negative values of ‘ﬁ.@.‘ﬁ.&z_ » slurry settling will result

__ a B/u2d5
in a sub-critical assembly.

INTRODUCTION

In the operation of a slurry reactor, s critiecal condition can be reached
at a given fuel concentration and enrichment, under mixing conditions which |

disperse the fuel particles wmiformly. If the slurry agitation is stopped, it

ié desired to know what effect the settling of the particles has upon the
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criticality of the reactor. It is the purpose here to predict what the above
effeet will be for various initlal fuel concentrations and two reactor sizes.
Because some of the assumptions are crude, the gbsolute values are probably

not valid; however, the relative results should prove useful.
THEORY

Unreflected Reactor

.Consider that the initial conditiom is = bare reactor, of homogeneous
fuel composition. Assﬁme that as the particles settle, the composition of
the lower portion of the reactor remainz homogeneous, but increases in fuel
concentration, leeving a reflector region above the fuel solution. This situ-
ation is depicted i# Figure 1.

Using the modified one-group neutron diffusion approximation, the
equations and boundary conditions t-}hich need to be sstisfied to maintain criti-

cality are

Qcéo,z) = finite value
04(0,2) = finite value
Qc(rsx) = Bg(r,x) -

0. M(r,x) = eyl(r,x) I}?“(ryX) =




where
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t represents the top reflector region

¢ represents the core region

] =3 o H S}
n. n 1 " 1 i

-
n

Figure 1. Homogeneous, Bare Reactor Model, with Top Reflector

i

vertical distance measured from point of maximum flux

horizontal distance reasured from center of réactor

r evaluated at effective reactor surface

X + y = height of core region

distance from z=0 to reflesctor

distance from z=0 to effective bottom of reactor

distance from z=0 to effective top of reflector:
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where
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o.(R,z) =0
o¢(R,z) = 0
@_c(r,"’y =0
o4(r,w) = 0

no

thermal neutron flux in core region

= thermal neutrorn flux in reflector region

Be2 = buckling coefficient

k., = material multiplication constant required
for criticglity

Ly = thermal diffusion length in reflector

M2 = migration ares of neutron from birth to
capture in core

=)
&
0w

From the sbove, the condition required to masintain criticality cam be found

to be

where

w tan X8 - tan‘hw&'_x«aw§ | 1)
2y ey (2)
w4 1
we = +
2
' ~ 2
o = [2:405
_ Y
k =1 2
2_ _¢ pid
R a5,
h=x+1y

For an initial H/U?? ratio, h = h, = height required for criticality.

As the fuel particles settle, the H/U2 rgtio will be known as a function of

el
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h, the height of the core region. Since the H/U35 retio is known as a functio‘n of
h, Bc2 can be computed as a function of h, and thus y can be found. Knowing

h and y, x can be calculateds The sclution of Equation 1 thus determines w - x,
the height of reflector required to ‘maintain critiecality of a core region of

height h and known H/U235 ratio.

Reflected Resactor

The reflected reactor model chosen is shown in Figure 2.

S g s
i . < ‘

. N ’ .
Figure 2, Homogeneous Reactor Model, with !
Reflector at Top and Sides .
The symbols have the same meaning as before, bu
ty = top reflsctor A
 to = side reflector of height x + ¥y
t3z = gide reflector of height w - x
and the éide reflectors are infinite in extent. Equations and boundary con-

ditions similar to the unrefleéted case can be writter. Agaln assuming modified
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one group theory, that the solution can be represented by using only the

fundamental eigen value, and that there is no thermal flux hump at the boundary

of the reflector regions, the following relations are obtained:

Wtan PB(x + y) = B tanhw{x - w)

a Ji(a R) _ eKi(é R)

Jo(a R) Ko(€ R)
Where 302+=_1_2.=€2+a2
' Ly
2
6 = —13 + ﬂ2
W2oc?s L
L2
B2= et
WP

(2)
(3)

(1)

(5)

(6)

(7)

Thus, from Equations 4 and 3, € and & can be determined For each Bca,

where Bca is determined by the H/U255 ratio in the core; vwhich is a function

of h= X+ ¥., Then, from Equations 5 and 6, B and W can be found, so that the

problem resoive_s itself to finding the value of x - w = top reflector thickmess

required for criticality as determined by Equation 2.

—
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Re'sh’lt’s
Calculations were performed for 10" and 12" dismeter cylindrical reactors,
with reflected and unreflected éituations » using for initial conditions the
experimental data given in report K-343%, The experimental data were also used
to obtain the sppropriate values for some of the constants used in the calcu-
lations. The results are given in Tables 1-4. ALl calculations are applied
to a slurry reactor consisting of U03°H20 particles dispersed in light water,
the uranium beiﬁg 93.4% enriched. All reflectors are considered to be light
water. In each group of H/U?? values in the tables, the first value given
refers to the initial critical conditicn with m fusl settling, while the
values below the initial values r-efer to the H/U235 ratio which would obtain
if the fuel particles were disperaeduunif@rm;y throughout a regi&n of height h.
As a matter of convenience in 'éémparing the various situations, ‘Figure 3
is given, which plots the criticsal mass of 255 va E/U235 ratio for the
initial conditions, these values taken from the experimental data given in

K-343 for aqueous UOoF» solution, 95.4% enriched uranium.

* C.. K. Beck, As D. Callihan, J. W. Morfitt, R. L. Murrasy
Critical Mass Studies, Part III Report K-343, Issued April 19, 1949
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EFFECT OF SLURRY SETTLING UPON CRITICALITY IN A CYLINDRICAL

REACTOR, 10" IN DIAMETER, UNREFLECTED

(he = core height required for criticality with no refleetor)

|B/U<3> Ratio | Ht. of Core | Ht. of Reflector |Calculated Reflector Htq Remarks
h, ems by - h, cm Req'd for Criticality :
(he - h)e, em _
31.6 35.7 0 0 Initial critical condition
25,0 29.9 5.8 ' >R Sub-critical condition
20.0 25.6 10.1 > <P Sub-critical condition
43.9 32.3 0 - 0 Initial critical condition
31,6 24.0 8.3 e Sub-critical condition
25.0 20.1 12.2 702 Sub-critical condition
20,0 17.2 15,1 7 o° Sub-critieal condition
62.7 31.7 0 0 ' Initiel critical condition|
43,9 23.3 8.4 S>ep Sub-critical condition
31.6 17.3 Lk > o0 | Sub-critical condition
25.0 1k.5 17,2 >.00 Sub-critical condition
86.4 31.9 0 o Initial eritical condition]
62.6 23,2 8.7 >R Sub-critical condition
43,9 17.1 14.8 = | Sub-critical condition
31.6 12.7 "19.2 > o0 Sub-critical condition
123.2 3403 0 o) Initial critical condition|
100 28.1 6.2 > Sub-critical condition
86.4 ool 9.9 ' > o2 Sub-critical condition
62:6 17.7 16.6 = oo Sub-critical condition
43.9 13,1 21.2 - oo Sub=critical condition
17k 38.7 (6] _ 0 Initial criticel condition
123.2 27.9 10.8 >00 Sub-eritical condition
100 22,9 15.8 > o0 Sub-critical condition
o 86.4 19.9 18.8 700 Sub-critical condition
_ t 62.6 1h.5 2k, 2 o 702 Sub-critical condition
' (Continued)
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TABIE I (Continued)
TR
/U235 Ratio |Ht. of Core| Ht. of Reflector| Calculated Reflector Ht Remarks
h, cm. he - b, em Req'd for Criticality
(be ~h)gyem |
226 46.6 0 0 Initial ¢ritical condition
I7h 35.9 10.7 5.6 Reflector causes super-
: eritical condition
123.2 25.9 20.7 »oo ‘Sub-critical condition
100 21.2 25.4 >o0 Sub-critical condition
86,4 18.4 28.2 > oo 1 Sub=~¢ritical condition
62.6 13.4 33.2 > o Sub-critical condition
43,9 9.9 36.7 > o° Sub-critiecal condition
320 67.3 0 0 Initial critical condition
270 58.3 9,0 0=1.3 core ht, .Moderator efficiency causes
super-critical condition
226 47.5 19.8 0-.9 core ht. Moderator efficiency causes
guper-critical condition
17h 36,6 30.7 5.4 * | Reflector causes super-
L | eritical condition
123.2 26,4 40.9 > oo Sub-critical condition
100 21.7 45,6 _ > Sub-critical condition
* 86.4 18.8 48.5 > o° Sub-critical condition
()
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TABIE II
. ""EFFECT OF SLURRY SETTLING UPON CRITICALITY IN A CYLINDRICAL
: REACTOR, 12" IN DIAMETER, UNREFIECTED -
< (he = core height required for criticality with no reflector)
[H/U2§5 Ratio| Ht. of Core| Ht. of Reflector| Calculated Reflector. Ht. Remarks
h, cm hy ~h, cm Req'd for Criticality
(hc _h)c, cm L
62.6 23.7 - 0 0 Initial c¢ritical condition
43,9 17.4 6.3 >0 - Sub-critical condition
17h 24,7 0 0 g Initial eritieal condition
123.2 17.8 6.9 >0 Sub~critical condition
100 14.6 10.1 > o0 Sub-eritical condition
86.4 12.7 12.0 oo ‘Sub-critical condition
" 62,6 9.2 15.5 »oe Sub-critical condition
226 26,2 0 0 Initial critical condition
17h 20,2 6.0 >o° Sub-critical condition
123,2 14.6 11,6 == Sub-critical condition
100 12,0 14.2 >2 Sub-critical condition
. 86k 10.4 15.8 >o° Sub-eritical condition
320 3063 0 0 Initial critical condition
L 270 26.2 hol 548 Sub-critical, but reflector
: almost mskes it critical
226 21.4 - 8.9 >o° Sub-critical condition
174 -+ 1665 13.8 >o° Sub-eritieal condition
123,2 11.9 18.4 >‘:‘; .| Sub-eritical condition
100 9.8 20.5 = Sub-critical condition
499 48.8 0 0 | Initial eritical condition
koo 40.5 8.3 0-4.0 em core ht. |Moderator Eff. causes super-
eritical condition
320 31.T 17.1 0-1.4t em core ht. |Moderator Eff. causes super-
eritical condition
270 o 2T.h4 21.4 0=0,2 cm core ht., |Moderstor Eff. causes super-
- ~ O eritical eordition
226 22,14 26,4 Sub-critical condition(refl. .
) ' e f °
- 274 >0 may b inite ht,)
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‘EFFECT OF SLURRY SETTLING UPON CRITICALITY IN A CYLINDRICAL

REACTOR, 10" IN DIAMETER, REFLECTED

(hc = c¢ore height required for criticality with no top reflector)

...................

/U= Ratio

Ht. of Core

T e

Ht. of Top Calculated Top Reflector Remarks
h, cm Reflector Required for Criticality
‘hc'h; cm (g ~h)eyem |

31.6 15.3 0 0 Initial critical condition
24 . 12.7 2.6 >ob Sub-critical condition
43.9 4.9 0 0 Initial critical condition
31.6 11.1 3.8 >0 ‘Bub-critical condition
2.k 9.2 5.7 S0 Sub-critical condition
62.7 15.2 0 0 Initisl critical condition
43,9 11.2 k.0 ><D Sub-critical econdition
31L.6 8.3 6.9 >0 Sub-critical condition
ok, L 6.9 8.3 > Sub-critical condition
86.4 15.4 o} '

s 62,7 11l.2 o2 o] Irnitisl critical condition
43.9 8.2 T.2 > _ Sub-critical condition

. 31.6 6.1 9.3 ><? Sub-critical condition

o 2k 50l 10.3 e Sub-critical condition
123,2 16.8 0 0 ‘Initial critical condition
86.4 11.9 . k.9 > Sub-eritical condition
62.7 8.7 8.1 > <P Sub-eritical condition
43.9 6ot 10.4 ><r Sub-critical condition
17h 18.1 0 0 Initial eritical condition
123.2 13,1 5.0 7":; Sub-writical condition
86.4 9.3 8.8 Z Sub-critical condition
62.7 6.8 11,3 72 Sub-critical condition

- {Continued)
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4 TABLE III (Continued)
/t1235 Ratio| Ht. of Core| Ht. of Top | Caleulated Top Reflector Remarks
‘ h, cm Reflector | Required for Criticality
he-h, cm (be - h)gy cm » L
226 19.9 0 0 Initial eritical condition
17k 15.4 4,5 : —~2 Sub-critical condition (refl..
, _ may be finite ht.,) ’
123.2 11.1 8.8 z 2 Sub-critical condition
86.4 7.9 12.0 z Sub-critical condition
320 25.0 0 0o Initial critical condition
226 17.7 T3 N ~ 2 Sub-critical condition (refl.
o ' | may be finite) -
174 13.6 11.k ~ o0 Sub-critical condition

A
: Sp—=EEEEE Y
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TABIE IV

&
EF'FECT OF SIURRY SETTLING UPON CRITICALITY IN A CYLINDRICAL
) REACTOR, 12" IN DIAMETER, “REFLECTED
(he = core height required for criticality with no top reflector)
/U=2> Ratio | Ht, of Core| Ht. of Top | Calculated Top Reflector o Remarks
h, em. Reflector Required for Criticality| - :
. h,-h, cm : (hc: = h)es cm : i
17h 1%.9 0 .0 Initial eritical condition
62.6 5.6 9.3 >0 Sub-critical condition
226 16.5 0 0 | Initial critieal condition
17h 12.77 3.8 ~ P -|'Sub-eritical condition (reflector
. may be finite)
62.6 4.8 11.7 7o° Sub-critical condition
320. 18,6 o 0 Initial eritical condition
226 13.1 545 > Sub-critical condition
1Tk 10.1 8.5 > <2 Sub-eritical condition
62.6 3.8 4.8 > Sub-critical condition
o 499 26.3 0 0. Initial critical condition
320 17.0 9.3 5.0 Top reflector causes super-
C eritical condition
L 226 12.0 1.3 >ee Sub-eritical condition
17h 9.3 17.0 > o0 Sub-critical condition
155 48.7 0 0 Initial critieal condition
499 22.0 16,7 0-5.7 core hto Moderstor Eff. causes super-
eritical condition
320 20.8 27.9 0-2.2 core ht., Moterator Eff. causes super-
' eritical eondition
226 1.7 34.0 9, - Top reflector causes super-
. eriticsl condition
174 11.3. 3704 > 2 _ Subacriticial condition
P
S
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DISCUSSION AND CRITIQUE

From Tebles 1-4, it appears that for s particular reactor; a super~c1fiticq;!.
condition is attainable by slurry settling if the initial H/U235 ratio exceeds
some value designated approximé.tel& by the mark % on Figure 3. Below this |
] H/U235 va.lu¢ ; the settling of the slurry will only cause g sub-criticsl c.ondition.
Inspection of Tables 1-4 and Figure 3 reveals that in all cases considered a
super-critical condition is attsinsble when the slope of the C,rit:!,ca_.l‘_ Mass (,(;‘_.M._)
vs H/U235 curve is positive ; zero, or slightly negative; and that when %%7:1%%

is more negative than it is at the point designated by % s slurry settling

a Co.M.
d B/u235
value, the more dangerous the situstion can ‘be@)@me., For values of H/U2—7’5 between

can only result in g sub-critical conditiom. Also, as increases in

é and dC.M, _ 0, the effect .of g top reflector cen eause s super-critical

a 5/u235 |
condition to cccur as a result of settling of the fuel. TFor H/U235 greater than
at the point 4 Colo = 0, no reflector is required for s super-critical con-
a H/u235

dition, increased moderator efficiency being sufficient to cause such a con-
dition. From this it appears that the greater the numeriecal Vt;,lue of the slope
of the C.M. vs H/U2D curve, the more dangerous the possible situstion which can
oceur as"g‘result of fuel séttling; convergsely, the lesse: the value of

-

4(CoMe) | the safer is the condition which occurs as a result of fuel settling.

a 5/u2%



~

el W ey 26, 295

Comparing the reflected and unreflected cases, it a,ppears that for points
d. CeMo
d H/u235
case to give like situations with regard to the eriticality behavior upon

to the right of % , & lesser value of is required for the reflected

settling. However, at a given H/Ij235 ratio past %%5 - 0, the C.M. vs
B‘./U235 curves for the unreflected reacters have gr:agég slopes than for the
reflected reactors. On this basis; the reflected reactors are not as dangerous
as bare reactors if the initial econdition is to the right of the point where
d C.M./d B/u?35 = 0, while bare reactors are safer if the initial H/U235 ratio
lies to the left of % .

Inherent in the above discussion iz the agsumptio;a that a hompgeneous

fuel dispersion is the worst condition which can be achieved under the experi-

mental conditions. This should be valid for bare resctors where no significant

percentage of the leakage neutrbns are returned to the resctor. However, as

stated by B. L. Zimmerman, experiments indicate that an ordinary weter reflector
will cause a thermgl flux hump nesxr the reactor edge'ji and perbhaps settled fuel
pa.rt/icles will assume more importance if near the thermgl flux hump hear the
reactor bottom than if distributed uniformly. But, in settling, it appears

more reasonable that the gbove effect will be cancelled cut by the loss of fuel
particles n_eér the reflected sides of the reastor. If this is true , slowing
down of the reactor stirrer motor whem the imitial B/UZ ratio is to the right
of point ? should give a more danger@ﬁs copdition than s_jbopping the stirrer.

completely, and indeed, this has been cbeerved.
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In the caleulstions for the refiected reactor, no consideration was given
to a 'bqttom reflector for mathematical simplicity. The philosophy held was
that the addition of any reflector in the chosen model should indicate the
direction of the effect of a reflector. Thus, the points g for the reflected
case are not as accurately positioned as for the bare reactors considered.

For purposes of rapid conversion of gms U235 /cec to H/UPDS ratio, Figure U
is provided, which is taken directly from Report K»?)Bo

It should be borne in mind that these calculations were for homogeneous

fuel situations, and since a slurry will not settle in this manner, the calcu-

' iations refer more correctly to situations vhere the stirrer motor is slowed

down. It is fe-lt that the fuel settling resulting from stopping the stirrer
completely is much less dangerous than for the absve situations.

To obtain an idea of the amount of excess reactivity which is availsble
upon slowing down of the stirrer motor, eomsider the bare, 12 'inch diameter
reactor referred to in Table II; operating gt an initial H/U255 ratio of 500,

Considering that the effective settiing causes an H/‘(»J235 of 320 in the core

region,
ke = 1 + B2
ke _ 2 282
Bh 311
~ (.
b
22\
<35 (“’ Zl= = o021 em
z
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From Table II, if the core H/U%% iz now 320, this will leave a 17.1 cm
top reflector. This corresponds to an excess k equivalent to 17.1 cm of
reflector plus 1.4 em of core height. Consider this to be equivalent to 7 cm
of core height, with H/U235 = 320. At this stomic ratio, ke ~=1.9, and

% = % excess k = %M ~ T.8% excess k possible

From the sbove illustration, it is evident. that a very dangerous condition
can occur if the stirrer motor is slowed during critieal e:hmeri‘.m@ts;"

If the original condition is H/U25 = 499 end the fuel settles enough to
give an 8.3 em reflector, a similar calculation can again be made using the
data of Teble II (letting the 8.3 em reflector <=3 em core ht.), obtaining

Ak _ h,2% excess k
ke

To get the same amounts of excess reactivity for the reflected réé.c‘l;or s
the original H/U235 retio would probably have to be sbove 600 in a 12"

dlameter reactor.

%J/%azfz/

T . P, R, K Kasten
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