
1 
t 

CARBIDE AND CARBON CHEMICALS COMPANY 

m 
.. C€#TRI? FI!FY YIIMAFP 

. POST OFFICE BOX P 

OAK RIDGE, TENNESSEE 

DATE: Januapy 269 1953 COPY NO. 

SUBJECT: mIcmOl? OF CRITICAIXFX =VI(% cument consists of 20 pages, 
SO. of 21. copies, SeriG A. OF A SLURFlY UPOAT S E m n G  

TO: Distribution 

FROM: P, R. Kssten 

.j: 
*: 

.- . 

2 l0  HRP Beebdlng F f l e s  (REED Library) 

Per Letter Instructions Cf 

-- 

for: H. 1. Bray, Sgavwr 
Laboratory Record8 DegL 
O R 1  



- 2,- 

PREDICTION OF eRFTIeaLFPsl BEHAVIOR 
OF A SLURRY UPOH SETIzLmG 

J==w 2 6 9  1953 

SUMMCIEY 

An investigation has been made of the c r i t i ca l i ty  behavior of a slnrry re- 

actor as a function of sett l lng of the -3. p&ieles;. For a given reactor 

with an i n i t i a l  H/U235 ra t io  above 8 certain value, a super-critical condition 

can be attained as a result of e d m  of the s t i r r e r  motor. Complete 

stopping of the s t i r r e r  motor should lead t o  a lest3 dangernus SitUatione 

slope of the $35 c r i t i ca l  mads (CoMe)  7ts ~/$35 ra t io  erne appears important 

in  determining the c r l t l ea l i ty  behavier qp~n ftsel settling, a auper-critical 

condition being attainable when d(CeMo)/d H/oJ*35 is positive, zeroj or slightly 

negative. For more negative values of - a W  

i n  a sub-eritieal assemblyo 

The 

sett l ing win r e s a t  
d E/T'j%? 

JI91JaWOUCTIrn 

In the operation of a 11umy rewtor, a er&tiejd condition can be reached 

at a given Are1 coneen%rebtion a8d emfc%lm%nt, plladter mfxeaag conditions which 

disperse the fuel par t ic lea  wnifsrm3yo Ef the slurry agitation is stopped, it 

is desired t o  know what effect the settLing of the particles has upon the 
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cr i t ica l i ty  of the reactor. It is the purpose here t o  predict wha t  the above 

effect w i l l  be for  various i n i t i a l  fuel eonesntrations and two reactor sizes. 

Because some of the assumptiom are crude, the absolute values are probably 

not valid; however, the relative results should prove usefulo 

Unreflected Reactor 

Consider that the init3al condition is E bare reactor, of homogeneous 

Assme that as the partielee settle, the composition of fuel composition. 

the lower portion of the reactor remaim homogene0w9 but increases i n  fuel  

concentration, leaving a reflector region above the fuel solution. 

ation is depicted bit Figwe 1. 

This si tu-  

U s i n g  the modified one-grmp neutron diffusion a ~ o x i m a t i o n ,  the 

equations and 

cal i ty  are 

boundary conditions wh3.eh need t o  be satisfied t o  maintain c r i t i -  

+ Be%, = 0 I7  
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Figure 1, HQmOgesleQuS;, Bare Reactor Modely with Top Refleetor 

where t represents the top reflector rsgbcm 

c represents the core rzgion 

z = vertical  distance measked P P ~  ps9a-t of maximum f lux 

r = horizontal distance maswed f r o m  ee&er of rewtor  

R = r evaluated at effective reactor surface 

h = x + y = height o f  core region 

x = distance from 2-0 t~ reflector 

w = distance from z=O t o  effective top of refleetor 



-a 

* 

where 

- 5  - JEbnuasg 26, 1953 

= thermal neutron flux is core region 
0% = thermal. neutron flux in reflector region 
Bc2 = buckling eoeff ic ies t  
k, = materid Irmltiplication eonstant required 

for cr i t ical i ty  
& = thermal diffusion length in  reflector 
M2 = migration mea of neutron from birth t o  

capture i n  core 

From the above, the condition required t o  mxh.ta3st c r i t i ca l i ty  can be found 

t o  be 

where 

For an i n i t i a l  H/U235 ratio, h = h, = 'height reqyired for cr i t ical i ty .  

As the fuel particles sett le,  the l%/U235 r a t io  win be ktmm as 8 function of 
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h, the height of the core region. 

h, Be2 can be colqputed ELIS a fazaetion of h, and thus y c8n be found. Icnawjng 

h and y, x canbe calculated. The solution of Eqmtion 2. thus determines w - x, 

the height of refleetor-required to mafstajln er i t i ed i ty  of a core region of 

height h and known E/U235 ratioo 

Sfsee the H/U*35 ratio is knam a8 a m e t i o n  of 

Reflected Reactor 

The reflected Peaetor model chosen is sbxmn in Figure 2. 

A 

t t I vs 
3 

1 

9 

- - -  - 

t L 2 
W t 

Figure 2. Eombgeneous Reactor Model, w f t h  
Befleetor at Top and Sides 

The synibob have the mean- a.8 before, but 

t1= top refleeeos 

t2 = side reflector of height x + y 
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one group theow, that the soluti011 e m  be represented by using orily the 

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

of the reflector regions, the fo3J.owin.g reEa-tiem me obtained: 

Where 

w tan q ( x  + y) = 8 t € s i h b J d ( X  - w) 

kp 

uJ2=$+- 1 

h2 

Thus , from Equations 4 asad 3, € and Q! can be determined POP each BC2, 

where Be2 is detembed by the H/U*35 ratio in the erne, wWah is a fanetion 

of h = x + yo, Then, from Eqgations 5 and 6, B a n d 3  e a  be ~ Q U Z I ~ ,  so that the 

problem resolves i tself  to find- the v d m  of x - w = top reflector tPlfekness 

required for criticality ELI% determined by Equation 2* 
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* 
0 Calculatiom were performed for 10" and Urn d i e t e r  cylindrical reactors, 

w i t h  reflected and m f l e c t e d  a i t u x t i o n ~ ~  wEng for hitial conditions the 

experimental data given in report K-3439. The experfmental data were also used 

t o  obtain the appropriate values f o r  some of the e0mt&s used in  the calcu- 

lations. The results axe given in Tables L=J.k0 Bp% cd-tiom are applieif 

t o  a slupry reaetor consisting of UO=jo%O parkfeles dispersed is Ught water, 

the uranium being 93.4q6 enriched, A l l  reflectors w e  eomidered t o  be light 

water. 

refers t o  the i n i t i d  erftfcaP eonnditicm wPbh aaep fuel settling, w h i l e  the 

In each g ~ w p  of H/V235 valuers in the tables, the first value given 

values below the initial values refer to %he Et/W235 ra t io  which would obtain 

if the fuel partielee were dispersed u n i f e  t%lsou@xrut a region of height ho 

As a matter of convenience In the T F ~ ~ P ~ O W  rstktations, Figure 3 

is given, which plots the eritfed mas8 of U235 VB E/Uz5 ra t io  for the 

i n i t i a l  conditions, these vduee taken f r o m  the eqerhenta l  data given in 

K-343 for  aqueous U0@2 s0Luti0n9 93.4q6 emiehed maairno 
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25.0 
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43.9 
3i06 
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31.6 
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86.4 
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U3.2 
100 
8604 
62.6 

EFFECT OF SLURRY S E T n a B G  UPON eRITICALFIcl% l3 A C-RICAL 
IZEACTOR, 10" IN DUM3TEIEa9 UNREFLECTED 

(& = core height required for c r i t i ca l i ty  w i t h  rao IPef1ec:tor) 

Ht.  of Core 
h, em. 

Ht.  of Reflector 
a, -h9 

0 

10.1 
5 08 

0 
8.4 
1404 
.1702 

0 
8.7 
14,8 
.19.2 

0 
602 
9.9 
1606 
2 1 0  2 

0 
1008 
15.8 
18,8 
24.2 

8 
7- 
700 

7 @  

0 
7- 
V-0 

743 
7- 

0 
7@ 
7 -  
700 
7 4  

R e k s  

I n i t i a l  critic&, conditio1 
Sub -eri t  i ca l  condition 
Sub-critical condition 

Initial c r i t i ca l  conditio1 
Sub erit ica l  condition 
Sub-critical condition 
Sub-critical condition 

In i t i a l  c r i t i ca l  conditior 
Sub -@r it i e  al condition 
Sub -cr i t ical  condition 
Sub-critical condition 

Initial c r i t i ca l  coxlditior 
Sub-critical condition 
Sub erit  ica l  condition 
Sub-critical condition 

Initial. c r i t i ca l  conditio1 
Sub-eritieal condition 
Sub-critical condition 
Sub-critical condition 
Sub -cri t ical  condition 

Initid c r i t i ca l  conditior 
Sd-eriticaL cordit ion 

Sub-crit f e d  condition 
Sub-eritfcd condition 

Sub -s~l%ieeaP CCXldi t  ion 



TABLE I (Contimed) 

[/U235 Ratio 

226 
174 

123 . 2 

62.6 
4309 

100 
8604 

320 
270 

226 

174 

1.23.2 
b 

100 
’ 8604 

, .  

E t ,  of Core 
h, ~ m .  

46.6 
35.9 

25.9 
21.2 
18.4 
1304 
9.9 

67.3 
58.3 

47.5 

36.6 

g.7 
18.8 

2604 

. .  

H t .  of Reflector 
h, a h >  

0 
10.7 

20.7 
25 04 
28.2 
33.2 
36.7 

9.0 

19.8 

0 

30.9 

40.9 
45.6 
48,5 

D 
506 

5 04 

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

Initial c r i t i ca l  condition 
R e f  leetm causes super - 
ePitical  condition 
Sub -cri t ical  eonditim 
Sub -crit i ca l  condition 
Srpb *rit iea l  condition 

Sub-critical condition 
Sub - C r i t i C d .   conditio^ 

kei t is l  c r i t i c a l  condition 
Moderator ef f ieiency came8 
sqe r -e r i t i ca l  condition 
Wersbor eff icieacy causes 
eqper-eritieal condition 
Reflector causes super- 
e r i t  E e d  eonlit ion 
Sub-critical condition 
Sub-ePitied, condition 
Sub merit i ea l  condition 

L 
~ . - , . .. . 



62.6 
4309 

174 
l23,2 
100 
8604 
6206 

226 
174 
12302 
100 
86,4 

% 

320 
5 270 

226 
174 
123 o 2 
100 

499 
400 

3M 

270 

226 . 174 

EFFECT OF SLURRY SFPfLIIBG UPOBB C Z T I T I C m  IN A CXIJXDRICAL 

(h, = core height required for cr i t ical i ty  w5th ne, reflector) 
R F A C m 9  12" I N  DIABBER $ lJmEFmm 

H t o  Of COPC 
h, em 

23 07 
17.4 

2407 
17.8 
14,6 
J-207 
90 2 

2602 
2002 
14,6 
12.0 
1004 

3003 
2602 

16,5 
9 

9.8 

4808 
40.5 

3107 

' 27.4 

210 4 

22.A 

170S! 

H t ,  of Refleeto: 
h, - h, cm 

Calculteted Refleetor E t (  
R e q ' d  for Crit ical i ty  

0 
>oo ' 

0 
>@ 
>e 
700 ' 

7- 

0 
7s 
7- 

>- 
>- 

0 
5.8 

>@ 
c 

In i t i a l  critical condition 
Sub -cri t ical  condition 

Initial eri t ieal  condition 
szpb -eriticsl eondit ion 
Sub-critical eondition 
Sub -erit i ca l  eondit ion 
Sub - C r i t i c 8 1  condition 

kitid. cr i t i ca l  condition 
Sub-eritieal condition 
Sub-eritied condition 
s7nb -eri-t%eal eosdit ion 
Sub - C r i t  ical C o B d i t  ion 

InitiaJ. e r i t i e d  condition 
Sub -er i t icd,  but ref lector 
a s t  makes it' cr i t ica l  
Sub-erit ieal eondit ion 
S a e r i t i e a  cormdit ion 
Sub -asit i c d  cendit %on 
S?.&-eritied, CQXldi t  ion 
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3i06 

43.9 
31.6 

24.4 

24.4 

62,~ 
43.9 
3 ~ 6  
2404 ' 

62.7 
43.9 
31.6 

8604 

2, 24.4 

l23e 2 
86.4 
62,7 
43.9 

174 
123.2 
8604 
62,~ 

. . . . . . . . .  / .  

Et. of Core 
ht 

15.3 
12.7 

14.9 
ll.1 
9.2 

15.2 

8.3 
609 

15.4 
Il.2 
8,2 
6.1 
501 

16,8 
3.l. 9 
8.7 
6.4 

18.1 
13.1 
9.3 
6.8 

ll.2 

H t o  O f  Top 
Ref lector 
b-h, 

0 
2,6 

0 
3.8 
5 07 
0 
4.0 
6.9 
8.3 

0 
4.2 
7.2 
903 
1003 , 

0 
4.9 
8.1 

I 

10.4 

0 
5.0 
8.8 
1163 

0 
7-0 

0 
700 
l e  

0 
>Q 
7 4  
7 4  

0 
>Q 
7 4  
7- 

0 
. .  7 4  

900 
7-O 

I n i t i d  c r i t i ca l  condition 
Sub-critical condition 

Initial. c r i t i ca l  condition 
Sub-critical condlt ion 
Sub-critical condition 

Inft1a.l e r i t i e d  condition 
Sub -eri t  ieal  eondit ion 
Sub-eri-bicd condition 
Seib-critical condition ,, : 

k1tial c r i t i ca l  condition 
Sub=eri%ical condition 
Sub -critSeal condition 
Sub -cri t ical  condition 

Ih.itia.3. e r i t i c a  condition 
Sub -er%-ticd condition 
Sub-eriticd condition 
Sub-mitied condition 

'Y 
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226 
174 
1.23~2 
86.4 

320 
226 

174 
123 2 

Hto of Core Ht.  of Top 
h p n  Refleetor 

b-h,  

Calculated Top Refleetor 
R e q e e d  for Criticality 

(k - h)cs 

25 ..o 
17 07 

13.6 
908 

0 
405 
8.8 
1200 

0 
7 0.3 

11.4 
1502 

0 
-e 

c 

L 

Remarks 

. . . . . . . . .  

Initial c r i t i ca l  condition 
S U ~  -eri t  i c a  condition ( re f le  
may be f fa i te  ht,) 
Sd-e r i t i ca l  condi t i~n  
SUb-cPLt i ca l  condition 

Initial c r i t i ca l  condition 
Sub *pit ieal  condition (ref 1. 
-,be f in i te )  
Sub -eritictbs. eondit ion 
Sub-erftical condition 
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V 

174 

226 
174 

62,6 

62,6 

320 
226 
174 
62.6 

I 226 
174 

755 
499 

226 

174 

'EFFECT (3' SIJJRRY SIFECUNG UPON C X I T I C W  A Cs%LIIBDRICfU 
REAeTQR, un m D m J  m m  

(h, = core height required for c r i t i e d i t y  with pro Imp reflector) 

Hto O f  Core 
h, ~ m o  

26.3 
17.0 

1200 , 

903 

48.7 . 
32.0 

20,8 

H t o  Of TQP 
Ref lector 

34.0 

3704 
'. , 

- .  . .  I 

Remarlrs 

hi%id erjitfeal condition 
Sub -eritied. coariiit ion 

I n i t i a l  c r f t i e d  condition . 
Sub-critical condition (reflector 
may be f in i te )  
Sub e r i t i c d  condition 

k i t i s a p  e r i t i c d  condition 
Tap reflector causes super- 
eP%%%cd condition 
Sub-crit ieaf Condition 
Sub -6ri-t i c d  condition 

EnifAd, critical. eondit ion 
Moderator E f f ,  causes stager- 
erl-t ied eonditioa 
S!bterator E f f  causes super- 
eritfeed- sondit ion 
!Fop refleetor causes super- 
crfLIc3sl ecmdi-k Ton 
Sub,-eriiAoal condition 

. .  

-< . . 

. .  
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DISCUSSION PLWD eRSrIQraE 

From Tables lJt2 it appears .&hat for a p & i c W  ~ m t 0 ~ 2  a super-critical 

condition is attainable by slupry se t tPbg  if the f i a i t i a l  €I/U235 ra t io  exceeds 

same value designated approximately by %he mmk $ on F i g w e  3. Belaw this  

E/U235 value, the sett l ing of the ~ a l o ~ p p p y  wLU. only cause a sub-Critical eond3tion. 

Inspection of Tablee 1-4 and Figure 3 reveals that in all. emes considered 8 

super-critical condition is attainable when the a9ope of the Cri t ical  Mass (C.M.) 
vs H/$35 curve is positive, Z ~ P O ,  OF a%i&tly negative, and that when d( C.M, ) 

is more negative than it is at the 

can only result  in a sub-mi t i ed  condition, Kbs, as ' 0 '0  increases in 

value, the more dangerow the ssftm%fon e m  Beearm. 

d H/U235 
deBigm%srd By 2 , ~Ssupry set t l ing 

d E/@% 
For values of H/U235 between 

'OM, 

= 0, the effect of" a top apaflec*r e m  cause 8 super-critical 
and d H/U235 

condition t o  occur as a result sf aet$%9Ea@; of %he f'ueP, For H/U235 greater than 

at the point 

dition, increased mderator effieiemy being m€'fieie& %as came such a con- 

"" 
d H / U e 5  

= O9 XIQ refleetor %a reqatx?ed %or a super-eriticd. eon- 

dition. 

of the C,M, vs H/U235 e w e ,  %he mre dangerous the possible situation whfeh can 

From this it appears that the greater the nmeap%cd value of the slope 



C o m p a r h g  the reflected and mef lee t ed  emee, it appeares t h a t  for points 

Ea required for the reflected 
d H/@35 

t o  the right of $ , a lesser value of 

ease t o  give l ike situations with regard t o  the criticality behavior upon 

settling,, However, at a given H/U23S ratio past &&!!d. = 0, the C.M. vs 
d HM35 
1 - - 

H/U235 c m e s  for the w e f l e e t e d  rewtors have greater s l o p s  than for the 

refleeted reactorsa On this basis; the refleeted Pewtore are not as dangerous 

as bare reactors if the initia%*cotadition Sa t o  the right of the point where 

d C.Mo/d H/U235 = 0, while bare reactors axe s&er if the iBitial H/@35 ra t io  

l i e s  t o  the l e f t  of f 
Inherent i n  the above discmsion 18 the mswq?tJt.on that a homogeneous 

fuel dispersion is the worst ccm&tion which e m  be w l v e d  under the experi- 

mental eonditionss. Thfs S~QU be v d i d  for bwe remtors where nco significant 

percentage of the leakage neutrons w e  ra-hmed to the r e w b r .  However, as 

stated by E, Le Zimmermas, eqerinents indfeeete %ha% an ordinary water reflector 

w i l l ,  cause a thermal flux hung ne= %he resetor edge, asbd perhaps settled fuel 

p&,icles w i l l  assume m r e  igapor-bwce if near the C h e d  flux h q  hear the 

reactor bottom than if  distrtbuted unlfo9pdy0 "ut, In settling, it appeazs 

more reasonable that the above effect w & U  be emeelled out 'by the loss of fuel 

partielea near the refleeted sides of the rew%oro 

down of the reactor bstlrrer &or *en %he t~i%id H/U235 ratfa is %u the right 

of point f should give a m r e  dmgeraw com3i%icm $hw. st;0pp%sg the stirrer 

completely, and indeed, this 

If this f u  %me2 slowing 

been obBeme30 
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In the ealeulatioxm for  the refzeeted rem-tor, m consideration was given 

to a bottom refleetor for  mathematical siqpliei-by, The pMpOsophy held wa8 

tbt the addition of any refleetor fm the chosen model should indicate the 

direction of the effect  of a reflee%or. 

case are not as accurately positloned ey9 for the bare reactors considered. 

Thus, the points for  the reflected f 
For purposes of rapid eonversioa of @ p ~ 3  U235/@c t o  H/U235 ratio, Figure 4 

is provided, which is taken directly froxu Report K-343. 

It should be borne in mind that these e & a t t o m  w e r e  for homogeneous 

fuel situations, and rsinee a slurry wi.2.I aaOe se t t le  in *this nmmer, the calcu- 

lations refer more eomeetly t o  ai,twtgrtPm Where the etimer motor is slowed 

dawn. It is f e l t  t h a t  the Atel settling resul-bing frm s-bsppissg the s t i r r e r  

completely is much lese dangerow than for the above situations, 

To obtain an idea of the amow of exeem rewt iv i ty  which is avaihble 

upon slowing down of the stirrer mtor, eomider the bare, l2 inch diameter 

reactor referred t o  in Table II, opera%bg a% em Ln3tia.l R/U235 ra t io  of 500e 

Considering that the effective set%%%Hbg causes an B/U235 of 320 in the core 

region , 
= 1 "r B%2 
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From Table  119 if the core i a  now 320, this wfp% leave a 17.1 em 

top reflector. This corresponds t o  an excess B ecpivaXent to 17.1 em of 

reflector plw L04 em of core heighto Corwfder %his t o  be equivalent t o  7 cm 

of core height, with €I/v235 

A k  - = $ excess IX 
kc 

Fmmthe above i l l u ~ ~ t r a t i o n ,  it is evident t h a t  a veryedangerous condition 

can O~CUP if  the s t i r r e r  motor is s l m d  during cri%ical expriments. 

If the orighml condition is H/U23S = 499 a d  the fuel settles enough t o  


