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ABSTRACT 

Ca l cu la t i ons  have been performed on water  m i x tu res  o f  ox ides and 

n i t r a t e s  o f  U-233, U-235 and Pu-239 w i t h  chem ica l l y  s i m i l a r  t ho r i um 

compounds t o  determine c r i t i c a l  dimensions f o r  s imp le  geometries (sphere, 

c y l i n d e r  and s l a b ) .  Uranium enrichments c a l c u l a t e d  were loo%,  20%, 10% 

and 5%; p l  u t o n i  um c a l  cu l  a t i o n s  assumed 100% Pu-239. Tho r i  um t o  u ran i  um 

o r  p lu ton ium we igh t  r a t i o s  (Th: U o r  Pu) c a l c u l a t e d  were 0, 1  , 4 and 8. 

Both bare and f u l l  wa te r  r e f 1  e c t i o n  cond i t i ons  were ca l cu la ted .  

The r e s u l t s  o f  t h e  c a l c u l a t i o n s  a r e  p l o t t e d  showing a  c r i t i c a l  

dimension versus t h e  uranium o r  p lu ton ium concen t ra t i on .  P l o t s  o f  

K - i n f i n i t y  and m a t e r i a l  buck1 i n g  f o r  each m a t e r i a l  t ype  a r e  a l s o  shown. 
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INTRODUCTION 

Experimental  and a n a l y t i c a l  data a r e  needed t o  e s t a b l i s h  s a f e t y  

gui  de l  i nes f o r  chemical process ing o f  advanced nuc l  ear  r e a c t o r  f u e l  s  

i n v o l v i n g  uranium, p l  utonium and t ho r i um compounds i n  s o l  u t i o n .  ( 1  1 
Processing o f  such f u e l s  may i n v o l v e  ox ides,  n i t r a t e s  o r  o t h e r  compunds 

o f  2 3 3 ~ ,  2 3 5 ~  and/or 2 3 9 ~ u  i n  t h e  presence o f  thor ium.  The Thorium 

Fuel Cycle Technology (TFCT) Program was i n i t i a t e d  i n  1977 a t  Savannah 

R i v e r  Labora to ry  (SRL) t o  s tudy  r e c y c l e  f a c i l i t i e s  f o r  t ho r i um based 

f u e l s .  P a c i f i c  Northwest Labora to ry  (PNL)  was con t rac ted  by SRL t o  

s e t  up an exper imental  program t o  s tudy  these f u e l s .  P re l im ina ry  t o  

t h e  experiments, c a l c u l a t i o n s  were performed a t  PNL t o  determine t h e  

types and q u a n t i t i e s  o f  nuc lea r  m a t e r i a l s  and s i z e s  o f  exper imental  

vessels  f o r  t h e  program. 

PNL fund ing  fo r  t h e  TFCT Program was t e rm ina ted  a t  t h e  end o f  

FY-1978. The c a l c u l a t i o n s  completed as o f  t h a t  t ime  a re  presented i n  

t h i s  document. 



DESCRIPTION OF CALCULATIONS 

ATOM DENSITIES 

Atom d e n s i t i e s  f o r  t h e  m i x tu res  o f  i n t e r e s t  were c a l c u l a t e d  

assuming t h a t  compounds i n  s o l u t i o n  occupy a  volume i n  t h e  s o l u t i o n  

p r o p o r t i o n a l  t o  t he  r a t i o  o f  t h e  ac tua l  d e n s i t y  o f  t h e  compound t o  

t he  t h e o r e t i c a l  d e n s i t y  o f  t h e  compound i n  s o l u t i o n  (e .  y. ,  t h e  p o r t i o n  . - 
3 3 o f  each cm occupied by U02 a t  a  d e n s i t y  o f  5  g/cm would be 5110.96 cm 3 

* 

s i n c e  t h e  t h e o r e t i c a l  d e n s i t y  o f  U02 i s  10.96 g/cm'). Th i s  method i s  

use fu l  f o r  t e r t i a r y  m i x tu res  such as U02 + Tho2 + H20 where a n a l y t i c a l  

d e t a i l s  o f  such m ix tu res  a r e  d i f f i c u l t  t o  f i n d .  Us ing t h i s  method, 

s i g n i f i c a n t  e r r o r s  i n  atom d e n s i t i e s  may occur  i n  t h e  denser s o l u t i o n s  

( i  .e., where t h e  d e n s i t y  o f  i n d i v i d u a l  compounds i n  t h e  s o l u t i o n  i s  

near t h e o r e t i c a l  d e n s i t y )  as a  r e s u l t  o f  changes i n  chemical bonding i n  

t h e  s o l u t i o n  under these  c o n d i t i o n s .  Compound d e n s i t i e s  assumed f o r  

atom d e n s i t y  c a l c u l a t i o n s  a r e  shown i n  Table  I .  

An example o f  t h e  method used i n  t h i s  work t o  c a l c u l a t e  atom 

d e n s i t i e s  i s  g iven  i n  Appendix A. For n i t r a t e  m ix tu res ,  i t  i s  assumed 

t h a t  t h e  s o l u t i o n  con ta i ns  no excess n i t r a t e s  ( i  .e., 0.0 molar  excess 

HN03). 



TABLE I. Theore t ica l  Dens i t ies  f o r  Compounds o f  I n t e r e s t  

Chemical Theore t ica l  
Compound Formul a Densi ty  (g/cm ) 

Uranium Oxide uo2 10.96 

Pl u t o n i  um Oxide Pu02 11.46 

Thorium Oxide Tho2 9.86 

Uranyl N i t r a t e  UO2(No3I2 5.1657 

Pl u t o n i  um N i t r a t e  Pu(NO3l4 5.629 

Thorium N i t r a t e  Th(NO3l4 5.203 

Water 

Reference 

2 

Der ived from data g iven i n  these references. 



CROSS SECTIONS AND COMPUTER CODES 

For t h i s  work, ENDF/B-IV c ross  s e c t i o n  da ta  were used f o r  a l l  

n u c l i d e s  except Thorium-232. Thorium c ross  s e c t i o n  da ta  updated by 

B. R. Leonard and used i n  ana l yz i ng  2 3 3 ~ - ~ h o r i u m  H igh  Temperature Gas 

Cooled Reactor l a t t i c e s ( 6 )  were used i n  p lace  o f  t h e  ENDF/B-IV da ta .  

The EGGNIT code(7)  was used t o  generate  m u l t i g r o u p  da ta  f rom t h e  

cross s e c t i o n  l i b r a r i e s .  The c ross  s e c t i o n  l i b r a r i e s  had been pro-  

cessed by t h e  FLANGE(*) ( thermal  da ta ) ;  and ETOG") ( e p i  thermal da ta )  

codes p r i o r  t o  use i n  EGGNIT. 

C r i t i c a l  parameters (sphere,  c y l  i n d e r  r ad ius ,  and s l a b  t h i ckness )  
( 1  0) were c a l  c u l  a t e d  u s i n g  t h e  one-dimensional mu1 t i  group d i  f f u s i o n  code HFN . 

K - i n f i n i  t y  and m a t e r i a l  buck1 i n g  da ta  were taken  f rom t h e  EGGNIT 

code ou tpu t .  The parameters a r e  b o t h  d e r i v e d  f rom a two group c r i t i c a l  
(11 equa t ion  d iscussed i n  t h e  GAMTEC-I1 code l i t e r a t u r e  . 



VAL I DATI ONS 

V a l i d a t i o n  c a l c u l a t i o n s  have been performed u s i n g  t h e  codes and 

c ross  s e c t i o n  da ta  p r e v i o u s l y  descr ibed.  The r e s u l t s  o f  these c a l c u -  

l a t i o n s  a re  shown i n  Table  11. Ca l cu l a t i ons  5-4 (Tab le  I 1  n o t a t i o n )  

were done on bare and water  r e f l e c t e d  spheres o f  p l u ton ium n i t r a t e .  ' 

~ ~ d r o ~ e n - t o - ~ ~ ~ ~ u  atom r a t i o s  ranged f rom 56 t o  i l S 9 .  The c a l c u l a t e d  

va lues o f  kef f  f o r  these systems ranged from about 2% t o  5% above 

c r i t i c a l i t y  ( ke f f  = 1 - 0 ) .  The average va) ue o f  k f o r  t h e  p i  u ton ium e f f  
so l  u t i o n  was 1 .036. 

C a l c u l a t i o n s  5-9 were performed on bare  and w t e r  r e f l e c t e d  spheres 

and c y l  i n d e r s  o f  u rany l  (23519) n i t r a t e  and  u r  ( 2 3 5 ~ )  f: o u r i d e ,  

Enrichment f o r  these systems ranged f rom 93.2 t o  4.89 w t %  and t h e  

hyd rogen - t o -235~  atom r a t i o s  ranged f rom 43 2 t o  71835. The c a l c u l a t e d  

va lues o f  ke f f  ranged from about 1 /2% beiow i r i n c a l i t y  t o  about 3% above. 

The average va lue  o f  ke f f  f o r  t h e  2 3 5 ~  s o l u t i o n s  was 1.011. 

C a l c u l a t i o n s  l 0-1 2 were performed on b ~ r e  and water  r e f 1  ec ted  spheres 

o f  u rany l  ( 2 3 3 ~ )  n i t r a t e .  The c a l c u l a t e d  kef f  f o r  these  s o l u t i o n s  ranged 

from about  l % t o  1 112% above c r i t i c a l i t y .  The average va lue  o f  ke f f  

fo r  t h e  2 3 3 ~  s o l u t i o n s  was 1 .011. 

DTF-IV ca lcu la ta 'ons  were performed on one o f  each o f  t h e  d i f f e r e n t  

n u c l i d e  systems t o  assure congruence w i t h  t h e  co r respond ing  HFN 

c a l c u l a t i o n s .  (1  7 )  

As no ted  i n  Table  11, the  computed va lues o f  Ke f f  a r e  c l o s e  t o ,  o r  

above, u n i t y  and none i s  s i g n i f i c a n t l y  below unf ty ,  The average va lues 

a re  above u n i t y  which i m p l i e s  these  p a r t i c u i a r  calcu7ations t o  be con- 

s e r v a t i v e  ( c r i t i c a l  system expected t o  be ~ a i  culated as super c r i t i c a l  ) .  

No check c a l  c u l  a t i o n s  were made, however, on aquaous homogeneous so l  u- 

t i o n s  c o n t a i n i n g  t ho r i um  due t o  l a c k  a f  a p p r o p r i a t e  c r i t i c a l  exper iment  

data.  



TABLE 11. Resul ts  o f  Some V a l i d a t i o n  Checks 

Pu-239 

1 . F u l l  Water R e f l e c t e d  (FWR) 
SS Sphere, P u ( N O ~ ) ~  4.6 

2. FWR SS Sphere, P u ( N O ~ ) ~  4.6 

3. Bare SS Sphere, P u ( N O ~ ) ~  4.6 

4. FWR SS Sphere, P u ( N O ~ ) ~  4.6 

U-235 

5. f l 4R  A1 Cy l i nde r ,  U02F2 93.2 
01 

6. Bare A1 Cycl i n d e r ,  U02F2 93.2 

7. Bare A1 Sphere, U02(N03)2 ( 2  93.2 1378 69.19 

8. Bare A1 Sphere, U02(N03)2 ( 2  93.2 1835 122.02 

9. FAR SS Cy l i nde r ,  U02F2 

10. FWR A1 Sphere, U02(N03)2 ( 3 )  98.70 405 26.6 

11 . Bare A1 Sphere, U02(N03)2 97.70 1533 69.19 

12. Bare A1 Sphere, U02(N03)2 97.67 1986 122.02 

(1 ) 2 3 3 ~  o r  2 3 5 ~  enr ichment (wt%) . 
( 2 )  These s o l u t i o n s  con ta ined  small amounts o f  2 3 2 ~ h .  
( 3 )  Vessel t h i ckness  n o t  s p e c i f i e d ,  1 /16 i n c h  w a l l  t h i ckness  assumed. 



RESULTS A N D  CONCLUSIONS 

The ca lcula ted  c r i t i c a l  parameters a r e  shown in Appendix B in 

Figures 1-144. Each ca lcula ted  point indica tes  a  c r i t i c a l  system 

(Keff = 1  .O) w i t h  no ca lcula t ional  bias correc t ion  applied.  There a r e  

s i x  sec t ions  - U-235 enriched uranyl n i t r a t e s  ( ~ i g u r e s  1-32),  U-233 

enriched uranyl n i t r a t e s  (Figures 33-64), Pu-239 n i t r a t e s  ( Figures 65-72), 

U-235 enriched urani um oxides ( Fi  gures 73-1 04) ,  U-233 enriched urani um 

oxides ( Fi gures 105-1 36) and Pu-239 oxides ( Figures 137-1 44) .  Each 

sec t ion  contains c r i t i c a l  parameters fo r  spheres,  cyl inders  and s l abs  

with bare and f u l l  water ref1 ec t ion  condit ions.  For the  uranium systems, 

ca lcula t ions  were made with enrichments of  1001, 20%, 10% and 5%. For 

plutonium systems, no Pu-240 i s  included. T h  t o  U o r  Pu ( T h / X )  r a t i o s  of 

0, 1 ,  4  and 8 were used in the  ca lcu la t ions  with T h .  K- inf in i ty  and 

material buckling curves a r e  a l s o  presented in each sec t ion .  The calcu- 

la ted  val ues on the  f igures  presented in Appendix B were p lo t ted  by 

computer and eye-guide smooth curves were drawn between the  ca lcula ted  

points .  Where the  data were so sparse t h a t  an eye-guide curve might be 

misleading only the  data points a r e  shown. 

Using the  ca lcula ted  d a t a ,  a comparison can be made of  the  e f f e c t  

of replacing U-238 in  enriched uranium w i t h  Th-232. Data in Table I11 

compares 20% U-235 enriched uranium w i t h  a  s i m i l a r  system i n  which Th-232 

replaces U-238 by weight. Bare s l a b  thickness i s  shown over a  range of  
3  0.08 t o  8.0 grams heavy metal (HM)/cm . The data a r e  e s s e n t i a l l y  

3  ident ica l  u p  t o  about 2  g HM/cm where the  Th mixture becomes s l i g h t l y  

l e s s  r eac t ive  than the  U-238 mixture. Comparisons a t  10% enrichments 

and with n i t r a t e s  show s imi la r  r e s u l t s .  



TABLE 111. C r i t i c a l  i t y  (Bare Slab C r i t i c a l  Thickness) o f  2 3 5 ~ - ~ h  Mix tures  
Compared t o  t h a t  o f  Enriched Uranium Mixtures 

Heavy Metal 
Concentrat ion 

( g  H M / c ~ ~ )  

Bare Slab Thickness (cm) 
20% U-235 i n  U 20% U-235 i n  Th 

(no Thorium) (no U-238) 
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APPENDIX A - ATOM DENSITY SAMPLE CALCULATION 

The f o l l o w i n g  i s  an example o f  t h e  method used t o  c a l c u l a t e  atom 

d e n s i t i e s  f o r  t h i s  r e p o r t .  The system descr ibed  i s :  

L e t  

E = f i s s i l e  i s o t o p i c  con ten t  (we igh t  %) = grams fissile isotope in grams U 

rams Th R = t h o r i u m t o u r a n i u m w e i g h t  r a t i o n  = irams 
- grams U 

P = assumed uranium d e n s i t y  - 
cm 3  

LIX = atom d e n s i t y  o f  f i s s i l e  i s o t o p e  X 

D~~ = atom d e n s i t y  o f  U-238 

A' = a tomic  we igh t  o f  f i s s i l e  i s o t o p e  X 

= a tomic  we igh t  o f  U-238 

DH = atom d e n s i t y  o f  hydrogen i n  t h e  m i x t u r e  

DO = atom d e n s i t y  o f  oxygen i n  t h e  m i x t u r e  

Then 

* Atoms o f  i s o t o p e  x  per  barn -cen t imete r  (b-cm). 



I f  t h e  oxygen and n i t rogen  atom dens i t y  i n  U02(N03)2 i s  OU and 

NU, respec t i ve l y ,  then 

and 

Let  

DTh = thor ium atom dens i t y  

N~~ = n i t r o g e n  atom dens i t y  i n  Th(N03)4 

oTh - oxygen atom dens i t y  i n  Th(N03)4 

= thor ium atomic weight 

then 

and 

NT" = 4  . DTh 

atom 0  ( 'b- 

(atom N 

latom Th 

\ 
'b-cm 

atom N I 'b-cml 

atom 0  ( 'b-cmJ . 



Now 1  e t  

f 
3 

= f r a c t i o n  o f  each cm o f  mix tu re  t h a t  con ta ins  water 

- 
U = uranium molecular weight = EA' + (1 - E ) A ' ~  

u = t h e o r e t i c a l  dens i t y  of  U02(N03)2 i n  s o l u t i o n  

P ~ h  
= t h e o r e t i c a l  dens i t y  of Th(N03)4 i n  s o l u t i o n  

- 
grams U02 ( NO3) u t molecular  weight N208 

1  
8 - - 

grams U  - 
U 

and 
grams Th(N03)4 

C2 
z 

grams Th 

Then 

Le t  

D; 
= hydrogen atom d e n s l t y  i n  water 

D; 
= oxygen atom d e n s i t y  i n  water 

T h e n  

atom H 
/b-cm} 

atom 0, ( b-Cm/ 



Summarizing 

EP 
D~ 8 - 0.6022 

D28 = - 0.6022 

gH 
H = Dw = 0.06689 f 

Do O + oTh + 0u = 0.03345f+ (12 ' DTh) + 8  ' ( D ' ~  + gx) = Dw 

DN = NTh + N~ = 4 oTh + 2(DZ8 + gX) 



A P P E N D I X  B . RESULTS OF CALCULATIONS 

The f o l l o w i n g  f i gu res  g r a p h i c a l l y  show t h e  r e s u l t s  o f  c a l c u l a t i o n s  

on n i t r a t e  and ox ide homogeneous water mixtures o f  U.233. U-235 and Pu-239: 

Bare Sphere Radius U N i t r a t e  U-235 Enrichment 

F W R ( ~ )  Sphere Radius U N i t r a t e  U-235 Enrichment 

Bare Sphere Radius U N i t r a t e  U-235 Enrichment 

FWR Sphere Radius U N i t r a t e  U-235 Enrichment 

Bare Sphere Radius U N i t r a t e  U-235 Enrichment 

FWR Sphere Radius U N i t r a t e  U-235 Enrichment 

Bare Sphere Radius U N i t r a t e  U-235 Enrichment 

FWR Sphere Radius U N i t r a t e  U-235 Enrichment 

Bare Cy l inder  Radius U N i t r a t e  U-235 Enrichment 

FWRCylinder Radius U N i t r a t e  U-235 Enrichment 

Bare Cy l inder  Radius U N i t r a t e  U-235 Enrichment 

FWR Cy l inder  Radius U N i t r a t e  U-235 Enrichment 

Bare Cy l inder  Radius U N i t r a t e  U-235 Enrichment 

FUR Cy l inder  Radius U N i t r a t e  U-235 Enrichment 

Bare Cy l inder  Radius U N i t r a t e  U-235 Enrichment 

FWR Cy l inder  Radius U N i t r a t e  U-235 Enrichment 

Bare Slab Thickness U N i t r a t e  U-235 Enrichment 

FWR Slab Thickness U N i t r a t e  U-235 Enrichment 

Page 
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-1 Water Ref lec ted  (25.4 cm) 



. . . .  19  . Bare S lab  Thickness U N i t r a t e  U-235 Enrichment = 0.20 40 

20 . FWR S lab  Thickness U N i t r a t e  U-235 Enr ichment = 0.20 . . . .  4 1 

Bare S lab  Thickness U N i t r a t e  U-235 Enr ichment 

FWR S lab  Thickness U N i t r a t e  U-235 Enrichment 

Bare S lab  Thickness U N i t r a t e  U-235 Enrichment 

FWR S lab  Thickness U N i t r a t e  U-235 Enrichment 

K - I n f i n i t y  U N i t r a t e  U-235 Enrichment 

K - I n f i n i t y  U N i t r a t e  U-235 Enrichment 

K - I n f i n i t y  U N i t r a t e  U-235 Enrichment 

K - I n f i n i t y  U N i t r a t e  U-235 Enr ichment 

M a t e r i a l  B u c k l i n g  U N i t r a t e  U-235 Enr ichment 

M a t e r i a l  B u c k l i n g  U N i t r a t e  U-235 Enr ichment 

M a t e r i a l  B u c k l i n g  U N i t r a t e  U-235 Enr ichment 

M a t e r i a l  B u c k l i n g  U N i t r a t e  U-235 Enr ichment 

Bare Sphere Radius U N i t r a t e  U-233 Enr ichment 

FWR Sphere Radius U N i t r a t e  U-233 Enr ichment 

Bare Sphere Radius U N i t r a t e  U-233 Enrichment 

FWR Sphere Radius U N i t r a t e  U-233 Enrichment 

Bare Sphere Radius U N i t r a t e  U-233 Enr ichment 

FWR Sphere Radius U N i t r a t e  U-233 Enrichment 

Bare Sphere Radius U N i t r a t e  U-233 Enrichment 

FWR Sphere Radius U N i t r a t e  U-233 Enr ichment 

Bare C y l i n d e r  Radius U N i t r a t e  U-233 Enrichment 

FWR C y l i n d e r  Radius U N i t r a t e  U-233 Enr ichment 

Bare C y l i n d e r  Radius U N I t r a t e  U-233 Enrichment 

FWR C y l i n d e r  Radius U N i t r a t e  U-233 Enr ichment 



Bare Cyl i n d e r  Radius U N i t r a t e  U-233 Enrichment . 0.1 0 

FWR Cy l i nde r  Radius U N i t r a t e  U-233 Enrichment = 0.10 

Bare Cy l i nde r  Radius U N i t r a t e  U-233 Enrichment = 0.05 

FWR Cy l i nde r  Radius U N i t r a t e  U-233 Enrichment = 0.05 

Bare Slab Thickness U N i t r a t e  U-233 Enrichment = 1 . 00 

FWR Slab Thickness U N i t r a t e  U-233 Enrichment = 1 . 00 

Bare Slab Thickness. U N i t r a t e  U-233 Enrichment = 0.20 

FWR Slab Thickness U N i t r a t e  U-233 Enrichment = 0.20 

Bare S lab  Thickness U N i t r a t e  U-233 Enrichment = 0.10 

FWR Slab Thickness U N i t r a t e  U-233 Enrichment = 0.10 

Bare Slab Thickness U N i t r a t e  U-233 Enrichment = 0.05 

FWR S lab  Thickness U N i t r a t e  U-233 Enrichment = 0.05 

K - I n f i n i t y  U N i t r a t e  U-233 Enrichment = 1 . 00 

K - I n f i n i  t y  U N i t r a t e  U-233 Enrichment = 0.20 

K - I n f i n i t y  U N i t r a t e  U-233 Enrichment = 0.10 

K - I n f i n i t y  U N i t r a t e  U-233 Enrichment = 0.05 

Ma te r i a l  B u c k l i n g  U N i t r a t e  U-233 Enrichment = 1 . 00 

Ma te r i a l  Buck1 i n g  U N i t r a t e  U-233 Enrichment = 0.20 

M a t e r i a l  Buck1 i n g  U N i t r a t e  U-233 Enrichment = 0.10 

Ma te r i a l  Buck1 i ng U N i t r a t e  U-233 Enrichment = 0.05 

Bare Sphere Radius Pu N i t r a t e  100% Pu-239 . . 
FWR Sphere Radius Pu N i t r a t e  100% Pu-239 . 
Bare Cyl i n d e r  Radius Pu N i t r a t e  100% Pu-239 . . 
FWR Cyl i n d e r  Radius Pu N i t r a t e  100% Pu-239 . 
Bare Slab Thickness Pu N i t r a t e  100% Pu-239 . . . . 

. . . . . .  FWR S lab  Thickness Pu N i t r a t e  100% Pu-239 

K - I n f i n i t y  Pu N i t r a t e  100% Pu-239 . . . 
18 



M a t e r i a l  Buck1 i n g  Pu N i t r a t e  100% Pu-239 . a 

Bare Sphere Radius U Oxide U-235 Enrichment 

FWR Sphere Radius U Oxide U-235 Enrichment 

Bare Sphere Radius U Oxide U-235 Enrichment 

FWR Sphere Radius U Oxide U-235 Enrichment 

Bare Sphere Radius U Oxide U-235 Enrichment 

FWR Sphere Radius U Oxide U-235 Enrichment 

Bare Sphere Radius U Oxide U-235 Enrichment 

FWR Sphere Radius U Oxide U-235 Enrichment 

Bare C y l i n d e r  Radius U Oxide U-235 Enrichment 

FWR Cyl i n d e r  Radius U Oxide U-235 Enrichment 

Bare C y l i n d e r  Radius U Oxide U-235 Enrichment 

FWR C y l i n d e r  Radius U Oxide U-235 Enrichment 

Bare C y l i n d e r  Radius U Oxide U-235 Enrichment 

FWR C y l i n d e r  Radius U Oxide U-235 Enrichment 

Bare Cyl i n d e r  kaa ius  U Oxide U-235 Enr ichment 

FWR Cyl i n d e r  Radius U Oxide U-235 Enr ichment 

Bare S lab  Thickness U Oxide U-235 Enrichment 

FWR S lab  Thickness U Oxide U-235 Enrichment 

Bare S lab  Thickness U Oxide U-235 Enrichment 

FWR S lab  Thickness U Oxide U-235 Enrichment 

Bare S lab  Thickness U Oxide U-235 Enr ichment 

FWR S lab  Thickness U Oxide U-235 Enrichment 

Bare S lab  Thickness U Oxide U-235 Enrichment 

FWR S lab  Thickness U Oxide U-235 Enrichment 



K - I n f i n i t y  U Oxide U-235 Enrichment 

K - I n f i n i t y  U Oxide U-235 Enrichment 

K - I n f i n i t y  U Oxide U-235 Enrichment 

K - I n f i n i t y  U Oxide U-235 Enrichment 

Mater ia l  Buckl i n g  U Oxide U-235 Enrichment 

Mater ia l  Buckl i n g  U Oxide U-235 Enrichment 

Mater ia l  Buckl i n g  U Oxide U-235 Enrichment 

Mater ia l  Buck l ing  U Oxide U-235 Enrichment 

Bare Sphere Radius U Oxide U-233 Enrichment 

FWR Sphere Radius U Oxide U-233 Enrichment 

Bare Sphere Radius U Oxide U-233 Enrichment 

FWR Sphere Radius U Oxide U-233 Enrichment 

Bare Sphere Radius U Oxide U-233 Enrichment 

FWR Sphere Radius U Oxide U-233 Enrichment 

Bare Sphere Radius U Oxide U-233 Enrichment 

FWR Sphere Radius U Oxide U-233 Enrichment 

Bare Cyl i n d e r  Radius U Oxide U-233 ~ n r i c h m e n t  

FWR Cy l inder  Radius U Oxide U-233 Enrichment 

Bare Cy l inder  Radius U Oxide U-233 Enrichment 

FWR Cy l inder  Radius U Oxide U-233 Enrichment 

Bare Cy l inder  Radius U Oxide U-233 Enrichment 

FWR Cy l inder  Radius U Oxide U-233 Enrichment 

Bare Cy l inder  Radius U Oxide U-233 Enrichment 

FWR Cy l inder  Radius U Oxide U-233 Enrichment 

Bare Slab Thickness U Oxide U-233 Enrichment 

FWR Slab Thickness U Oxide U-233 Enrichment 

Bare Slab Thickness U Oxide U-233 Enrichment 



FWR Slab Thickness U Oxide U-233 Enrichment = 0.20 . . . .  145 
1 

. . . .  Bare S lab  Thickness U Oxide U-233 Enrichment = 0.10 146 

. . .  FAR S lab  Thickness U Oxide U-233 Enrichment = 0 . 1 0 .  147 : 

Bare S lab  Thickness U Oxide U-233 Enrichment = 0.05 . . . .  148 

FWR S lab  Thickness U Oxide U-233 Enrichment = 0.05 . . . .  149 

K- I n f i n i  t y  U Oxide U-233 Enrichment = 1 . 0 0  . . . .  150 

K - I n f i n i t y  U Oxide U-233 Enrichment = 0 . 2 0  . . . .  151 

. . . .  K - I n f i n i t y  U Oxide U-233 Enrichment = 0.10 152 

K - I n f i n i t y  U Oxide U-233 Enrichment = 0 . 0 5  . . . .  153 

M a t e r i a l  Buck1 i n g  U Oxide U-233 Enrichment = 7 . 0 0 .  . . .  154 

. . .  Ma te r i a l  Buck l i ng  U Oxide U-233 Enrichment = o . 2 0 .  155 

. . . .  M a t e r i a l  Buck l i ng  U Oxide U-233 Enrichment = 0.10 156 

. . . .  M a t e r i a l  Buck1 i n g  U Oxide U-233 Enrichment = 0.05 157 

. . . . . . . . . . .  Bare Sphere Radius Pu Oxide 100% Pu-239 158 

. . . . . . . . . . .  FWR Sphere Radius Pu Oxide 100% Pu-239 159 

. . . . . . . . . . .  Bare Cyl i nder Radius Pu Oxide 100% Pu-239 160 

. . . . . . . . . . .  FWR Cyl i n d e r  Radius Pu Oxide 100% Pu-239 161 

. . . . . . . . . . .  Bare Slab Thickness Pu Oxide 100% Pu-239 162 

FWR S lab  Thickness Pu Oxide 100% Pu-239 . . . . . . . . . . .  163 

164 K - I n f i n i t y  Pu Oxide 100% Pu-239 . . . . . . . . . . . . . . .  d 

M a t e r i a l  B u c k l i n g  Pu Oxide 100% Pu-239 . . . . . . . . . . . .  165 
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FIGURE 23. 6fTK SLRe THICKNESS U NlTRATE U-235 ENRICMHT:Ql.@!5 
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FIGURE 139. BRHE CYLINDER FIFMILIS PU OXIDE lQ!0%PU-239 
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FIGUAE 144. MITERIAL BUCKLING PU OXIDE 1887. PU-239 
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