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UNCLASSIFIED ii ARH-6OO VOL III 

GENERAL CONTENTS 

III. HOMOGENEOUS DATA, PARTS C AND D 

IV. HETEROGENEOUS DATA 

V. INTERACTING SYSTEMS 

VI. POISONED SYSTEMS 
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UNCLASSIFIED iii ARH-6OO VOL III 

PREFACE 

The expansion of ARH-6OO to three volumes has been required by the addition 

of new data. The size of Section III and the desire to keep each volume 

small for ease in handling has required a rather awkward division of this 

section between Volumes II and III. A significant amount of data is 

available for inclusion into Sections IV and VI and hopefully will be added 

in the future if time pennits. 
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UNCLASSIFIED III-l ARH-6OO VOL III 

III. HOMOGENEOUS SYSTEMS 

A. PLUTONIUM SYSTEMS (SEE VOLUME II) 

B. URANIUM-235 SYSTEMS (SEE VOLUME II) 

C. URANIUM-233 SYSTEMS 

D. MIXED AND MISCELLANEOUS SYSTEMS 
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UNCLASSIFIED III.C-1 ARH-600 

III. HOMOGENEOUS DATA 

C. URANIUM-233 SYSTEMS 

1. Correlation Between Calculation and Experiment 

2. H/U versus Uranium g/1 Relationship 

3. Critical Sphere Dimensions 

All graphs within this and following 
divisions have the percentage by weight 
of the major fissile atom (U-233) as 
the fourth identification number, e.g.. 
Ill.C.3(97)-2 would signify the second 
graph showing data for uranium contain­
ing 97 weight percent U-233. 

4. Critical Cylinder Dimensions 

5. Critical Slab Dimensions 

6. Critical Mass - Sphere 

7. Critical Mass per Unit Height - Cylinder 

8. Critical Mass per Unit Area - Slab 

9. Critical Volume 

10. Material Bucklings and Infinite Multipli­
cation Factor 

Revised 7/10/69 UNCLASSIFIED 



UNCLASSIFIED III.C-2 ARH-600 

BASIC URANIUM-233 CRITICAL PARAMETERS 

These basic values are taken from references which would 
normally be used as bases for standards. ARH-600 values 
compare favorably. 

(1) (2) Full 
METAL Reflection* 

7.6 

2.01 

0.247 

.407 

Bare** 

17.0 

3.2 

1.8 

.84 

Minimum critical spherical mass, 
Kgs ^^^U 18.66 g/cm^ 

Infinite cylinder diameter, inches, 
2^^U 18.66 g/cm^ 

Infinite slab thickness, inches, ^^'u 
18.66 g/cm^ 

Minimum spherical volume, liters, ^'^U 
18.66 g/cm^ 

HOMOGENEOUS SOLUTIONS ̂"̂^ ^^' 

Minimum critical mass, g ^^^U 570 1200 

Infinite cylinder diameter, inches 4.68 7.5 

Infinite slab thickness, inches 1.26 4.0 

Minimum spherical volume, liters 3.7 8.7 

Minimum areal concentration g/ft^ 341 ~440 

Minimum critical aqueous concentration, .„. 
g/1 2^^U 11.25 + 0.10^^ 

11.2<3' 

* Reflector is water unless otherwise specified. 

** "Bare" solutions have 1/16-inch stainless steel reflector 

W. H. Roach and D. R. Smith. "Estimates of Maximum Subcritical 
Dimensions of Single Fissile Metal Units", ORNL-CDC-3, 
October, 1967, (reflected metal systems). 

(2) . . 

H. C. Paxton, et al. "Critical Dimensions of Systems Containing 
235^^ 239p^ ^^^ 233u", TID-7028, June, 1964, (for all bare 
systems unless otherwise noted; solutions are U(100)-H20 with 
correction for H/U relationships for actual solutions). 

(3) 
J. W. Webster. "Calculated Neutron Multiplication Factors of 
Uniform Aqueous Solutions of ^''u and ^^^U", ORNL-CDC-2, 
October, 1967, (for reflected U(100)02F2 systems). 
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UNCLASSIFIED III.C.1-1 ARH-600 

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 nvunber 
of critical experiments were checked to verify the adequacy of 
the calculations. These are shown below: 

Geom. 

Sphere 
(a) 

.(a) 2. Sphere* 

2a. Same as 2 

3. Sphere 

k. Cyl.(^^ 

(b) 

5. Cyl. 
(a) 

6. Cyl, 
(a) 

7. Cyl. 
(a) 

Reflector 

Water 

Water 

Bare 

Bare 

Water 

Paraffin 

Solution 

UO2F2 

U02(N03)2 

U02(N03), 

UO2F2 

U02(N03)2 

2 33 Ug/1 Calc. k, 

39 

62 

16. 

165 

U9 

U02(N03)2 336 

Paraffin U02(N03)2 336 

8. Cyl.(a) Paraffin U02(N03)2 275 

eff 

1,0257 

1.012 

1.011 
+ .010 

1.0070 

1.007 

1.015 

I.07U 

1.018 

0.995 
±.013 

Remarks 

31.9 cm .dia. 

26.6 cm .dia. 

KENO Calc (c) 

70.5 cm .dia. 

25.5 cm .dia. 

25.5 cm .dia. 
h = 25.5 cm. 

19.1 cm .dia. 
h = 16.2 cm. 

15.1 cm .dia. 
h = 29.0 cm. 

KENO Calc (c) 

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 been attempted. 

(a) 

(b) 

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

See VI.2-1 

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

Revised 10/5/70 UNCLASSIFIED 



UNCLASSIFIED III.C.2-1 ARH-600 

III.C.2 H/U Versus U g/1 Relationships 

The following relationships were used to determine 
solution composition. 

For uranium nitrate solutions the relationship 
between H/U and the uranium concentration was 
derived from the equation: 

P T = 1.0012 + 0.3177 M + 0.03096 M„^,^ J sol u HNO., 

For uranium-water solutions the relationship was: 

. ^ 25860 1.368 
^ (.9790 + .02101f233) U g/1 ~ (.9790 + .02101f233) 

233 where f233 is the weight fraction of U in uranium. 

UNCLASSIFIED 
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SĤ  tf ti \ 
HB S S ft M ftt ^ : 1 

tit 1 
! 1 w 
i 1 ^ 

LL 1 
(W fh 1 +11 

^ j j i j ; 
H ul ' 

L [[ l i ' 1 
IT r 1 

! 
, 1 ! 

i 1 
[ 

10 20 30 50 70 100 200 300 500 700 1000 

http://rtt.fi


UNCLASSIFIED III.C.3(100)-3 ARH-600 

UNCLASSIFIED 



18 

16 

14 

12 ^ 

1 0 -I 

I 1 TTi i i | ' ' i i ! i i | | \ i I I I 1, ! ||h I'ii M'l ' ll ' f Mil' 1 i[ 1' 1 f 1 i 1 1 M 1 j III 'i^l 1 1 
I I I ' 1 ' 1 ' ' ' 11 \ 1 J ' ' ' ' M ' l ' 1 ' 1 1 ' 1 

1 1 i 1 1 n 11 \ \ 1 1 ! : 11 ' 1' 1 • • I' ll 1 i 1 1' r i M 1 i 1 1 1 h '1 1 
M i 1 ! !U \ f '.M ' ' Ml I'M Ml M i. J iMMM 1 MM P 
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T MT'TiHÎ iM ^'iniliMFffllffll^il 

ML L i I . M : _ L . 1 .04^1^ i : . L i M i 1 .M 

i i TmW+l^u^?^iect^H ^^mMMMMiMMMI^ Mm 
I f i W W t M M M t t m W ^ f e # # M M 

1M'''r'''1i 1 M ' ' ' 11 M -1 li M| i '—^ 
TW4«L1I [iilil 1 J M M 1 1 I ' 1 II ' ' 1 

llii'lll7fltiH--uLl 1 1 M I M I 1 H.n n_ 

' ' ""i ' " 'il" ' i ' ' M P M'illrlff ffll"™ 1 1 1 1 1 1 I 1 1 i i i 1 Ih 1 i|l I ' 1| I I 1 1 
c, ' " " . 1 . 1 1 M M M i 1 m - K - U h ,1,1. . ^ ""=J--i-ectov . 1 I 1 ' 1 

|l':|iii||4l|i|!|| 1 1 I h 1' *" Tt""M| M M 1 1 U 
jM-iIII'.; 1 1 i-M —\t\\ M~l 
T mllil i il M i l l l 1 

1 ||4u r*fl ijLJ P t , 1 T ' 

-u-_Lm " i ii i 'i ' ' i r' 

1 1 1 1 

i i i ! r r + u i n I " " ^ «.o P « M " " " I I I I 1 ii t 
T^MM 1 M M M—^"T^ """R-M i_u 

Ml 1 i 1 1 1 1 1 "1 — 

1 ' M M ' |. lj 1 ll [1 M ' . ' ' ' 
|j M ' |M 1 I'l 1 1 i i M 1 t M 1 
' ' > '?? 11 1 

U a / 1 
' ^ ' 

IMlll<ll'Ii'lliill 1 1 1 1 1 M i l l 11 

^-sector r i | p i i « . i M M | t » S | | 
' •Tl -htf l4±m 1 m 1 1 

1 I II rmttftfMllM m 
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UNCLASSIFIED III.D-1 ARH-600 

III. HOMOGENEOUS DATA 

D. MIXED AND MISCELLANEOUS SYSTEMS 

1. Correlation Between Calculation and Experiment 

2. H/X versus Fissile* g/l Relationship 

3- Critical Sphere Dimensions 

All graphs within this and following divisions 
have the percentage by weight of the major 
fissile-atom-containin,g component as the 
fourth identification number. For example, 
III.D.3(3)-! might signify a graph showing 
data for a PUO2-UO2 mixture containing 3 
weight percent PuO^ with the uraniian being 
either natural or aepleted, while III.D.3(3)-2 
might show data for material containing 3 
weight percent U-233 in thorium. 

k. Critical Cylinder Dimensions 

5. Critical Slab Dimensions 

6. Critical Mass - Sphere 

7. Critical Mass per Unit Height - Cylinder 

8. Critical Mass per Unit Area - Slab 

9. Critical Vol\ame 

10. Material Bucklings and Infinite Multiplication 
Factor 

*In this book fissile atoms are those which can sustain a chain 
reaction in at least one condition. Fissionable atoms are defined 
HSQthose which can be made to fission but may or may not (e.g., 
•̂  U) be capable of forming a critical mass. 

UNCLASSIFIED 



III.D.1-1 ARH-600 

III.D.l Correlations Between Theory and Experiment 

The primary means of producing the critical parameters in this 

section were the GATITEC II code for the 18-group cross section sets 

and the HFN diffusion theory code for the critical parameters (some 

additional checks were made with the DTF-IV code). At this writing 

only critical parameters for plutonium-natural uranium mixtures with 
239 

the Plutonium consisting of only Pu have been calculated. This 

limitation was set because correlation of calculation and experiment 

found that calculated k-effective valves were consistently low when 
240 241 242 

large fractions of Pu, Pu, and Pu were involved (see pp. 
239 

III.A.1-3 to -5.) if the calculation assumed that the Pu 
239 241 240 240 

represented the Pu and Pu and the Pu represented the Pu 
242 

and the Pu. However, recent experiments with plutonium-uranium 
nitrate solutions (1) have provided a good correlational basis for 

mixture calculations and two-isotope calculations do not appear 

to be as low as the plutonium-only data indicated (possibly because 

of compensating errors). 

The uranium and plutonium analysis is shown in Table I for 

both the actual composition (in weight percent) and those used for 

the calculations. Only the single plutonium composition was used 

for the sphere calculations because the aunount of the 238, 241, 

and 242 plutonium isotopes was not considered significant. 

(1)R. C. Lloyd, et. al., "Critical Parameters of Plutonium-Uranium 
Nitrate Solutions," Transactions of the American Nuclear Society, 
15, 803, 1972. 



III.D.1-2 ARH-600 

All Experiments 

234^ 

235̂ j 

236^ 

238^ 

Sphere Experiments 

238_ 
Pu 

239^ 
Pu 

240n 
Pu 

241n 
Pu 242_ 
Pu 

Cylinder Experiments 

238_ 
Pu 

239n 
Pu 

240„ 
Pu 

241„ 
Pu 

242^ 
Pu 

TABLE I 

Actual 

0.01 

0.66 

0.01 

99.32 

0.01 

95.09 

4.66 

0.22 

0.01 

0.07 

73.00 

22.80 

3.22 

0.91 

Calculat 

0 

0.66 

0 

99.34 

0 

95.09 

4.68 

0.22 

0.01 

(2-Iso) 

0 

76.22 

23.78 

0 

0 

ions Used 

0 

0.66 

0 

99.34 

f5-Iso) 

0.07 

73.00 

22.80 

3.22 

0.91 

The computer codes used included HFN, DTF-IV, and KENO (all of 

generated cross section desks) and HAMMER. The data is shcvm in 

Table II. Additional details may be found in the reference. The 

sphere was fully reflected by water and the cylinder was fully 

reflected on the radius and the base. 

Previous experience has shown the Ak effect of the gadolinium 

to be less than calculated. Therefore, the calculated k-effective for 

the spheres would be expected to be slightly higher if no gadolinium 

were present. The total calculated gadolinium effect is 2.2, 2.3, and 

0.3 percent k-effective, therefore, the adjustment would be small. 

The differences in k-effective between the two-isotope and 

five-isotope calculations are .0154, .0152, .0150, .0150, and .0150. 



in.D.1-3 ARH-600 

This compared to values greater than 0.03 that might be expected at 
240 242 

25 percent Pu + Pu based on the correlation in section III.A.l. 

The two-isotope calculations are also low by less than one percent 

k-effective compared to a predicted value of nearly two percent in 

III.A.l. These smaller differences may be due to the presence of 
238 

large amounts of U. 

Based on these correlations it now appears feasible to calculate 

critical parameters for mixed solutions with up to 25 percent 
240 242 

Pu + Pu with a one percent or less correction factor in 
k-effective. 

W. E. Matheison 
R. D. Carter 
July 1, 1973 



TABLE II 

Sphere 

Wall Thick.. 

Base Thick., 

Radius, cm 

Critical Hei 
cm 

u,g/i 

Pu, g/1 

Gd, g/1 

HNO^, M 

cm 

cm 

ght. 

0.112 

17.869 

157.1 

70.93 

0.051 

3.12 

0.122 

19.304 

75.7 

35.05 

0.025 

1.49 

0.122 

19.314 

264.9 

45.6 

0.005 

2.1 

Cylinder 

0.079 0.079 0.079 0.079 0.079 

0.9525 0.9525 0.9525 0.9525 0.9525 

30.514 30.514 30.514 30.514 30.514 

50.27 54.66 61.04 70.49 84.86 

390.2 394.5 399.0 403.3 407.1 

30.63 29.00 27.32 25.71 24.28 

0.45 0.44 0.44 0.37 0.36 

HFN-GAMTEC II 

Two Isotopes For Pu and Two For U 

0.9942 0.9922 0.9918 0.9922 0.9919 
I 

HFN-GAMTEC II 

DTF-GAMTEC II 

HAMMER 

KENO-GAMTEC II 

1.0071 

1.017 

-.008 

1.0081 

1.0216 

1.029 

1.007 

-.008 

1.006 

1.024 

0.992 

-.008 

(neutron history) 9400 

Five Isotopes For Pu and Two For U 

1.0096 

9400 

1.0074 1.0068 1.0072 1.0069 

1.003 1.003 1.002 1.014 

- .007 - .008 - .007 - .005 

1.006 

-.004 

9400 9600 10,000 10,000 13,000 14,000 

I 
a 
o 
c 



III.D.2-1 AEH-600 

III.D.2 H/(U+Pu) Versus s(m-Pu)/Ji. Relationships 

The critical parajueters in this section were calculated from 
the general relationship shown on page II.C.3-1 and the values 
in the table on page II.C.3-2. No denitration effect was 
assumed for the nitrate solutions. The relationships are shown 
graphically on pages III.D.2-2 and III.D.2-3. 

Revised i+/7/72 
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" * ' î  __:_..^._ __i- --f — - "̂  

_. . ! . . . 1 . ^^ 

Sl4j::t::|==:::4± 
- ^^ztt-r^-'li: t t i i t i t — K, 
ni" i t t:: : . . . ̂  A,l -4-

l" V ' '• \-

f-

fMiM T'rn 

f 3 - - T 

M + P L U T O N I U M C O N 

v s . H / P u + " ' U 

'- 4 W t ' i l 
EE:^;::;; 2 w i 

\ , riLLLuij [K 

^m E^h;;;:;;-- ;;:; 
::_:;:;:;,,:: . . ! : 

s ; : :" : : ; ; : : : ! : ; ; : 
s^ ^^. 

";, ', \ 
= = . ^ , : : : : : : : - , : ^ 

1 r l I N 
s ^ 

"̂  > - 5 ^ : : : : ; : : : : : ; = : : : : : : 
E5 = : E : : : : : :: III 

= z = : : 5 i : : : : : : : : : : : : 5: 
- I I s 

-__:::::::;:::: : : : : -~~llll\ll\\\\\ ill: 
: : : : ± ; : : : ; : - S : : 

! 

. 
r 

CENTRATION E 

;; 

" ' P u 0 2 - U ( N a t . ) O j IN H j O t 

IIIIIIIITIMIIIJIiil 1 1 l l l l l l 1 1 1 l l l l l l i l l l l l l l l 

:;:::: : :: 

%E EE:!:;;;— 

fj — - . . . —^ 

. : . i ; : : . : : : — 

; s " " . ; . . . s : : : ; ' _ S-. s. -
^, "̂  

5 ; : : : : " " : ^ ; : — 

: ^ : : : ^ r : : : : : ' - = 
; • '! s * L r 

. ; : . . _ - » : ^ ' 5 
. . . : . , s - - - i , . . 

IT M H PHJ 
^ - S - - ! , — S ; 
:';;;; E E ^ ; ; - [ ; E E 

1 - » - - - \ 

. . : . . , :!;: 5 

iMHlfR 
Tiiiilillll IIIRIII-J-i 
— , - - . , . 
_. 

s " . . . . ^ v 
I. - \ 

: : : : : : = = : ^ 5 : : - = 
. 

:;;::: : ; ; : : > ; _ S 

1 . . — 

s _!v 
1 N II l l l l l 

— S- - ^ - - p 1 —^ 

EEEEE! ; ; ; ; ; ; ; ; ;EEE: 

^ ^ ; : : : - ; - - : : " 
. . . . . . - - f v . : : : : : : ! , : : : _ : ; : 

1 N I InslrrllillNl ll 

. ^ _ . - - . s . . . 1 1 . ? 

___v.. , . ^ 1 : , . . S - - . 

_ ^ . . . : : : ; ; , : , . . s . 

- = : ? ; : : : : : : : • ; izA 
. ; . . , : :: ^ . . . , s k 

V S, I k . ; 

[II | | [ | [̂  
15 

w 
__ . ; : : : : : : : . . s . _ = _ i i : : : : : : : : : -^ :1 

T l l l D A M I I I K f l ^ D I • l - r / M k l l l l k a - / . 

NI 1 1 IJIIIIM.IIIIMII 1 II 

. +. ... 5 
\ 1 

• + + I 

!;;;;;:i:;:EEE:;;;; 
: : . . ' _ 

5 -. v . . . > . . . . p 

\^p.^\\ll^llz\\ 

:i;:!,::!i=h=:::; 
N K N 

:t: ; ! : . l 5 :;: IliH ;-;;::P:!:;;; 
T 

: : : ; : : : : ; • 

, m 3 ___ 
i m 
IIIIII.L . .. 

701 .02 .03 .05 .07 .1 .2 .5 .7 1 10 



l i l D . 2 - 4 A R H - 6 0 0 

100 

70 

5 0 

^o 

2 0 

-
-
-

' 1' "^T^'lTTrr 
1 1 ! 1 , I M 

1 , 1 

' 1 M i l l 

-

i n -
• " " " 

7 

5 

3 

2 

1 

-

- - t tift:ii;:s 
^ "^ ""^-iTt̂ T 

- - LtE--ttEa 
Z .4i:4;-3£e: 
% ; , - :4 jE i - f i O X 1.1 - -ti 
~̂ ' 1 

-• .ET"--t'I+t ^illj.:! ^:::^-i:^ 
= .ZI4I-
z ._:4in-^ 

^ WW — . t ^ T + 

2 ^4J : - -J . : :# 
« - -1 '-1 ^ !--• -"t 0 1 , M l u t t i l t i t I t h- ' i 1 1 T ' , 1 1 

1 ' 1 1 i 

ft ^t^^" i l IL ^ T^ +1- t t 
^ 1 1 r^r ^ti""t^ 
T . -1 <- -l-T 4-• M-̂  

? r Trr 1 111 it 
\ II W ' T 

~ r^^'Slw n i j L^ X 1 1 "X-T""' + TT 
1 r rT . +n ! 

— 
-
-

1 p^t-?::::: 
J I-LT ' I 1 
"" rr 

r t r-—^---H-111 i i i i i i i i i i i i i i i 

t H—1 4--»- '— 

i ± _ i t i . i : . i ; '.. _ 

I \ J _ _ _ 

. :-^^E . .— 
is;;::::: ;;;••:::== 

t 3^"= :::::::| :__:: 

ititfntj p 

t ^ ^ l ..__.. 
, i t t t l tu 
t± :̂::::::i=,-:::: = = ' i ; fe^* : :H"- 's ; : - — 
, x . r . i t i :s,. _ :_j_5^_r :: . i , 
'T:"::::liri ""•'^^ 
I r s 
mimp|ff 
r i — t 

; E L E E ; | E ; ; ; ; ; ; ; — E E E E ; — 

, _, 1 _^„ 

• 1 

[ l l R A ^ 
11 n i l 1 

1" 1 1 1 I'llii 1 1 > 

. . I 

1 l l l l l l 1 11 l l l l l l l l l l l l l l l l l l l miiiiiiiii ii+f+ff 

iviii^iiiviuivi i#ni 1 lUML v^uiMuci^ riMi ura r m l l l l l MIMII I t m 
rim ""Pu-UfNat.) NITRATE SOLUTIONS M 

c-

^.•i._r:..^_, _ t — ; 

EEE^6:E;;E;;;E; EEEE 
EEE:E^ ' i : ; ;EE; " " 

— ̂  

lUM + PLUTOP 
1 1 l l l l l l l l l l l l l l l l l l l 

No Excess HNO3 ±--

•" koo = 1 . 0 0 4=tH 
koo = 0 . 9 8 

GAMTEC II Calculat ions 

«--
PW. _.« , .. _ ... ..... ... ,.,, _ ^ J ^ . . 

; :: ^ ^ E : E : : : 
- ^ , 

;:::::::: - i : h : : : — (5 
: .. .: > , 4-, * ' . . -

!s 
: :::: " ^ 

J i U M a / c m 3 
iiiiiiiiiiiniiiiii " 

>, 

_1__.T;. P - . 
:-Li;: ::: 

!:;, 

_ _ S ^ 

.001 .002 003 .005 .007 .01 .02 .03 .05 .07 .2 



i l l .D .2 -5 ARH-600 

J t ^ 
--H-i-y 

£ 

-1 

« B ~ 
- = ; -
- -; ~ 

o 
100 US 

50 

10 "* 

~ c 

3 -
J —1 
L —1 
. 

r 3 

* — 

h- J-
z 
5 : 2 0 h 5 H 

i Z-J 
' o 1 H , rs 

'°Ifl 
7 

5 

3 

2 

^ 

J ^ 

^ — 

- > ^ 

• i L -

~ i *" 

it̂  
- H -

- h 

-r r 

ji^rl^'IWtt 
l l ' I i i ' ' 11 1 
. 1 1 i l l l i i LJLL 
T t i^l:tH:fl t t t 

tlFFr 
ht.feribt 

-.•biJ l E E f '' '1 

LtHMW 
' ' 1 [ ' 1 • 
J ' l it U;LLl.1 

T-,'Lvb+t:Fp 
— r - I ' l \<'iiyr-

[ -1 | T T h -* 

1 I I I 

11 n r dr 
l l . , jTU4. 

' ilUji LlJ-

- f f l 
..i-u. 1 i 1 LU. 

r lh ' ih t f 

"t" n i m 
tt"t+riT 
i h l l l l l 

—'Kt^K i . i iT ' inT 

M'' P t 
' 1 M i j i l i t t r r 

. ^—: ;T i l l r r t i 4 -h 

t i ,;t!![ f t ' l R - mi 
1 4'i4fTr 

'— "IiJ'ftt 
luFB. ] r i r , ' ^ .T 

- J ! i t j ' ;|E4 

M I I I H I I I ll . . 

| t i ! ' | i i | l | | | | | [ l [ | | | 
1 i 1 "•" ! ! 

i L O T t 3 S - t - t l t t Ĥ 
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îllliil 
^[.|±|^|||]. |-|-{-{-[41-|. —U-

1 j 11 llllfl^-1 1 1 1 [Zjlj^ j 

••[,-i::lj^^fJ[l [- -^l 

I j 111 111 1 1 11 1II1 1 ' 

'-• [^[rpjl[::[[' t'^" 

"IT h^i j Hi4" l~r hh hh H—1~ 
i l l 1 1 1 

siiiiiH #iiSlli 
I ' M ' 1 

U 'JLili^ • LLLL! ' ' ' . T i l l Ml 1 1 r r r T • I D 
"^^tlihtcrrrrrt " " ' 11 hiiiriiiirrmTi.i..i.i_i 

-ffliiimiiiiii-ffl 

Hilj 
n r r^mTni irrn 

-H-p-r^ sHrrfrjl rpH 
Itttl4-F ^ -ijHH i 

1 1 1 1 1 1 1 11111 fU I--P 

^NIUM•^PLUT0 
1 II1111 i i i i i i i i i i i I.I 1 

imillllllMIHIIII 1 IIIIMMIIIII|i|lllilllllNllllliMlllhH 

X MIN IMUM CRITICAL CONCENTRATION x 

I ^^'PuOa 

+ 

T 
-U(Nat.) 0 , IN H^O 1 

-H • » • • - "-WW + 
T 

a ^ -
i 

fl 

T 

k«= 0.98 1 1 
4 

m uAivi 1 c u II uaicuiaTions x 

\ 

[|] ^ W^^[ H4 
rti! 

\ 

r̂ . 
l^t SSff ffi TrnTTi rTrTbtr H i 

MNL 
tsX b t - - t ESi 

• U i l i K 4 rt/nt^2 
I M I U M , g / C I T l ' ' r i ­
l l i,ii.Lj.uiu_La-i-Li i n r t 

i zn5x : : : | :E | | EiE 

~H~hn-~ '̂'"-rrn f —rr 
imJ : t t t C t 4 - S i J t t - t t 

~ 

.001 .002 .003 .005 .007 .01 .02 .03 .05 .07 .2 .3 



III.D.3-1 ARH-600 



4 a 

35 

v> 

7S 

2 0 

15 

10 

— r —r 1 1 1 1 : 1 1 1 1 1 1 1 I I 1 1 l l M M I M I I I l l l l tm-rtiriMiiMiii'lim 

CRITICAL S P H E R E 

E " ' P u - U ( N a t . ) N ITRATE SOLUTIONS 

No Excess HNO3 

Nominal (One Inch) H jO Ref lect ion 

G A M T E C II - HFN Calculation 

-- . ! . : ; ! .t:P ". 

: ' T ' 1 1 
' 

P • ^ r n n r 
. . ^ T T I .11 

^ . T; P r 
,: 1 

I I 
— 1 ' j • • T 

e 
• H 

UJ 

: S 
- < 

0 

- -Hi 

:t 

] i 1 1 

1 h-f-

, 
i-- •*-

! -4- 4 ; i E . 

1 

! 
T ̂  T^ ̂  

: ! i M 1 1 i 1 

T 

— 
-

^ - - H 

_ ... 

-iji ̂ i - i : 
1 . 1 

7 ,. 4 L i u i J - i L 

1 

• t [ : : : : " " t ' " t " " 

| 3 0 W t % Pu 
I X 

1 . 

• 

||:;|t:!:::;; 
7 --t iiii^jiti 
11' t 4^'[ 

1 

J t 

1 i T j iT 

X L I I I H I 

J 

15 
' ' ' P 1 ^ 

in Pu-f U Î  J 
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U-z4 4LĤ I - I pttP-ttt 44-44 45 44 ittl U 4t Ŝ t NT M T 

L̂ . n 1 

-L^TLpLutP^ t 
-..V.HLpPI V t 

^Ini t i s t 
_-l"ymtt4'̂ ^^ i 
^ l^J II ' 1 

s L' I iJ 1 1 
LL \,Lmt4'PPPt 
5:W|i^ii 

111 jiH^'^'+l' 
1 1 i 1 1 T "*•>• -L M 1 u p 1 • 1' 1 1 

l^hy-14-14*1 J I I ' ! ' 1 
11. _f̂ . i jruM 
-L..„.Ij|lJ.|.ij|^ij;OT 

'' ! 11 1 
' 1 ' i i 
M i l I 

llll lIIIUlll lU 1 1 

-rr-hT|Tl]]iTii-- 'TT 

L|[! UJ• ' , I 
l|4lj1Tt 1 '1 

[tdjJJ ''' _i J 

n r 11 • 1 

1 1 1 1 I f i i j 

2 wt% 
Jl 1 111 11 
1 Lilt it 

1 l l l l l l ! II 
\ 

1 LLU JJ J 
' ir\' ' i' 

nTl [11 T *fi 
P"'rtr i t i , "if 

rm T E 

LLL J • V li 
, : ' .LLLL. .... ''fl 

" trtJiJ"^T I'T' 
[1 41J 4 in 

p 1'111 1 1 
1 1 III 1 iLili' 

^ - • 1 4 T|M 

rrrr jtltj ii ti MnfliiJ 
T It 111 1 Jit 
ijjIjliilTW'^lall' 
.-.p.ujsOTr'IllLI.L 

^ lliti tl""'t 
t i t t n Pljitt tl̂  Llllilllllll IJl • / - •» . Hi 

- • 

— 
--
-

— 

- 4 

1 i l l ' 
—[P f-+-T-' 

pt t m z 

- t t - f t t j " 

t4T'i44 4- 1 - - 4 t 1 

I 4 T tii I"4'414 T' 

"ttzl" 
- I - I t I 
y. t 144- J 
r- jti-f p/ I N / 

H TiLtrr t-tmL 
1 1 / 1 ' 1 
1 i/l 1 1 
i/n j 1 t ! 

'"'-if—^r' i • 1 ' 1 1 

-4-;-^-j-P-/ 
-

--

Z- tP-P-Z l ; 
1 1 / i / 

^ 1 i T r l / r / 
— 

; 1 / \jj 

''/^'v 
r ' i / / J 

' y.:A / i . 
---

T 
— 
— 

w-
TT"-' 

1 : . t ! ; 

-
1 • ' " 

....(.."t-Uf, 
-z i i 44 ' 

r j 1 j "̂  

n •»• rLU lumiunn, g/cm^ m Ill] _ 1 i p p 

- hH-It-lt|}I]t 4 
• f t - f i i n t ' z t 
•tt i l t tP 

4-l-MT]iti!lllllli |-i 

t thnf |liii|t 
4^tt4t't44ntit4l J 1 1 Ml! | m 1 

1 "-[4 r - ' ' tF ' '4 4il4 

I !l4Mt-1 
i ' ' ' 1 1 1 ' 1 
|--4- I-4-IP||P|-l 

liTtiniiiiiiinfi 

t tir''i 
^t^P 
I 4 p 
P ^ 4 rlit 1 ' 1 

... L|4 HH 

- -' I i 4L 
-• t 41 
- [tt^JlT 

tlitllil' --t-41 F 
-• 111! [p: 

Iiltlitllfi44i] itilh 
tj^^ttjittt 
•Wrlliil 
'It itLStit 

II 4 ' 

l-p ttt p i " 

"4hi4lllii 
1 1 11'TI 1' 

" '''tlrii 
I j ' • •! 

t J 4 t - L i 4 . . , . 
- t l l : . l 4 , , , 

I 4 1 L4| h -^4-4-tt4|Pi4';'4^"pl|-ll j-'-^-
f / 'H- i|t4ili ' l l tT l i l i t - - ' 

?1ltt I:P t^ii44t^:• 
t;tt Itpiir 

L 1 ' 4 ' ' 1 1 

I tiir'tt 

I 4. ... 
4 i i L : - -

"5 H I ' 
4t fk 
-II m 

I kllMffl- ililllii 
P 4iT4tpt i t 'P4:' 

' L H" '̂iikpl i l t " t tit441' 
: I l ltiltt^4top-44i4ii 

1 1 1 1 ; 111: i l l l l i l l 1 l l l l h i l l l,p.4..(4UjTM 

1 1 i i 1111 i i l l l l l ; l l i i i i 

M T 

ti 
il ijf-

Iilll 
4 ifi 
j l 41 

J 4 H 

"Tt-t '1 

' 4' 
1 i 11 ..14 
LP 

ttt ' i-tf4 
'• 1 pmp 
ii'ijp ir*i 

i t - r 

llT 
^ 4 1 . 1 , 

l t - | 
T ' l t r " 

II Tr 

1 ; lU 

j r 

...! 

:, t[l 

tilt 
4*4* 

I ' l l 

PMM H it 
--• fi Pf1 4 I f t I 
- .-44pi.- i i i j4 i 
• H f i l l itH 1 1 

l l l l 1 1 : .1 III ijl 

ipil 

4t' 
i l ' t 4 

rJTi] 

;]"4 j^ 

: 4l 

- * • • -

T' '1 
.L. i.: 

11 
ll trm 

.01 .02 .03 .05 .07 .3 10 



-
1 — , 

- • 

— - r .1 r ' | i44ZTi ' 'M ' : : i t i ' i : . : 441 - r - ' ' 

C R I T I C A L C Y L I N D E R 

'^'Pu-U(Nat.) NITRATE SOLUTIONS 
No Excess HNO3 

1 Full HjO Reflection 

P̂  GAMTEC II - HFN Calculation 

_.. .. 1 ,̂ 

1 , 1 j 1 • ! 
, ! 1 • • ' i 

I 
c 
*̂  ' - E 

t-
UJ 

s < 
0 

1 T , 

' 1 1 I 

' I P P " I ' I 
1 , ! 

1 I I I 
P _4 i- l--(--

' i TtZ^" 
' i ' ' 

"'^t""'Ttt"" ' M 
' Z 

"' 

; • ' 

' ' 1 • ' ' ! 

3 0 

^ i " T T P 
"4 z 4zzP : r -TTT r 
I . I 

-. 
— 

-

-

1 1 1 1 1 11I I 

^-U-44t4II 
- p ^ 4 

- T 

............ i-u-T' 
4 I p Ul4 44l i -44 
p u Tt K---4 I I T14 

' 1 ' ' ' 1 
11 4 [ 1 1 . 1 I 
u llll I 41 +4 
1 1 1 1 _j 

1 1 1 1 

T ^ r ' t 

T4-- 'rr-4 
1 " 1 

P t P Z ' "'" T - — P -
i - . .4 | t t • - - 4 -
4 T ' T 
t t - t t I I z:: u z.. 1. 
It 4 4- . 11 1 

i 1 ' " i ' I ' 

; 1 • 1 i • 4 

1't'W 'Wl 44^ 
1 1 ! 1 r 1 M | | | i | : i ' l i i ' i 
1 i l l ' i ' H L' 41' 

! 1 

x~" rt r__.T .11^ 

P 
li 

1 T T 'TT; yn 
r "̂  i 1 4 I 

' M l 

" j T - T T 

Xi -U-

t t t t : : ::i:::5 ]. 

1 t [t 
1 11 

1 Tn •! 
iiiiiii lU î 
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Iff î i'̂ ^ lit 
-tftit 
•tfiUtiithit 
I t 

14 Z 4 
- 4 " " " J " I ^ P 

• T l4 -

-MftP 

li 
in M 

• I - i i i ; i 
- -ZTpJ Zlf t . - - . I T T - -

[ -LPl 

ifi|i|i 
' 

441 I 

4 tilt 
' ] t Lffi -1 

P*"'TttI 
•P ; [ -4»^ r 

44 
4 • """'It* 

p'l 
" t '̂ "1 ••• 

- -44-
±. 

t 
4 

44 
It] 
t i l l 

o 
01 

01 02 03 05 07 1 10 

> 
3 
X 
9 
O 
O 

file://-/tp-1


i O 

14 

12 

10 

8 

A 

4 

t 

1 M ' 11 1 1 : M l l l l l i l i l l l l l l l l MM I I I ! Ili l l l l l l i lHIIII 1 1 1 1 M 1 11 
P 
Z CRITICAL SLAB 

P ^''Pu-U(Nat.) NITRATE SOLUTIONS 
Z No Excess HNO3 

P Full HjO Reflection 

P GAMTEC II - HFN Calculation 

- c 

: « 
« 
UJ 

- 2 
- ^ 
: 0 : i 

1-

-

-

-_ 
-
_ 
-

-

r 

1 ^ 

; 
' 

, 

1 "T T J 

_ 15 V 

^ ' \m 
'>n w t % P I il in Pu+U 

• 

• 

\ ' ~ • • • 

: s : : : : : 1 

\ 

« 

vt 

~ 

V, 

> : : 

4 6 V 

J 
8 w t % : 

"~ V """ 
i:_ X 
r I 
J_-_ 
-t r 1 

L 

\ u ' 

% T 
-\-1 

i_ 

^ " " 
^ 
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1 Nominal (One Inch) Ĥ O Re 
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i>n mŷ  = = ? ! : : : : : ! : : : 
^ - E E - 4 : ; 4 

Z~ H'-'.''\ -.\. 
/--'.'''.::: * ..,i.:....,\ 

=E? E E E ; I : M ; 

if 111 
_ : ? ; : ; [ : : : : : 
2EE=!E; ! i ; ; i4 

=?EE;:;iF;Ei 
zEEES!M;;;;; 

r - ---¥ 

flWI 
=!S>*J::;;;-
Z-^.Z... X ^ -
_ i ; . ; : : : . . . . 
IJSCL JT 1 
. 1 i i j - i i n i i u j 

f.:,;:r 

!::: : = 
:: i t 

i 
If if 
J f 
11 

'1 '1' 
1 1 

:: 

"n K 
' 1 ' 

• i i : : : 

» 
: ; i : : : 

. . . , L 
u - . | - _ 

3N [ 
m i l 1 

: : : : : : : : : : : Z : : : : - ^ 
: : :44 : : : r : r - r 

I... : : ' : : : : ,,.,,, ^ 1̂ ,,,,,̂ ,̂  

•Wllnl tnlLliLi 
If ;' ' XL * . I t . 1 . . _ -. \... 

. l i M , ..I — 

1 4 
\i^tiMPil^rHT ^W :..!!:!! i | | : : . : : l l : ; ; a 

M M H T I Olfi : : ; t : : : :: ? : : : : : : : " 
< •Jiii , - - E : :.. : L . s , . . , ,. , 

V..\x\. ... __ 
t : i : : : ! iii i ; ; : : : : , s e 

'fiiiiiiiiinritiiHTii 1 
l' - ~ 

: : : : : : i l : : : : _ = = : : : : : _ _ 
= : : : i : : ; ; : : , = ; : : : ; : : = : : 

5EPTH, in. :: 
1 I I I I I 1 l i i i i r J j_L. . . . . . 

- : 2 v / t s EEE: 

^y-\lliy:\X:X:'.':'z\ 

— 1 

:::::;: _ = r " : : : 

l l l l l l l l l l l l 
, : ; : : : : : : : : : 8 Wt%- - - - - ± 

--'- 6 W t % ; ^ E : 
- - - i j » n | n r r 4 """ 

wHm 
3 = -;!:::::::::::: : : : : 
=^̂ E:EE;Er;;;EEEEE 

1!1 VrttE EEEE 

' »l(i VVt,i» P I 
E:i?:::::::F:'::::: 

2 

^ ^ f f l 

. : : " " . . : • z ^ " .. 

1 n »u+ J 

- — 

4-" 

1 
x 

: : ; : : F : : : = : : - : ; = E ; 

1 1 

10 20 30 50 



III.D.9-1 ARH-600 

7 0 0 

5 0 0 

3 0 0 

2 0 0 

lOO 

URANIUM + PLUTONIUM, kg 
i i n i i i m I I I I I I l l l l l l l l l I I I I I I 11 I I I I I I I 1 m i l l 

GAMTEC II - HFN Calculations 
I I 11 i i i n I I I I I I I i M i i i I t I ' l ! • " ' • I I 

5 7 10 20 30 50 70 100 200 300 500 700 



III.D.9-2 ARH-600 

700 

50O 

300 

200 

100 

70 

50 

30 

20 

10 

7 

5 

3 

2 

iS!i;:;iii 
J ! 4 

-1—L-t- J 

E « 2 E E | Z = :::EE::|;,EEEE 

E5=^|EE|EIEEEEE 

LU 
_ _ 4 _ - - - i-U 

" 3 4--4--..- - . 
" - 1 X 1 T T I 

-O I 
"1 1 1T30 Wt% Pu 
_42::x::: : i ;4ir:: : ; 
:EE::::::::::::,L :: igiiii =====:|.!!::4n4 

: O • -_ : : : : : : : ; ' :' : : , : 

= = EEE:::F::::::,i:':'"l 
4 ' rf 

" I " ? " " " : : ' '^ .•' '--
^ ^ < ' 1 

\ ^ • - - - . , i j . 4 -
^ ' i f / ' " " ; ' " """ 

3V$>:̂ EH:;;;;E:;E:;E! 
- I . V " J . + . . . J . -

14 2 : . . ; : 4 : : : : 4 : : : : : 
r^? : : : ' ! " 

r V . . . . i ,:..! 4, 

1 ^\\ 

_ J:z=t :^^_LJ:::^:: : 

:"::::::: - : " : : : :=r : 

::::E : | : i 5 w t 9 . 
in Pu+U Ml , 
• • I . . . f - - . . ^ -
::::::::; . ^ : : : i : : 

::;E:yyn:::.i 
; :L iE| : . f : :EE 
:::: / | - : : : : = = 
XX: E:hi;i:::ii 
: E ; ; I ; : E E ! ; ; ; : ; ? -. . , 1 - - ^ , 

:; - ', 1 1 - - - 2 
< .' * 

i- -.'----.' 7 
. : , i ^ , z , , , : : . : . , 
:;:;:EEE?;OIEE 

7 ; N ' 
:< :: 4; : . 4 . ^ : : : _ 
X • — 
^ « Q 4 ' - - " " E ^ - = 

rTTTT U H A N U M + P L U T U N I U M . 1 
M M IIIIIIIIII 1 1 1 l l l l l l l l l l l l I I I I I I I I 1 

8 Wt% 
' ---

= - : : : " " , ' ii 
_ . : : : : : ; : : . i,. 

"" --'.','' 4' i -
.-, , -. ? ' ' ' 

E^:!E^!!4;;I! i\\ 

- 5 * / | " - - i • - -

z?:':::Fli: ::" i 1 ==! il!::::4 :|J 
i 1lmU«niTnTnX 

_ ' " " - - ; ' • - - 1 ; i ' I , ; ! . . . , 1. 1 ^ 

^^hifiiiiLiii^E 
n UH i P o 
"» 2 ' • 10,V 

^ •• E ^ t -
2 , . 

L l i^ 
+!<!> — _jN* 

:g 
11 ..I - . . 

- A Wtl&-

i l l 
ii;;4 ; ' I F F i i E 

4, ; : . , t 
. - 4 J 7 

1 , / 
•' 4 ^ 

-! ' e 
.,,j,..,,t.,.-Z,Z 

' • • • • • ! " - - p " - - , - « < 

::: :, :: ^ z i j ^ ! ; , - ^ ^ 

i:::i ii ffi'ii^sils^z 

i i i i ; : i |E; ; i ! ; :—E 

; i : t t i t : ; — 
: : i i i , T ^ 
E;l::ncrrEEEEEE;---

P i " * ! Ei : E E E E ; E = = E 
« r : ; ; : : : ; : : ; | : : — ; 

4^-4-44-

iiiiiiiiiHi wm 
"Z W f 

iiii 
E;;-::;;. ;; ;E; 

ftliii 
^"^§|j;^^' 

J 5| i 5 ' 

&f i . . 

1 / 

>> " 

if IH 
:-:l\:^••^:: 

^ ^ - 4 -

II 1 
«-

" EEE; i::: : : : 

- -" - - I t 

I I I I I 
-LU / ^ D I T - I O A I e O U C D C \ / r k l I I A J C . , » l U J J 

CRIl ICALMASS 

^ ' ' 'Pu-UrNat . l NITRATE SOLUTIONS i : 
I I 

su U-LU 
NO Excess HNO3 

GAMTEC II 

"""TTTiTniriiTniii 11 

- HFN Calculations 
imi i i i i i i i i i i i i i i i llllllllllll 1 l l l l l l l 

10 20 30 SO 70 100 2 0 0 3 0 0 500 700 



III.D.9-3 ARH-600 

— H - - I rr**TT — T t T - F ^ + ^ - 1 1--^- 1 1 t-^f4--»^.-4^| 1 M 1 -F—*44- l F-TT 4 4 4 ^ . ^ 4 . ^ i i i i -444- t t n - ^ + 

MM:4 f i HrTFH4i-4'4i4Et:.EL': hi} i i L 1 ' < rTT^̂ ThTT ' I t r 1 i rrTTTTTr niff i i' HI FiMrrbHTi 

FfrrtLmWlM .. 1 . -_. . . .. _ . _. , , ' X j ' c i t 
•w>o 1 l, |, Jj\ J ^ ; 

iffTwfFfli I I I ll' 1 ll IW '~'*ni'̂ '*TTfPii™M™ 
""*-+- t T ^ .^- l- . .r--- l - i - -- - l - l - - - I . . - 1 . . - H + . ,. j ^ 4 - - ^ ^ . . .- 4. 

\ \ J t 1 , ^ 1 ..••' ^/ 
±t+4_4_...4:..xi _ _ , . . , . » • , .. , ^ z_ . j . , . ! ! : , . . . . *? j 

1 1 ' ' 1 • , ' ' . ' 1 
M 4 ' , F / / y ' > ,.' ,. T 

-1 - ^ 4-i44,4 4 ^ 1 4 ^ 4 . E ^ / ' F y . 1 V ,• ,̂  / , ; ' L 

«• i l I L E I L I E I L I I ^ E / / ' ' , ' I / ^ ^^ .'i' tt 4 "t l o o m ^ 1 "TiT 1 i 1 n Hi1 • / ' ' ' r ' ' • ••'i'' 
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UNCLASSIFIED IV-1 ARH-oOO 

IV. HETEROGENEOUS DATA 

A. PLUTONIUM SYSTEMS 

B. UiElAiMIUl'I-235 SYSTEMS 

C. URA10:UM-233 SYSTEMS 

D. MIXED AND MISCELLANEOUS SYSTiEMS 

k. 
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UNCLASSIFIED IV.1-1 ARH-600 

COMMENTS ON DATA 

The calculation of parameters for uranium rods is costly in 
both time and money if complete coverage is provided because 
of the number of variables involved. Different critical con­
ditions may be obtained for different fuel materials, enrich­
ments, rod diameters, water-to-uranium ratios, cladding 
material and cladding thickness. 

Cladding fuel rods will generally tend to decease critical 
limitations slightly for rods clad with materials such as 
aluminum or zirconium. For this reason, parameters in this 
section will be for unclad fuel. If it is desired to take 
advantage of the effect of a cladding, such as stainless 
steel which has a pronounced effect on critical limitations, 
it will be necessary to calculate this directly. 

The uranium and uranium oxide data originally will be shown 
as the most limiting values for a given enrichment, i.e., 
for any rod diameter or lattice spacing. As time permits, 
more general curves showing variations with these parameters 
will be added. 

The bulk of the uranium and uranium oxide data has been 
taken from.work performed by H. K. Clark at the Savannah River 
Laboratory . This is a very elaborate work providing com­
plete coverage of the effects of all the previously mentioned 
parameters on bare rods. A number of comparisons with this 
data has been made and these calculations appear to range 
from somewhat conservative at low enrichments to being the 
same at 5 wt.% U-235 enrichment. It does not appear neces­
sary, therefore, to completely recalculate this data. Other 
calculations, less complete and slightly more conservative,-, 
than those in DP-1014, may be found in AHSB(s), Handbook 1 . 

Criticality parameters for materials other than uranium.or 
uranium oxide have been calculated by the HAMMER code ̂  '. 
The calculations with this code compare favorably with the 
data in DP-1014. Calculations have been made with the origin­
al cross sections provided with the code (hereafter referred 
to as BNL cross sections) and with ENDF/B cross sections. 

It is sometimes necessary to use a fixed value for the 
extrapolation distance, A., with the buckling curves shown, 
either to reduce the complexity of the data or to insure 
against non-conservative calculations. 

(1) H. K. Clark, "Maximum Safe Limits for Slightly Enriched 
Uranium and Uranium Oxide", DP-1014. 

(2) J. H. Chalmers, et al, "Handbook of Criticality Data, 
Volume 1", AHSB(s) Handbook 1, (1st Revision), 1967. 

(3) J. E. Suich and H. C. Honeck, "The HAMMER System", 
DP-1064, January, 1967. 
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UNCLASSIFIED IV.A-1 ARH-600 

IV. HETEROGENEOUS DATA 

A. PLUTONIUM SYSTEMS 

1. Correlation Between Calculation and Experiment 

2. Critical Sphere Dimensions 

3. Critical Cylinder Parameters 

4. Critical Slab Parameters 

5. Critical Sphere Mass 

6. Critical Sphere Volume 

7. Material Bucklings and Extrapolation Distances 

UNCLASSIFIED 
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A. INTRODUCTION 

This section deals with the problem of neutron interaction between sub-
critical units of an array or system. Many methods have been developed 
to cope with this most difficult problem and some of the more useful of 
these are reviewed or referenced here. Several actual sample calculations 
have been made using critical array experiments. An examination of these 
results will 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 uncertaintŷ  of results, 
the size of an array calculated by these methods should be used as a 
design guide only. Firm design would require clearance by a Crlticality 
Specialist. 

Neutron interaction must always be considered when fissile material is 
present except: 

1. Where fissile units are separated by one foot of water or a 
material of equivalent hydrogen density. 

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

3. Where all units combined constitute a safe mass or less. 

'+. Where all imits are made up of homogeneous mixtures with the fissile 
isotope concentration less than 6 grams per liter. 

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

1. The individual units must be safe. 

2. The array shall have a kgfj 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. 

k. Shipping containers and arrays must meet the requirements of 
Chapter 0529 of the U. S. Atomic Energy Commission manual; 
lOCFRTl and the Department of Transportation Regulations, i»-9CFR173. 

UNCLASSIFIED 
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CORRELATIGx̂ I OF CALCULATION Ax̂ D EXPERIMENT A.'ID EXA2-1PLES 
OF CALCULATIONAL PROCEDURES 

1. PIPING LrrERSECTIOl^S 

a. Piping Intersections from Nuclear Safety Guide '-'-' 

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

[(E?%')/n]" %' Um^'h'-l'^' (a) 
where 

'ig = the effective diameter 

dĵ  = diameter of the i-th branch of the 
intersection 

n = number of branches; 2 for ells , 3 for 
tecs and wyes, and h for crosses 

An intersection is safe if d 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: 

d = 
e 
= r (6)2+(6)2+(U)2 j 1/2 ^ _̂î ĝ 

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

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

CONTAINING FISSIONABLE 1.IATERIAL (H/X>20) d ) 

Inside Pipe Diameter (in.) 

Ells - Full Reflector 

Nominal Reflector < 1" H^O 

Minimal Reflector < 1/8" S.S. 

Tees - Full Reflector 

Nominal Reflector 

Minimal Reflector 

Crosses or Wyes -

Full Reflector 

Nominal Reflector 

Minimal Reflector 

235u 

h.e 

5.3 

6.0 

h.2 

5.1 

6.0 

2 39pu 

l+.O 

i*.7 

5.U 

3.8 

k.e 

5.U 

233u 

3.U 

3.8 

U.2 

3.2 

3.7 

U.2 

3.8 

U.9 

6.0 

3.i^ 

l+.U 

5.^ 

2.8 

3.5 

It .2 

*Reduced diameters should extend 18 inches from intersection and no 
two intersections should occur within I8 inches. 

Revised 10-5-70 UITCLASSIFIED 
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b. Dickinson-Schuske Generalized Area of Intersection Model(26) 

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 experimental(27) data and calculational correlation with 
intersecting piping experiments carried out by the Rocky 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'/o ^35^^ uranyl nitrate, the results are conservative 
for plutonium nitrate solutions in the range of approximately 50 g/1 
to = 650 g/l depending upon the '̂*''Pu 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 colximn. (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 "^ 1/8-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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Fig. 1. Surface area in contact with central column. 
Fig. 2. Sector and quadrant definitions. 

Full Reflection - Reflection due to full water flooding of a pipe 
system (pipes have 1/8-inch-thick steel walls); safe dimensions 
are calculated by reducing all diameters in the minimal cases by 
a factor of 0.635.(27) 

Since the experimental information was limited and since the 05R 
code'28) iiad shown acceptable accuracy in reproducing experimental 
results, the 05R code was used to generate the necessary critical 
data. Later, calculations were performed to verify that the safe 
aimension pipe systems actually were far subcritical (kĝ .̂  + ha <0.95). 

The procedure used to derive the safe dimensions of the GAI model is 
to first select arbitrarily a reasonable central column diameter and 
then to calculate critical arm 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 
critical cases by reducing the central column diameter and the arm 
diameters by 10 to 15 percent. The safe dimensions for nominally and 
fully reflected systems were obtained by applying a reflector savings 
correction to the data for minimally reflected systems.^27) 

All previous models had been limited to the case of a single central 
column, leaving it up to the user to decide when a second coliomn was 
sufficiently far away to be considered isolated. No experimental ' 
results exist for the case of interconnected pipe systems, each con­
sisting 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 kg£.j. due to a second column at a separation of two feet was less 
than one standard error, the two-feet distance was selected as the 

QUADRANT 

18 
(inches) 
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minimum separation permitted by the GAI model. Because of the small-
ness of the change produced by adding a second column, it is inferred 
that a third column wotild also produce an acceptably small change in 
kg£.£., although no calculations were done to study the effect of a 
third colvunn. An example (see Example 2) is presented of a system 
containing three interconnected colimins, and an 05R calculation veri­
fied that the diameters and separations calciilated by the GAI model 
are safe. 

Rules Defining the GAI Model 

1. The area of intersection of the arms with the colxmm must be 
calculated for all quadrants containing arms, and the calculated 
area must not exceed the maximum value given in Table II for the 
appropriate ntimber of quadrants used and reflection condition. 
The intersection area must be distributed in such a way that it 
is impossible to find any quadrant which contains more area than 
that permitted by Table II. 

2. The central column diameter must not be greater than the appropri­
ate limiting value given in Table II. 

3. A maximum of three columns is permitted, and the center-to-center 
distance between any pair of columns must be at least two feet. 

k. For the case of nominal or full reflection, a maximiim of four 
arms per quadrant is permitted. There is no limitation on the 
number of arms per quadrant in the case of minimal reflection. 

Examples 

The following examples illustrate the application of the GAI model. 
In each case, the goal is to maximize pipe diameters eind minimize 
spacings. All pipes are assumed to be filled with enriched (93-1/̂  hy 
weight ^^^U) uranyl nitrate solution at a concentration of U50 g/liter 
of uranium, and minimal reflection is assumed. 

TABLE n 

Maximum Intersection Areas and Column Diameters Permitted by the GAI Model 

Number of 
Quadrants 
Containing 
Arms in a 

Sector 

1 
2 

3 or 4 

Minimal Reflection 

Maximum 
Central 
Column 

Diameter 
(in.) 

7.25 
7.00 
6.50 

Maximum 
Intersection 
Area per 
Quadrant 
(sq. in.) 

41.28 
29.70 
23.75 

Nominal Reflection 

Maximum 
Central 
Column 

Diameter 
(In.) 

6.25 
6.00 
5.50 

Maximum 
Intersection 
Area per 
Quadrant 
(sq. in.) 

30.68 
20.83 
16.00 

Full Reflection 

Maximum 
Central 
Column 

Diameter 
(in.) 

4.60 
4.44 
4.12 

Maximum 
Intersection 
Area per 
Quadrant 
(sq. in.) 

16.62 
11.98 

9.60 
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Example 1 (See Figure 3) 

Note that arms 1-6, aJ.1 of diameter (±2 must be placed in the same 
sector. Assume that the separation, S, is large enough to put arms 
7-10, all of diameter do, 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 

^2 = Y ^ ( ^ 1 = 3.55 inches 

For the sector containing arms 7-10, the four quadrants are used, 
and hence d-^, 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 = I8 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 d.2 = 3-72 inches 6uid d^ = 5-02 inches. 

Fig. 3. Geometry for Example 1. 
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Example 2 (See Figure k) 

Consider first the spacing of the columns, since that is independent 
of £irm or column diameters. The distances S-, and S2 must each be 2k 
inches; then the distance between coltmins 1 and 3 is 2itV2 inches. 

For column 1, there is only one sector to consider, and it has two 
quadrants contEiining arms. Therefore, coliunn 1 may have a diameter 
of 7.0 inches, and each quadrant may contain 29.7 square inches of 
intersection area; thus, arm 2 may have a diameter of 6.15 inches 
and arm 1, which is at i+5 degrees, a diameter of 5.17 inches. Note 
that the diameter of arm 2, which also intersects column 2, may 
have to be reduced to make colimin 2 safe. 

COLUMN COLUMN 
I 2 

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

Regarding column 2, assume that the distance S-, will be chosen so 
that arms 3 and k are in different sectors. Then the sector contain­
ing arm k uses only one quadrant. However, the sector containing 
arms 2 and 3 has two quadrants containing arms, and hence coltunn 2 
is limited to a diameter of 7 inches. Arms 2 and 3 may each be 6.15 
inches in diameter (so the previously assigned diameter for arm 2, 
relative to column 1, is allowed to stand). Arm h, which is permitted 
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UI.28 square inches of 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. 

Finally, column 3 has two sectors to consider, each of which contains 
only one arm. Hence, column 3 may have a diameter of 7.25 inches. 
Arms 3 and k axe also permitted 7.25-inch diameter, so the smaller 
diameters already assigned also satisfy the safety criteria for 
column 3. 

Setting So = 11.85 inches puts arms 3 and k in separate sectors. 

The calculated kgff for this system, using the diameters previously 
assigned, is kgff = 0.852 ± O.OI8. 

Example 3 (See Figure 5) 

For this example, the column diameter is allowed to vary. Consider 
first the sector containing arm 1. Only one quadrant is vised, so 
d-ĵ  = dp = 7.25 inches. 

Fig. 6. 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 ajid 3 uses two quadrants, and the 
maximum column diameter is do = 7.0 inches. For the arms, dî  = 6.15 
inches and dc = 5.IT inches Cby the same calculations used for arms 
1 and 2 of Example 2). 

The distance S2 must be chosen so that the T.25-inch part of the 
column cannot be placed in the same sector with arms 2 and 3. This 
is prevented by setting S = I8 inches. There is no restriction on 
S-]̂ , since the choice of S2 is sufficient to put arm 1 in a separate 
sector from the one containing arms 2 and 3. 

To check the conservatism of the GAI model, two 05R calculations 
were made for this example. With all diameters sjid spacings as 
calciaated, and with Ŝ ^ = 0.2 inches, kgff = 0.833 ± 0.017. For 
S-L - 18 inches, kgff = 0.821 ± O.OI6. 

Comparison of GEC and GAI Models 

A different model for evaluating the safety of pipe intersections for 
fissile solution was described in RFP-1U99.(29) This model, called 
the Generalized Equivalent Cylinder (GEC) model, is based on the idea 
of replacing an intersection by an equivalent cylinder, whose height 
and diameter are calculated from the parameters of the intersection. 
The intersection is deemed safe if the equivalent cylinder is sub-
critical. 

When applied to uranyl nitrate solution, the GAI model generally 
allows much larger diameters than the GEC model. Exceptions may occur 
in the case of a quadrant containing several arms, since the GAI model 
mak.es the overconservative rule that the total allowable area is to be 
divided among the various arms (see Example 1, results for arms 1-6). 

Suggestions for Use of the Model 

The derivation of the GAI model required only properties common to all 
fissile solutions, such as the reflector savings correction or the 
fact that kgff is decreased by replacing one pipe by seversuL smaller 
ones with the same total area of intersection. Hence, the concept of 
the GAI model can be applied to other fissile solutions (e.g. , plutonium, 
2 33u^ or low-enrichment uraniiom) if calculations or experiments are 
performed to provide the appropriate numerical values for column diam­
eter and intersection area as given in Table II for uranyl nitrate. 
The rules of the model are exactly as given here. 

Recent French experiments ^•^'' indicate that the GAI model, using the 
data given in Table II for uranyl nitrate, would be even more conserva­
tive when applied to certain bare plutoniian solution systems. In 
particular, plutonium nitrate solution (3.13^ ̂ '*°Pu, acidity about 2N, 
concentration > 82 g/liter of ^^^Pu) is found to be less reactive than 
uranyl nitrate (90^ ̂ ^^U, acidity about 2N) for the same concentration 
of the fissile isotope. 

http://mak.es
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A second possible variation of the GAI model concerns the particular 
colxomn diameters and corresponding intersection areas given in Table 
II. If, for exajmple, one did not need colimm diameters as large as 
those given in Table II but needed instead larger intersection areas, 
one could make such modifications if appropriate calculations or experi­
ments were performed to support these changes, but the basic assumptions 
of the GAI model would still apply. 

The referenced article(26) suggests that, whenever possible, proposed 
pipe systems for fissile 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 CalculationaJ. Methods 

Monte Carlo calculational codes are now used extensively for calculat­
ing safe neutron interaction between arrays of fissile subcritical units 
or piping intersections as illustrated in the previous section. For 
unique piping problems that cannot be easily estimated with the GAI 
model or for less conversative results, the GEMU, MONK, KENO, or other 
suitable Monte Carlo codes may be used. 
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2. Array Calculation - Solid Angle Method 

In the case of small numbers of units at large separation distances, 
the solid angle method may be used to determine a conservative safe 
array. The solid angle method is quite tedioiis for large arrays even 
if the units are identical. In this method the total fractional 
solid angle of all surrounding units seen by the most reactive unit, 
usually 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 solid angle,JZ (in steradians), or fractional solid angle, jZf^ 
which is ^ /̂ 7( > fo^ cylinders and slabs may be calculated by the 
equations: 

General 

„ _ cross-sect ional aroa 
(separation dlstanro)^ 

FOIIMDIAE 

Pipes 

e 

» - (d/li) sin O 

Discs 

n = 2 t (1 - C08 e ) 

Planes 

a q 
,, h 

n = (ab/q-) cos O 

- - i - - \ b 

n 4 sin" 
(a/2) (b/2) 

\A V2) ' f ĥ  \/(b/2)' + h» 

APPLIKO MKTMODS 

Cylinders 

(Reduce to planes 
center-to-edge) 

d 

n = (2A/U) sin O 

Sphoros 

(Rediico to discs 
conter-to-edge) 

^^^m^ 
« = 211 (1 - cos O) 

Revised 10-5-TO 
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The fractional solid 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 solid 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: 

where 

ku 
â = 

1-[(!-") E(%ftfi)] 
(4) 

(1-U) is the probability that fission neutrons will 
escape before being thermalized. 

^|, is the fractional solid angle subtended at the 
central-most unit by the i-th unit of the array. 

q. is the flxix weighting factor for the i-th unit 
of the array. For identical cylinders in air, 
q.=p. where p. is a weighting factor to ^ ^. 
For each lonit in the array, p is based upon the 
neutron flux at that point of the array. Formulas 
for determining p are presented in Table II. For 
small arrays, a conservative solution may be 
obtained by considering p^=q.=1. 

k is the k-effective of the array. 
a 

\ is the k-affective of the luilt. 

UNCLASSIFIED 
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TABLE I I 

FLUX WEIGHTING FACTORS FOR DIFFERENT ARRAY SHAPES, p 
(3) 

Array Shape 

1. Sphere 

2 . Slab (Fliix d i s t r ibu t ion measures 
perpendicular to face) 

3. Slab (Flux distribution measures 
parallel to face) 

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

5. Inf in i te Cylinder 

6. Fini te (Cylinder 

s in (?rr/R') 
Ttr/R' 

cosHiE Icos/llZ 
[2W| ^|2L' 

cos •nx 
5w' 

cosllLL ;.cos Wz 1 
[2L-I 2H'/ 

¥1 
^|cos(""z R'l 5H' 

J = 2.1̂ 05. 
o 

0 = Flux at the center of the array. 

0 = Flux at any given point in the array. 

For a homogeneous reactor, the primed letters have the conventional 
meanings of being the actual respective physical dimensions of the 
reactor plus an extrapolation distance determined by the reactor 
conditions; for symmetric geometries, all measurements are made from 
the geometric center of the reactor, which is also the point of 
greatest flux. For the analogous multi-unit arrays as described, 
these primed letters also represent the physical dimensions of the 
array, where these physical dimensions are considered as being bounded 
by the centers of the outer-most units, plus an "extrapolation length" 
which, for single-tier squarearrays, is equal to one center-to-center 
spacing of the units in the array; all measurements are also made from 
the geometric center of the array. 



UNCLASSIFIED V.B.2-it- ARH-600 

When material bucklings, migration areas and k̂ jQ are available for 
the material in a regular array of identical units, the following 
equations may be used to calculate kQ_: 

1 + I ^ ^ 

1 + i r E | 

^ ^ g 

l -U, t h e l eakage p r o b a b i l i t y = ( f ) 

1 + rf B1 
Substituting (e) and (f) into equation (d): 

i + f^4 
1 + w^„ 

6 

^ " i + t ^ ^ B i i i Z f i ) 

s^OO 

I f k^ i s Imown: 

^ " L 1 + f̂ ^„ J 

(g ) 

V = . o r ( E ) 

l .^ f4 [ l-^(qiQ,i)] 

1 + ^ 4 [ i - D a i ^ n ) ] 

1^ = J^ (h) 

UNCXASSIFIED 
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Example of Solid Angle Method and Correlation with Experiment 

Problem: An array of 25 identical cylinders of 92.6 Wt^ 835u as uranyl 
nitrate at a concentration of i|-10 g u/l, the cylinders are polyethylene 
bottles 13.6525 cm O.D., 112.k cm high, and average wall thickness of 
0.63 cm. At critical the bottles are equally spaced at 11.557 cm 
surface to surface. Since the cylinders are identical the center-most 
will have the highest reactivity due to the Interaction from all other 
"seen" cylinders. This was an actual critical experiment performed at 
Oak Ridge and reported in ORNL-3193^ a progress areport of the laboratory, 
in 1961. 

Extrapolated boundary chosen at one center-to-center spacing 
beyond center of the outer row of cylinders. 

0 
W' 

25.21 cm 

L' 

UNCLASSIFIED 
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From page I I I .B.11.93-1 we obtain k^Q eqijal t o l.Sifl and M̂  equal 
to 28.7 and from page III.B.IO.93-I we find the bare extrapolation 
distance, \x,) 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 in^eraci: with it. To obtain 
the fractional solid angle of each of the symmetry types, the center-
to-center distance of each symmetry type from the central cylinder 
must be calculated. 

Using the equation (b), the distance, h, must be obtained and the 
fractional solid angle calculated. For the closest cylinders to 
the central cylinder (symmetry one): 

h = (center-to-center distance) -(radius of the cylinder)= 18.39+ cm 

Then 

fifi - .07962 (13.6525)(112.M^ ^ __ . „ , , 

I8.381t [ (18 .3a ) ' + [^^f^)°] 

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

q = 0 = cos If I £ 1 cos I T / 1 I 
2 [ w ' j 2 | L ' 

, , ,„3 TT/ M... t, 

or 

i(i)oos'i(0) 

= 0.800 

Since there are four cylinders of this symmetry, 2j Jtfi^i is equal 
to ^^(0.866)(.112^) or 0.3893, the total solid angle for cylinders 
of symmetry one. 

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

A second method for obtaining the fractional solid angle uses the 
curves on page V.D.1-2 to obtain values of ̂  and a" 

, ^ L 122.k o „_ 
where A = 1 = 133525 = ^'^^ 

•, _ (center-to-center distance) - d _ 25.21 - 13.6525 _ n S'i 
ana cr - . ^ - 13.6525 * 

Applying these values to Figure V.D.1-3 gives \}^^ equal to O.O8. 

UNCLASSIFIED 
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The total solid angle for the four symmetry one cylinders, 2_» Stfi^i^ 
is then equal to l+( .866)( .08) or .277. The solid angle for the other 
symmetries are shown in Table III (p. V.B.2-8), which compares the 
solid angles calculated using equation (a) and using Figure V.D.1-3' 

To calculate the k f.̂  of the array using equation (g), the geometric 
buckling, B^, of a single unit must be calculated. 

To calculate B^ for one cylinder: 

B?. = Jo'̂  TT^ 5.781+ _ 9.87 
U^prjT'-^ (Hey + 2 X)^ ~ (b.ti2b5 + 2.i;s ^ (112.i+ + 5.^7)'' 

.073298 cm' -8 

Note: Since the wall thiclaiess of the polyethylene bottles varies, 
the outside dimension is used to allow for reflector 
savings. Reflector savings of 1.27 cm are added to the axial 
extrapolation distance. 

Calculate kg_ using equation (g): 

k 
•̂ a -

l o o 

14. I^BJ[1- E(<li^fi)] 

1.81+1 
1 + ( 2 8 . 7 ) ( . 0 7 3 2 9 8 j ( l - .70i+j 

= 1.13^15 

This is compared to the experimental k̂^ of 1.000 giving a conservative 
result. If the total solid angle oooainea by using Figure V.D.1-3 is 
used, the k of the array would be O.9132, a nonconservative result. The 
results of the solid angle calculations of other arrays in this experi­
ment are shown in Table IV (p. V.B.2-8). An examination of these results 
show that the solid angles obtained by the ciirves of Figure V.D.1-3 are 
nonconservative when used for close arrays as in this experiment, while 
the solid angle calculated using equation (b) yields a quite conservative, 
but safe, result. 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. 

Tacle IV also includes the I'-ĝ-f calc\d.ated by computer codes Interset^ ' 
and GSL'I-III, ̂-̂ •̂̂  and the calculated critical number of containers using 
the density analogue method for some of these arrays. Density analogue 
also yields nonconservative results for this array of tall, small 
diameter cylinders. Note also that Interset gives very nonconservative 
results. 



TABLE I I I 

Symmetry 

1 

2 

3 

No. 
of 
Units 

4 

4 

8 

Total Fractional Solid Angle 
of 12.76 liter Bottles 

Cylinder Separat; 
Center 
to 

Center 

25.21 

35.65 

56.37 

Lon, era 
Edge 
to 
Edge 

11.56 

22.0 

42.72 

h 

18.384 

28.824 

49.544 

A 

8.23 

8.23 

8.23 

: Data for 5X5 Array 
of U(92.b)NH 

0.85 

1.61 

3.13 

1 

.866 

.750 

.433 

E,/b) 

.112 

.067 

.033 

Q f 
Figure 
V.D.1-3 

.08 

.05 

.026 

( 

Eq(b) 

.389 

.201 

.114 

Y,{^^ ^ f . ) .704 

Square 
Array 

3 x 3 

5 X 5 

^ -X. <:> 

9 x 9 

Comparison 

Arrays 
Number* 

9 

25 

36 

81 

TABLE IV 

of Array Calculation Methods for 
in 5 

E(^i 
Charts 

.4934 

.517 

.4784 

.560 

.375" 0. 

fi-fi) 
Eq(a) 

.755 

.704 

.6452 

.678 

D., 12.76 
410 g u/l, U(92.6)NH 

Liter Polyethylene Bottles 

Solid Angle 

] 

Charts 

.8911 

.9131 

.8777 

.9560 

% 
Eq(a) 

1.2148 

1.1345 

1.0541 

1.0974 

Interset GM-III 

keff ^eff 

0.8787 .9883 

0.9209 

0.9235 .9451 
(50 limit) 

Solution 

Density 
Analogue 
Number** 

8.5 

28.7 

41.7 

82.0 

* Cr i t i ca l number determined by experiment. 
** NiMser of uni ts calculated to be c r i t i c a l by t h i s method. 
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3. Array Calculation - Density Analogue Method 

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

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

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

density, ^ ^ . 

Since we \isually 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 array results. For bare arrays S can be approximated by: 

S = 2(l-f) (c) 

where 

^e b s 
f = f f , the fraction of the critical 

c,b bare spherical mass of the unit 

Mg 13 s> "^^^ mass of the bare sphere equivalent to the mass in the 
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, 

J P Jô  , K 
ŝp + A r - (Rcy + X )̂  T^ (Rs'p + A y' ^ ( V + X )^ "• (Hcy'+2XJ2 ^^^ 

UNCLASSIFIED 
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For a cube or parallelepiped, 

X T Tt'- T 
(Rgp +x}s TTTTTTs (b + 2 ; \ ) s (c + 2 ^ ) 3 (e ) 

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: 

M •co,b - ̂ c,b 
f^cell]-
Wt) 

( f ) 

dividing by Mg, the equivalent mass of the units. 

V, cell 

^unit, 
(g) 

where 
N 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, this 
factor also varies with unit size, the average fissile material 
density, and the reflector material and thickness.(-^3) por 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.1-4, as shown, have been determined 
experimentally for small arrays of U-235 metal and uranyl nitrate 
solutions of an H/S3 5 U of 59. The ciirves are extended by calcu­
lational data.^'^ A reflection factor of 20 for plutonium metal has 
been calculated by D. R. Smith of the 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 64 
right-circular cylinders of uranyl (92.6 Wt^ U-235) nitrate solution 
(415 g u/l), sp.gr. 1.555.(^) 

Containers: Lucite, 20.32 cm O.D. and 18.84* cm outside height, 
wall thiclyiess 0.64 cm. Surface-to-surface separation of units at 
critical was 10.67 cm. 

*The cylinders were filled to exactly 5.000 liters + O.5 g sol. 
giving this calculated solution height. The outside height of 
the containers was actvially I9.O5 cm. 

UNCLASSIFIED 
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From page III .B.10(93)-1 the material buckling of 4l5 g u / l UNH is 
0.03020 cm"'' and the bare extrapolation distance A-ĵ , i s 2.11 cm. 
The c r i t i c a l , bare, spherical mass a t t h i s concentration i s ca l ­
culated from th i s data. 

R - ^ / - A^, = 3. l4l6 _ 2.11 = 15.97 cm 

sp - V B | ^ ^ 0.1738 

Vol.sp = 0.004189 {15.91? = 17.062 l i t e r s 

Mĝ ^ = (17.062)(415 g u/ l )(0.926) = 6,557 g 936U 
Mg = mass of xmit = (5)(384.38 835u/l) = 1,921 g asBU 

Mg -[3 g, the mass of a bare sj)here equivalent to the mass in the shape 
being considered may be determined by equating spherical buckling to 
the shape buckling as: 

TT'^ _ "̂ o" fC^ all dimensions 

For this experiment. 

( R ~ 7 T ^ a X R — r ^ s (H„^ + 2 ;\ )8 are in cm. 

Rj,y = 9.52 cm 

H = 17.561 cm cy 

^. = 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 
(R^^ +2.91)^ (9.52 + 2.91)s (17.561 + 5.82)' 
sp 

and 

Revised 10-5-70 

= 1 ^ + ^ ^ = .037436 + .018054 = .055491 

R„^ = ^ - A = 13.336 - 2.91 = 10.426 cm 
^ ^^055h9 

V = (.004189)(10.426)? = 4.748 l i t e r s sp 

^e ,b , s = (4.748)(384.3) = 1,824 g sasu 

^cell = (10.67 + 20.32)3(10.67 + 19.05) 10-^ = 28.542 liters 

^unit = 5.0 liters 
UNCLASSIFIED 
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Ne = 

= 

= 

_ 

Mc,b 
Mg 

6557 
1921 

3.413 ( 

42 

(Vcellf 
iVunit) 

(28.542)1 
1 5.0 I 

12.3495) 

.443 

Or compared to the actual critical number of 64, density analogue is 
conseanrative by 35 percent. A comparison of experiment with the density 
analogue method gave the nimbers (Table V) for other bare critical arrays 
of the same containers and materials as used in the example. 

Five Li ter U(92. 

Cubic Array 

2 x 2 x 2 

3 x 3 x 3 

4 x 4 x 4 

5 x 5 x 5 

Surface-
Surface, 

1.43 

6.48 

10.67 

14.4o 

TABLE V 

6)NH Equilateral 

•to-
cm 

Number 

Cylinder Arrays ' ° ) 

of Units Cr i t i ca l G5M-III 
Experiment 

8 

27 

64 

125 

Calculated '^eff 

8.9 

23 

42 0.953 

69 

Note that the 2 x 2 x 2 , close array is nonconservative as well as 
the GEM-III calculations on the 4 x 4 x 4 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 eire stacked two or more tiers high or 
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 tall cylinder arrays. 

UNCLASSIFIED 
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TABLE VT 

Density Analogue Results for 4lO g u / l , U(92 .6 )NH 
in 5.375" O.D.. 12.76 Li ter Bottles (9) 

Single Tier 
Square Array 

3 x 3 

4 x 4 

5 X 5 

6x6 

9 x 9 

Double Tier 

4 x 4 

5 X 5 

7 x 7 

Surface-
Surface, 

1.75 

3.32 

4.55 

5.64 

7.79 

3.72 

5.35 

8.33 

to-
in. 

Number of 
Experiment 

9 

16 

25 

36 

81 

32 

50 

98 

Units Critical 
Calculated 

8.5 

17.6 

28.7 

41.7 

82 

21 

38 

91 

GEM-III 
Keff 

.9883 

.9451 

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. (10)(11) 

Data: A cubic array of 64 (4x4x4), 3.026 kg (I9.6 g/cm^) 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 (z) of 7.858 cm, was 
critical. The bare spherical critical mass of plutoniijm 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 I.582 cm. 

The buckling conversion is then 

TT K 
(Rsp+Xb^^ ^ ( V X t ^ ' "" (Hey + 2 7 i^ | 

R, sp 

cy -^b' ^"cy 

TT 
Jo^ , TT^ 1 y s 

(R^y +Xb)^ ( H e y + 2 A b P 

TV 
TTHT TBT 

Xb 

('3.^5 + l.5B^)s " (4.6 + 3.164)2 

3.3156 cm 

T/r 
- 1.582 
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Vol ̂  = 4.189(3.3156)'^ = Vol. 
sp 

M, 

S = 

vol cell 

N. 

unit 

= 152.69(19.6 g/cD?) = 2992.7 g Pu 

(12.513)^(7.858) = 1230.37 cnf 

10.2 /1230.4U-*" 
2.9927 152.7 

= 65 

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.B.4-1. The arrays were also calculated without 
applying a geometry correction. The uncorrected calculations yielded 
conservative results in all cases, I8 to 44 percent lower than the 
actiml arrays of metal cylinders. However, for the plutoniimi arrays 
the calculated results were within I.5 percent of the experimental 
numbers. Use of the shape allowance factors yielded nonconservative 
resxilts in most cases and should not be used with density analogue. 

Density Analogue 

TABLE VII 

Calculations of Metal Critical Experiments 

Uranium(93.2) 

Unit Mass, 
Geometry* Kilograms 

A* 10.487 

M 10.487 

A6 10.434 

0? 20.877 

BS 15.683 

Plutonium Metal (2 

S-to-S Separation 

x,y,z 0.75 cm 

x,y, z 2.95 cm 

x,y 12.513 cm 

z 7.858 cm 

H/D 

.948 

.948 

.47 

.94 

.70 

.6" dia. 

H/D 

0.7 

0.7 

0.7 

Metal of Various Dimensions 

Array 

3 x 3 x 3 
4 x 4 x 4 

4 x 4 x 4 

3 x 3 x 3 

3 x 3 x 3 

,, 1.8" high 

Array 

2 x 2 x 2 

3 x 3 x 3 
4 x 4 x 4 

Exp. 
No. 
Units 

27 
64 

64 

27 

27 

Calculated No. 
Shape 
Cor. . 

29 
68 

100 

21 

26 

V 
Cor. 

22 

51 
61 

17 
21 

Units 
Uncor­
rected 

22 

50 
42 

15 
18 

in Al cans, 3.026 Kgs Pu) 
Exp. 
No. 
Units 

8 

27 
64 

Calculated No. 
Shape 
Cor. 

10 

36 
88 

¥ 
Cor. 

8.0 

27.3 

63.9 

Units 
Uncor­
rected 

8 

27 

63 

*See page V.B.4-2 for definition. 
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4. Other Methods for Calculating Interaction 

J. T. Thomas, Oak Ridge Laboratories, has developed a neutron 
nonleakage fraction parameter for enriched uranium units in 
cuboidal arrays where experimental data for small arrays of -
the units in question are available or where^comparable units 
can be interpolated from experimental data. ̂  ' ^ ' jjig 
method yields critical numbers within 5 percent of experimental 
numbers. 

H. K. Clark, by the use of simplifying assumptions, has de­
veloped a single, generally conservative method that treats .,., 
the interaction of a unit as the albedo of its surroundings. 
The albedo is determined by the neutrons emitted by other units 
or reflectors. 

Other valuable methods for calculating critical numbers,of 
arrays are the Monte Carlo computer codes like GEM-III^ 
and KENO, a simplified version of 05R. Both of these 
codes have been correlated with array experiments and generally 
are accurate to within 2 percent. GEM does not perform as 
well on moderated materials but KENO will handle all types. 
Members of the United Kingdom Atomic Energy Authority are 
writing a new Monte Carlo code, MONK, in Fortran to replace 
GEM. Monte Carlo codes will be used extensively for inter­
action calculations in the future. 

The following table lists GEM-III and KENO calculated k ^^ for 
critical experimental systems: 

TABLE VIII 

GEM-III AND KENO CALCULATIONS OF CRITICAL EXPERIMENTS 
k 
e 

GEM-III KENO 
Plutonium Metal Sphere, 5.6 kg Pû ''̂ ,̂ 1.004 + .016 
19.6 g/cc, 4.0858 cm radius, 38 cm H2O 
reflector 

Plutonium Metal Sphere, 4.9 kg Pu, 0.9404 
19.72 g/cm, 3.9 cm radius, 20 cm Ĥ O 
reflector, k̂  = 0.97 as calculated by ĵ p̂TI8r e 

Uranixim Metal Sphere , 20.11 kg ^^^U, 0.9710 
19.19 g/cc, 6.3 cm radius, 20 cm H2O 
reflection, k = 0.98 as calculatea by ĵ p̂TIBr e 
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TABLE VIII (continued) 
M Q ) 

Uranium (93°2) Metal Array Experiments^ ^' 

Unit Mass kg U (93.2) 

A'' 10.489 

Â  10,434 

B^ 15.692 

Ĉ  20,960 

Ĉ  20.877 
Subscripts on the unit designation give array size and 
spacing Is surface-to-surface in cm. 

Diameter cm 

9,116 

11.481 

11.494 

11.506 

11.484 

Height cm 

8,641 

5o382 

8,077 

10.765 

10.765 

GEM-III KENO* 

A K 4 X 4 X 4 4o625 spac ing , bare I0OI6 + .016 

Ai^ 4 X 4 X 4 3.952 spac ing , bare 1,022 + .017 1.007 + . 0 0 8 

A|^ 4 X 4 X 4 12.36 spac ing , 15.2 cm 0,981 + ,024 
p a r a f f i n r e f l , 

B\ 2 x 2 x 2 7o823 spac ing , 15.2 cm O.98I + .019 
p a r a f f i n r e f l , 

C2__si—p2 2 x 2 x 2 5.169 spac ing , 1.009 + .016 c 2 x 2 5.169 spacing, 
jnclosed In a 5 Sch 4 C^ Ingot enclosed In a 5" Sch 40 

Iron pipe and each unit enclosed 
In a 15.6 X 15.6 X 14.8 cm box of 
lucite 0.64 cm thick. 

Interacting slabs of U(93.2)02F2 Solutions O.988 + .005 
79.2 g^^'U/l(20) One 48" x 31.5" x 6" 
and with a 48" x 31o5" x 3" slab perpen­
dicular "T" shape to It but spaced 3.44" 
away. 

*Using 16 group Hansen-Roach cross sections (25)» 
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GEM-III KENO* 

TABLE VIII (continued) 

Same slabs except two 3" slabs are 
together making two, 6" slabs both 
48" X 16" x 6" in "T" shape and close 
together (extrapolated from experi­
mental data). 

4 x 4 x 4 bare array of 5 liter ,o\ 
U(92.6)02(N03)2 solution 4l5 g U/l̂ "-* 
10.67 cm spacing in lucite con­
tainers . 

6 X 6 X 1 bare array of 12.76 liters 
U(92.6)02(N03)2 soliatlon 410 g U/l(9) 
14.326 cm spacing in 13 1. 5 3/8" O.D. 
polyethylene bottles. 

Plutonium Metal Ingot Arrays ̂"""̂^ ̂"̂'̂^ 
3.026 kgs plutonium in 6.5 cm dla. and 
4.6 cm high, in 0.0371 cm thick aluminum 
cans, supported in aluminum tubes and 
with aluminum spacers and heat sinks. 
Polyethylene reflector blocks where used 
are 20.2 cm thick. In some cases 2 ingots 
are stacked together giving 6.05 kg. 

8. 3-kg u n i t s , 2 x 2 x 2 , bare 

27, 3-kg units, 3 x 3 x 3 , polyethylene 
close reflection one side 

27 , 

64, 

64, 

64. 

3-kg 

3-kg 

6-kg 

3-kg 

units ̂  

units. 

units ̂  

units, 

3 

4 

4 

4 

X 

X 

X 

X 

3 X 

4 X 

4 X 

4 X 

3, 

4. 

^ 

^ 
but each unit surrounded w 
of mock HE 

PUO2 - Polystyrene and luc 

bare 

bare 

bare 

bare. 
1th 1" 

ite blocks. 
isolated by 9.4 cm of polyethylene 
with 20 mil sheets of cadmium on each 
side.(21) 

0.946 + .013 

0.953 + .017 .990 +.010 

0.945 

1.017 + .015 0.990 + .007 

0.987 + .006 0.969 + .009 

1.012 + .011 

1.013 + .019 1.006 + .011 

1.008 + .025 

1.043 + .024 

1.013 + .015 

*Uslng 16 group Hansen-Roach cross sections (25). 
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TABLE VIII (continued) e 

Pu Metal Sphere, 5.425 Kgs 
19.74 q/cm^ H^O refl. ^"^^^ g / C x i . XX 2» 

G E M - I I I KENO* 

PuOg - Polystyrene Blocks, separated by 1.030 + 030 
layers of 1 Wt% boron stainless steel, 
6" lucite reflected. Experiment No. 
207A.^^^' 

^^^Pu, 1.005 + . 

*Using 16 group Hansen-Roach cross sections (25) 
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C. SUMMARY OF RECOMi'ffiNDED CALCULATIONAL PROCEDURES 

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 V.B.4-5). 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 4 (re­
ference 15, page V.B.4-5) and KENO (reference l6, page V.B.4-5) 
may be used for safely calculating piping reactivities in almost any 
arrangement. Correlations of GEM 4 with the Rocky Flats piping 
intersection experiments (reference 29, page V.B.4-6) have shown it 
to calculate k-effective to within two standard deviations of 
critical. 
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2. Solid Angle Method 

The solid ai-]gle method of calculating neutron interaction when performed 
with equations (b) and (c) yields conservative resiilts. 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<5' value of 1.0. The equations and Figure 
V.D.1-3 agree quite well below \ equal to 3.O and tf" equal to 2.0. 
In order to obtain conservative or safe calculations, it is recom­
mended that equations (b) and (c) be used. For ro\;igh estimations of 
fractional solid angles. Figure V.D.1-3 may be used. 

UNCLASSIFIED 
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3. Density Analogue Method 

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

Konconservative 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.^-1, yielded 
nonconservative results on both plutonium and uranium metal calcu­
lations and should not be uised with density analogue. 

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

UnCLASSIFIED 
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k. Other Methods for Calculating Interaction 

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 h and KENO 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{l,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.l-6 and T(3) were made from GEM U and KENO calcvilations 
for plutonium metal spheres in large arrays, the first figure show­
ing the effects of unit size, array reflector, interspersed modera­
tion, and kgff of array size. The calculations in the latter figure 
show the critical array size of plutonium metal spheres of 2, 3 and 
U Kg reflected by 12 inches of concrete. The calculated arrays 
have a kg^^ of O.98 + .02. 

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

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

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

%. R. Ridgway, Calculated Critical Arrays of Fissile Materials, 
ARH-SA-T6, Atlantic Richfield Hanford Company, 19T0. 

'*R. D. Carter, Safe Fissile Material Spacing in Water, ARH-SA-TT, 
Atlantic Richfield Hanford Company, 1970. 
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=&js=j= AVERAGE FRACTIONAL SOLID ANGLES BETWEEN i p a i 
IDENTICAL PAHALLEL SLABS W i p 

From Extensions of Neutron In te rac t ion 
Cr i t e r i a , K-li)-78. 
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^m I • I' ' r 

AVERAGE FRACTIONAL SOLID AITGLES 
BETS-7EEN IDENTICAL CYLINDERS 

F Prom Extensions of Neutron Inter-
t action Criteria, K-1^78. 
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ARRAY REFLECTION AND INTERSPERSED MODERATION FACTORS 

Reflection factors to be used with bare arrays calculated 
by Density Analogue. 

Experimental Points 

Uranium reflection factors from H. C. Paxton, "Criticality 
Control in Operation with Fissile Material," LA-3366, 1966. 

Moderation factors from C. L. Brown, "Proceedings - Nuclear 
Criticality Safety," SC-DC-07-I305, 1966, United Kingdom G M 
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COMPARISON OF DENSITY ANALOGUE 
CALCULATIONS WITH EXPERIMENT 

ORNL-3193, 5-3/8 in. OD Poly­
ethylene bottles - kh-l/k in. 
high, 12.76 liters of 92.6 Wt/o 
Uranyl Nitrate. 

D Single Tier Array 

y Double Tier Array 

Density Analogue Cal­
culations 
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ARH-600 

5000 

3000 

1 0 0 0 

500 

300 

i n n 

••'•\ 1 

"n 

-i 

m 
- ft ijA 

<. i r t 

• § i 

• EH 1 5 

• o 1 ^ 

• ** -i 
- 25 [ 1 
; M t a 

: M tit 

; B i 
; o |g 
- K I s 

; a llS 

|5 

HfffH 
c — | i — 3 ^ ^ 
'r-- i r' i • • I t i l 
: ; : : : : t i : M 

: : : : : : j : : : : : | 

1 Ir 11 P 

I--. :S 

(::+ iH 

w 
iH^ 

t l | . 4 t t 

r _[• 
- -j- • - 44-

i 
Ml 

• - F t URANII 

iii •• • 4 'fl 
+ '̂̂ •••B 

H • 
\ 

p - 1 N 

#fW 

1 
l l 

. x nj \ 
NJ 7 
N M 1—\ r-l 1 1-

H™ 

'' 1' ••! 

44fi 

-mm 
'-^\nm F Ni i JJ 

d*^ 

JM D E N S I T Y I N ARRA 
, 1 . , i i t i J 

HI t-ir-i TO TO 
F:'it; ffiJF;; | 

^yili|i1illilllllllli 

iHIl HI 
1 •11 SF;;;-! - : 1 
:< : - - - • • H - ' •:•••-1 

PL N s Nj I . jn 
V TT ' iif 

g 

1~rT 
l+t 

1 
1 
1 
y > N J " ' J l Ill i i l i " " ' p 

J A i l "̂  Til )i ill -3 
\ . o x -^' V 4 * 3 

-a !̂ +̂  i J i * ^ •ill 
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im 1 l\l 1 1 lî  1 1 1 L 1 1 i 1 
1 1 1 r J 

10.91 1 
13.69 1 
16.36 1 
2U.00 1 

i 1 111 w 

1 
I]i J . i i n 
_ . i 1.. ..HI 

.05 0.1 0.3 0.5 1.0 

UNCLASSIFIED 



UNCLASSIFIED V.D.2-1 ARH-60O 

Safe Fissile Material Spacing In Water 

A number of infinite arrays of subcritical units in water were studied^) 
to determine the change in the array k-effective, k. , with the change in 
the water spacing between units. Calculations were made with the DTFU, 
GEM k and KENO codes and with plutoniiam solution and reactor fuel ele­
ment units. The data was then used to develop a method of determining 
a safe spacing with a minimvun of computer usage. 

The kĝ  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 k«, for the material of the units) and to 
0.0 at infinite water spacing (equal to the isolated unit k-effective, 
ky) by the equation (kĝ -k̂ ) /(koo-k^). 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 k<x, and ky are known 
and a safe value of k is selectea. 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 fajnily 
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., 0.5-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. 

R. D. Carter, Safe Fissile Material Spacing In Water, ARH-SA-TT, 
Atlantic Richfield Hanford Company, 19T0. 
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VI. POISONED SYSTEMS 

A. HOMOGENEOUS SYSTEMS - SOLUBLE POISONS 

1. Plutonium Systems 
235 

2. U Systems 
233 

3. U Systems 

4. Mixed Systems 

B. HOMOGENEOUS SYSTEMS - FIXED POISONS 

1. Plutonium Systems 
235 

2. " U Systems 

3. U Systems 

4. Mixed Systems 

C. HETEROGENEOUS SYSTEMS - SOLUBLE MODERATOR POISONS 

1. Plutonium Systems 
235 

2. U Systems 
233 

3. U Systems 

4. Mixed Systems 

D. REFLECTOR INTERFACES 

E. ISOLATORS 
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VI.1 COMMENTS ON POISONED SYSTEMS 

The use of neutron absorbing materials commonly called 
"poison" materials within fissile systems increases 
the critical mass by removing from the system a portion 
of the neutrons available for the fission process. Such 
poison materials may be added either homogeneously as 
soluble poisons in solutions or in the moderator of 
heterogeneous systems or heterogeneously as Raschig rings, 
plates, etc. Poisoned interfaces between reflectors and 
fissile cores will generally increase the critical mass 
or geometry (but putting a poison material around a bare 
system will decrease the critical mass or geometry be­
cause any material will reflect some neutrons - only 
space is a perfect absorber). Another neutron absorb­
ing device consists of placing neutron absorbers 
between separate fissile systems to reduce or eliminate 
neutron interaction between units. Commonly used 
poison elements are boron and cadmium although simple 
hydrogenous materials such as water or concrete can be 
used as isolating medium to eliminate neutron inter­
action. 

The use of poison materials except as isolators has not 
been extensively practiced. One reason is that experi­
mental data is relatively scarce and, therefore, cor­
relation between calculation and experiment for practical 
cases is somewhat difficult. For homogeneous systems 
with homogeneous poisons, it has been generally recom­
mended that poisons be added at twice the concentration 
calculated for k^Q equal to one (the point at which 
systems of finite size cannot be made critical). 
However, fairly consistent agreement exists between 
such widely diverse methods of calculation as diffusion 
theory, transport theory and Monte Carlo methods (see 
Figure VI.A.100-1), and it does not seem necessary to 
always penalize systems of restricted geometry to this 
extent. (Of course, some of the agreement might well 
result from all of these calculations using the same 
cross section sets; a poorly determined cross section 
set could then result in similar deviations from true 
values.) We believe a more reasonable approach is to 
use twice the poison concentration calculated to be 
necessary to meet general safety criteria. 
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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-O 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^O system 
would require more boron at identical H/Pu 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 
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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. Fast 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. 

I 
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VI.2 CORRELATION WITH EXPERIMENT - HOMOGENEOUS SOLUTIONS 

Experimental data for homogeneously poisoned solutions 
is extremely scarce. Apparently only one set of very 
limited experiments have been made to date . The 
following table shows the correlation using 18 group 
cross sections generated by GAMTEC II with the HFN 
diffusion theory code for critical experiments perform­
ed in bare aluminum spheres of 27.24 inches diameter. 

Exp. 
No. 

1 

Solution 

93.18 Wt% ^^^UNH 

Fissile 
g/1 

18.75 

Boron 
9/1 

0 

Calculated k 

.9952 

21.93 .0935 .9959 

4 

5 

7 

9 

97.74 Wt% ^^^UNK 

26.51 

16.75 

18.10 

19.37 

.230 

0 

.0465 

.0912 

.9953 

1.0070 

1.0078 

1.0075 

Experiments 4 and 9 were calculated with no boron and 
"k values of 1.1338 and 1.0777 respectively. This 
results in Ak changes of -0.60 and -0.77 for the 
addition of each gram per liter of boron. The calcu­
lations indicate that in experiment 7 the boron 
compensated for a ^ik of 0.0465 x 0.77or 0.0358. The 
^ 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 maximum of 2.2 percent 
(ignoring effects of the experimental error in determin­
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 with cross section 
values of comparable accuracy). 

The 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 poison experiments requires that a conservative 
approach be taken to the use of such calculated para­
meters pending further experimental verification. 

(1) R. Gwin and D. W. Magnuson, IjThe Measurement of Eta and 
Other Nuclear Properties of U and U in Critical 
Aqueous Solutions", Nuclear Science and Engineering, 
12: 364-380, 1962. 
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EFFECTIVE ISOLATION THICKNESS 
OF SOME COMMON MATERIALS 

Material 

Polyethylene 

Polyethylene-cd ̂  "̂  ̂  

(4) 
Polyethylene-Cd 

Borated Polyethylene 

Compressed Wood 

Concrete 

Borated Concrete 

Lead 

Paraffin 

Paraffin~Cd^^^ 

Borated Permali 

(1) J. D. VJhite, C 

Multiplying Med 

Density 
g/cm 

0.917 

(̂ ) .964 

1.341 

2.33 

2.33 

11.34 

0.90 

BNVn 

6.9 

4.3 

3.7 

3.5 

7.5 

9.8 

6.9 

10.2 

Ef •fective 
Thickne 

.-193'1' 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

.2 

.08 

.08 

.08 

.2 

.8 

.2 

.8 

Iso! 
ss. 

Lation 
In. 

French ̂""̂  

11.8^^^ 

7.87 

7.87 

6.89 

7.09 

. R. Richey, Neutron Interaction Between 
,ia Separated by various Materials, 

BNVJL-193, 1965. This reference used a checkerboard 
assembly of PuO^ Polystyrene Cubes and Plexiglass. 

\h Cubes at an overall H/Pu = 35.6 and 0.56 g Pu'/cm" 
the fissile material. 

as 

(2) P. R. Le Corche, Recent Experimental Critical Safety 
Data Obtained in France, Trans. Am. Nucl. Soc, 11, 
687 (1968), fissile material unknown, compared critical 
heights of one vessel reflected by the media with com­
mon critical height of two vessels interacting through 
the media. 

UNCLASSIFIED 



UNCLASSIFIED VI.E.2-2 ARH-600 

(3) 0.02 inch Cadmium between variable core and polyethylene 

(4) 0.02 inch Cadmium sheets on both sides of polyethylene 

(5) 10 wt.% Boron 

(6) Not quite complete isolation 

(7) 2.2 wt.% Boron 

(8) 0.033 inch Cadmium sheets on both sides of paraffin. 

UNCLASSIFIED 




