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CALCULATED LIMITING CRITICAL CONCENTRATIONS 
OF PLUTONIUM I N  NATURAL URANIUM AND WATER 

D.  W. Magnuson* 

ABSTRACT 

C a l c u l a t i o n s  have been performed t o  de te rmine  t h e  l i m i t i n g  
c o n c e n t r a t i o n  of plutonium r e q u i r e d  f o r  c r i t i c a l i t y  when added t o  
normal uranium. The b i a s  of t h e  method has  been e v a l u a t e d  by com- 
p a r i n g  t h e  c a l c u l a t e d  and exper imenta l  l i m i t i n g  235U enrichments  
f o r  c r i t i c a l i t y  of oxide-water  mixtures  and of n i t r a t e - w a t e r  mix- 
t u r e s .  

INTRODUCTION 

One of  t h e  impor tan t  n u c l e a r  c r i t i c a l i t y  s a f e t y  parameters  t o  be 

e s t a b l i s h e d  f o r  t h e  p r o c e s s i n g  of  mixed oxide  f u e l  i s  t h e  amount of 

plutonium which can  be added t o  a normal aqueous mixture  w i t h  and 

wi thout  n i t r a t e  b e f o r e  c r i t i c a l i t y  i s  achieved.  S i n c e  t h e r e  have been 

no experiments  performed t o  de te rmine  t h e s e  c o n c e n t r a t i o n s ,  c a l c u l a t i o n s  

are  being made t o  e s t a b l i s h  l i m i t s  f o r  t h e s e  parameters .  This  memo- 

randum summarizes a c a l c u l a t i o n a l  e f f o r t  which i s  one of s e v e r a l  t o  be 

done f o r  i n f o r m a t i o n  t o  b e  i n c l u d e d  i n  t h e  p r e p a r a t i o n  of ANSI Standard  

ANS 8.12, Nuclear  C r i t i c a l i t y  Cont ro l  and S a f e t y  of Pu-U Fuel  MLxtures 

Outs ide  Reac tors .  

C a l c u l a t i o n a l  Method and R e s u l t s  

Previous ly ,  c r i t i c a l i t y  c a l c u l a t i o n s  have been made u s i n g  Hansen- 

Roach, 16 group c r o s s  s e c t i o n s  i n  t h e  ANISN t r a n s p o r t  code o r  i n  t h e  

KENO Monte C a r l o  code.  Comparisons have been made t o  c a l c u l a t i o n s  us ing  

123 group c r o s s  s e c t i o n s  prepared  from t h e  ENDF/B Version I1 f i l e s  w i t h o u t  

r e v e a l i n g  any s i g n i f i c a n t  b i a s e s  o r  t r e n d s  i n  t h e  d i f f e r e n c e s .  Therefore ,  

t h e  former method w a s  used (HR 16 group c r o s s  s e c t i o n s  i n  ANISN) t o  

*Special  P r o j e c t s  Department, Gaseous D i f f u s i o n  Development Div is ion ,  
ORGDP 
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c a l c u l a t e  km as a f u n c t i o n  of c o n c e n t r a t i o n  f o r  v a r i o u s  v a l u e s  of 

uranium enrichment  o r  plutonium f r a c t i o n  f o r  UO - H  0, U02(N0 ) -H 0, 2 2  3 2  2 

U02-Pu02-H20, and U02(N03)-Pu(N0 ) - H  0 m i x t u r e s .  Near t h e  maxima 3 4  2 

i n  t h e  p l o t s  of t h e  above d a t a  one c a l c u l a t i o n  f o r  each of t h e  mixtures  

was repea ted  u s i n g  t h e  XSDRN t r a n s p o r t  code and 123 group c r o s s  s e c t i o n s .  

These c a l c u l a t e d  d a t a  a r e  g i v e n  i n  Tables  1 and 2 and a r e  p l o t t e d  i n  

F igures  1 through 4 .  

The exper imenta l  and c a l c u l a t e d  c r i t i c a l  uranium enrichments  and 

t h e  Pu c r i t i c a l  c o n c e n t r a t i o n s  i n  n a t u r a l  uranium are g i v e n  i n  Table  3. 

Table  3 

LIMITING CALCULATED CRITICAL ENRICHMENT FOR URANIUM OR CRITICAL 
CONCENTRATION FOR PLUTONIUM 

Mixture 

U02-H20 

U ( .  71)02-239Pu02-H20 

C r i t i c a l  Enrichment 
23 5u 

Experi-  Calcu- 
mental  l a t e d  

1.034 1.010 

2.104 1.970 

(wt% 

Cr i t ica l  Concent ra t ion  

( w t %  239Pu) 
Calcu- Bias 
l a  ted  Corrected 

0.159 0.183 

0.678 0.712 

The r e s u l t a n t  b i a s e s  i n  t h e  c a l c u l a t i o n s  are  0.024 and 0.034 r e s p e c t i v e l y  

f o r  t h e  oxide  and n i t r a t e  mixtures .  

'U. I. Neeley and H. E .  Handler,  Measurement of t h e  M u l t i p l i c a t i o n  Constant  
f o r  S l i r sh t ly  Enriched UO -Water Mixtures and finimum Enrichments f o r  
C r i t i c a l i t y ,  HW-70310. Hanford Atomic Products  Opera t ion  (1961).  3 

2S. R. Bierman and G. M. Hess, Minimum 235U Enrichment of Homogeneous 
Hydrogenous Uranyl Nitrate,  Oak Ridge N a t i o n a l  Labora tory ,  ORNL-CDC-5 
(June,  1968) .  
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Table  1. C a l c u l a t i o n s  of t h e  I n f i n i t e  M u l t i p l i c a t i o n  
F a c t o r s  f o r  UO - H  0 and U02(N03)2-H20 Mixtures  2 2  

Uranium 
C o n c e n t r a t i o n  

( d l  1 

2500 

3000 

3500 

4000 

2500 

3000 

3500 

4000 

2500 

3000 

3 500 

4000 

1100 

1300 

1500 

1100 

1300 

1500 

1100 

1300 

1500 

Enrichment  235u 

Lwt% Atom R a t i o  
H: 235u 

UO - H  0 Mixtures  . 2 2  

0.90  8 59 

0.90 665 

0 .90  528 

0.90 4 24 

0 .95  

0.95 

0 .95  

0 .95  

1.00 

1.00 

1.00 

1.00 

813 

630 

500 

402 

7 7 3  

599 

475 

382 

U02(N03)2-H20 Mixtures  

1 .85  733 

1 . 8 5  536 

1 . 8 5  39 2 

1.90 

1 .90  

1.90 

1 .95  

1 .95  

1 .95  

7 14 

522 

381 

69 5 

509 

371 

I n f i n i t e  M u l t i p l i c a t i o n  
F a c t o r  - km 

ANIS N 
16 group 1 2 3  group 

XSDRN 

0.9342 

0.9550 

0.9602 

0.9595 

0.9561 

0.9756 

0.9804 

0.9778 

0.9765 

0.9950 

0.9986 

0.9949 

0.9852 

0.9578 

0.9742 

0.9733 

0.9691 

0.9851 

0.9835 

0.9800 

0.9961 0.9749 

0.9933 
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Tab le  2. C a l c u l a t i o n s  of t h e  I n f i n i t e  W l t i p l i c a t i o n  F a c t o r s  f o r  

H20 and U(nat)02(N03)2 - 239Pu02-H20 Mix tu res  

00 
k N a t u r a l  

Urani  urn Plutonium w t %  Pu 
C o n c e n t r a t i o n  C o n c e n t r a t i o n  i n  16 g roup  123 group 

k/1) ( g / l )  (Pu+U) H:  235U H : 2 3 9 P ~  ANISN XSDRN 

Atom R a t i o  

2500 

3000 

3 500 

4000 

2500 

3000 

3500 

4000 

2 500 

3000 

3500 

4000 

1200 

1400 

1600 

1200 

1400 

1600 

1200 

1400 

1600 

1200 

1400 

1600 

U02-PuO - H  0 Mix tu res  2 2  
3.5 0.14 1088 5610 

4.2 0.14 843 4348 

4.9 0.14 668 3447 

5.6 0.14 537 2771 

4 .0  0 .16  1088 4908 

4.8 0.16 84 3 3804 

5.6 0.16 6 68 3015 

6.4 0.16 53 7 2424 

4 .5  0.18 1088 4363 

5.4 0.18 843 3381 

6 . 3  0.18 668 2680 

7.2 0.18 537 2154 

U02(N03)2-Pu(N0 ) - H  0 Mix tu res  

6.6 0.55 1623 2133 

7 . 7  0 .55  1186 1559 

8.8 0.55 8 58 1129 

3 4  2 

- 7 . 2  0.60 1623 1954 

8 .4  0.60 1186 1429 

9.6 0.60 858 1034 

7 . 8  0 .65 1623 1805 

9 . 1  0.65 1186 1318 

10 .4  0 .65  8 58 955 

8.4 0.70 1623 1674 

9.8 0 . 7 0  1186 1223 

11 .2  0.70 8 58 885 

0.9611 

0.9819 

0.9878 

0.9861 

0.9757 

0.9958 

1.0009 

0.9984 

0.9846 0.9895 

1.0088 

1.0131 

1.0098 

0.9363 

0.9486 

0.9480 

0.9579 

0.9688 0.9882 

0.9673 

0.9781 

0.9882 

0.9852 

0.9969 

1.0055 

1.0007 
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w t  vo pu IN [ ~ u +  u(nat)]-  

o 0.55 

A 0.60 

0.65 
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km 

0.95 

0.90 
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I n  comparison of oxide  systems,  i t  i s  s e e n  t h a t  0.30 w t %  235U i s  

e q u i v a l e n t  t o  0.159 w t %  239Pu o r  a r a t i o  of 1.887. It can  be s a i d  

t h a t  one atom of 239Pu i s  e q u i v a l e n t  t o  1.887 atoms of 235U. I n  t h e  

comparison of t h e  n i t r a t e  sys t ems ,  i t  i s  s e e n  t h a t  one atom of Pu i s  

e q u i v a l e n t  t o  1.873 atoms of 235U. This v a l u e  should  be s m a l l e r  because 

t h e r e  i s  some neu t ron  a b s o r p t i o n  by t h e  two a d d i t i o n a l  n i t r o g e n  atoms 

a s s o c i a t e d  w i t h  each  Pu atom; however, t h i s  e f f e c t  i s  less t h a n  0.4%, 

t h e  r a t i o  of t h e  a b s o r p t i o n  c r o s s  s e c t i o n s  of N and Pu. If t h e  minimum 

c r i t i c a l  c o n c e n t r a t i o n s  are  c o r r e c t e d  f o r  c a l c u l a t i o n a l  b i a s e s ,  t h e  

v a l u e s  a r e  0.183 and 0.712 g of Pu p e r  l i t e r  for oxide  and n i t r a t e ,  

r e s p e c t i v e l y  . 
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