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PRELIMINARY REPORT

T H IS  R E P O R T  C O N T A IN S  IN F O R M A T IO N  O F A  P R E L IM I N A R Y  N A T U R E . IT  

IS  S U B J E C T  T O  R E V IS IO N  O R  C O R R E C T IO N  A N D  T H E R E F O R E  D O E S  N O T 

R E P R E S E N T  A  F IN A L . R E P O R T . IT  W A S  P R E P A R E D  P R I M A R I L Y  F O R  

IN T E R N A L . U SE  W IT H IN  T H E  A T L A N T IC  R IC H F  IE L D  H A N F O R D  C O M P A N Y . A N Y  

E X P R E S S E D  V I E W S  A N D  O P IN IO N S  A R E  T H O S E  O F T H E  A U T H O R  AN D 

N O T N E C E S S A R I L Y  O F  T H E  C O M P A N Y .

NOTICE

T H I S  R E P O R T  W A S  P R E P A R E D  A S  AN  A C C O U N T  O F W O R K  S P O N S O R E D  B Y  TH E 

U N IT E D  S T A T E S  G O V E R N M E N T . N E IT H E R  T H E  U N IT E D  S T A T E S  N OR TH E  

U N IT E D  S T A T E S  A T O M  IC E N E R G Y  C O M M IS S IO N *  N OR A N Y  O F T H E  IR E M P L O Y E E S , 

N OR A N Y  O F T H E IR  C O N T R A C T O R S , S U B C O N T R A C T O R S , OR T H E IR  E M P L O Y E E S , 

M A K E S  A N Y  W A R R A N T Y , E X P R E S S  OR I M P L IE D , OR A S S U M E S  A N Y  L E G A L  

L I A B I L I T Y  OR R E S P C N S I B I H T Y  F O R  T H E  A C C U R A C Y , C O M P L E T E N E S S  OR 

U S E F U L N E S S  O F A N Y  IN F O R M A T IO N , A P P A R A T U S , P R O D U C T  OR P R O C E S S  

D IS C L O S E D , O R  R E P R E S E N T S  T H A T  I T S  U SE  W O U L D  N O T  IN F R IN G E  P R I V A T E L Y  

O W N E D  R IG H T S .
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PREFACE

The expansion o f ARH-600 to  three volumes has been requ ired  by the  add ition  

o f new data. The s ize  o f Section  I I I  and the d esire  to  keap each volume 

sm all fo r ease in  handling has requ ired  a ra th er awkward d iv is io n  o f th is  

sectio n  between Volumes I I  and I I I .  A s ig n ific a n t amount o f data is  

a v a ila b le  fo r in c lu s io n  in to  Sections IV  and V I and h o p e fu lly  w i l l  be added 

in  the fu tu re  i f  tim e perm its.
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III. HOMOGENEOUS SYSTEMS

A. PLUTONIUM SYSTEMS (SEE VOLUME I I )

B. URANIUM-235 SYSTEMS (SEE VOLUME I I )

C. URANIUM-233 SYSTEMS

D. MIXED AND MISCELLANEOUS SYSTEMS

UNCLASSIFIED



UNCLASSIFIED III.C-1 ARH-600

I I I .  HOMOGENEOUS DATA

C. URANIUM-233 SYSTEMS

1. C o rre la t io n  Between C a lc u la t io n  and Experim ent

2. H/U ve rsus Uranium g/1 R e la t io n s h ip

3. C r i t i c a l  Sphere Dimensions

A l l  graphs w ith in  t h is  and fo llo w in g  
d iv is io n s  have the percentage by w eight 
o f the m ajor f i s s i l e  atom (U-233) as 
the  fo u rth  id e n t i f ic a t io n  number, e . g . , ,
I l l . C . 3(97)-2 would s ig n if y  the second 
graph showing data  fo r  uranium con ta in-
ing  97 w eight p ercen t U-233.

4. C r i t i c a l C y lin d e r  Dimensions

5. C r i t i c a l S lab  Dimensions

6. C r i t i c a l Mass - Sphere

7. C r i t i c a l Mass per U n it  Height - C y lin d e r

8. C r i t i c a l Mass per U n it  Area - S lab

9. C r i t i c a l Volume

10. M a te r ia l Ducklings and In f in i t e  M u l t ip l i 
c a t io n  F a c to r

Revised 7/10/69 UNCLASSIFIED
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BASIC URANIUM-233 CRITICAL PARAMETERS

These b a s ic  va lu e s  are taken from re fe ren ces  which would 
no rm ally  be used as bases fo r  standards. ARH-600 va lu es  
compare fa vo ra b ly .

(1) (2)METAL

Minimum c r i t i c a l  s p h e r ic a l mass,
Kgs 233U 18.66 g/cm3
In f in i t e  c y lin d e r  d iam eter, in ch es ,
233U 18.66 g/cm3
In f in i t e  s la b  th ick n e s s , in ch es , 223
18.66 g/cm3
Minimum s p h e r ic a l volume, l i t e r s ,  233
18.66 g/cm3

U

U

HOMOGENEOUS SOLUTIONS (2) (3)

2 3 3UMinimum c r i t i c a l  mass, g 
I n f in i t e  c y l in d e r  d iam eter, inches 
In f in i t e  s la b  th ick n e ss , inches 
Minimum s p h e r ic a l volume, l i t e r s  
Minimum a re a l co n cen tra tio n  g / f t 2 
Minimum c r i t i c a l  aqueous co n ce n tra tio n ,

F u l l
R e f le c t io n *

7.6

2.01

0.247

.407

570
4.68
1.26
3.7

341

g/i 2 3 3U 11.25 + 0.10 
11.2

(2)
(3)

*

* *

Bare**

17.0

3.2

1.8

.84

1200
7.5
4.0
8.7

-440

R e f le c to r  i s  w ater un less o therw ise  s p e c if ie d .
"B a re " so lu tio n s  have 1/16-inch s ta in le s s  s t e e l  r e f le c t o r

W. H. Roach and D. R. Sm ith. "E s tim a tes  o f Maximum S u b c r i t ic a l
Dimensions o f S in g le  F i s s i l e  M eta l U n it s " ,  ORNL-CDC-3,
O ctober, 1967, { r e f le c te d  m etal system s).

(2) . . v 'H . C. Paxton, e t  a l .  " C r i t i c a l  Dimensions o f Systems C onta in ing
235U, 239Pu and 233u", TID-7028, Ju n e , 1964, ( fo r  a l l  bare
systems un less  o therw ise  noted; so lu tio n s  are  U(100)-Hz0 w ith
c o rre c t io n  fo r  H/U re la t io n s h ip s  fo r  a c tu a l s o lu t io n s ) .

^ J .  W. W ebster. "C a lcu la te d  Neutron M u lt ip l ic a t io n  F a c to rs  o f 
Uniform  Aqueous So lu tio n s  o f 233u and 23aU ", ORNL-CDC-2,
O ctober, 1967, ( fo r  r e f le c te d  U(100)02F2 system s).

UNCLASSIFIED
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III.C.l Correlations Between Calculation and Experiment

The primary means of producing the data in this section, as in 
previous homogeneous solution sections, has been with the 
combination of the GAMTEC II and HFN computer codes. GAMTEC II 
was used to produce 18 energy group cross section sets which 
were then used in HFN to calculate critical sizes. A number 
of critical experiments were checked to verify the adequacy of 
the calculations. These are shown below:

Geom. Reflector Solution 233Ug/l Calc, k. Remarks

1. (a )Sphere Water U02F2 39 1.0257 31.9 cm .d ia.

2. Sp here^ Water uo2(no3)2 62 1.012 26.6 cm .d ia .

2a. Same as 2 1.011
+.010

KEIIO C a lc/c '

3. Sp h ere^ Bare U02(N03>2 16.8 1.0070 70.5 cm .d ia.
U. Cyl. Bare uo2f 2 165 1.007 25.5 cm .d ia.

5. Cyl. ^  

(a )Cyl.

Water uo2(no3)2 kg 1.015 25.5 cm .d ia. 
h = 25.5 cm.

6. Paraffin uo2(no3)2 33 6 1.071* 19*1 cm .d ia. 
h = 16.2 cm.

7. C y l.(a ) Paraffin uo2(no3)2 336 1.018 15.1 cm .d ia. 
h = 29.0 cm.

8. C y l/ a ) Paraffin uo2(no3)2 275 0.995 KEN0 C a lc .(c )
±.013

The calculations performed generally indicate a slight 
conservatism in the calculational method. The high bias on
6 is at least partly due to the fact that the upper reflector 
was a significant distance from the top of the solution instead 
of immediately adjacent as assumed in the calculation.

A number of experiments have been performed in France; correlations 
with these experiments have not yet beer, attempted.

(a)
Data from 0KNL-21U3, "Critical Mass Studies, Part VIII, Aqueous Solutions 
of 233U", J. K. Fox, et al. Vessels were aluminum, coated with a corro
sion inhibitor.

^ S e e  VI.2-1 

(c)Used 16-group Hansen-Roach cross sections.

Revised 10/5/70 UNCLASSIFIED
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I I I . C . 2  H/U V e rs u s  U g/1 R e la t io n s h ip s

The f o llo w in g  r e la t io n s h ip s  w ere  u sed  to  d e te rm in e  
s o lu t io n  c o m p o s it io n .

F o r  u ran iu m  n i t r a t e  s o lu t io n s  th e  r e la t io n s h ip  
b e tw een  H/U and th e  u ran iu m  c o n c e n t r a t io n  was 
d e r iv e d  from  th e  e q u a t io n :

/0 , = 1 .0012 + 0 .3177  M + 0.03096 J  s o l u HNO3

F o r  u ra n iu m - w a te r s o lu t io n s  th e  r e la t io n s h ip  w as:
,n _  25860 1 .368

/U (.9 7 9 0  + . 0 2 1 0 1 f233) U g/1 ”  (.9 7 9 0  + .0 2 1 0 1 f233)

233w h ere  f 2 33 1S t*18 w e ig h t f r a c t io n  o f  u in  u ra n iu m .

U N C LA SS IF IED
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211. HOMOGENEOUS DATA

D. MIXED AND MISCELL&IEOUS SYSTEMS

1 . Correlation Between Calculation and Experiment

2 . H/X versus F iss ile *  g / l  Relationship

3 . C ritica l Sphere Dimensions

A l l  graphs within th is  and following divisions  
have the percentage by weight o f the major 
fissile-atom -containing component as the 
fourth iden tification  number. For example, 
IIX .D .3 (3 )-1  might s ig n ify  a graph showing 
data fo r  a PUO2-UO2 mixture containing 3 
weight percent PuO_ with the uranium being 
either natural or aepleted, while I I I .D .3 (3 ) -2  
might show data fo r  material containing 3 
weight percent U-233 in  thorium.

4 . C ritica l Cylinder Dimensions

5 . C r it ic a l Sleb Dimensions

6 . C ritic a l Mass -  Sphere

7 . C ritica l Mass per Unit Height -  Cylinder

8 . C ritica l Mass per Unit Area -  Slab

9. C ritica l Volume

10. Material Buddings and In fin ite  M ultiplication  
Factor

* In  th is book f i s s i le  atoms are those which can sustain a chain 
reaction in  at le a st one condition. Fissionable atoms are defined 
a&gthose which can be made to  fiss io n  but may or may not ( e .g . ,  

•^U) be capable of forming a c r it ic a l  mass.

UNCLASSIFIED
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A. PLUTONIUM SYSTEMS

B. UMNIUM-235 SYSTEMS

C. URANIUM-233 SYST0-1S

D. MIXED AND MISCELLANEOUS SYSTEMS

IV. HETEROGENEOUS DATA
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COMMENTS ON DATA

The c a lc u la t io n  o f  param eters f o r  uranium ro d s i s  c o s t l y  in  
b o th  tim e and money i f  com p lete  coverage  i s  p ro v id e d  becau se  
o f  th e  number o f  v a r ia b le s  in v o lv e d . D i f f e r e n t  c r i t i c a l  con 
d i t i o n s  may be o b ta in e d  fo r  d i f f e r e n t  f u e l  m a t e r i a ls ,  e n r ic h 
m en ts , rod d ia m e te r s , w a te r -to -u ra n iu m  r a t i o s ,  c la d d in g  
m a te r ia l  and c la d d in g  t h ic k n e s s .

C la d d in g  f u e l  ro d s w i l l  g e n e r a lly  ten d  t o  d e c e a se  c r i t i c a l  
l i m i t a t i o n s  s l i g h t l y  f o r  ro d s  c la d  w ith  m a t e r ia ls  such as  
aluminum o r  z irc o n iu m . For t h i s  r e a s o n , p a ra m eters in  t h i s  
s e c t io n  w i l l  be f o r  u n clad  f u e l .  I f  i t  i s  d e s ir e d  t o  ta k e  
advan tage o f  th e  e f f e c t  o f  a c la d d in g , such a s  s t a i n l e s s  
s t e e l  which has a pronounced e f f e c t  on c r i t i c a l  l i m i t a t i o n s ,  
i t  w i l l  be n e c e s s a r y  t o  c a lc u la t e  t h i s  d i r e c t l y .

The uranium and uranium  o x id e  d ata  o r i g i n a l l y  w i l l  be shown 
a s th e  m ost l i m i t i n g  v a lu e s  f o r  a g iv e n  e n ric h m e n t, i . e . ,  
f o r  any rod d ia m eter  or l a t t i c e  s p a c in g . As tim e  p e r m its ,  
more g e n e r a l c u rv e s  showing v a r ia t io n s  w ith  th e s e  p aram eters  
w i l l  be added.

The b u lk  o f  th e  uranium  and uranium o x id e  d a ta  has been  
tak en  from ,w ork perform ed by H. K. C la rk  a t  th e  Savannah R iv e r  
L a b o ra to ry  . T h is  i s  a v e r y  e la b o r a te  work p r o v id in g  com
p l e t e  coverage  o f  th e  e f f e c t s  o f  a l l  th e  p r e v io u s ly  m en tioned  
p aram eters on bare r o d s . A number o f  com p arison s w ith  t h i s  
d a ta  has been made and th e s e  c a lc u la t io n s  appear t o  ran ge  
from  somewhat c o n s e r v a t iv e  a t  low  en rich m en ts t o  b e in g  th e  
same a t  5 w t.%  U -2 35  e n rich m en t. I t  d oes n ot appear n e c e s 
s a r y , t h e r e f o r e , t o  c o m p le te ly  r e c a lc u la t e  t h i s  d a t a . O ther  
c a l c u l a t i o n s ,  l e s s  com p lete  and s l i g h t l y  more c o n s e r v a t i v e ,2 . 
than th o se  in  D P -1 0 1 4 , may be found in  A H S B (s), Handbook 1 '  .

C r i t i c a l i t y  p aram eters fo r  m a t e r ia ls  o th e r  th an  u r a n iim .o r  
uranium  o x id e  have been c a lc u la t e d  by th e  HAMMER c o d e 1 ' .
The c a lc u la t io n s  w ith  t h i s  code compare fa v o r a b ly  w ith  th e  
d a ta  in  D P -1 014 . C a lc u la t io n s  have been made w ith  th e  o r i g i n 
a l  c r o s s  s e c t io n s  p rov id ed  w ith  th e  code (h e r e a ft e r  r e fe r r e d  
to  as BNL c r o s s  s e c t io n s )  and w ith  ENDF/B c r o s s  s e c t io n s .

I t  i s  som etim es n e c e ssa r y  t o  u se  a f ix e d  v a lu e  f o r  th e  
e x t r a p o la t io n  d is t a n c e , w ith  th e  b u c k lin g  c u rv e s  shown, 
e i t h e r  to  redu ce th e  c o m p le x ity  o f  th e  d a ta  o r  t o  in su r e  
a g a in s t  n o n -c o n s e r v a tiv e  c a l c u l a t i o n s .

(1 ) H. K. C la r k , "Maximum S a fe  L im its  f o r  S l i g h t l y  E n rich ed
Uranium and Uranium O x id e " , D P -1014 .

(2) J . H. C h alm ers, e t  a l ,  "Handbook o f  C r i t i c a l i t y  D a ta ,
Volume 1 " ,  AHSB(s) Handbook 1 , ( 1 s t  R e v is io n ) ,  1 9 6 7 .

(3) J . E . S u ich  and H. C . Honeck, “The HAMMER S y s te m ",
D E -1 0 6 4 , J a n u a ry , 1 9 6 7 .

U N C L A S S I F I E D
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A . PLUTONIUM SYSTEMS

IV. HETEROGENEOUS DATA

1 . C o r r e la tio n  Between C a lc u la tio n  and Experim ent

2 . C r i t i c a l Sphere D im ensions

3 . C r i t i c a l C y lin d er  Param eters

4 . C r i t i c a l Slab Param eters

5 . C r i t i c a l Sphere Mass

6 . C r i t i c a l Sphore Volume

7 . M a te r ia l B u ck lin gs and E x tr a p o la tio n  D ista n c es
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IV . HETEROGENEOUS DATA

B. URANIUM-235 SYSTEMS

1 . C o r r e la t io n  Between C a lc u la t io n  and Experim ent

2 . C r i t i c a l  Sphere D im ensions

3 . C r i t i c a l  C y lin d e r  Param eters

4 . C r i t i c a l  S la b  P aram eters

5 . C r i t i c a l  Sphere M sss

6 . C r i t i c a l  Sphere Volume
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A. INTRODUCTION

This section deals with the problem of neutron interaction between sub- 
c r it ic a l  units of an array or system. Many methods have been developed 
to  cope with th is most d iff ic u lt  problem and some o f the more useful of 
these are reviewed or referenced here. Several actual sample calculations 
have been made using c r it ic a l array experiments. An examination of these 
results w ill show that there is  no one good method for interaction  
problems. Indeed, one method may yield  safe results for one system and 
unsafe results for another system. Due to  this uncertainty o f results, 
the size o f an array calculated by these methods should be used as a 
design guide only. Firm design would require clearance by a C ritica lity  
S p ecia list.

Neutron interaction must always be considered when f i s s i le  material is  
present except:

1 . Where f i s s i le  units are separated by one foot o f water or a 
material of equivalent hydrogen density.

2 .  Where the units are separated or shielded by another unit whose 
interaction has already been calculated.

3 . Where a l l  units combined constitute a safe mass or le s s .

k. Where a l l  units are made up o f homogeneous mixtures with the f i s s i le  
isotope concentration less than 6 grams per l i t e r .

The following array criteria  is  specified  in Section I .C :

1 . The individual units must be sa fe .

2 . The array sh a ll have a less  than O.98 for the worst foresee
able conditions.

3. Generally, the units should be separated by 12 inches to  give 
isolation in case of water flooding.

Shipping containers and arrays must meet the requirements of 
Chapter 0529 o f the U. S. Atomic Energy Commission manual;
10CFR71 and the Department of Transportation Regulations, ^9CFR173.

UNCLASSIFIED
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CORRELATION OF CALCULATION M 3  EXPERIMENT AMD EXAMPLES 
OF CALCULAiIONAL PROCEDURES

1• PIPING LJTKRSKCTIONS

a. Piping Intersections from Nuclear Safety Guide

One of the most common types of interaction is between the 
various branches cf a piping arrangement. The interaction 
between piping ells, tees, crosses or wyes, can be conserva
tively calculated using the following equation and Table I :

de (E V>/»]
1/2

(a)

where

d = the effective diameter

= diameter of the i-th branch of the 
intersection

n = number of branches •, 2 for ells, 3 for 
tees and wyes, and U for crosses

An intersection is safe if dg is equal or less than the values 
in Table I.

An example would be a 6-inch I.D. pipe joined by a U-inch pipe 
as a tee:

dg = \ (6)2+(6)2+(b)z ] 1/2 = 5>Ulg= £ (6)2+(6)2+(b)2 J

From Table I, page V.B.1-2, this pipe intersection would be 
unsafe- for all materials and systems except the minimal re
flected 235U system.

Revised 10-5-70 UNCLASSIFIED
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TABLE I
RECOMMENDED INSIDE PIPE DIAMETERS* FOR INTERSECTIONS 

CONTAINING FISSIONABLE MATERIAL (H/X>20) ^ )

Ells - Full Reflector

Nominal Reflector < l" HgO 

Minimal Reflector < 1/Q" S.S. 

Tees - Full Reflector

Nominal Reflector 

Minimal Reflector 

Crosses or Wyes -

Full Reflector 

Nominal Reflector 

Minimal Reflector

AR11-600

Inside Pipe Diameter (in.)
235<j 239Pu 233t

14.6 1*.0 3-U

5-3 M 3.8

6.0 5.1* U.2

h.2 3.8 3.2

5.1 I*.6 3.7

6.0 5.1* k.2

3.8 3.Ji 2.8

U.9 lf.l> 3.5

6.0 5-^ h.2

^Reduced diameters should extend 18 inches from intersection and no 
two intersections should occur within 18 inches.

Revised 10-5-70 UNCLASSIFIED
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A more useful method of calculating the interaction effect of inter
secting piping was recently proposed by Dickinson and Schuske. This 
method, entitled "The Generalized Area of Intersection" (GAl) method, 
is based upon experimental27) data and calculational correlation with 
intersecting piping experiments carried out by the Rooky Flats Division 
of The Dow Chemical Company. The material for this model has been 
abstracted from the referenced article. The GAI model calculates both 
simple and complex intersections providing different limits on the 
intersection area and column size depending on the number of quadrants 
that contain arms. Although the experiments were carried out with 
enriched (93.1 vt% 235U) uranyl nitrate, the results are conservative 
for plutonium nitrate solutions in the range of approximately 50 g /1 
to * 650 g/1 depending upon the 2l*0Pu content. (See page II.B.l-lU).

Definitions

Diameter - Always the inner diameter of a pipe,

(Central) Column - The main column or pipe from which branching of 
arms occurs; the largest diameter pipe.

Arm - Any pipe or cylinder intersecting the central column.

Intersection Area - The area of intersection of an arm with the 
tangent plane of the column at the point where the axis of the arm 
intersects the column. (See Figure 1, where D = diameter, theta 
(0) = angle between arm axis and column axis, and A = area of 
intersection).

Sector - Any l8-inch length of the central column. (See Figure 2).

Quadrant - One-fourth of a sector; the sector is divided into four 
quadrants by two perpendicular planes intersecting along the axis 
of the sector. (See Figure 2).

Minimal Reflection - The reflection from the *v l/8-inch-thick steel 
walls of the pipes only.

Nominal Reflection - Reflection from 1/8-inch-thick steel walls of 
the pipe plus 1/2-inch of water reflector (or an equivalent amount 
of reflection) around the pipes.
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QUADRANT

A=irO2 csc0

4

4

Fig. 1. Surface area In contact with central column.
Fig. 2. Sector and quadrant definitions.

Full Reflection -  Reflection due to  fu ll  water flooding of a pipe 
system (pipes have 1 /8 - inch-thick steel w a lls )-, safe dimensions 
are calculated by reducing a l l  diameters in the minimal cases by 
a factor o f 0,635*(27)

Since the experimental information was limited and since the 05R 
c o d e (28) had shown acceptable accuracy in reproducing experimental 
re su lts , the Q5R code was used to  generate the necessary c r itic a l  
data. Later, calculations were performed to  verify that the safe 
dimension pipe systems actually were far subcritical (ke f f  + ho <0.95)•

The procedure used to  derive the safe dimensions o f the GAI model is  
to  f ir s t  se lect arbitrarily a reasonable central column diameter and 
then to calculate c r it ic a l am  diameters for the case of minimal 
reflection for the following configurations: (a) the simple repeat
ing T (one quadrant per sector), and (b) two quadrants per sector.
The cases for 3 and H quadrants per sector are combined and are handled 
as presented in reference 27. Safe dimensions were obtained from these 
c r it ic a l cases by reducing the central column diameter and the arm 
diameters by 10 to  15 percent. The safe dimensions for nominally and 
fu lly  reflected systems were obtained by applying a reflector savings 
correction to  the data for minimally reflected systems.(27)

A l l  previous models had been lim ited to the case of a single central 
column, leaving i t  up to the user to  decide when a second column was 
su ffic ie n tly  far away to be considered isolated . No experimental '  
results exist for the case of interconnected pipe systems, each con
sistin g  of a central column with attached arms. However, data on the 
interaction of cylinders ( i . e . ,  columns) indicate that interaction  
decreases rapidly with distance between cylinders. Since the increase 
in ke£f due to  a second column at a separation of two-feet was less  
than one standard error, the tw o-feet distance was selected as the



UNCLASSIFIED V .B.1-5 ARH-600

minimum separation permitted by the GAI model. Because of the small
ness o f the change produced by adding a second column, i t  is inferred  
that a third column would also produce an acceptably small change in 
kej£ , although no calculations were done to study the e ffect of a 
third column. An example (see Example 2) is  presented o f a system 
containing three interconnected columns, and an 05R calculation veri
fie d  that the diameters and separations calculated by the GAI model 
are safe.

Rules Defining the GAI Model

1 . The area of intersection o f the arms with the column must be 
calculated for a l l  quadrants containing arms, and the calculated 
area must not exceed the maximum value given in Table I I  for the 
appropriate number of quadrants used and reflection condition.
The intersection area must be distributed in such a way that i t  
is  impossible to find any quadrant which contains more area than 
that permitted by Table I I .

2 . The central column diameter must not be greater than the appropri
ate lim iting value given in Table I I .

3. A maximum o f three columns is  permitted, and the center-to-center 
distance between any pair o f columns must be at least two fe e t .

U. For the case of nominal or fu ll  re flec tio n , a maximum o f four 
arms per quadrant is  permitted. There is  no lim itation on the 
number of arms per quadrant in the case o f minimal reflection .

Examples

The following examples illu stra te  the application o f the GAI model.
In each case, the goal is  to  maximize pipe diameters and minimize :
spacings. A ll pipes are assumed to  be f i l le d  with enriched (93.1?» by 
weight 235U) uranyl n itrate solution at a concentration of ^50 g /l i t e r  
of uranium, and minimal reflection  is  assumed.

TABLE n ■
Maximum Intersection Areas and Column Diameters Permitted by the GAI Model

Minimal Reflection Nominal Reflection Full Reflection

Number of Maximum Maximum Maximum Maximum Maximum Maximum
Quadrants Central Intersection Central Intersection Central „ Intersection
Containing Column Area per Column Area per ' Column Area per
Arms in a Diameter Quadrant Diameter Quadrant Diameter Quadrant

Sector (in.) (sq. in.) (la-) (sq. in.) (in) (sq. In.)

1 7.25 41.28 6.25 30.68 4.60 16-62
2 7.00 29.70 6.00 20.83 4.44 11.98

3 or 4 6.50 23.75 5.50 16.00 4.12 9.60
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Note that arms 1-6, all of diameter d2 must be placed in the same 
sector. Assume that the separation, S, is large enough to put arms 
7-10, all of diameter d^, in a separate sector. For the first 
sector (arms 1-6), only two quadrants contain arms, and hence each 
quadrant is permitted 29*7 square inches of intersection area, giving

d2 = ( ^ 3 ^ ) = 3.55 inches

For the sector containing arms 7-10, the four quadrants are used, 
and hence dj_, the column diameter, is 6.5 inches, and d^ = 5*5 inches.

Finally, the separation, S, must be chosen large enough so that no 
quadrant contains more intersection area than permitted by Table II. 
This is accomplished by setting S = 18 inches - 3*55 inches = 1U.U5 

inches.

By comparison, the maximum arm diameters permitted by the GEC model 

(see page V.B.1-9 - section on comparison of GEC and GAI) for a 6.5- 
inch column are d2 = 3.72 inches and d^ = 5*02 inches.

Example 1 (See Figure 3)

Fig, 3. ' Geometry for Example 1.
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Consider f i r s t  the spacing of the columns, since that is  independent 
of arm or column diameters. The distances S.̂  and Sg must each be 2k 
inches; then the distance between columns 1 and 3 is  2k-{2 inches.

For column 1 , there is  only one s«ctor to  consider, and i t  has two 
quadrants containing arms. Therefore, column 1 may have a diameter 
of 7 .0  inches, and each quadrant may contain 29.7  square inches o f  
intersection area; thus, arm 2 may have a diameter o f 6.15 inches 
and arm 1 , which is  at U5 degrees, a diameter of 5-17 inches. Note 
that the diameter o f arm 2 , which also intersects column 2 , may 
have to be reduced to  make column 2 safe.

Example 2 (See Figure *0

Fig. 4. , Intersecting system with three columns. Per
missible pipe diameters are circulated in Ex
ample 2.

Regarding column 2 ,  assume that the distance S-, w ill  be chosen so 
that arms 3 and k are in different sectors. Then the sector contain
ing arm *+ uses only one quadrant. However, the sector containing 
arms 2 and 3 has two quadrants containing arms, and hence column 2 
is  limited to  a diameter o f 7 inches. Arms 2 and 3 may each be 6.15  
inches in diameter (so the previously assigned5diameter,for arm 2 , 
relative to column 1 , is  allowed to  stand). Aim V, which is  permitted
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Ul.28 square inches o f intersection area (corresponding to a diameter 
of 7.25 inches), can be only 7 inches in diameter, since the arm 
diameter cannot be larger than the column diameter.

F inally , column 3 has two sectors to  consider, each o f which contains 
only one arm. Hence, column 3 may have a diameter of 7.25 inches. 
Arms 3 and U are also permitted 7.25-inch diameter, so the smaller 
diameters already assigned also sa tisfy  the safety criteria  for 
column 3.

Setting S3 = 11.85 inches puts arms 3 and It in separate sectors.

The calculated 3cef f  for this system, using the diameters previously 
assigned, is  k gff = 0.852 ± 0. 018.

Example 3 (See Figure 5)

For this example, the column diameter is  allowed to  vary. Consider 
f ir s t  the sector containing arm 1. Only one quadrant is  used, so

*  d j *  T.25 inches.

.Tig. S. .Pipe system with central column of variable 
diameter. See Example 3 for calculation of 
safe dimensions.
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Next, the sector containing arms 2 and 3 uses two quadrants, and the 
maximum column diameter is  do = 7 .0  inches. For the arms, = 6.15  
inches and dc = 5*17 inches (by the same calculations used for arms 
1 and 2 o f Example 2 ) .

The distance S2 must be chosen so that the 7.25-inch part o f the 
column cannot be placed in the same sector with arms 2 and 3. This 
is prevented by setting S = 18 inches. There is  no restriction  on 
S^, since the choice o f  S2 is  su fficien t to put arm 1 in a separate 
sector from the one containing arms 2 and 3.

'Jo check the conservatism o f the GAI model, two 05R calculations 
were made for th is  example. With a l l  diameters and spacings as 
calculated, and with « 0 .2  inches, kef f  * 0 .833 ± 0 .017- For 
Sj_ “ 18 inches, kgff = 0.821 ± 0 .0 l6 .

Comparison o f GEC and GAI Models

A different model for evaluating the safety o f pipe intersections for 
f i s s i le  solution was described in RFP-IU99. ^ 9 )  This model, called  
the Generalized Equivalent Cylinder (GEC) model, is  based on the idea 
o f replacing an intersection by an equivalent cylinder, whose height 
and diameter are calculated from the parameters o f the intersection.
The intersection is  deemed safe i f  the equivalent cylinder is  sub- 
c r itic a l.

When applied to uranyl nitrate solution , the GAI model generally 
allows much larger diameters than the GEC model. Exceptions may occur 
in the case o f a quadrant containing severed, arms, since the GAI model 
makes the overconservative rule that the to ta l allowable area is  to  be 
divided among the various arms (see Example i ,  results for arms 1 -6 ) .

Suggestions for Use of the Model

The derivation o f  the GAI model required only properties common to  a ll  
f i s s i le  solution s, such as the reflector savings correction or the 
fact that kef f  is  decreased by replacing one pipe by several smaller 
ones with the same to ta l area o f intersection. Hence, the concept of 
the GAI model can be applied to  other f i s s i le  solutions ( e .g . ,  plutonium, 
233U, or low-enrichment uranium) i f  calculations or experiments are 
performed to  provide the appropriate numerical values for column diam
eter and intersection area as given in Table I I  for uranyl n itrate .
The rules o f the model are exactly as given here.

Recent French experiments ^ 7 )  indicate that the GAI model, using the 
data given in Table I I  for uranyl n itra te , would be even more conserva
tiv e  when applied to certain bare plutonium solution systems. In 
particular, plutonium nitrate solution (3.13# 2t*°Pu, acidity, about SS, 
concentration > 82 g /l i t e r  o f 239Pu) is  found to  be less reactive than 
uranyl nitrate (90? Z35U, acidity about 2N) for the same concentration 
o f the f i s s i le  isotope.
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A second possible variation o f  the GAI model concerns the particular 
column diameters and corresponding intersection areas given in Table
I I .  I f ,  for example, one did not need column diameters as large as 
those given in Table I I  but needed instead larger intersection areas, 
one could make such modifications i f  appropriate calculations or experi
ments were performed to  support these changes, but the basic assumptions 
o f the GAI model would s t i l l  apply.

The referenced a rtic le (26) suggests th a t, whenever possible , proposed 
pipe systems for f i s s i le  solution be evaluated using both the GEc(29) 
and the GAI models. Since both models are adequately conservative, 
one can choose the model that gives the better result in each particular 
case.

c. Other Calculations! Methods

Monte Carlo calculational codes are now used extensively for calculat
ing safe neutron interaction between arrays of f i s s i le  subcritical units 
or piping intersections as illu strated  in the previous section. For 
unique piping problems that cannot be easily  estimated with the GAI 
model or for less  conversative resu lts, the GEMU, MONK, KENO, or other 
suitable Monte Carle codes may be used.
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In the case o f small numbers o f units at large separation distances, 
the soliA  angle method may he used to determine a conservative safe  
array. The so lid  angle method is  quite tedious fo r  large arrays even 
i f  the units are identical. In th is method the to t a l  fractional 
so lid  angle o f a l l  surrounding units seen by the most reactive unit, 
visually the most centrally located, the k -effective  of the central 
unit when isolated , and the probability, of neutrons escaping the 
units are used to  determine the k -effective  of the array.

The so lid  angle,^7 (in  steradians), or fractional so lid  angle, , 
which is  A7T > ôr cylinders and slabs may be calculated by the 
equations:

2. Array Calculation - Solid Angle Method

General

cross-sectional area 
(separation dlstanco?

FORMUIAE

Pi|J88

» = (d/h) sin 0 0 = 2® (1 - eos Q)

Planes

, h

0  = (ab/q2) cos 0

V v y

a ' 4 sln~
(a/2) (b/2>

\A:v 2>* t h* \Aw7ihF

APPLIKI) MKTIIODS

Cylinders

(Reduce to planen 
center-to-edge) 

d

T
L

1

Spheres

(Reduce to discs 
conter-to-edge)

TTWrn* A G O T D T P n
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The fractional so lid  angle between identical spheres, slabs and 
cylinders may also  be obtained from curves (pp. V .D .1-1 , -2 , -3 )  
taken from Reference 3. However, an examination of the data in 
Table IV indicates nonconservative results when these curves are 
used with less than a separation of 2 diameters between units.
The so lid  angle calculated by the use of equation (b ) gives 
conservative answers.

(3)The following equation may be used to  calculate the k -effective  
of regular arrays of identical units:

*  "  1  -  [ < w o  < d >

where

(l-U ) i s  the probability that fiss io n  neutrons w ill  
escape before being thermalized.

i s  the fractional so lid  angle subtended at the 
central-most unit by the i - t h  unit of the array.

q  ̂ is  the flu x  weighting factor fo r  the i - t h  unit
o f the array. For identical cylinders in a ir ,
qi =Pi  where p. is  a weighting factor to Q  ±"
For each unit1in the array, p is  based upon the 
neutron flu x  at that point o f the array. Formulas 
for determining p are presented in Table I I .  For 
small arrays, a conservative solution may be 
obtained by considering p^q^^JL.

ka is  the k -effective  of the array.

ku is  the k -affactive  of the u n it.

UNCLASSIFIED
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TABLE I I
(3)

FLUX WEIGHTING FACTORS FOR DIFFERENT ARRAY SHAPES, p

Array Shape 

1 . Sphere

2 . Slab (Flux, distribution measures 
perpendicular to face)

3- Slab (Flux distribution measures 
parallel to  face)

k. parallelepiped or Cube 
(For cube W  = L* = H ')

5 . In fin ite  Cylinder

6 . Finite Cylinder

j = 2 .^05 . 
o

0C = Flux at the center o f the array.

$ = Flux at any given point in the array.

For a homogeneous reactor, the primed letters have the conventional 
meanings o f being the actual respective physical dimensions o f the 
reactor plus an extrapolation distance determined by the reactor 
conditions; for symmetric geometries, a l l  measurements are made from 
the geometric center of the reactor, which is  also the point of
greatest flu x . For the analogous m ulti-unit arrays as described,
these primed lette rs also represent the physical dimensions o f the 
array, where these physical dimensions are considered as being bounded 
by the centers o f the outer-most units, plus an "extrapolation length" 
which, for s in g le -tie r  sq.uaiearrays, is  equal to  one center-to-center  
spacing of the units in the array; a l l  measurements are also made from
the geometric center of the array.

P =

sin  (TTr/R1)

cos Ttz

2H

cos

cosf a x
[Sw1

cosjJE Icos'ffz I
I 2L / i 2 H •/

¥ H & .
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When material bucklings, migration areas and are available for 
the material in a regular array of identical units, the following 
equations may he used to calculate

1 + M

*u = ---- --- (e)
1 +

1-U, the leakage probability = ■■■ - - ■■■ (f)
1 + mPb|

Substituting (e) and (f) into equation (d):

1 + iP b|

ka = ' W W  I  (s)
1 " 1 + rfB|

1 + --
v - ------ ...........or (g)

1 ♦ * 4  [ 1 - B n  n « > ]

ltQO

If is know.

1 + #B§

^  --- 00
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Example o f Solid Angle Method and Correlation v ith  Experiment

Problem: An array o f 25 identical cylinders o f 92.6  Wt$ S3BU as uranyl 
nitrate at a concentration of ^10 g u/l, the cylinders are polyethylene 
bottles 13.6525 cm O.D., 112.4 cm high, and average w all thickness o f  
0.63 cm. At c r it ic a l the bottles are equally spaced at 11.557 cm 
surface to surface. Since the cylinders are identical the center-most 
w ill  have the highest reactivity  due to  the interaction from a l l  other 
"seen" cylinders. This was an actual c r itic a l experiment performed at 
Oak Ridge and reported in ORUL-3193* a progress report of the laboratory, 
in 1961.

25.21 cm

Ul'TCtASSirakD
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Froa page I I I .B .11-93-1  we obtain equal to 1 .8 4 l and M5 equal 
to  2 8 .T and from page I I I .B .10 .93 -1  we find the bare extrapolation 
distance, equal to 2 .1 .

The cylinders crossed out in the sketch, page V .B .2-5 , are hidden 
from the center cylinder and do not interact: with i t .  To obtain 
the fractional solid  angle of each o f the symmetry types, the center- 
to-center distance of each symmetry type from the central cylinder 
must be calcul?*. ed.

Using the equa ion (b ) , the distance, h, must be obtained and the 
fractional s o lid  angle calculated. For the closest cylinders to  
the central cylinder (symmetry one):

h = (center-to-center distance) -(radius of the cylinder)= 18. 38^ cm

Then

f i f l  - -  -

18.381* [(18.390s *  '

Since the array is  planar and square, equation 3 in Table I I  may be 
used to calculate p. And since the array is  in air

q = p = cos lf(  £  I cos ii 1 L ] or ̂* | cos Iff Z 
,W'} 2 I L*

q = cos ^ ( | } c o s  I f  (0)

= 0.866

Since there are four cylinders o f  th is, symmetry, is  equal
to  ^ (0. 866) ( . 112^) or O.3893,  the to ta l so lid  angle for cylinders 
o f symmetry one.

The solid  angles for the other two symmetries are calculated in the 
same manner and are included in Table I I I ,  page V .B .2-8 .

A second method for obtaining the fractional so lid  angle uses the
curves on page V .D .1-2 to  obtain values o f ^  and o'

where \  = |  = 33^525 = 8.23

__a _  ( center-to-center distance) -  d 25.21 -  13.6525 n or
d "  13. 6525" = * 5

Applying these values to  Figure V.D .1-3 gives equal to  0 .08 .

IMCLASSIEIED
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The to ta l so lid  angle for the four symmetry one cylinders, 
is  then equal to  i|-( .8t>o)( .08) or .27?. The so lid  angle fo r  the other 
symmetries are shown in Table I I I  (p. V .B .2 -8 ), which compares the 
so lid  angles calculated using equation (a) and using Figure V .D .1-3 .

To calculate the kg:j,£ of the array using equation (g ), the geometric 
buckling, B o f  a single unit must be calculated.

To calculate T?‘ for one cylinder:
O

= Jo3 x 7f 8__________ 5.78*1 9-8?
. (Rcy + A . ( H cy + 2 '  (fa.a& 5  + f i .l js  + + 5 .*7)»

= .073298 cm"s

Note: Since the wall thickness o f the polyethylene bottles varies,
the outside dimension is  used to allow for re flector  
savings. Reflector savings of 1.27 cm are added to th e  axial 
extrapolation distance.

Calculate using equation (g ) :

k.
ka

00
E C ^ Q c i . : ]

1.81a
1 + ( 2 5 . 7 M .073298}(l - .“7CW;

= 1 .13^5

This is  compared to the experimental ka of 1.000 giving a conservative ' 
resu lt. I f  the to ta l so lid  angle obtained by using Figure V.D .1-3 is  
used, the k of the array would be 0.9132, a nonconservative resu lt. The 1 
results of the so lid  angle calculations of other arrays in th is experi- . 
inent are shown in Table IV (p . V .B .2 -8 ). An examination of these results, 
show that the so lid  angles obtained by the curves of Figure V .D .1-3 are 
nonconservative when used for close arrays as in th is experiment, while , 
the so lid  angle calculated using equation (b) yields a quite conservative, 
but safe , resu lt. Therefore, use of the curves in Figures V .D .1-1 , -2 , 
and -3  should be limited to  estimations of arrays of units that are 
separated by about two diameters or.. more.

Table IV also includes the kej£  calculated by computer codes IntersetA 
and GEM-III, '^-5) and the calculated c r it ic a l  number of containers using 
the density analogue method fo r  some o f these arrays. Density analogue 
also yields nonconservative results fo r  this array of t a l l ,  small, 
diameter cylinders. Note also that interset gives very nonconservative 
results.

UNCLASSIFIED
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Total Fractional Solid  Angle Data for 5X5 Array 
o f 12.76 l i t e r  Bottles of U (92 .6 )nh

TABLE III

Cylinder Separation, cm O  O
No. Center Edge _______i l  f _______  ______ (q, f )
o f to  to  Figure Figure

Symmetry U n its C e n te r Edge h X cr <1 Eb(b) v .D .1-3 Ea(t ) V .D .l-

1 4 ■25.21 11.56 18.384 8.23 0.85 .866 .112 .08 • 389 .277
2 4 35.65 22.0 28.824 8.23 1.61 .750 .067 .05 .201 .150

3 8 56.37 42.72 4Q.544 8.23 3.13 .433 .033 .026 .114 .090

Z(<L± Q f ± ) .704 .517

TABLE IV

Comparison o f Array Calculation Methods fo r  410 g u /l, U(9B.6)W Solution 
: : in  5.375'' P .P ., 1 2 .7o L iter Polyethylene Bottles

Solid  Angle

S q u a re  A rra y s £(<11 ^ - f i ) ka I n t e r s e t

k e f f

G JM -III

k e f f

D e n s ity
A n alo g u e
N um ber**A rra y N umber* C h a r ts E q .(a ) C h a rts E q .(a )

3 x 3 9 .4934 .755 .8911 1.2148 0.8787 ; .9883 8.5
5 x 5 25 • 517 .704 •9131 1.1345 0.9209 2 8 .7
6 x 6 36 .4-784 .6452 .8777 1.0541 0.9235 .9451 4 1 .7
9 x 9 81 .560

CO'Jb• .9560 1.0974 (50 l i m i t ) 82.0

*  C ritica l number determined by experiment.
* *  Number o f units calculated to  be c r it ic a l  by th is method.
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3. Array calculation - Dsnsity Analogue Method

UNCLASSIFIED V.B.3-1 ARH-600

Another commonly used method for determining the size of cubic arrays 
of identical subcritical units is called the density analogue method.(''

Density analogue is based upon the relationship of a bare spherical 
critical mass, Mc and the density of the fissile material,. y O , or:

(a)

Mc,b

Mco,b I A

-2
(b)

Where M ^ is the bare spherical critical mass at a different 

density, y O Q-

Since we usually deal with shapes other than spheres,., the exponent, 2, 
is replaced with "S", that can be no greater, than 2. The exponent "S" 
is a function of the size, shape, and nuclear properties of the fissile 
material as well as any reflecting material near the system. -

We usually deal with large arrays of units where each unit is much less 
than half of a critical mass. Since the effect of reflection on S is 
not readily available for most systems, :bare arrays, are calculated and 
conservative reflection and interspersed moderation factors are applied 
to the bare ari*ay results. For bare arrays S can be. approximated by:

S - 2(l-f) (c)

where

M e b s ’ ' ■ ■
f = . the fraction of the critical:

c,b bare spherical mass of the unit

Mg b s, the mass of the bare sphere equivalent to the mass in this 
geometry being studied, may be determined by equating spherical 
buckling to the buckling of the geometry, in question and solving : 
for the sphere radius as:

For a cylinder,

■■■ Joa : ■ /;v :: ,d V ;
(Rsp +■ 2 p  '  (tfej. + X >s (H& t  2'X )S .;;

UNCLASSIFIED
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For a cube or parallelepiped,

7T s •jf'® jj'8 t s
(Rgp + > ) s  = (a + 2A)s+ (b + 2 * ) s + (c + 2 \ ) s  ^

The inverse ratio of densities in equation (b) can become the ratio 
of the volumes since the masses of fissile material in identical 
units are equal. Equation (b) then becomes:

W

dividing by Mg, the equivalent mass of the units,

(g)
“e I 'unit/ 

where
Nc is the number of units necessary 

for a critical bare array.'

To obtain the fully reflected array size, the bare array is reduced 
by the reflection factor found in Figure V.D.1-4. In this figure 
the array reflection factor varies with the material in the units 
(i.e., the hydrogen atom to fissile atom ratio). In reality, thi6 
factor also varies with unit size, the average fissile material 
density, and the reflector material and thickness.(^3) For this 
reason care must be exercised in applying these factors to array 
calculations other than density analogue. Density analogue cal
culations of experimental metal and solution arrays have given 
conservative results when this factor has been used.

Two of the points in Figure V.D.l-lf-, as shown, have been determined 
experimentally for small arrays of U-235 metal and uranyl nitrate 
solutions of anH/sasu of 59- The curves are extended by calcu- 
lational data.''' A reflection factor of 20 for plutonium metal has 
been calculated by D. R., Smith of -tiie Los Alamos Scientific 
Laboratory. The plutonium reflection factor curve is based upon 
the Pu/u metal ratio ,(20/l3) and extended to other H/x ratios. This 
is probably overly conservative for the higher H/Pu ratios.

Example of Density Analogue Correlation

Calculate an experimental square pitch cubic critical array of 6k 
right-circular cylinders of uranyl (92.6 Wt$ U-235) nitrate solution 
(1H5 g u/l) ,  sp.gr. I . 555.

Containers: Lucite, 20.32 cm O.D. and 18.8M- cm outside height, 
wall thickness 0. 6 4̂- cm. Surface-to-surface separation of units at 
critical was 10.67 cm. \

; \
*The cylinders were filled to exactly 5.000 liters + 0.5 g sol. 
giving this calculated solution height. The outside height of 
the containers was actually 19.05 cm.

UNCLASSIFIED
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From page III.B.10(93)-1 the material buckling of 415 S u/l UNH is
0.03020 cm“a and the bare extrapolation distance is 2.11 cm. 
The critical, bare, spherical mass at this concentration is cal
culated from this data.

= ■yf: - X „  - ^  - K-9T c»
s

“ " V  b|--- Al3 = 0.173H

Vol.sp = 0.004189 (15.97? = 17.062 liters

Mc,b = (IT.062)(415 S u/l)(0.92o) = 6,557 g aaeu

Mg = mass of unit = (5)(384.38 S3su/l) = 1,921 g *>8U

Mg 13 s, the mass of a bare sphere equivalent to the mass in the shape 
bein| considered may be determined by equating spherical buckling to 
the shape buckling as:

7P  _ Jos + 7T a all dimensions
(Hsp + > >  " (Rcy + A  )8 (Hcy + 2 ^  >  are in cm.

For this experiment)

Rcy = 9.52 cm

H = i7 .56l.cm
■̂V

V  = 2.11 However, the 0.64 cm wall increased the
extrapolation length by approximately
0.8 cm (see page II.E-5). Reference 
LA-3612 indicates plexiglas <1.0 cm is 
equivalent to polyethylene.

.; X = 2.11 + 0.8 = 2.91

9.87 : _ 5.784 . 9.87 '
(Rsp + 2.9i> " T9752 + ^9l73 + (17.56I + 5.Ue)s»

= = .037436 + .018054 = .055491 ,

IL—  \ = 13.336 -.2.91 = 10.426 cmR,

and

sp V -05549

vsp = (•°04l89)(10.426f  = 4.748 liters

Me,b,s = (^-748)(384.3) = 1,824 g aasu

s ■ 2[~ - S t )  - 1 A --

Vcell = (10*67 + 20.32)3(10.67 + 19.05) 10-3 = 28.542 liters

vunit = 5-0 liters

■ Revised 10-5-70
UNCLASSIFIED
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w M c,lJ I vcell\S

C ' Me I V i t )

_ 6557 / 28.
1921 \ 5.0 I

= 3.U13 (12.3^95)

= kz

Or compared to the actual critical number of 6k, density analogue is 
conservative by 35 percent. A  comparison of experiment with the density 
analogue method gave the numbers (Table V) for other bare critical arrays 
of the same containers and materials as used in the example.

TABLE V

Five Liter U(92.6)NH Equilateral Cylinder Arrays

Surface-to- Number of Units Critical GEM-III
Cubic Array Surface, cm Experiment Calculated Keff

2 x 2 x 2 1.^3 8 8.9

3 x 3 x 3 6 .k 8 27 23

k x h x k 10.67 6k k2 0.953

5 x 5 x 5 A .  to 125 69

Note that the 2 x 2 x 2 ,  close array is nonconservative as well as 
the GEM-III calculations on the k x k  x k array.

The density analogue method was also used to calculate the close packed, 
long U(92.6)NH bottle experiment used in the solid angle example (see 
Table IV and Table VI, pages V.B.2-8 and V.B.3-5).

Density analogue appears to be nonconservative for single tier arrays of 
long bottles*but when the bottles are stacked and the array more closely 
approaches a cube, the results are conservative. This may be better 
shown in Figure V.D.1-5, where it appears that the density analogue method 
is- conservative when the bottles are stacked two or more tiers high nr 
for a large single tier where their surface-to-surface spacing is greater 
than 8 inches. Care must be exercised when using this method to cal
culate safe tail cylinder arrays.

UNCLASSIFIED
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TABLE VI

Density Analogue Results for 410 g u / l, U(92.6)WH , .
in 5•375" P.P., 12.70 Liter Bottles (9)

Single Tier Surface-to- Number of Units Critical GEM-III
Square Array Surface, in. Experiment Calculated Keff

3 x 3 1.75 9 8.5 .9883

It x ^ 3.32 16 17.6

5 x  5 4.55 25 28.7 s

6 x 6 5.6U- 36 41.7 .9^51

9 x 9 7.79 81 82

Double Tier ■

It x It 3.72 32 21

5 x 5 5.35 5° 38

7 x 7 8.33 98 91

Density analogue has been used quite extensively in calculating, metal
arrays. An example follows of the plutonium ingot array experiments 
carried out at the Lawrence Radiation Laboratory. (1°)(U-)

' ' <2
Data: A cubic array of 64 (4x4x4), 3*026 kg (19*6 g/cnr.) of 6.5>cm 
diameter and 4.6 cm high, with center-to-center horizontal spacing 
(x and y) of 12.513 cm and vertical spacing (2) of 7*858 cm, was 
critical. The bare spherical critical mass of plutonium is taken as' 
10.2 kilograms. ■ /;

To obtain the buckling conversion from the cylinders to spheres, the 
bare extrapolation distance of plutonium metal is needed. This was 
obtained from DP-532 (12) pages 207 and 219 as 1.582. cm.

The buckling conversion is then 

-s , a

_____________________________  *
sp r Joa . 7T * 1 i/a " A *

U Rcy + * b >  (Hcy + 2 Xb)8

T T
5r?BTT 9.^7

25 +'iT5H2F

3.3156 cm

UNCLASSIFIED
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Vols5 » I».189(3.3156)s - Volm i t

Me = 152.69(19.6 g/cn? ) = 2992.7 g Pu

s  *  H 1  -  ^ 5 5 )  ■ l A l 3

Volcell = (12.513)*(7.858) = 1230.37 cnf

jt = 10.2 I 1230.4]1,41'<3 = gc
0 2.9927 I 152.7~]

v

The result is slightly nonconservative by 1.6 percent. If no buckling 
conversion is made, the density analogue method gives a conservative 
result of 62.5 units critical.

The density analogue method can be used equally well for uranium metal 
arrays. Table VII lists some of the uranium and plutonium metal arrays 
calculated by density analogue. • Each array was calculated by using the 
buckling conversion and also by using the shape allowance factor 
obtained from page II.bA- 1. The arrays were also calculated without 
applying a geometry correction. The uncorrected calculations yielded 
conservative results in all cases, 18 to kk percent lower than the 
"actual arrays of metal cylinders. However, for the plutonium arrays 
the calculated results were within 1.5 percent of the experimental 
numbers. Use of the shape allowance factors yielded nanconservative 
results in most cases and should not be used with density analogue.

TABU! VII

Density Analogue Calculations of Metal Critical Experiments

' Uranium(93«2) Metal of Various Dimensions
1 ISpI Calculated no. Units'

Unit Mass, No. Shape ^g3 Uncor-
Geometgy* Kilograms h /d  Array Units Cor. . Cor. rected

M  1 0 A 8 7  .9^8 3 x 3 x 3 27 29 22 22
M  1 0 M 7  .9W  k x k x k 6k 68 51 50

A®. . lO.kQ .kj h x k x h  6h 100 6l k2
CP . 20.877 .9^ 3 x 3 x 3 27 21 17 15

Bs 15.683 .70 3 x 3 x 3 27 26 21 18

Plutonium |fetal (2.6” dia.,- 1.8” high in Al;cans, 3*026 Kgs Pu)
Exp. Calculated No. Units
No. Shape Bg6 Uncor-

S-to-S Separation h /d  r, A^ray Units Cor. Cor. rected

x,y, z 0.75 cm ..  0.7 2 x 2 x 2 8 10 8.0 8
x,y,z 2.95 cm 0.7 3 x 3 x 3 • 27 36 27.3 27

x,y 12.513 cm 0.7 b x  ^ x > ... Gi 88 63.9 , 63
z 7.858 cm

j *See page V.B.lt-2 for definition.

Revised 10-5-70 UNCLASSIFIED
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4. Ot h e r  M e t h o d s  for C a l c u l a t i n g  I n t e r action

U N C L A S S I F I E D  V . B . 4 - 1 A R H - 6 0 0

J. T. Thomas, O a k  Ridge Laboratories, has d e v e l o p e d  a n e u t r o n  
n o n l e a k a g e  frac t i o n  par a m e t e r  for e n r i c h e d  u r a n i u m  u n i t s  in 
cuboidal arrays w h e r e  e x p e r i m e n t a l  d a t a  for small arrays of 
the un i t s  in q u e s t i o n  are ava i l a b l e  or where., com p a r a b l e  un i t s  
can be i n t e r p o l a t e d  fro m  e x p e r i m e n t a l  data. ' ' ' His
m e t h o d  y i e l d s  crit i c a l  n u m b e r s  w i t h i n  5 p e r c e n t  of e x p e r i m e n t a l  
n u m b e r s .

H. K. Clark, b y  the use of simpli f y i n g  assumptions, has d e 
v e l o p e d  a single, g e n e r a l l y  c o n s e r v a t i v e  m e t h o d  that treats 
the. i n t e r a c t i o n  of a u n i t  as the albedo of its surroundings.
The albedo is d e t e r m i n e d  b y  the neutrons e m i t t e d  b y  other u n i t s  
or reflectors.

Ot h e r  v a l u a b l e  m e t h o d s  for c a l c u l a t i n g  c r i t i c a l  num b e r s . o f  
arrays a r e . t h e  M o n t e  Ca r l o  c o m p u t e r  codes like GEM-III 
and KENO, a s i m p lified v e r s i o n  of 05R. B o t h  of these 
codes hav e  b e e n  co r r e l a t e d  w i t h  array e x p e r i m e n t s  and g e n e r a l l y  
are accurate to w i t h i n  2 percent. G E M  doe s  n o t  p e r f o r m  as 
w e l l  on m o d e r a t e d  m a t e r i a l s  b u t  KENO wi l l  h a n d l e  all types. 
M e m bers of the U n i t e d  K i n g d o m  A t o m i c  E n e r g y  A u t h o r i t y  are 
w r i t i n g  a n e w  M o n t e  Ca r l o  code, MONK, in F o r t r a n  to r e p lace  
GEM. M o n t e  C a r l o  codes will be used e x t e n s i v e l y  for i n t e r 
ac t i o n  c a l c u l a t i o n s  in the future.

T h e  following ta b l e  lists G E M -IIi a nd K E N O  c a l c u l a t e d  k  for 
critical e x p e r i m e n t a l  systems:

TA B L E  V I I I

GEM-III A N D  K E N O  C A L C U L A T I O N S  O F  C R I T I C A L  E X P E R I M E N T S

K  V - r V
G E M - I II  KENO

239 fl \
P l u t o n i u m  M e t a l  S p h e r e , 5.6 k g  P u v ', 1.004 + .016 ;
19.6 g/cc, 4.0858 c m  radius, 38 cm H^O 
r e flector

239
P l u t o n i u m  M e t a l  S p h e r e , 4.9 k g  Pu, 0.9404
19.72 g/cm, 3.9 cm radius, 20 c m  HjO 
ref^|g1por, k g = 0.97 as ca l c u l a t e d  by

235 ■
U r a n i u m  Me t a l  S p h e r e , 20.11 }.sg U, 0.9710
19.19 g/cc, 6.3 cm radius, 20 cm H_0 
reflection, kjj =  0.98 as c a l c u l a t e s  by 
DTF e

[Revised 8/15/69 U N C L A S S I F I E D



U N C L A S S I F I E D V . B . 4 - 2 A RH-600

TABLE VIII (continued)

U r a n i u m  (93-2) Metal Array E x p e r i m e n t s ^ ^

Unit Mass kg U (93.2) D i a m e t e r  cm Height cm

A 1* 10.489 9,116 8.641

A 6 10,434 11.481 5.382

B 1 15.692 11.494 8.077

C 2 20.960 11.506 10.765

C 3 20.877 11.484, 10.765

Subscripts on the unit d e s i g nation give array size and 
spacing^is surface-to-surface in-cm.

__________V ________

• GEM-III KENQ*

A j U 1 4 x 4 x 4 4,625 spacing, bare 1.016 + ,016

1.022 + .017 li007 +

0.981 + .024

0.981 + .019

1.009 + .016

j

In t e r a c t i n g  slabs of U(93.2)OiF2 S o lutions 0.988 + .005 
79.2 R z 3 5U71(20) One. ;48"- x 31. 5 ff ~ x 6" 
and w i t h  a 4B,r: x 31°5" x 3" slab p e r p e n 
dicular "T" shape to it but spaced 3.44w 
a w a y .

A| 4 x 4 x 4 3«952 spacing, barie

Aju 4 x 4 x 4 12.36 spacing, 15.2 c m
p a r a f f i n  refl.

B la 2 x 2 x 2 7.823 spacing. 15.2 cm
p a r a f f i n  refl.

C 2— S 1—  P 2 2 x 2 x 2 5.169 spacing,
C* ingot enclosed in a 5 Sch 40 
iron p i p e - a n d  each unit encl o s e d 
in a 15.6 x 15.6 x 14.8 cm b o x  of 
lucite 0.64 cm thick.

*Using 16 group H a n s e n - R o a c h  cross sections' (25).

Rev. 8/15/69 UNCLAS S I F I E D
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TA B L E  VII I  (continued)

Same slabs except two 3” slabs are 
together m a k i n g  two, 6" slabs both 
48" x 16" x 6" in "T" shape and close 
toge t h e r  (extrapolated from e x p e r i 
me n t a l  data).

4 x 4 x 4  bare array of 5 liter 
U ( 9 2.fa)0 2(^0 3 )2 solution 415 g ' U / r  ;
10.67 cm s p a c i n g  in lucite c o n 
tainers .

6 x 6 x 1  bare array of 12.76 liters 
U ( 9 2 . 6 ) 0 2( N 0 3) 2 solu t i o n  410 g U / l (9) 
14.326 cm s p a c i n g  in 13 1, 5 3/8" O.D. 
po l y e t h y l e n e  bottles.

P l u t o n i u m  Me t a l  Ingot A r r a y s ^1 0 ^ 1 1 ^
3. 026 kgs p l u t o n i u m  in .6.5 cm dia. and
4.6 cm high, in 0.0371 c m  th i c k  alum i n u m  
cans, sup p o r t e d  i n  a l u m i n u m  tubes and 
w i t h  a l u m i n u m  spacers and h e a t  sinks. 
P o l y e t h y l e n e  r e f l e c t o r  b locks wh e r e  used 
are 20.2 c m  thick. In some cases 2 ingots 
are stacked t o g e t h e r - g i v i n g  6.05 kg.

8, 3-kg units, 2 x 2 x 2 ,  bar e

27. 3-kg units, 3 x 3 x 3 ,  polye t h y l e n e  
close r e f l e c t i o n  one side

it

27. 3-kg units, 3 x 3  x 3, ba r e

ARH-600

k e

64, 3-kg units, 4 x 4 x 4, bare  
 ̂ *’ j|

64, 6-kg units, 4 x 4 x 4,1 ba r e
ij

64, 3-kg units, 4 x 4 x 4 , bare. 
but, each unit s u r r o u n d e d  w i t h  l fl 
of mo c k  HE

P u O 2 — Po l y s t y r e n e  and lucite blocks, 
isol a t e d  by 9”4 cm of p o l y e t h y l e n e  
w i t h  20 m i l  sheets of c a d m i u m  on each 
s i d e . (2 1 )

GEM-III KENO*

0 . 9 4 6 +  .013

0.953 + .017 .990 +

0.945

1.017 + .015 0.990

0.987 + .006 0.969

1.012
1.013 + .019 1. 006

1.008 + .025

■1.043 + .024

1.013 + .015

# Using 16 group H a n s e n - R o a c h  cross sections' (25).
!< - ‘ ' * | f .
•Rev. 8/ 1 5 /6 9  ; 1 ■’ U N C L A S S I F I E D

.010

+ .007 

+ .009

+ .011 

+ .011
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TABLE V I I I  (continued) _________________________

GEM-III K E N O *

P u O ^ ~ P o l y s tyrene B l o c k s , s e parated by 1.030 + 030 
layers of 1 W t% boron stainless steel,
6" l u c i t e  reflected. Exp e r i m e n t  No.
2 0 7 A . ' ^

Pu M e t a l  Sphere, 5.425JSgs ° Pu, 1.005 + .034
19.74 g/cnT H 20 r e f l . * 2 5 '

(25)
*Usxng 16 g r o u p  Hansen - R o a c h  cross s e c t i o n s ' '.
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1. Piping Intersections

The GAI model for determining safe piping intersections is a vast 
improvement and much less restrictive than the method included in 
The Nuclear Safety Guide (reference 1, page VvB.lt-5). Correlations 
of the GAI model with Monte Carlo calculations have shown it to be 
a conservative method for estimating safe piping arrangements.

In addition to the above methods, the Monte Carlo codes GEM U (re
ference 15, page V.B.lt-5) and KENO (reference 16, page V.BA-5) 
may be used for safely calculating piping reactivities in almost any 
arrangement. Correlations of GEM U with the Rocky Flats piping 
intersection experiments (reference 29, page V.B.U-6) have shown it 
to calculate k-effective to within two standard deviations of 
critical.

Revised 10/5/TO UNCLASSIFIED
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The solid angle method of calculating neutron interaction when performed 
with equations (b) and (c) yields conservative results. The method is 
tedious, especially where many difference geometries and spacing are 
encountered.

The use of Figure V.D.1-3 yielded nonconservative results for long 
cylinders with close spacing. Therefore, the curves in this figure 
are not extended below a O' value of 1.0. The equations and Figure
V.D.1-3 agree quite well below h equal to 3.0 and C  equal to 2.0.
In order to obtain conservative or safe calculations, it is recom
mended that equations (b) and (c) be used. For rough estimations of 
fractional solid angles, Figure V.D.1-3 may be used.

2 . Solid Angle Method

UNCLASSIFIED
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The density analogue method can only "be used on arrays of identical 
units. In most critical experiments checked, the method produced 
conservative results.

Nonconservative results were obtained from the long, close packed 
bottle arrays. Therefore, this method should be used only on stacked 
arrays of long slender containers or where the spacing between units 
in a planar array is greater than two container diameters.

In the plutonium ingot arrays density analogue yielded very close 
results both when the cylindrical ingots were corrected by geometric 
buckling conversion or uncorrected; i.e., using the cylindrical volume 
and mass. Use of the shape allowance factor, page II. B A-1, yielded 
noncom>ervative results on both plutonium and uranium metal calcu
lations and should not be used with density analogue.

In the uranium metal and solution arrays, both the buckling con
version method and calculations using uncorrected cylindrical mass 
and volume gave quite conservative but safe results. Using the 
buckling conversion yielded results that were in slightly better 
agreement with experiment.

3. Density Analogue Method

UNCLASSIFIED
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The most useful tools for accurately determing the interaction of 
units in a system are the Monte Carlo computer programs which 
determine the overall system reactivity. The GEM U and KEHO codes 
have been extensively correlated with various experiments and have, 
in general, been found to estimate the reactivity of a system con
servatively, although for some solution array experiments the Monte 
Carlo calculations appear to be nonconservative. Therefore, the 
user should be well versed in techniques of using these codes before 
applying them to actual problems.

Thomas(1,2) has used Monte Carlo calculations extensively to study 
the effects of various parameters on the reactivity of arrays. Such 
effects as fissile unit size, shape, composition and location in a 
storage cell; the cell size, shape and interspersed moderation; the 
array size and shape; array reflector material, thickness and loca
tion have been studied. The critical array size for various uranium 
cylinders, with respect to array spacing as shown in Figure V.D.1-8, 
is an example of Thomas' calculations.

Figures V.D.1-6 and 7(3) were made from GEM U and KEMO calculations 
for plutonium metal spheres in large arrays, the first figure show
ing the effects of unit size, array reflector, interspersed modera
tion, and keff of array size. The calculations in the latter figure 
show the critical array size of plutonium metal spheres of 2, 3 and 
1* Kg reflected by 12 inches of concrete. The calculated arrays 
have a of O.98 +_ -02.

The study by Carter^) on the safe storage of underwater arrays is 
another example of the use of Monte Carlo calculations. See Section 
V.D.2

JJ. T. Thomas, Uranium Metal Criticality, Monte Carlo Calculations 
and Huclear Criticality Safety, Y-CDC-7, Union Carbide Corporation 
Nuclear Division, 1970

2J. T. Thomas, The Criticality of Cubic Arrays of Fissile Materials, 
Y-CDC-10, Union Carbide, Corporation Nuclear Division, (to be 
published).

3K. R. Ridgvay, Calculated Critical Arrays of Fissile Materials, 
ARH-SA-76, Atlantic Richfield Hanford Company, 1970.

**R. D. Carter, Safe Fissile Material Spacing in Water, ARH-SA-77, 
Atlantic Richfield Hanford Company, 1970.
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Safe Fissile Material Spacing In Mater
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A number of infinite arrays of subcritical units in water were studied^1) 
to determine the change in the array k-effective, k&, vith the change in 
the water spacing between units. Calculations were made with the DTFU,
GEM U and KEHO codes and with plutonium solution and reactor fuel ele
ment units. The data was then used to develop a method of determining 
a safe spacing wit/i a minimum of computer usage.

The k& values were determined at various water spacings for a number of ' 
representative units. The resulting data was then normalized to 1.0 at 
zero water spacing (equal to km for the material of the units) and to
0.0 at infinite water spacing (equal to the isolated unit k-effective, 
ku) by the equation (ka-ku)/(kc,-ku). A limiting curve was then drawn 
which encloses all the calculated curves (see graph V.D.2-2) and which 
permitted the selection of a safe water spacing if km and ku are known 
and a safe value of k is selected. Although these safe/spacings are 
not as small as could be determined by a direct calculation they are 
much less limiting than the spacing required for the complete isolation of 
each unit and a number of cases may be looked at before selecting a 
final case for a more definitive calculation.

The limiting curve may be used with a given k value to develop a family , 
of curves as shown in V.D.2-3, for more general studies.

It should be recognized that the "limiting curve" is actually applicable 
only for the types of material studied (e.g., 0.3-inch diameter UO2 
rods moderated to a W/U ratio of 1.0 or greater). Lower W/U values 
would require shifting the limiting curve to larger water separations. 
However, the limiting curve shown should be adequate for any normal fuel 
rod cluster or other moderated fissile unit.

1R. D. Carter, Safe Fissile Material Spacing In Mater, ARU-SA-77, 
Atlantic Richfield Hanford Company, 1970.
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VI.

A. H OMOGENEOUS SYSTEMS - SOLUBLE POISONS

1. P l u t o n i u m  Systems 

2352 . U Systems 

233
3. J U Systems

4 . Mi x e d  Systems

B. HOMOGENEOUS SYSTEMS - FIXED POISONS

1. P l u t o n i u m  Systems

2. 235U Systems

2333 . U Systems

4. Mi x e d  Systems

C. HETEROGENEOUS SYSTEMS - SOLUBLE M O D E R A T O R  POISONS

1. Plu t o n i u m  Systems 

235
2. U Systems

2333. U Systems

4. M i x e d  Systems

D . REFL E C T O R  INTERFACES

E. ISOLATORS

POISONED SYSTEMS
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V I . 1 COMMENTS O N  POISONED SYSTEMS

The use of neutron a b sorbing m a t e r i a l s  commonly called 
"poison" mat e r i a l s  w i t h i n  fissile systems increases 
the critical mass b y  removing from the system a p o r t i o n  
of the neutrons a vailable for the f i s s i o n  process. Such 
p o i s o n  m a t e r i a l s  m a y  be added either h o m o geneously as 
soluble poisons in solutions or in the mode r a t o r  of 
heter o g e n e o u s  systems or h e t e r o g e n e o u s l y  as Raschig rings 
plates, etc. Poisoned interfaces b e t w e e n  reflectors and 
fissile cores wil l  gen e r a l l y  increase t he critical m a s s  
or geometry (but p u t ting a p o i s o n  m a t e r i a l  around a ba r e  
system wil l  decrease the critical m a s s  or geometry b e 
cause any m a t e r i a l  w i l l  reflect some neutrons - onl y  
space is a p e r fect a b s o r b e r ) . A n o t h e r  neutron a b s o r b 
ing d e v i c e  consists of placing n e u t r o n  absorbers 
b e t ween separate fissile systems to r e duce or e l iminate 
n e u t r o n  interaction b e t w e e n  units. C o m m o n l y  used 
p o i s o n  elements are b o r o n  and c a d m i u m  although simple 
h ydrogenous mate r i a l s  such as wa t e r  o r  concrete c an be 
used as isolating m e d i u m  to e liminate n e u t r o n  i n t e r 
action.

The use of p o ison m a t e r i a l s  e xcept as isolators has not 
be e n  e xtensively practiced. One r e a s o n  is that e x p e r i 
m e n t a l  da t a  is rel a t i v e l y  scarce arid, therefore, c o r 
r e l a t i o n  between calcul a t i o n  and e x p e r i m e n t  for pra c t i c a l  
cases is somewhat difficult. F o r  h o m o g e n e o u s  systems 
w i t h  h omogeneous poisons, it has b e e n  gene r a l l y  r e c o m 
m e n d e d  that poisons be ad d e d  at tw i c e  the conce n t r a t i o n  
c a l c u l a t e d  for eq u a l  to one (the po i n t  at w h i c h
systems of finite size cannot be m a d e  c r i t i c a l ) .
However, fairly co n s i s t e n t  a g r e e m e n t  e x i s t s  between  
such w idely diverse m e t h o d s  of ca l c u l a t i o n  as d i ffusion 
theory, transport t heory and Monte C a r l o  methods (see 
F igure V I . A . 100-1), and it doe s  not se e m  necessary to 
always penalize systems of res t r i c t e d  geome t r y  to this 
extent. (Of course, some of the agr e e m e n t  m i g h t  well  
r esult from all of these calculations using the same 
cross section sets; a poorly det e r m i n e d  cross section 
set could then result in similar d e v i ations from true 
values.) W e  believe a m o r e  r e a s onable approach is to 
use twice the poison concientratiori c a l culated to be 
nece s s a r y  to m e e t  g e n eral safety criteria.

UNCLAS S I F I E D
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Some observations on the use of poison materials
which may be of value are:

1. It is not necessarily conservative to assume 
fissile-water systems as the limiting case 
instead of, say, nitrate systems as is common 
practice with unpoisoned systems. This can be 
seen in the graph on page VI.A,100-1* where at 
high plutonium concentrations more boron is re
quired for the zero molar plutonium nitrate 
system than for the Pu-H-0 system for identical 
concentrations. This is a result of the lower 
H/Pu ratio of the nitrate system. (Had these 
curves been plotted as a function of the H/Pu 
ratio instead of concentration the Pu-H,0 system 
would require more boron at identical BfPu values.}

2. The use of homogeneous poison must be based on a 
fail-safe system of poison addition if used as a 
primary criticality safety control or the required 
poison concentration must be adjusted to allow for 
any potential failure of the system.

3. The effectiveness of parallel poison plates at 
higher concentrations (above 100 g/1) should be 
considered negligible unless plate spacing is re
duced to about one inch or less. Available 
experimental and calculational data indicate that 
plate effectiveness is relatively small until a 
certain critical spacing is reached. Reduction 
in plate spacing beyond this point increases the 
critical geometry rapidly (and decreases the 
fractional free volume of the system).

4. The materials in which solid poisons are incorpor
ated must not dissolve in the environment. For 
this reasons, materials such as stainless-steel-clad 
Boral should not be used in acid-containing vessels, 
since breaching of the cladding would permit 
dissolution of the poison material, but might be 
allowed in places such as normally dry sumps.

5. The use of poison interfaces between a core and a 
reflector to increase the core loading or size is
a common practice. However, it should be recognized 
that some materials such as stainless steel, which 
act as an interface poison with a reflector of 
water or other hydrogenous material also may be as 
good a reflector as water if thick enough. This

U N C L A S S I F I E D
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means that there can be an optimum thickness for a 
poison interface. Optimum thickness is about 0.25 
inch for boron-stainless steel (1 w/o boron). This 
arises from the fact that slow neutrons are generally 
more easily absorbed than fast neutrons and that 
water (hydrogen) both slows neutrons and scatters 
them while steel mostly scatters. Past neutrons 
going through an interface would thus be slowed 
down in the water and absorbed while returning 
through the interface to the core. If a steel 
interface were thick enough, the neutrons would be 
scattered back before reaching the water* would not 
be slowed down appreciably and, hence, would not be 
absorbed in the steel. Loss of poison material due 
to corrosion of the interface must also be considered 
in any design.

6. Isolation of fissile systems is generally considered 
complete by the use of certain material thicknesses, 
for example, 10 to 12 inches of water or concrete. 
However, reduction of isolator thicknesses to half 
or three-fourths of these values may not cause a 
significant increase in the k-effective of individual 
fissile units in an array. Significant savings in 
the use of isolating materials might be achieved if 
experimental data can be applied to particular cases 
or if accurate calculational methods are available.

U N C L A S S I F I E D
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V I .2 CORREL A T I O N  WIT H  EXPERIMENT - HOMOGENEOUS SOLUTIONS

Experimental d a t a  for homogeneously poisoned solutions 
is extremely scarce. A p p a rently only one set of very 
limited experiments have been m a d e  to date' . The 
following table shows the correlation using 18 group 
cross sections generated by GAMTEC II wi t h  the HFN 
dif f u s i o n  t heory code for critical experiments p e r f o r m 
ed  in bare alum i n u m  spheres of 27.24 inches diameter.

Exp. Fissile Boron
Ho. Solution g/1 g/1 Calculated k

1 93.18 W t% 235UNH 18.75 0 .9952

2 21.93 .0935 .9959

4 26.51 .230 .9953

5 97.74 Wt% 233UNK 16.75 0 1.0070

7 18.10 .0465 1.0078

9 19.37 .0912 1.0075

Ex p e r iments 4 and 9 were calculated w i t h  no b o r o n  and 
"k values of 1.1338 and 1.0777 respectively. This 
results in A k  changes of -0.60 and -0.77 for the 
addition of each gra m  per liter of boron. The c a l c u 
lations indicate that in experiment 7 the boron 
c ompensated for a  & k  of 0.0465 x 0. 7 7 O r 0.0358. The 
A  k between the calculated k-effectives of experiments 

5 and 7 is 0.0008. Since this was the worst case, the 
calculational error is thus a m a x i m u m  of 2.2 percent 
(ignoring effects of the experimental error in d e t e r m i n 
ing the boron concentration) for this set of data. This 

accuracy would appear quite acceptable for calculating 
the effects of boron addition (and,by inference, the 
addition of other poison isotopes wit h  cross section 
values of comparable a c c u r a c y ) .

T he calculation of reactivities of unpoisoned solutions 
of greater fissile concentrations has been shown to be 
reliable. Thus the extrapolation of poisoned solutions 
critical parameters to higher fissile concentrations 
should also be reliable. However, the limited range of
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the p o i s o n  experiments requires that a conservative 
appro a c h  be taken to the use of such calculated p a r a 
meters pending further experimental verification.

(1) R. Gwin and D. W. Magnuson, plfce M easurement of E ta and 
Ot h e r  N u c lear Properties of U and U in Critical 
A q u e o u s  Solutions", Nuclear Science and Engineering,
12: 364-380, 1962.
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EFF E C T I V E  I SOLATION THICKNESS 
OF SOME C OMMON M A T E R I A L S

Mate r i a l
D e n sity
g/citr

E f fective Isol a t i o n 
Thickness, In.

B N V T L - 1 9 3 ^  F r e n c h ^ '

P olyet h y l e n e 0.917 6.9 + .2

P o l y e t h y l e n e - C d  ' 4.3 + .08

(4)
Pol y e t h y l e n e - C d 3.7 + .08

B o r a t e d  Polyethylene (5) .964 3.5 + .08

C o m p r e s s e d  Wood 1.341 7.5 + .2

Concrete 2.33 9.8 + .8 1 1 . 8 {6)

(7)
B o r a t e d  Concrete 2.33 6.9 + .2 7.87

Lead 11.34 10.2 + .8

pa r a f f i n 0.90 7.87

P a r a f f i n ~ C d ^  

B o r ated Permali

6.89

7.09

(1) J. D. White, C. R. Richey, N e u t r o n  Interaction Between 

Mu l t i p l y i n g  M e d i a  Separated b y  v a r ious M a t e r i a l s , 
BNVJL-193, 1965. This r e ference used a checkerboard 
assembly of PuO- P o l y s tyrene C u b e s  and Plexiglass,
Cubes at an o v e r a l l  ii/Pu = 35.6 and 0.56 g Pu / c m  as 
the fissile material.

(2) P. R. Le Corche, R e c e n t  E x p e r i m e n t a l  C r i t i c a l  Safety 
D a t a  O b t a i n e d  in France, Trans. Am. Nucl. Soc., 11,
687 (1968), fissile m a t e r i a l  unknown, comp a r a d  critical 
h e i ghts of one v e s s e l  r e f l e c t e d  b y  the m e d i a  w i t h  c om
m o n  critical h e i g h t  of two v e s s e l s  interacting through 
the media.
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(3) 0.02 inch C a d m i u m  between vari a b l e  core and polyethylene

(4) 0.02 inch C a d m i u m  sheets on b o t h  sides of polyethylene

(5) 10 wt.% Boron

(6) N o t  quite comp l e t e  isolation

(7) 2.2 wt.% Boron

(8) 0.033 inch C a d m i u m  sheets on b o t h  sides of paraffin.
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