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CHEMICAL FLOWSHEET CONDITIONS FOR PREPARING URANIA SPHERES 
BY INTERNAL GELATION 

-l__l__lll__l 

P.  A. Haas, J. M. Begovich, A .  D .  Ryon, and J. S. Vavruska 

ABSTRACT 

S m a l l ,  ceramic u r a n i a  sphe res  can b e  prepared  €o r  
u s e  as n u c l e a r  fuel  by i n t e r n a l  chemical  g e l a t i o n  oE 
u rany l  n i t r a t e  s o l u t i o n  d r o p l e t s .  Decomposition of 
hexamethylenetetramine (HMTA) d i s s o l v e d  i n  t h e  u r a n y l  
n i t r a t e  s o l u t i o n  releases ammonia t o  p r e c i p i t a t e  
hydra t ed  UO P r e v i o u s l y  e s t a b l i s h e d  f lowshee t  con- 
d i t i o n s  have been improved and modif ied a t  OKNL and have 
been a p p l i e d  t o  p r e p a r e  dense  U02 s p h e r e s  w i t h  average  
d i ame te r s  of 1200,  300, and 30 pm. 

3 '  

Acid -de f i c i en t  u r a n y l  n i t r a t e  (ADUN) s o l u t i o n s  up 
t o  3.4 M i n  uranium w i t h  N03- /U mole r a t i o s  of 1.2 t o  
1 . 7  a r e p r e p a r e d  by d i s s o l u t i o n  of U 3 O s  o r  UO3. Con- 
t i n u o u s  mixing of metered ,  cooled D U N  c o n t a i n i n g  u r e a  
and HMTA s o l u t i o n s  p rov ides  a smooth, r e g u l a t e d  f low of 
t h e  t empera tu re - sens i t i ve  f eed  s o l u t i o n .  The g e l a t i o n  
t i m e s  f o r  s o l u t i o n  d rops  i n  o r g a n i c  l i q u i d s  a t  45 t o  
95°C depend on bo th  t h e  chemical. r e a c t i o n  r a t e s  and 
t h e  rates of h e a t  t r a n s f e r .  The g e l  p r o p e r t i e s  v a r y  
w i t h  tempera ture  and o t h e r  g e l a t i o n  v a r i a b l e s .  C e l a t i o n  
c o n d i t i o n s  were determined which a l l o w  easy  washing , 
d r y i n g ,  f i r i n g ,  and s i n t e r i n g  t o  produce dense  UQ2 
s p h e r e s  of  a l l  t h r e e  s i z e s .  
sphe res  were prepared  by g e l a t i o n  i n  t r i c h l o r o e t h y l e n e  
a t  50 t o  65°C; 2-ethyl-1-hexanol w a s  used as t h e  g e l a t i o n  
medium t o  p r e p a r e  30-um U02 s p h e r e s .  
r equ i r emen t s  were de termined .  
c o n t a i n s  about  95% UO3;  t h e  remaining components are 
H 2 0 ,  NH3, and NO3-, which are v o l a t i l i z e d  du r ing  f i r i n g  

The 1200- and 300-ym U02 

Washing and d ry ing  
The g e l  d r i e d  t o  225OC 

t o  U 0 2 "  

1. INTRODUCTION 

The i n i t i a l  development emphasis f o r  a f u e l  r e f a b r i c a t i o n  program 

a t  Oak Ridge N a t i o n a l  Labora tory  (ORML) has been focused on Sphere-Pac 
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f a b r i c a t i o n  f o r  UO f u e l s .  The sma1.1. ceramic sphe res  r e q u i r e d  f o r  

Sphere-Pac f a b r i c a t i o n  may be prepared  by t h e  g e l a t i o n  of l i q u i d  d r o p l e t s  

u s i n g  t h r e e  g e n e r a l  t y p e s  of ge l - sphere  ( a l s o  cal . led so l -ge l )  p rocesses .  

During 1978 ,  50- t o  100-kg q u a n t i t i e s  of bo th  d e p l e t e d  and en r i ched  

UO sphe res  were prepared  f o r  u s e  i n  f a b r i c a t i o n  development and 

i r r a d i a t i o n  tests. This  r e p o r t  d e s c r i b e s  d e t a i l s  of t h e  chent-ilcal flow- 

s h e e t  c o n d i t i o n s  and requi rements  f o r  p r e p a r a t i o n  of t h e s e  UO sphe res .  

2 

2 

2 

The c u r r e n t  Sphere-Pac development program inc luded  a n  assessment  

of  bo th  domest ic  and f o r e i g n  technology.' 

having d i a m e t e r  r a t i o s  of about  40:lO:l. w e r e  found t o  be  necessa ry .  

Each o f  t h e  t h r e e  g e n e r a l  t ypes  of ge l - sphere  p rocesses  had impor tan t  

advantages and d i sadvan tages  f o r  t h e i r  p r e p a r a t i o n .  R e s u l t s  of the 

Three s i z e s  of sphe res  

1 assessment  and v a r i o u s  s c o u t i n g  tests2' i n d i c a t e d  t h a t  

s i z e  UO s p h e r e s  could n o t  b e  prepared  by a p p l i c a t i o n  of 

technology f o r  two (water  e x t r a c t i o n  from s o l s ;  e x t e r n a l  

2 

t h e  l a r g e -  

publ i shed  

chemical  

g e l a t i o n )  of t h e  t h r e e  types  of ge l - sphere  p rocesses .  The t h i r d  t y p e  

( i n t e r n a l  chemical  g e l a t i o n )  gave promising r e s u l t s  f o r  l a r g e -  and  

in t e rmed ia t e - s i ze  UO sphe res  b u t  appeared t o  be  u n s a t i s f a c t o r y  f o r  

t h e  s m a l l e s t - s i z e  product .  

2 

Improvements and m o d i f i c a t i o n s  t o  prev io i i s ly  pub l i shed  flowsheet 

c o n d i t i o n s 4  ' €or t h e  i n t e r n a l  chemical  g e l a t i o n  p rocess  were developed 

and a p p l i e d  a t  OKNL t o  p r e p a r e  dense  UO s p h e r e s  w i t h  average  d i ame te r s  

of 1200, 700, and 30 Um. I n  t h i s  p rocess ,  decomposi t ion of hexamethylene- 

t e t r a m i n e  (HMTA) d i s s o l v e d  i n  u r a n y l  n i t r a t e  so lu t io r i s  releases ammonia 

t o  p r e c i p i t a t e  hydra ted  UO The i n t e r n a l  g e l a t i o n  p rocess  w a s  f i r s t  

2 

3' 
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applied to the production oE nuclear fuels and demonstrated for Sphere- 

PAC fabrication at KEMA ; their flowsheet c~nditions~'~ are commonly 

termed "the KINA process." Investigations of the KENA and other 

internal gelation flowsheet conditions have been reported by other 

laboratories. 6-9 

differences from and improvements to those established at KEMA. 

Jc 

The conditions now being used at ORNL show important 

This report is limited to a description of the internal gelation 

chemical flowsheet conditions now used t o  prepare UO spheres at ORNL. 

Information on the equipment flowsheets is not presented here, but is 

included in the design report for an interim facility (LO kg of UO 

per day). The gel-sphere processes commonly require close duplication 

of process conditions or "recipes" because the feed liquids and gels 

are usually not at thermodynamic equilibrium. Some of the chemical 

flowsheet conditions used at ORNL appear to be essential to the results 

obtained. Therefore, the purpose of  this report is to present and 

discuss these condit ions in detail. 

2 

2 
10 

1.1 Generalized Internal Gelation Flowsheet 

The schematic flowsheet for the internal gelation process is shown 

in Fig. 1. The chemical conditions are discussed in the  order of 

process operations shown on the flowsheet. Although these operations 

are also valid For other internal gelation flowsheets, some of the 

chemical concentrations o r  ratios would d i f f e r .  

The controlling characteristics of internal gelation result f r o m  

t h e  absence of mass transfer during the gelation step. The ammonia for 

3; 

K.euring van Electrotechnische Materialerr at Arnhem in the Netherlands. 
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Fig. 1. Prepa ra t ion  of 200- t u  1 4 0 0 - ~ m  U 0 2  spheres by internal. 

gelation I 
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t h e  chemical  g e l a t i o n  i s  gene ra t ed  homogeneously wi thou t  stresses o r  

s h e l l  s t r u c t u r e s  from c o n c e n t r a t i o n  g r a d i e n t s .  S ince  t h e  h e a t  t r a n s f e r  

from t h e  h o t  o r g a n i c  l i q u i d  i s  r e l a t i v e l y  r a p i d ,  t h e  g e l a t i o n  t i m e s  

have o n l y  a small  dependence on t h e  drople t :  d iameter .  These advantages  

become i n c r e a s i n g l y  impor tan t  as t h e  sphe re  d iameter  is  i n c r e a s e d .  As 

a r e s u l t ,  i n t e r n a l  g e l a t i o n  appea r s  t o  be  t h e  on ly  p r a c t i c a l  ge l - sphere  

p rocess  f o r  p r e p a r i n g  1200-um UO s p h e r e s .  2 

The KENA type  of i n t e r n a l  g e l a t i o n  f lowshee t s  have three s i g n i f i c a n t  

problems n o t  common t o  o t h e r  t y p e s  of ge l - sphere  p rocesses :  (1) t h e  

f eed  b r o t h  is  s e n s i t i v e  t o  tempera ture  arid t h e r e f o r e  has  a l i m i t e d  l i f e ;  

( 2 )  p a r t i a l l y  d e n i t r a t e d  o r  a c i d - d e f i c i e n t  metal  n i t r a t e  f eed  s o l u t i o n s  

of h igh  metal c o n c e n t r a t i o n  are  necessa ry  t o  g i v e  good g e l  p r o p e r t i e s ;  

and ( 3 )  g e l a t i o n  t a k e s  p l a c e  i n  a w a r m ,  o r  h o t ,  o r g a n i c  medium which 

must be  removed from t h e  s p h e r e s  and r e c y c l e d .  Details of t h e  chemical  

f lowshee t  c o n d i t i o n s  are s e l e c t e d  t o  d e a l  w i th  t h e s e  problems. 

I n  t h e  p r e p a r a t i o n  of 1200-ym UO s p h e r e s ,  t h e  advantages  of  t h e  2 

homogeneous p r e c i p i t a t i o n  wi thou t  mass t r a n s f e r  are more impor tan t  t han  

t h e  d i sadvan tages  of i n t e r n a l  g e l a t i o n .  The 300-urn s p h e r e s  are e a s y  

t o  p repa re ;  t h u s  t h e  p r o c e s s  s e l e c t i o n  i s  determined by t h e  need f o r  

1200- and 3O-um p roduc t s .  The advantages  and d i sadvan tages  oE i n t e r n a l  

and e x t e r n a l  g e l a t i o n  p rocesses  w e r e  eva lua ted  OR a r e l a t i v e  b a s i s ,  as 

r e p o r t e d  e l sewhere .  11 

2. PREPARATION O F  ACID-DEFICIENT UKANYL NITRATE SOLUTIONS 

The concentrat: ions and composi t ions of u r a n y l  n i t r a t e  s o l u t i o n s  

p r e f e r r e d  f o r  i n t e r n a l  g e l a t i o n  are  o u t s i d e  t h e  r ange  of t h o s e  commonly 
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a v a i l a b l e .  D i s s o l u t i o n  of UO (NO ) ' 6 H  0 s o l i d s  o r  simp1.e evapora t ion  
2 3 2  2 

of UO (NO ) -t- NNO s o l u t i o n s  does  n o t  g i v e  t h e  r e q u i r e d  composi t ion.  

The re fo re ,  p r e p a r a t i o n  of t h e  f eed  s o l u t i o n  i s  a c r u c i a l  p a r t  of t h e  

o v e r a l l  chemical  f l owshee t .  

2 3 2  3 

2.1  Requirements 

The acid-def  i c i e n t  uranyl  n i t r a t e  (ADTJN) s o l u t i o n  shou ld  have 

NO -/U mole r a t i o s  o f  1 .5  Lo 1 . 7  and uranium c o n c e n t r a t i o n s  of >2 .9  M. 

S ince  IJO (NO ) is  e q u i v a l e n t  t o  a NO /U mole r a t i o  o f  2.0,  t h e  lower 

r a t i o s  correspond t o  composi t ions r ep resen ted  by U 0 2 ( 0 H )  (NO ) 

__ - 3 
I 

2 3 2  3 

x 3 2-x' 

where x i s  0.3 t o  0.5. The most impor tan t  r eason  f o r  us ing  a c i d -  

d e f i c i e n t  sol .ut ions i s  t o  promote b e t t e r  ge l - sphere  p r o p e r t i e s ,  as 

d i s c u s s e d  i n  S e c t .  4 .  The a c i d  d e f i c i e n c y  i s  a l s o  necessa ry  f o r  h igh  

uranium c o n c e n t r a t i o n s .  The s o l . u b i l i t y  of uranium a t  room tempera ture  

i n c r e a s e s  from 2 . 4  M a t  a NO 

chemical  formula,  t o  about  3.6 - M a t  x = 0.4 .  

- 
/ U  mole r a t i o  o f  2 .0 ,  o r  x = 0 i n  t h e  3 

High uranium c o n c e n t r a t i o n s  are r e q u i r e d  f o r  p r a c t i c a l  cont inuous  

mixing of t h e  tempera ture-sens i - t ive  feed  I Ace-urate, dependable  meter ing  

of IRlTA s o l i d s  would be  very d i . f f i c u l t ,  and t i l e  h e a t  of  t1i .ssolution and 

mixing of HMTA t ends  t o  r e s u l t  i n  premature g e l a t i o n .  The re fo re ,  me te r ing ,  

p recoo l ing ,  and mixing of two s o l u t i o n s  form the b a s i s  of t h e  p r e f e r r e d  

procedure f o r  p repa r ing  feed  b r o t h .  The volume r a t i o  of HMTA-ADUN solu-  

t i o n s  i s  about  1 . 0 ,  and t h e  uranium c o n c e n t r a t i o n  i n  t h e  ADUN must be 

double t h a t  i n  t:he mixed b r o t h .  
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2.2 ADUN Solubility and Solution Properties 

The ADUN solutions are three-component systems which may be 

represented as mixtures of UO f HNO + H 0 or 170 + UOz(N03)2 f 
3 3 2 3 

H20.  

UO (NO ) -t H 0 system because that system does not permit NO /U 

mole ratios below 2.0. From the Gibbs phase rule, an ADUN solution 

(no solid phase) has two degrees of freedom in addition to temperature 

and pressure. Therefore, the solution is completely specified if t w o  

other independent variables are measured or fixed. We commonly use 

molar concentration of uranium and NO /U mole ratio as the two con- 

venient variables to specify an ADUN solution. For  practical operation, 

the density and the pH can be measured to completely determine o r  specify 

an ADUN solution composition; however, the solution must be at equilibrium 

and at a known temperature and pressure. Some of the hydrolysis reactions 

of U02  

approach pH equilibrium following changes in concentration or temperature. 

Addition of a fourth component such as ammonia, NH40H, Th(N03)4, or urea 

adds a degree o f  freedom and requires an additional measurement or com- 

ADUN solutions cannot be considered as part of a J3NO t- 
3 

- 
2 3 2  2 3 

I 

3 

2+ are slow, and minutes or even hours are sometimes required t o  

position to determine the solution properties. 

The limitations and requirements for our preparation and use of 

U U N  solutions would be most easily seen from the uranium solubility 

vs NO /U ratios, with temperature as a parameter. Unfortunately, the 

only detailed data are for approximately room temperature (P ig .  2) .  

temperatures near O"C, the maximum ADUN solubility appears to be  reduced 

to about 2.8 5 uranium o r  less, giving a curve with approximately the 

I 

3 

A t  
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same shape as t h a t  shown i n  F i g .  2 .  A s  t h e  t empera tu re  i s  i n c r e a s e d  

t o  60"C,  t h e  s o l u b i l i t y  f o r  NO /U mo1.e r a t i o s  less t h a n  1.6 d e c r e a s e s ,  

wh i l e  t h a t  f o r  NO -/U mole r a t i o s  above 1 . 6  i n c r e a s e s .  

hexahydra te  [U02(N0 ) * 6 H 2 0 ]  m e l t s  a t  about 60°C, g i v i n g  about  5.6 M 

uranium and 1 1 . 2  M NO as one p o i n t  on a s o l u b i l i t y  cu rve .  A t  100°C, 

on ly  s l i g h t  a c i d  d e f i c i e n c i e s  are p o s s i b l e ,  and the s o l u b i l i t y  cu rve  

appea r s  t o  b e  between NO /U mole r a t i o s  of 1.9 and 2.0 f o r  t h e  NO 

c o n c e n t r a t i o n s  t h a t  g i v e  h igh  uranium s o l u b i l i t i e s  below 60°C. 

- 
3 

Uranyl n i t r a t e  3 

3 2  

3 - 

- - 
3 3 

The d e n s i t y  of  t h e  ADUN s o l u t i o n  i s  determined mainly by the uranium 

c o n c e n t r a t i o n .  

t o  c o r r e l a t e  exper imenta l  measurements f o r  ADUN s o l u t i o n s :  

B o t t s ,  Raridon, and Costanzo12 used t h e  fo l lowing  equa t ion  

p(ADUN) = p(H20) + 0.2659 U f 0.0282 NO3, 

where 

3 p(H20) = t h e  d e n s i t y  of H 0 a t  t h e  same t e n p e r a t u r e ,  g/cm 2 

U = the m o l a r i t y  of uranium, 
- 

3 '  
NO3 = t h e  m o l a r i t y  of NO 

- 
For NO -/!.I mole r a t i o s  of 1 .5  t o  1 . 7 ,  t h e  e f f e c t  of NO 

w i t h  t h e  uranium c o n c e n t r a t i o n  t o  g i v e  

can be combined 3 3 

p(ADUN) = p(H20) 4- 0 .31  U 

and 

U = 3 . 2 2  [p(ADUN) - p(H20)] .  

While t h e  expe r imen ta l  d a t a  were o b t a i n e d  f o r  uranium c o n c e n t r a t i o n s  

(3) 

below 1 .4  - M y  t h e  c o r r e l a t i o n s  adequa te ly  r e p r e s e n t  our measurements 
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f o r  h ighe r  c o n c e n t r a t i o n s  and a l s o  g i v e  t h e  d e n s i t y  of UO (NO ) .SI1 0 

c r y s t a l s  t o  w i t h i n  0.3% of t h e  handbook va lue .  

2 3 2  2 

The p9 of a n  ADUN solut i .on i s  dependent on bo th  t h e  NO -/U mole 
3 

r a t i o  and t h e  urani-um c o n c e n t r a t i o n .  

dependent on NO /TJ mole r a t i o ,  pH measurements provided e x c e l l e n t  

p rocess  c o n t r o l .  l3 

c o n c e n t r a t i o n s ,  t h e  h y d r o l y s i s  r e a c t i o n s  o f  uranium are slow and measure- 

ments of pN must a l l o w  f o r  such s low changes.  We have e x t r a p o l a t e d  

l i t e r a t u r e  d a t a  f o r  s o l u t i o n s  0 .5  t o  2 .0  __ M i n  uranium t o  our  ADUN feed  

c o n c e n t r a t i o n s  (Mg. 3 ) .  A few exper imenta l  p o i n t s  i n  t h e  shaded area 

of P i g .  3 a g r e e  w i t h  t h e  e x t r a p o l a t i o n s .  S ince  t h e  maximum uranium 

s o l u b i l i t y  a t  room tempera ture  occur s  w i t h i n  t h e  p r e f e r r e d  NO /U mole 

r a t i o  range of 1 . 5  t o  1 . 7 ,  a h igh  s o l u t i o n  d e n s i t y  (>2.05) i s  evidence  of 

optimum a c i d  d e f i c i e n c y .  

c e n t r a t i o n s  a t  which t h e  pIi i s  more r e a d i l y  rueasured and more a c c u r a t e l y  

c o r r e l a t e d  w i t h  NO -/U mole r a t i o s .  

For a r e s i n - h a d i n g  p r o c e s s  
- 

3 

Under acid-def  i c i e n t  c o n d i t i o n s  and a t  h i g h  uran:i.i.inr 

- 
3 

...- 

An ADUN s o l u t i o n  can be d i l u t e d  w i t h  water t o  con- 

3 

2 . 3  D i s s o l u t i o n  of Uranium Oxides 

'The ADUN s o l u t i o n s  used f o r  our  feed  p r e p a r a t i o n  have been prepared  

by d i s s o l u t i o n  of U 0 o r  UO The same procedure  i s  e q u a l l y  e f f e c t i v e  

f o r  U 0 from o x i d a t i o n  of UO p e l l e t s  o r  powder a t  500°C, o x i d a t i o n  

of s c r a p  uranium metal  c h i p s ,  o r  c a l c i n a t i o n  of UO The d i s s o l u t i o n  

of the UO or U 0 i s  s imple r  and easier t h a n  t h e  d e n i t r a t i o n  and con- 

c e n t r a t i o n  of u r a n y l  n i t r a t e  s o l u t i o n .  

3 8  3 '  

3 8  2 

3 '  

3 3 8  

D i s s o l u t i o n  t.o g i v e  t h e  r e q u i r e d  ADTJN c o n c e n t r a t i o n s  is r e a d i l y  

achieved  under t h e  c o r r e c t  c o n d i t i o n s ,  bu t  imposs ib le  a t  o t h e r  c o n d i t i o n s .  
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The requi rements  can  be expla ined  by t h e  

s o l u b i l i t y .  For example, t h e  s o l u b i l i t y  

g r e a t e r  f o r  optimum a c i d  d e f i c i e n c y  that1 

p e c u l i a r  i.t i e  s of uranium 

of uranium i s  almost  50% 

f o r  s t o i c h i o m e t r i c  UO (NO ) 2 3 2 '  
- 

Figure  2 shows t h a t  a so1.ution 3.5 M urariium and 5.6 M NO i s  s t a b l e  

(N03-/U mole r a t io  of 1 . 6 ) '  bu t  h ighe r  n i t r a t e  c o n c e n t r a t i o n s  ( a d d i t i o n a l  

HN03) w i l l  p r e c i p i t a t e  uranium. 

p o i n t ,  uranium i s  p r e c i p i t a t e d  i n  a b a s i c  form, l e a v i n g  a less a c i d -  

d e f i c i e n t  s o l u t i o n  of lower uranium and n i t r a t e  c o n c e n t r a t i o n s .  ADUN 

s o l u t i o n s  w i t h  uranium Concent ra t ions  g r e a t e r  t h a n  3 - M w i . l l  p r e c i p i - t a t e  

uranium as l a r g e  ye l low c r y s t a l s  a t  O°C. 

s o l u b i l i t y  a t  bo th  i n t e r m e d i a t e  tempera tures  and i n t e r m e d i a t e  NO con- 

c e n t r a t i o n s .  The uranium appears  t o  p r e c i p i t a t e  from ADUN s o l u t i o n s  i n  

a b a s i c  form perhaps e q u i v a l e n t  t o  UO ( 0 W ) N O  *xS 0. Some such p r e c i p i t a t e s  

are s l o w  t o  d i s s o l v e ,  and they  t i e  up UO 2' and NO i.n a r a t i o  t h a t  causes  

the r e l a t i v e l y  narrow ADUN s o l u b i l i t y  peak t o  be bypassed. 

3 - __ 

I f  ADUN i s  hea ted  L O  nea r  t h e  b o i l i n g  

Thus  t h e  uranium has  a maximum 
- 

3 

2 3 2  

2 3 

A f i n a l  requirement  r e s u l t s  from a common e f f e c t  f o r  t h e  r e a c t i o n  

of s o l i d s .  A small f r a c t i o n  of t h e  U 0 o r  UO i s  always less  r e a c t i v e  

and  more d i f f i c u l t  t o  d i - sso lve  than  t h e  bu lk  of t h e  oxide ;  t h e r e f o r e ,  

i t  i s  d i f  f icu1.t t o  o b t a i n  t h e  maximum uranium c o n c e n t r a t i o n  by d i s s o l v i n g  

a r e s i d u e  of thri.s least-reactive powder. I n  such c a s e s ,  i t  i s  much more 

e f f e c t i v e  t o  coinpletely d i s s o l v e  a port i .on o f  t h e  UO o r  U 0 add a n  

excess  o f  powder t o  s a t u r a t e  t h e  solut i .on,  and then  separate t h e  excess  

ox ide .  

3 8  3 

3 3 8 '  

- 
The optimum f i n a l  NO c o n c e n t r a t i o n  i s  about  5.6 I M (F ig .  2 ) .  If 

U 0 i s  used ,  up t o  10% of t h e  HNO may be  consumed t o  o x i d i z e  t h e  U 0 3 8  3 3 8  

t o  U ( V 1 ) .  The r e a c t i o n  rates i n c r e a s e  w i t h  t empera tu re ,  b u t  tempera tures  

3 



1 3  

above 7 O o C  should be avoided because  of t h e  concomitant d e c r e a s e  i.n 

uranium s o l u b i l i t y .  Cooling i s  r e q u i r e d  t o  remove t h e  h e a t  of r e a c t i o n .  

Con t ro l l ed  a d d i t i o n  of c o n c e n t r a t e d  

a s i m p l e  way t o  avoid  ove rhea t ing .  

t r a t i o n s  can  be  made by a d d i t i o n  of 

A system f o r  b a t c h  d i s s o l u t i o n  

ADUN s o l u t i o n  w a s  used i n  producing 

HNO t o  a U 0 3  o r  U 0 s l u r r y  i s  

S m a l l  ad jus tmen t s  i n  t h e  concen- 

s m a l l  amounts of H 2 0  a t  t h e  end. 

of U 0 powder and p r e p a r a t i o n  of 

20-kg b a t c h e s  of uranium. The 

3 3 8  

3 8  

system (Fig.  4 )  c o n s i s t s  of a d i s s o l v e r  w i t h  a g i t a t o r  and t empera tu re  

c o n t r o l ,  a s o l i d s  s e t t l i n g  vessel, and a r ece iv ing -b lend ing  t ank .  One 

hundred k i lograms of UO which had been ox id ized  f o r  3 h r  a t  5OO0C t o  

U 0 w a s  d i s s o l v e d  i n  f o u r  b a t c h e s  over  a f ive-day  p e r i o d .  An excess  

of U 0 was used,  and t h e  t empera tu re  w a s  main ta ined  between 50 and 

60°C. The combined f o u r  b a t c h e s  of s o l u t i o n  w a s  3.2 - M i n  uranium w i t h  

a NO /U mole r a t i o  of 1 . 4 9 ;  t h e s e  were v e r y  c l o s e  t o  t h e  d e s i r e d  con- 

c e n t r a t i o n s .  

by r e a c t i o n  w i t h  u r e a ,  and t h e  s o l u t i o n  w a s  a d j u s t e d  t o  2.6 I M i n  uranium 

2 

3 8  

3 8  

- 
3 

I 

The 1000 ppm of NO2 p r e s e n t  a f t e r  d i s s o l u t i o n  w a s  des t royed  

and a N03-/U mole 

2.4 

When U 0 i s  3 8  

r a t i o  of 1 .5 ,  u s i n g  n i t r i c  a c i d  and water. 

Formation and Decomposition of Ni t r i tes  

d i s s o l v e d  i n  n i t r i c  a c i d ,  approximate ly  0.28 mole of 

n i t r a t e  is  consumed p e r  mole of uranium. By keeping  t h e  t empera tu re  

below 60°C, t h e  prepared  ADUN c o n t a i n s  on t h e  o r d e r  of 1000 ppm n i t r i t e ,  

which r e a c t s  q u a n t i t a t i v e l y  w i t h  u r e a  i n  a c i d i c  s o l u t i o n  t o  y i e l d  gaseous 

n i t r o g e n  and carbon d i o x i d e .  

s o l u t i o n  and t h e  r e s u l t a n t  b r o t h  i s  d i s p e r s e d  i n t o  d r o p l e t s ,  t h e  gaseous 

produc t s  t h a t  are formed cause  t h e  d r o p l e t s  t o  c r a c k ;  t h u s  t h e  n i t r i t e s  

must be  removed b e f o r e  d r o p l e t  fo rma t ion .  

When t h i s  &DUN i s  mixed w i t h  a urea-HMTA 
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By u s i n g  d i s s o l u t i o n  t empera tu res  of about  80°C, t h e  n i t r i t e  

c o n c e n t r a t i o n  i s  reduced t o  less than  10 ppm, which is  a c c e p t a b l e .  

However, t h e  r e s u l t i n g  NO /U mole r a t i o  is  i n c r e a s e d  t o  1 . 6  t o  l . 7 ,  

which g i v e s  a s o f t  g e l  ( s e e  Sect. 4 . 4 ) .  

- 
3 

Since  t h e  r e a c t i o n  between n i t r i t e  and u r e a  is one soiirce of  

cracked s p h e r e s ,  t h e  problem can  be avoided by d e s t r o y i n g  t h e  n i t r i t e  

w i th  urea p r i o r  t o  mixing w i t h  HMTA and d i s p e r s i o n  i n t o  d r o p l e t s .  

Add i t ion  of u r e a  t o  ADUN a t  a urea-to-uranium mole r a t i o  O F  1 . 2 5 ,  

followed by s t i r r i n g  a t  about  50°C f o r  24 h r ,  r educes  t h e  n i t r i t e  

c o n t e n t  t o  l e s s  t h a n  1 ppm. The a d d i t i o n  of u r e a  t o  t h e  ADUN s o l u t i o n  

h a s  t h e  a d d i t i o n a l  advantage  o€ preven t ing  c r y s t a l l i z a t i o n  of ADUN a t  

a t empera tu re  of 0 ° C .  

2 .5  Other  Procedures  t o  Give Acid-Deficient Feed 

I f  uranium ox ide  is a v a i l a b l e  as a feed material, then d i s s o l u t i o n  

t o  t h e  f i n a l  c o n c e n t r a t i o n  i s  t h e  p r e f e r r e d  procedure  f o r  p r e p a r i n g  the 

a c i d - d e f i c i e n t  m e t a l  n i r r a t e  f eed .  I€ t h e  r e f a b r i c a t i o n  p r o c e s s  u s e s  

bo th  n i t r a t e  s o l u t i o n s  from r e p r o c e s s i n g  and f r e s h  uranium, t h e n  t h e  

f r e s h  uranium could  be s u p p l i e d  as UO o r  TJ 0 and d i s s o l v e d  i n  t h e  

metal. n i t r a t e - - n i t r i c  a c i d  s o l u t i o n s  t o  g i v e  a c i d - d e f i c i e n t  f eed .  

However, t h e  p r a c t i c a l i t y  of t h i s  approach cannot be determined u n t i l  

d e t a i l s  of t h e  f u e l  r e p r o c e s s i n g  and r e c y c l e  Flotusheets are spec i f i ed .  

3 3 8  

Solvent  e x t r a c t i o n  by a l i q u i d  o r g a n i c  amine has  been denionstrated 

1 3  as a v i a b l e  method f o r  t h e  p r e p a r a t i o n  of ADUN. 

r e g e n e r a t i o n  r e a c t i o n s ,  where R NH r e p r e s e n t s  t h e  Amberli te (A-2)  

secondary amine , are: 

The e x t r a c t i o n  and 
* 

2 

* 
Trademark of t h e  Rohm and Haas Company. 
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R2NH + HNO 3 -4 K2NH2N03 ( 4  1 

and 

R N-H NO 3- N a O H  --)- R2NB 4- N a N O  4- H 2 0  . (5) 2 2 3  3 

A t  h igh  n i t r a t e  and/or  uranium c o n c e n t r a t i o n s ,  e x c e s s i v e  amounts of 

uraniuiii are e x t r a c t e d  as n e g a t i v e l y  charged complexes ; t h e r e f o r e ,  t h e  

n i t r a t e  removal would have t o  be done a t  moderate  uranium c o n c e n t r a t i o n s  

(<0.4 - - M ) .  

c o n c e n t r a t i o n  would have t o  be accomplished by vacuum evapora t ion  a t  

60°C. 

c e n t r a t i o n  o f  3 . 2  M and a NO /U mole r a t i o  of about  1 . 5  have been 

demonstrated s e p a r a t e l y ,  bu t  t hey  have n o t  been a p p l i e d  i n  combinat ion 

t o  t h e  p r e p a r a t i o n  of f eed  f o r  i n t e r n a l  g e l a t i o n .  

S ince  uranium p r e c i p i t a t e s  when ADUN i s  hea ted  t o  100°C, t h e  

Nitrate  e x t r a c t i o n  and vacuum evapora t ion  t o  g i v e  a uranium con- 
- 

3 -.- 

Addi t ion  of NM OH or ammonia t o  u r a n y l  n i t r a t e  s o l u t i o n s  can  produce 
4 

a c i d - d e f i c i e n t  c o n d i t i o n s ,  as d e s c r i b e d  by the fo l lowihg  renc t i -on:  

I n t e r n a l  g e l a t i o n  t e a t s  u s ing  t h i s  t ype  of  ADUN s o l u t i o n  have been 

r e p ~ r t c d . ~  The NH NO has  u n d e s i r a b l c  e f f e c t s  on Lhe 1JO g e l  p r o p e r t i e s  

(d i scussed  i n  Sec t .  4 ) .  The uranium c o n c e n t r a t i o n  i s  l imited by t h e  

4 3 3 

i n i t i a l  s o l u b i l i t y  of UO (NO ) and by t h e  s a l t i n g  o u t  o r  common i o n  2 3 2  
- 

e f f e c t  of t h e  NO3 p r e s e n t  as NH NO Never the l e s s ,  t h e  a d d i t i o n  of 4 3 ‘  

ammonia i.s v e r y  s imple  and should be i n v e s t i g a t e d  f u r t h e r  i f  U 0 2 ( N 0  ) 3 2  

f eed  s o l u t i o n s  must be used. 

A v a c u u m - d i s t i l l a t i o n  procedurc  has  been developed f o r  p repa r ing  

1.4 
i n t e r n a l  g e l a t i o n  feet1 s o l u t i o n s  Irorn U02 (NO ) . I-’u(NO ) - H N 0 3  s o l u t i o n s .  3 2  3 
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S t eam-s t r i p p i n g  

a c i d  d e f i c i e n t  

is  a well-known procedure f o r  making T h ( N O  ) s o l u t i o n s  

t h a t  is ,  producing NO3 /Th mole r a t i o s  less t h a n  4 .  

3 4  - 

A t t e m p t s  t o  achieve  a c o n t r o l l e d  p a r t i a l  d e n i t r a t 3 o n  of UO (NO ) 2 3 2  

s o l u t i o n s  were n o t  s u c c e s s f u l  and do n o t  appear  t o  m e r i t  f u r t h e r  s tudy .  

3. GELATION TIMES AND BROTH PREPARATION 

To ensu re  p rac t i ca l .  o p e r a t i o n  of an  in t e rna l .  g e l a t i o n  p rocess ,  t h e  

b r o t h  should have a long  g e l a t i o n  t i m e  a t  a low tempera ture ,  so  t h a t  

premature g e l a t i o n  i n  t h e  f eed  system is  avoided,  and a s h o r t  g e l a t i o n  

t i m e  a t  a h ighe r  t empera tu re ,  so t h a t  l o n g  f l u i d t z a t i o n  t i m e s  a r e  n o t  

r e q u i r e d .  

of t h e  b r o t h  t o  prevent  format ion  of vapor  bubbles .  The minimum l o w  

tempera ture  is  l i m i t e d  by f r e e z i n g  o r  so l id-phase  format ion .  

The maximum h igh  tempera ture  must be b e l o w  t h e  b o i l i n g  po in t  

I n  our  i n t e r n a l  g e l a t i o n  f lowshee t ,  t h e  ratt! of g e l a t i o n  i s  c o n t r o l l e d  

by the  s lowes t  r a t e ( s )  of t h r e e  p rocesses :  (1) t h e  h e a t  t r a n s f e r  r equ i r ed  

t o  b r i n g  t h e  b r o t h  up t o  g e l a t i o n  t empera tu re ,  (2)  t h e  decomposi t ion of 

HMTA t o  release ammonia, and ( 3 )  t h e  p r e c i p i t a t i o n  of hydra ted  UO 

ammonia. The p r e c i p i t a t i o n  of t h e  hydra ted  UO appea r s  t o  be r e l a t i v e l y  

r a p i d ;  t h e r e f o r e ,  t h e  f i r s t  two rates are con t ro l - l i ng .  

3 by 

3 

3.1  Decomposition of HMTA 

The decomposi t ion of HMTA i n  a n  a c i d i c  medium can be  w r i t t e n  as: 

(CH2)6N4 + 10H20 2 4NH40H 4- 6HCHO . (7 )  

The reverse r e a c t i o n  is  used t o  p r e p a r e  IIMTA, and t h e  e q u i l i b r i u m  pH 

i s  about 9. The e q u i l i b r i u m  pH i s  much lower i n  t h e  presence  of NH NO 4 3  
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produced by p r e c i p i t a t i o n  of UO 

t h e  ra te  of h e a t  t r a n s . € e r  i s  r a p i d  ( s e e  Sec t .  3.3) and the expe r i -  

mental.1.y observed g e l a t i o n  times appear  t o  be c o n t r o l l e d  by t h e  decom- 

p o s i t i o n  of HMTA. The g e l a t i o n  times f o r  t h e s e  sillall d r o p l e t s  seem t o  

v a r y  from less t h a n  1. sec a t  50°C t o  several minutes  a t  4Q0C. 

esi:iiuates are based on t h e  suspens ion  t i m e s  r e q u i r e d  t o  avoid  d i s t o r t i o n s  

o r  clumping of s e t t l e d  d r o p l e t s .  

from ADUN. Fo r  s m a l l  b r o t h  d r o p l e t s ,  
3 

These 

A h igh  HMTA c o n c e n t r a t i o n  i s  r e q u i r e d  t o  e f f e c t  g e l a t i o n .  I f  t h e  

HMTA c o n c e n t r a t i o n  i s  l o w ,  t h e  €@ITA decomposi t ion r e a c t i o n  can  reach 

e q u i l i b r i u m  w i t h  p roduc t s  b e f o r e  enough decomposi t ion tlakes p l a c e .  

Most of  t h e  u s e f u l  i r i t e r n a l  g e l a c i o n  r e s u l t s  are f o r  IMTA/N03 

r a t i o s  of 0.75 - fQ.15, i n  which n i t r a t e  t h a t  i s  p r e n e u t r a l i z e d  by 

a d d i t i o n  of NH OH is n o t  incl.uded i n  t h e  HMTA/NO 

decomposi t ion of t:he HNTA would g i v e  2.4 t o  3.6 moles of ammonia 

p e r  mole of NO , wlni - le  the  s t :oichiometr ic  r a t i o  would be 1. 

- 
mole 

- 
r a t i o .  Complete 

3 .- 4 

- 

3 

3.2 S e t t l i n g  Rates 

One l i m i t  on t h e  g e l a t i o n  t i m e s  i s  t h a t  g e l a t i o n  should  occur  

S i n c e  t h e  du r ing  free f a l l  through a r easonab le  l e n g t h  of column. 

s e t t l i n g  v e l o c i t y  i s  s t r o n g l y  dependent  on s i z e ,  t h e  l a r g e s t  s i z e  i s  

l i m i t i n g .  The c h a r a c t e r i s t i c s  of l a r g e - c o a r s e  sphe res  are as fo l lows :  

4000 pm 

0.1 g/cm3 (or  1.ess) 

I l i a m e t  er 
Density d i f f e r e n c e  

T r i c h l o r o e t h y l e n e  (TCE) v i s c o s i t y  0.4 CP 

Maximum se t t l  i n g  v e l o c i t y "  9 . 2  c m / s e c  

%alii@ f o r  0.05 g/cm3 d e n s i t y  d i f f e r e n c e  is  6 . 1  cm/sec. 
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Since 300-cm-high columns would be quite practical, gelation times 

could be as long as 300/9.2 or 30 sec. 

velocities in 2-ethyl-1-hexanol (2EII) are less than L cm/sec, and 

the gelation times could be much longer for reasonable column heights. 

Additional settling velocities are tabulated i n  Table 1 as part of the 

heat-transfer calculations. 

For fines, the settling 

3.3 Heat-Transfer Calculations 

The amount of heat to be transferred is primarily that required 

to heat the droplet from about O°C to the gelation temperature. The 

resistances are those inside the droplet and the organic liquid film 

around the droplet. The organic medium is equivalent to a constant- 

temperature heat source. 

The heat-transfer coefficients f o r  the films around spheres are 

15 commonly correlated by: 

where 

Nu = the Nusselt number, 

Re = the Reynolds number, 

P r  = the Prandtl number. 

When film coefficients are calculated for our  gelation conditions, the 

range of values is surprisingly small. The droplet diameter appears in 

both Nu and Re and changes the settling velocity in Re. Therefore, the 

effect of diameters is s m a l l  over t h e  range of small- and large-coarse 

s i z e s  and becomes important only f o r  f i n e s  in w h i c h  the final term in 



20 

'Table 1. Heat-transfer coefficients and times 
f o r  organic gelation medium f i . 1 . 1 ~  

2 EHb Silicone oilc a TCE 

Large-coarse (0.4-cm-diam) droplets 

Settling velocity, ciii/sec 9.2 32.5 7.1 
Nusselt No. 32.2 42.1 14.5 
Reynolds No. 1290 520 8.4 
Prandtl No. 2.77 29.1 37 2 
Organic film coefficie.nt 
cal/sec-cin2. oc  0.027 0.044 0.013 

Heat-transfer time: sec 4.5 2.8 9.0 

Small-coarse (0.1-cm-diam) drop1.et:s 

Settling velocity, cm/sec 2.83 6.67 
Nusselt No. 10.4 J-1. . 5 
Reynolds No. 99 26.7 
Prandtl No. 2.77 29.1 
Organic f ilai coefficient , 
cal/sec.cm23 o c  0.034 0.048 

Heat - transfer time ,d sec 0.9 0.6 

1. L 46 
4.85 
0.43 

372 

0.018 
1.7 

Largest fracti-on of fines (0.02-cm-diam) droplets 

Settling velocity, crn/sec. 0.45 0.76 0.05 
Nusselt No. 3.5 3 . 4  2-23 
Reynolds No. 3.15 0.61 0.003 
PrandEl No. 2.77 29.1 37 2 
Organic film coefficient , 

0.041 
Heat-transfer time,d sec 0.10 0.09 0.15 
cal/sec*cm2* o c  0.058 0.091 

a TCE = trichloroethylene. 

b2EH = 2-ethyl-1-hexanol e 
C A t  9 S o C ,  the density is 0.93 g/cm3 and the viscosity is 

0 . 3 4  g/cm- sec 

the d r o p l e t  and f o r  5 / 6  or 83% o f  the temperature change to 
equilibrium. 

dHeat-transfer time is calculated f o r  infinite conductance inside 
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E q .  (8) i s  less t h a n  t h e  c o n s t a n t  term 2.0. The small d e n s i t y  d i f -  

f e r e n c e  between TCE and t h e  d r o p l e t s  r e s u l t s  i n  a lower s e t t l i n g  

v e l o c i t y  i n  TCE as compared w i t h  2EB; t h e r e f o r e ,  t h e  more v i s c o u s  

2EH h a s  a h i g h e r  f i l m  c o e E f i c i e n t ,  and a h i g h - v i s c o s i t y  s i l i c o n e  o i l  

g i v e s  on ly  a s l i g h t l y  lower f i l m  c o e f f i c i e n t  t h a n  TCE. Calcul-ated 

values are incl-uded i n  Table  1 f o r  t h r e e  s i z e s  of d r o p l e t s .  The t i m e s  

were c a l c u l a t e d  f o r  t h e  f i l m  as t h e  on ly  h e a t - t r a n s f e r  r e s i s t a n c e  ( i . e . $  

i n f i n i t e  conductance i n s i d e  t h e  d r o p l e t )  and f o r  5 /6  o r  83% of t h e  t e m -  

p e r a t u r e  change t o  e q u i l i b r i u m .  

The t i m e s  r e q u i r e d  f o r  h e a t  t r a n s f e r  i n s i d e  t h e  d r o p l e t  can  be 

e s t ima ted  by r e s u l t s  f o r  conduct ion  i n  a s o l i d  sphe re .  Any convec t ion  

i n  t h e  d r o p l e t  b e f o r e  it th i ckens  would s h o r t e n  t h e s e  t i m e s .  Genera l ized  

r e s u l t s  are a v a i l a b l e  as c h a r t s  of d imens ion le s s  t empera tu re  r a t i o s  v s  

F o u r i e r  number and d imens ion le s s  r a d i a l  p o s i t i o n .  '' The thermal  d i f -  

2 E u s i v i t y  of t h e  sphe res  i s  assumed t o  be  t h a t  of water (0.00144 c m  / s e c ) .  

Ca lcu la t ed  v a l u e s  f o r  t h r e e  s i z e s  of  d r o p l e t s  u s i n g  t h e  tempera ture-  

r e sponse  c h a r t s  of Schneider'' are t a b u l a t e d  i n  Table  2 .  

a l so  p rov ides  c h a r t s  t o  combine t h e  e f f e c t s  of e x t e r n a l  f i l m  r e s i s t a n c e  

and conduct ion  i n s i d e  a s o l i d  sphe re .  l6 

of t h e  two h e a t - t r a n s f e r  r e s i s t a n c e s  are a l s o  t a b u l a t e d .  

Schneider  

R e s u l t s  f o r  t h e  combination 

The expe r imen ta l ly  observed g e l a t i o n  t i m e s  are i n  good agreement 

w i t h  the h e a t - t r a n s f e r  t i m e s  f o r  l a r g e - c o a r s e  (0.4-cm-diam) d r o p l e t s .  

The rate of g e l a t i o n  f o r  t h i s  s i z e  is probably  determined by t h e  r a t e  

of h e a t  t r a n s f e r .  Film r e s i s t a n c e  around t h e  s p h e r e  is  t h e  s lowes t  

h e a t - t r a n s f e r  rate,  bu t  t h e  conduct ion  i n s i d e  a s o l i d  s p h e r e  i s  
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Table 2 .  Hea t - t r ans fe r  t i m e s  al.lowing f o r  conduct ion  i n  s o l i d  spheresa 

(Nomenclature and r e s u l t s  ob ta ined  from r e f .  16)  

Large- Smal l -  
c o a r s e  c o a r s e  F ines  

d r o p l e t s  d r o p l e t s  d r o p l e t s  
(0.4-cm-diani) (0.1.-cm-diani) (0.02-cm-diam) 

2 F o u r i e r  No. = aO/r 

I n E i n i t e  f i.1.m c o e f f i c i e n t  

0.11 0 .11  0.11 

3 . 1  0.19 0.008 b Hea t - t r ans fe r  t i m e ,  see 

TCEC f i l m  c o e f f i c i e n t  

B io t  No. = hr/k 

F o u r i e r  N o .  = aO/r 

Hea t - t r ans fe r  t i m e ,  sec 

2 

b 

3.75 1.18 

0.30 0.67 

8.3 1 . 2  

0.40  

1.60 

0.11 

Z E H ~  f i l m  c o e f f i c i e n t  

Bio t  No. = hrJk 6.11 1.. 67 0.49 

0.21. 0.54 1 .40  F o u r i e r  No. = @/r 

5.8 0 .94  0.10 Hea t - t r ans fe r  t i m e ,  sec 

2 

b 

TCE f i l m  c o e f f i c i e n t  and k-m 

BiFo = h O / p ~ r  0.60 0 .60  0.60 

4 . 4 0.90 0.10 Hea t - t r ans fe r  t i m e ,  sec b 

a 2 Assume thermal  d i f f u s i v i t y  o f  II 0 o r  ~1 = k/pC cm / s e c ,  i s  
1.44 1.0-3. 2 P’ 

bHea t - t r ans fe r  t i m e  i s  c a l c u l a t e d  f o r  5 / G  o r  83% of t h e  equil.i.brium 
tempera ture  change at 80% o f  r a d i u s .  

C ,  ICE = t r i c h l o r o e t h y l e n e .  

d2EH = 2-ethyl-1-hexanol, 
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s i g n i f i c a n t .  For t h e  sma l l - coa r se  (0.1-cm-diam) and f i n e s  (<0.02-cm- 

diam) d r o p l e t s ,  conduct ion  i n s i d e  t h e  d r o p l e t  is  s o  f a s t  t h a t  t h e  h e a t -  

t r a n s f e r  t i m e  € o r  conduct ion  does n o t  s i g n i f i c a n t l y  a f f e c t  t h e  overall 

g e l a t i o n  t i m e .  

f o r  Lhese dropLeL sizes a r e  0 .1  t o  1 . 0  s e c .  

t i m e s  are longe r  t h a n  this and t h a t  t hey  are c o n t r o l l e d ,  t h e r e f o r e ,  by 

t h e  chemical r e a c t i o n s ;  however, we  have not  made t h e  q u a n t i t a t i v e  

measurements t h a t  would b e  necessa ry  €or conf i rma t ion .  

The h e a t - t r a n s f e r  times c a l c u l a t e d  f o r  the o r g a n i c  f i l m s  

We b e l i e v e  t h a t  t h e  g e l a t i o n  

3 . 4  Observed R e s u l t s  

R e l a t i v e  g e l a t i o n  t i m e s  have been de termined  expe r imen ta l ly  i n  two 

ways: (1) o b s e r v a t i o n  of t h e  t i m e  r e q u i r e d  f o r  t h e  clear ye l low b r o t h  

d rops  t o  change t o  a comple te ly  opaque yellow w h i l e  suspended i n  DT 

f a l l i n g  through the  o r g a n i c  3 i q u i d  and ( 2 )  o b s e r v a t i o n  o f  t h e  suspens ion  

t i m e  r e q u i r e d  to prevent  settled spheres from s t i c k i n g  t o g e t h e r  o r  

showing c o n t a c t  marks. For l a rge -coa r se  (0.4-cm-diam) t l r o p l e t s ,  bo th  

t i m e s  are i n  r easonab le  agreement w i t h  the 8 sec shown i n  Table 2 .  For 

t h e  s m a l l ,  c o a r s e  (0.1-cm-diam) d r o p l e t s ,  t h e  expe r imen ta l ly  observed 

times g e n e r a l l y  seem t o  be longe r  (Lypical-ly s e v e r a l  seconds)  t h a n  t h e  

1 . 2  sec shown i n  Table  2.  The p r e c i s i o n  o f  t h e s e  e s t ima ted  times are 

+1 sec a t  b e s t .  The re fo re ,  t h e  0.1-sec t i m e  shown f o r  t h e  0.02-cm-diam 

d r o p l e t s  cannot be confirmed by t h e s e  o b s e r v a t i o n s .  F ines  have been 

d i scha rged  and c o l l e c t e d  i n  sha l low sett lers wi th  good r e s u l t s  ( g e l a t i o n  

i n  less t h a n  0 .5  s e c ) .  D i spe r s ion  of t h e  b r o t h  f eed  stream t o  form 

s p h e r i c a l  d r o p l e t s  probably  r e q u i r e s  more than  0.01 s e c .  The re fo re ,  

g e l a t i o n  times f o r  t h e  f i n e s  a p p e a r  t o  be w i t h i n  t h e  broad range  of 0.02 

t o  0.5 sec. 
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The r e a c t i o n  of ADUN-urea s o l u t i o n  w i t h  NH OH appea r s  t o  be  ve ry  4 

f a s t .  For t h e  ex terna l -  g e l a t i o n  p r o c e s s e s ,  s o l u t i o n  d r o p l e t s  form 

s u r f a c e  g e l  l a y e r s  i n  less than  0.02 sec i n  ammonia gas .  T h e  NH OH 

genera ted  by homogeneous decomposi t ion o f  HMTA should react more r a p i d l y  

because mass t r a n s f e r  i s  n o t  r e q u i r e d .  

4 

The c o n t r o l l i n g  rates f o r  o u r  i n t e r n a l  g e l a t i o n  d r o p l e t s  a p p e a r  

t o  be  as fo l lows .  For droplet .  1 :mperatures  below 4 O " C ,  t h e  HMTA decom- 

p o s i t i o n  i s  c o n t r o l l i n g .  For l a rge -coa r se  d r o p l e t  s i z e s  i n  h o t  TCE, 

t h e  rate of h e a t  t r a n s f e r  i s  c o n t r o l l i n g ,  w i th  t h e  TCE f i l m  r e s i s t a n c e  

be ing  l a r g e r  t han  t h e  r e s i s t a n c e  i n s i d e  t h e  d r o p l e t .  A s  t h e  d r o p l e t  

s i z e  d e c r e a s e s ,  t h e  h e a t  t r a n s f e r  i s  a c c e l e r a t e d  and is comple te ly  

c o n t r o l l e d  by t h e  TCE film r e s i s t a n c e ,  We do no t  know whether il-le HMTA 

decomposi t ion o r  t h e  h e a t - t r a n s f e r  ra tes  are  c o n t r o l l i n g  f o r  t h e  s m a l l -  

c o a r s e  and f i n e s  d r o p l e t s .  

3.5 Continuous Mixing Requirements 

Continuous mixing of s t a b l e  feed  streams i s  the p r e f e r r e d  procedure 

t o  minimize t h e  e f f e c t s  of t h e  . temperature s e n s i t i v i t y  and t h e  l i m i t e d  

l i f e  of  t h e  b r o t h .  The cont inuous  system c.an be  s m a l l  t o  l i m i t  t h e  

inven to ry  of p e r i k h a b l e  b r o t h  and t o  al.low c l eanou t  w i thou t  l a r g e  volumes 

of waste. The control .  of d r o p l e t  o r  product  dianieter r e q u i r e s  a metered 

b r o t h  f low,  and i t  i.s easier t o  meter s t a b l e  s o l u t i o n s  t o  c o o l e r s  and 

a c losed  mi.xer t han  to  o p e r a t e  a r e f r i g e r a t e d  meter ing  system f o r  the  

p e r i s h a b l e  b r o t h .  

10 

For cont inuous  mixing, ADUN and HMTA s o l u t i o n s  are metered and 

cooled s e p a r a t e l y  b e f o r e  be ing  hle.nded i n  a cooled ,  c losed  mixer.  
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I n i t i a l l y ,  u r e a  w a s  added t o  t h e  HMTA s o l u t i o n  because t h i s  r e s u l t e d  

i n  a n o n r a d i o a c t i v e  makeup o p e r a t i o n  f o r  t h e  u r e a .  When t h e  release 

of gaseous u r e a - n i t r i t e  decomposition p r o d u c t s  w a s  observed (Sec t .  2 . 4 ) ,  

u r e a  w a s  added t o  t h e  ADUN s o l u t i o n  t o  a l low r e a c t i o n  and o u t g a s s i n g  

b e f o r e  cont inuous  mixing. 

Continuous mixing r e q u i r e s  t h e  u s e  of s o l u t i o n s  because  me te r ing  

and c o o l i n g  of s l u r r y  o r  s o l i d  f e e d  streams are n o t  p r a c c i c a l .  'The 

uranium and HMTA c o n c e n t r a t i o n s  must be n e a r  t h e  s o l u b i l i t y  l i m i t s  i n  

order  t o  a t t a i n  f i n a l  b r o t h  d e n s i t i e s  g r e a t e r  t h a n  t h e  d e n s i t y  of TCE. 

For a NO -/U mole r a t i o  of 1 . 6  and a urea/U mole r a t i o  of 1 . 2 5 ,  t h e  

s o l u t i o r i  d e n s i t i e s  are r e p r e s e n t e d  as fo l lows :  

3 

p(ADUN + u r e a )  = p(H20) f 0.327 U 

U = 3.06 [p(ADUN + u r e a )  - p(H20)] . 

(9)  

and 

(10) 

A l l  c o n c e n t r a t i o n s  are i n  moles p e r  l i t e r ,  and a l l  s o l u t i o n  d e n s i t i e s  

are i n  grams p e r  c u b i c  c e n t i m e t e r .  For HMTA s o l u t i o n s ,  

HMTA = 31.4 [p(HMTA) - p(H20)] . 
3 If t h e  W A  has  t h e  same a d d i t i v e  volume ( e q u i v a l e n t  t o  0.77 cm / g )  

a f t e r  mixing, t h e  b r o t h  d e n s i t y  € o r  urea-uranium and HMTA-uranium of 

1 . 2 5 ,  arid t h e  1.6 N03-/U r a t i o  would be as f o l l o w s :  

p ( b r o t h )  = p(H20) + 0.3623 U 

and 

u = 2 .76  [ p ( b r o t h )  - p(H20)1 . 
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I'hc uraniuiu c o n c e n t r a t i o n  must exceed 1 . 2 5  t o  ensu re  s e t t l i n g  i n  

TCE. The s o l u b i l i t y  of ZIMTA varies from about  3 .5  - M at rooiii Lempera- 

t u r e  t o  3.7 t o  3.8 - M a t  O O C .  

slow and d i f f i c u l t  f o r  HMTA c o n c e n t r a t i o n s  g r e a t e r  t han  o r  equa l  t o  

3 . 2  E. f h e r e f o r e ,  t h e  HMTA s o l u t i o n s  have e i t h e r  been 3 .1  __ M IQTM o r  

have been s a t u r a t e d  wi th  a n  excess of IIMMTA s o l i d s .  S t a r t i n g  w i t h  a n  

ADUN s o l u t i o n  of 3.3 - M i n  uranium and a n  IMTA s o l u t i o n  of 3.1 M - HMMTA, 

t h e  b r o t h  h a s  a maximuin uranium c o n c e n t r a t i o n  of 1.33 E, o r  a d e n s i t y  

Complete d i s s o l u t i o n  of a l l  J3ITA s o l i d s  i s  

3 of 1 .48  g/cm . There fo re ,  cont inuous  mixing of  b r o t h  f o r  g d a t i o n  i n  

HMTA r e q u i r e s  t h e  h i g h e s t  p r a c t i c a l .  s o l u i i o i i  c o n c e n t r a t i o n s .  Continuous 

mixing of s o l u t i o n s  could n o t  g i v e  t h e  h i g h e r  c o n c e n t r a t i o n s  s p e c i f i e d  

f u r  some ot.her i n t e r n a l  g e l a t i o n  f lowshee t s .  The h igh  b r o t h  d e n s i t i e s  

are n o t  r e q u i r e d  f o r  2EH o r  f o r  mix tu res  c o n t a i n i n g  mine ra l  o i l ,  and 

].over uranium c o n c e n t r a t i o n s  are p r a c t i c a l .  

4 .  GEL-SPHERE PROPERTIES VS GELATION CONDITTONS 

The e f f e c t s  of g e l a t i o n  conditi .ons on t h e  p r o p e r t i e s  of t h e  g e l  

are ve ry  complex. The e f E e c t s  of  d i f f e r e n c e s  i.n gel p r o p e r t i e s  f r e -  

q u e n t l y  become appa ren t  du r ing  d ry ing  wi thou t  b e i n g  observed i n  t h e  

ear l ie r  p rocess  o p e r a t i o n s .  There is  c o n s i d e r a b l e  u n c e r t a i n t y ,  as 

well as d isagreement ,  concerning t h e  r e s u l t s  ob ta ined  i n  p r e c i p i t a t i n g  

uranium from u rany l  n i t r a t e  so l .u t ions  by NH OH. 'The NO - / U  mo1.e r a t i o  

is kiiuwn to  be  an impor tan t  v a r i a b l e .  I n  addi - t ion ,  u rea  forms complexes 

w i t h  t h e  u r a n y l  i o n  and changes t h c i i  p r e c i p i t a t i o n  behav io r .  :In t h e  

i n t e r n a l  g e l a t i o n  p rocess ,  t h e  ammonia needed f o r  g e l a t i o n  i s  Formed 

by t h e  decomposi t ion of  HMTA; t h u s  t h e  decomposi t ion and o t h e r  r e a c t i o n s  

4 3 
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of WrA are  impor t an t .  I n t e r n a l  g e l a t i o n  combines a l l  of  t h e s e  

v a r i a b l e s  i n  a s i n g l e  p rocess .  Only a narrow range  of g e l a t i o n  con- 

d i t i o n s  has  been t e s t e d ,  and t h e  c o n d i t i o n s  that: a l l o w  s o l i d i f i c a t i o n  

of s o l u t i o n  d r o p l e t s  i n t o  good-qual i ty  gel. sphe res  are even more Limited.  

Cond i t ions  o u t s i d e  t h e  range  shown t o  be  a c c e p t a b l e  can  g i v e  t h e  

fo l lowing  r e s u l  t s  : 

1. 

2. 

3 .  

4 .  

The 

S o l i d i f i c a t i o n  o c c u r s  t o o  r a p i d l y  t o  permi t  convenient  format ion  

of s p h e r i c a l  l i q u i d  d rops .  

Not enough NH OH is  produced t o  adequa te ly  p r e c i p i t a t e  t h e  4 

uranium; t h a t  i s ,  a l a r g e  f r a c t i o n  of t h e  uranium remains i n  

solution. 

The p r e c i p i t a t e d  uranium s e p a r a t e s  from a s u p e r n a t e ,  l e a v i n g  two 

phases  i n s t e a d  of a homogeneous s o l i d .  

The g e l  i s  t o o  s o f t ,  a l l owing  t h e  sphe res  t o  d i s t o r t  o r  b reak  

from t h e i r  own weight  o r  from m i l d  mechanical  impacts .  

format ion  of a s t r o n g  g e l  sphe re  is  n o t  a s u f f i c i e n t  tes t  of 

a c c e p t a b l e  g e l  p r o p e r t i e s .  Some g e l  p r o p e r t i e s  are n o t  conducive t o  

washing,  d r y i n g ,  c a l c i n i n g ,  and s i n t e r i n g  wi thou t  promoting cracks o r  

o t h e r  unaccep tab le  d e f e c t s .  F i n a l l y ,  t h e  g e l  p r o p e r t i e s  may d e t e r i o r a t e  

w i t h  t i m e  o r  w i th  p rocess  t r e a t m e n t s .  

Our unde r s t and ing  and s e l e c t i o n  of procesz, c o n d i t i o n s  are s t r o n g l y  

dependent on d a t a  r e p o r t e d  b y  t h e  o r i g i n a l  deve lope r s  of t h e  KEMA 

process4’  

I n  t h e  fo l lowing  s e c t i o n s ,  i n fo rma t ion  from these sources i s  combined 

wi th  ou r  r e s u l t s  a t  ORNL and r e i n t e r p r e t e d  wi thou t  d e t a i l e d  acknowledg- 

ments o r  r e f e r e n c e s .  

6-9 and on p rocess  v a r i a t j o n s  and improvements s t u d i e d  e l s e w h e r e .  
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4 . 1  P r e c i p i t a t i o n  of lJraiiium(V1) by NH4OII 

The composi t ion and s t r u c t u r e  of p r e c i p i t a t e s  i n  t h e  UO -NII -B 0 
- 

3 3 2  
system con t inue  t o  be  t h e  s u b j e c t  of c o n s i d e r a b l e  con t rove r sy .  There 

i s  r easonab le  agreement t h a t  p r e c i p i t a t i o n  g i v e s  a complex mix tu re  of 

coinpounds w5.t.h a n  appa ren t  composi t ion of IJO 'xNH *(2-x)H20. A t r u e  

ammoniui-n d i u r a n a t e  cor responding  t o  x = 1.. 0 does n o t  a c t u a l l y  e x i s t .  

Cordfunke17 claimed t o  e s t a b l i s h  f o u r  compounds equi.val.ent t o  v a l u e s  

of 0 ,  113, 112, and 213 for. x. 

3 3  

S t u a r t  and Whateley18 i n t e r p r e t  t h e i r  

r e s u l t s  t o  i n d i c a t e  t h a t  x varies con t inuous ly  ( i n s t e a d  of having  

d i s c r e t e ,  f i x e d  v a l u e s )  and t h a t  t h e  ammonia i s  p r e s e n t  as NH 

e i t h e r  case, t h e  t r u e  molecular  s t r u c t u r e s  are t h o s e  oT: complex hydra ted  

f In 
4 '  

urany l  hydroxides .  S t u a r t  and Whateley propose a c a t i o n  exchange mechanism 

s t a r t i n g  w i t h  a U02(0H) .H 0 s o l i d  when no ammonia i s  inc luded .  Some of 2 2  

t h e  r e s u l t s  w e  ob ta ined  i n  p repa r ing  ADUN (Sec t .  2 )  i n d i c a t e  t h a t  b a s i c  

n i t r a t e  compounds can p r e c i p i t a t e  as s o l i d s  w i t h  UO (NO ) 

and y of about  1 as a p o s s i b l e  example, 

(OH) 'H20 2 3 y 2-y 

Explana t ions  of t h e  chemis t ry  

of ADUN s o l u t i o n s  commonly p o s t u l a t e  t h e  presence  of hydrolyzed s p e c i e s  

+ 2+ 
such as [U02(0H)] and [ (U02)2(OH)2] . I f  t h e  1JO2(NO ) (OH) 'H20 

3 Y 2-Y 
- 

i s  washed t o  eqiui l ibr ium w i t h  d i l u t e  NH OH, t h e  NO3 

r ep laced  by OH- t o  g i v e  NH NO 

p r e c i p i t a t e .  

should f i r s t  be  
4 

i n  t h e  wash s o l u t i o n  and a UO (OH) 'H 0 4 3  2 2 2  

Continued washing should produce t h e  appa ren t  

UO 'xNII (2-x)H 0 composi t ihn wi th  a n  x of 113  o r  less. Compounds wi th  3 3  2 

h ighe r  v a l u e s  of x are p o s s i b l e  on ly  a% h i g h  NH OM c o n c e n t r a t i o n s  and 

would n o t  be  expected t o  form dur ing  our  p rocess  c o n d i t i o n s ,  

4 
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4.2 Reactions of Urea 

We have not investigated urea concentration a s  a process  variable, 

but the discussion by Kanij , Noothout, and Votocik5 appears to be con- 

sistent with our experience. The primary purpose of adding urea i s  

to complex the uranyl ion and prevent premature precipitation of 

uranium. The urea complex affects the rate of uranium precipitation 

by NH OH and the characteristics of the precipitate. Kanij claims that 

urea increases the decomposition rate of HMTA. Ui-ea reacts with nitrite 

to give gaseous products, as described in Sect. 2 - 4 .  Two other reactions 

of urea are possible, but are probably not important for our usual 

internal gelation conditions. These are: (1) Urea can react with 

formaldehyde (from the decomposition of HMTA) to yield condensation 

products which can eventually grow into insoluble urea-formaldehyde 

resins. (2) Urea can hydrolyze under acidic conditions to form ammonia 

4 

and C 0 2 .  

hydrolysis of HMTA, may limit the long-term stability of ADUN-urea 

solutions. 

This hydrolysis, although very s l o w  in comparison with the 

4 . 3  Reactions of HMTA 

The primary reaction of HMTA is hydrolysis: 

(CK ) N f 1 0 H 2 0  2 68CHO + 4 N H 4 0 H  . 
2 6 4  (14) 

The reverse reaction is used to prepare HMTA by adding an excess of 

NH OH, and the decomposition is  favored by low solution pW. The undecom- 

posed HMTA, which is only mildly basic, is a weaker cornplexing agent  €or 

4 
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urany l  t han  is  u r e a ,  I n c r e a s i n g  t h e  tempera ture  w i l l  i n c r e a s e  t h e  

ra te  o r  e x t e n t  of HMTA decomposi t ion,  tlrus p rov id ing  a convenient  

means of c o n t r o l l i n g  t h e  p r e c i p i t a t i o n  r a t e  f o r  i n t e r n a l  g e l a t i o n  

p rocesses .  The tempera ture  a l s o  a f f e c t s  rhe e q u i l i b r i u m ,  i n  t h a t  some 

ii i ixtures which remain f l u i d  a t  room tempera ture  w i l l  s o l i d i f y  a t  60 

t o  1 0 0 O C .  

4 . 4  E f f e c t s  of Concen t r a t ions  
.- 

The f eed  s o l u t i o n  has  fou r  major components: uranium, NO3 , HMTA, 

and u r e a .  The c o n c e n t r a t i o n s  are  conven ien t ly  gi.ven i n  t e r m s  of m o l a r i t y  

i n  Lhe case of uranium and i n  molar r a t i o s  (moles component/mole uranium) 

f o r  t h e  o t h e r  t h r e e .  I f  t h e  s o l u t i o n  i s  p a r t i a l l y  p r e n e u t r a l i z e d  

o r  made more a c i d  d e f i c i e n t  by a d d i t i o n  of NH OH, t h e  concentraLi-on of 

t h i s  component i s  a l s o  g iven  as moles p e r  mole of uranium. Drop le t s  

suspended i n  w a r m  o r  h o t  o r g a n i c  l i qu i .d s  t o  promote the g e l a t i o n  r e a c t i o n s  

may g i v e  one of t h e  f o u r  poor r e s u l t s  i i s t e d  a t  the beginning  of Sec t .  4 ,  

o r  they  may g i v e  s t r o n g  g e l  sphe res .  The s t r o n g  gel sphe res  may c o n t a i n  

d i f f e r e n t  c r y s t a l l i n e  phases ,  have d i f f e r e n t  c r y s t a l l i t e  s i z e s ,  o r  con- 

sist o f  r e l a t i v e l y  n o n c r y s t a l l i n e  polymers.  

4 

The uranium c o n c e n t r a t i o n  i s  determined by s o l u b i l i t y  l imi-Cat ions  

and b r o t h  n1ixin.g r equ i r emen t s  and t h u s  i s  n o t  used as a var iab1.c  t o  

c o n t r o l  t h e  g e l  p r o p e r t i e s .  A h igh  uranium c o n c e n t r a t i o n  is  p r e f e r r e d ,  

b u t  i t  i s  l i m i t e d  by t w o  f a c t o r s ,  as disc:ussed f o r  b r o t h  p r e p a r a t i o n .  

S o l u b i l i t y  1 . i m i t a t i o n s  r e s u l t  i n  uranium Concen t ra t ion  l i m i t s  of 

<1.5 - M f o r  mixing of  s o l u t i o n s ,  

might be  t e s t e d  by careful .  d i s s o l u t i o n  of  s o l i d  HMTA i n  ABUN, bu t  such 

Uranium c o n c e n t r a t i o n s  of 1 .5  Lo 2 
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c o n c e n t r a t i o n s  are not  p r a c t i c a l  for r o u t i n e  use. In t h e  g e l a t i o n  

of v e r y  l a r g e  s p h e r e s ,  t h e  o r g a n i c - l i q u i d  d e n s i t y  should  be  o n l y  

s l i g h t l y  lower t h a n  t h e  s o l u t i o n  d r o p l e t  d e n s i t y  s i n c e  l a r g e r  d i f f e r e n c e s  

cause d i s t o r t i o n s  i n t o  n o n s p h e r i c a l  shapes.  The re fo re ,  t h e  uranium 

c o n c e n t r a t i o n  f o r  l a r g e  s p h e r e s  should  be about 1.3 x PI when t h e  g e l a t i o n  

medium i s  TCE and 1.8 - M when t e t r a c ’ h l o r o e t h y l e n e  i s  used.  

The primary e f f e c t  of i n c r e a s i n g  urea c o n c e n t r a t i o n s  is  t o  a l low 

h i g h e r  HMTA c o n c e n t r a t i o n s  wi thou t  premature p r e c i p i t a t i o n .  I f  the 

urea c o n c e n t r a t i o n  is  t o o  l o w ,  n o t  enough HMTA can be used t o  g i v e  

good g e l  p r o p e r t i e s .  High u r e a  c o n c e n t r a t i o n s  t end  t o  r e q u i r e  h i g h e r  

HMTA c o n c e n t r a t i o n s ,  and bo th  c o n c e n t r a t i o n s  are l i m i t e d  by s o l u b i l i t y  

l i m i t s .  

range of p e r m i s s i b l e  HMTA c o n c e n t r a t i o n s  i f  t h e  urea/U mole r a t i o  i s  

about 1 .25.  Urea/U r a t i o s  of 2 .0  t o  2 .5  appear  t o  be  necessa ry  f o r  

u r a n y l  n i t r a t e  s o l u t i o n s  (or NO /U = 2 .0 ) .  Other g e l a t i o n  r e s u l t s  

conf i rm good g e l  p r o p e r t i e s  a t  t h e s e  two r a t i o s  wi thou t  any s y s t e m a t i c  

s t u d y  of urea/U r a t i o  as a v a r i a b l e .  Many test r e s u l t s  are r e p o r t e d  

w i t h  J3MTA-urea s o l u t i o n s  of equa l  m o l a r i t i e s  ( 3  I_ PI HMTk-3 M _- urea i s  

common), and t h e  urea/U and HMTA/U r a t i o s  are changed by v a r y i n g  t h e  

volume r a t i o  of (HKTA -t urea) /U s o l u t i o n s .  The r e s u l t s  are b e l i e v e d  

t o  be much more dependent on t h e  HMTA/U r a t i o  t h a n  on t h e  urea/U r a t i o .  

Baran’s  r e s u l t s 7  f o r  ADUN s o l u t i o n s  ( N O . - / U  = 1.5)  show a wide 
3 

- 
3 

- 
For t h e  ORNL f l o w s h e e t ,  g e l  p r o p e r t i e s  improve as t h e  NO / U  mole 

r a t i o  d e c r e a s e s ;  however, t h e  feed b r o t h  becomes less s t a b l e  a t  r a t i o s  

below 1 .5 .  / U  m o l e  r a t i o s  

of 1.5 t o  1 . 7 ,  and t h i s  r ange  appears optimum f o r  i n t e r n a l  g e l a t i o n .  

3 

- 
The uranium s o l u b i l i t y  is  a maximum f o r  NO 3 
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A t  r a t i o s  below 1 .5 ,  t h e  s o l u t i o n  i s  c l o s e  t o  p r e c i p i t a t i o n  and t h e  

a c c e p t a b l e  range  of o t h e r  p rocess  v a r i a b l e s  i s  reduced.. 

mole r a t i o  i n c r e a s e s ,  more NH NO must be  formed b e f o r e  p r e c i p i t a t i o n  

o r  g e l a t i o n  t akes  place. Th i s  can  be accomplished by p r e n e u t r a l i z a t i o n  

of t h e  u r a n y l  n i t r a t e  s o l u t i o n  using NH OH,  o r  t h e  ammonia can  be 

ob ta ined  from decomposi t ion o E LMTA. When t h e  a d d i t i o n a l  ammonia 

comes from HIWA decomposi t ion,  more HMTA i s  r e q u i r e d  t o  r e p l a c e  t h a t  

bei-ng used and t h e  g e l a t i o n  p rocess  i s  r e t a r d e d .  The lower i n i t i a l .  pH 

i n c r e a s e s  t h e  i n i t i a l  ra te  of HMTA decomposi t ion,  and t h e  i n c r e a s e  i n  

g e l a t i o n  t i ne  may be  s m a l l .  The addi.ti.ona1. NO g i v e s  a s o f t e r  g e l  

t h a t  i s  more d i f f i c u l t  t o  w a s h  and hand le ,  independent  of whether  t h e  

a d d i t i o n a l  NO i.s p resen t  as N:I NO i n  t h e  feed  os  i s  r e a c t e d  wi th  

ammonia from decomposi t ion o f  HMTA. 

A s  t h e  N03-/U 

4 3  

4 

- 
3 

~- 
3 4 3  

The HTTCA c o n c e n t r a t i o n ,  which i s  u s u a l l y  g iven  i n  terms of an 

HMTA/U mole r a t i o  ( a s  spec i f i . ed  a t  t h e  begi.n.ning of t h i s  s ec t ion ) ,  i s  

t h e  most impor tan t  c o n c e n t r a t i o n  v a r i a b l e .  An HMTA/N03 mole r a t i o  i s  

probably more l o g i c a l  when t h e  NO t h a t  i s  p r e n e u t r a l i z e d  w i t h  NH 01-1 

i s  not i nc luded .  The b e s t  IIMTA/NO m o l e  r a t i o s  are around 0 .8 .  'I'hi-s 3 

g i v e s  HMTA/U r a t i o s  of about: 1 . 2 5  a t  a NO /U mole r a t i o  of 1 .55 and 

I-IMTA/U r a t i o s  of 1 . 6  a t  a NO "/U mole r a t i o  of 2 .0 .  Work a t  ORNL has  

shown t h a t  t h e  ILM'TA/NO r a t i o  o f  0.8 i s  a l s o  optimum f o r  g e l a t i o n  of 

a c i d - d e f i c i e n t  s o l u t i o n s  of mixed thorium-uranium n i t r a t e s .  A t  low 

HMTA c o n c e n t r a t i o n s ,  t h e  e q u i l i b r i u m  pH i s  n o t  h igh  enough f o r  p r a c t i c a l  

g e l a t i o n  rates o r  g e l  p r o p e r t i e s .  

- 

- 
3 4 

- 

-. 

3 

3 
- 

3 
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4.5  E f f e c t s  of G e l a t i o n  Temperatures 

Apparent ly ,  g e l a t i o n  tempera ture  h a s  n o t  been a v a r i a b l e  i n  most 

of t h e  i n t e r n a l  g e l a t i o n  s t u d i e s  r e p o r t e d .  Formation of gas bubbles  

i n  t h e  g e l  becomes t roublesome when t h e  g e l a t i o n  tempera ture  i s  nea r  

t h e  b o i l i n g  p o i n t  of t h e  f eed  s o l u t i o n .  As a r e s u l t ,  n e a r l y  all .  tests 

r e p o r t e d  by o t h e r s  were made a t  85 t o  95°C i n  o r d e r  t o  use  t h e  maximum 

tempera tu res  p o s s i b l e  wi thou t  format ion  of gas bubbles .  

Our results i n d i c a t e  t h a t  g e l a t i o n  tempera ture  has  an  impor tan t  

e f f e c t  on g e l  p r o p e r t i e s  and t h a t  t h e  r e l a t i o n s h i p  i s  n o t  a s i m p l e ,  

s i n g l e  optimum. The g e l a t i o n  tempera ture  should  be  d e f i n e d  as t h e  

tempera ture  of  t h e  b r o t h  d r o p l e t  o r  s o l u t i o n  wh i l e  g e l a t i o n  i s  t a k i n g  

p l ace .  A s  d i s c u s s e d  f o r  g e l a t i o n  t i m c s ,  t h e  t i m e  r e q u i r e d  t o  h e a t  

3800-l~t1 d r o p l e t s  i s  s i g n i f i c a n t ;  t h e r e f o r e ,  t h e  g e l a t i o n  t a k e s  place 

a t  a tempera ture  lower t h a n  t h e  o rgan ic - l iqu id  tempera ture .  For the 

smaller s i z e s  (1000- and 100-ym d r o p l e t s ) ,  t h e  t empera tu re  of t h e  

d r o p l e t s  is  ve ry  c l o s e  t o  t h e  o r g a n i c - l i q u i d  tempera ture  when g e l a t i o n  

occur s .  The c o l d  b r o t h  and h e a t  losses t o  t h e  su r round ings  r e s u l t  i n  

s i g n i f i c a n t  t empera tu re  changes;  t h u s  t h e  b u l k  o r g a n i c  tempera tures  

are lower t h a n  t h e  i n l e t  o r g a n i c  t empera tu res .  

A s  t h e  g e l a t i o n  tempera tures  d e c r e a s e  below SO"C, t h e  g e l a t i o n  

rates become inconven ien t ly  s low f o r  a g e l a t i o n  column. However, 

u s a b l e  f i n e s  (100-pm ave rage  d r o p l e t  d i ame te r )  have been prepared  

w i t h  a n  o rgan ic - l iqu id  t empera tu re  as l o w  as 40°C and w i t h  a 40-cm 

s e t t l i n g  h e i g h t  a f t e r  d r o p l e t  fo rma t ion .  

g i v e  f i r m  g e l s  i n  5 t o  30 min, depending on t h e  composi t ion  and 

Broth  samples a t  25°C w i l l  



previ.ous h i s t o r y .  

g e l  p r o p e r t i e s  a t  t h e  ORPJL f lowshee t  c o n c e n t r a t i o n s .  

Temperatures above 5 O o C  are  not necessa ry  f o r  good 

When t h e  ge1.atio.n tempera ture  i s  r a i s e d  t o  7 O o C ,  t h e  c h a r a c t e r i s t i c s  

of t h e  g e l  are changed. Both t h e  ra te  of HNTA decomposi t ion and t h e  

e q u i l i b r i u m  pI1 are temperature-dependent ,  The r e s u l t s  are most e a s i l y  

detecttrld f o r  small d r o p l e t s  (<lo0 - 1m) A t  t h e  h ighe r  t empera tu res ,  

t h e  f r e s h l y  Eormed s m a l l  sphe res  a r e  a cl-ear, t r a n s p a r e n t  ye l low and 

have a n  e x c e l l e n t  appearance l i k e   SIR^^ g l a s s  marbl-es. These sphe res  

s o f t e n  r a p i d l y  and change t o  a n  opaque ye l low dur ing  washing i n  NH OH 

s o l u t i o n .  Depending on s i z e ,  g e l a t i o n  t empera tu re ,  amounl: of dehydra t ion  

by  t h e  o r g a n i c  l i q u i d  used as  t h e  forming medium, t o t a l  wash [::i.cne, and 

o t h e r  v a r i a b l e s ,  t h e  s o f t e n i n g  can p r o g r e s s  u n t i l  t h e  g e l  i s  an unusable  

cake .  The e f f e c t s  of h ighe r  g e l a t i o n  tempera tures  f o r  l a r g e r  sphe res  

were more appa ren t  f o r  o t h e r  organrics w i t h  h i g h e r  boi l . ing  p o i n t s .  

Acceptab le  g e l  sphe res  were ob ta ined  a t  7 4 " C ,  u s i n g  t e t r a c h l o r o e t h y l e n e  

and t h e  s t a n d a r d  b r o t h  composi t ion;  however, a s o f t  g e l  which eroded 

d u r i n g  washing was produced a t  85 and 95°C. 

product  w a s  ob ta ined  when t h e  HMTA/U mole r a t i o  was i n c r e a s e d  t o  1 . 4  

o r  1 . 5 5 ,  b u t  i t  w a s  s t i l l  i n f e r i o r  t o  t h a t  produced i n  TCE a t  less than  

7 O 0 C ,  

4 

A s l i g h t l y  improved 

I n  the. p r e p a r a t i o n  of smal l -coarse  (1000-pm) d r o p l e t s ,  t h e  

h ighe r  g e l a t i o n  teu ipera tures  w i l l  produce a d r i e d  g e l  having a s o f t e n e d  

and poor -qua l i ty  s u r f a c e  without: complete  l o s s  o E s p h e r i c i t y .  For t h e  

1-argest  (3900-ym) d r o p l e t s  and a t  the maximum temperatures p r a c t i c a l  

f o r  TCE (?.75OC), t h e  h e a t - t r a n s f e r  t i m e s  are long  enough t h a t  g e l a t i o n  

t a k e s  p l a c e  b e f o r e  t h e  d r o p l e t s  r e a c h  7 O 9 C .  T e s t s  i n  o t h e r  o r g a n i c s  
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a t  h i g h e r  o r g a n i c  t empera tu res  gave d r i e d  g e l  w i t h  less d e s i r a b l e  

p r o p e r t i e s ;  t h u s ,  we must conclude t h a t  e i t h e r  t h e  h ighe r  tempera tures  

g i v e  poor resul ts  o r  t h a t  TCE i s  a s u p e r i o r  o r g a n i c  l i q u i d .  

The tempera ture  of t h e  o r g a n i c  l i q u i d  a l so  a f f ec t s  t h e  deg ree  of 

dehydra t ion  of t h e  ge l  s u r f a c e ,  and t h i s  can cause  confus ion  w i t h  

r e g a r d  t o  t h e  pr imary e f f e c t  of t h e  tempera ture .  The g e l  sphere-- 

o r g a n i c  is a two-phase system wi th  a minimum-boiling a z e o t r o p e  * 'l'here- 

f o r e ,  TCE w i t h  g e l  s p h e r e s  b o i l s  below 8 0 ° C  t o  dehydra t e  t h e  s u r f a c e  by 

v a p o r i z a t i o n  o f  water. I f  a h igh -bo i l ing  o r g a n i c  is  used as t h e  forming 

medium, t h e  boi l - ing  p o i n t  of t h e  a z e o t r o p e  i s  nea r  98°C and t h e  g e l  i s  

dehydra ted  as t h e  tempera ture  i n c r e a s e s  toward t h a t  b o i l i n g  p o i n t .  

Our feed-broth composi t ion  produces b e t t e r  g e l  p r o p e r t i e s  i f  g e l a t i o n  

t a k e s  p l a c e  a t  50 t o  55'C, as compared w i t h  t empera tu res  g r e a t e r  t h a n  

7 0 ° C .  T h e  l a r g e s t  d r o p l e t s  (3900-pm) g e l  a t  d r o p l e t  t empera tures  s i g n i -  

f i  c a n t l y  below t h e  TCE t empera tu re ;  t h e r e f o r e  , they  do n o t  c l e a r l y  show 

any u n s a t i s f a c t o r y  r e s u l t s  from e x c e s s i v e  TCE t empera tu res .  Dehydrat ion 

of t h e  g e l  s u r f a c e  improves t h e  behavior  of t h e  w e t  g e l  sphe res .  For 

t h i s  r eason ,  i n t e r m e d i a t e  t empera tu res  appear  t o  g i v e  t h e  p o o r e s t  

r e s u l t  s i n c e  they  g i v e  a poor t y p e  of g e l  p r e c i p i t a t e  as compared with 

t h e  product  t y p i c a l l y  produced a t  lower tempera tures  and less dehydra t ion ,  

o r  perhaps less complete  p r e c i p i t a t i o n ,  as compared w i t h  t h e  product  

ob ta ined  a t  h i g h e r  t empera tu res .  

4 .6  E f f e c t s  of Organic  Medium 

T h e  o r g a n i c  l i q u i d  f u n c t j o n s  as more than  j u s t  a h e a t  s o u r c e  and 

The i n t e r f a c i a l  t e n s i o n  and t h e  d e n s i t y  d i f f e r e n c e  suspens ion  f l u i d .  
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between t h e  b r o t h  and o rgan ic  l i q u i d  de te rmine  whether  (:he d r o p l e t  i s  

s p h e r i c a l  o r  e longa ted .  Water i s  e x t r a c t e d  from t h e  dropl .e t  s u r f a c e .  

The water may be sol.uhle i n  t h e  o r g a n i c  ( 2 . 5  v o l  % i n  2 E H ) ,  o r  i t  may 

v a p o r i z e  as a low-boi l ing azeo t rope .  The a z e o t r o p i c  b o i l i n g  p o i n t  f o r  

TCE i s  bel057 80"C, wh i l e  i t  would be  about  98 t o  99°C f o r  o r g a n i c s  

w i t h  h o i l i n g  p o i n t s  above 130°C.  

Hydrocarbons such as mine ra l  o i l  o r  11-paraf f i n  ( a  p u r i f i e d  kerosene)  

seem t o  r e s u l t  i n  g e l s  w i t h  s o f t  s u r f a c e s  which e rode  du r ing  washing. 

Idhen l a rge -coa r se  sphe res  are f i r s t  formed i-n new TCE, they  are 

f r e q u e n t l y  c h a r a c t e r i z e d  by a s o f t e r  s u r f a c e  and more e x t e n s i v e  c rack ing ,  

A f t e r  good-qual i ty  g e l  sphe res  had been prepared  i n  TCE, h ighe r  g e l a t i o n  

tempera tures  w e r e  t e s t e d  by us ing  s e v e r a l  o t h e r  o r g a n i c  l i q u i d s .  The 

d i f f e r e n t  o r g a n i c  mediums gave v a r i a t i o n s  i n  r e s u l t s ,  and none of t h e  

p roduc t s  were as good as those formed i n  TCE a t  lower tempera tures .  A 

normal p a r a f f i n  and 1 ,192- t r ich1 .0roe thane  gave s o f t  g e l s  which f e l l  

a p a r t  o r  eroded du r ing  washing. Te t r ach lo roe thy lene  gave a rough 

s u r f a c e  w i t h  d e t e c t a b l e  e r o s i o n  du r ing  washing. S i l i c o n e  o i l .  gave a n  

a c c e p t a b l e  p roduc t ,  hu t  TCE i.s p r e f e r r e d .  

Ease of removal. of t h e  o r g a n i c  from t h e  sphe res  i s  an  important: 

p rocess  advantage.  F o r  t h e  l a rge -coa r se  and sma1.l-coarse d r o p l e t s  

(3900 and 960 pm as w e t  g e l ) ,  "I'CE removal i s  achieved  by b r i e f  (5- t o  

1.5-min) exposures  t o  a downflow of a i r .  Any s m a l l  amounts of TCE 

t rapped  v ia  t h e  washing procedure are p re f  ereritial l ~ y  vapor ized  du r ing  

d ry ing  wi thout  caus ing  decomposi t ion o f  l i q u i d  TCE on t h e  d r i e d  g e l .  

R e m o v a l  of TCE from f i n e s  i s  much less  complete  because of t h e i r  s m a l l  
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and v a r i e d  d i ame te r s .  All o t h e r  o r g a n i c  l i q u i d s  used as g e l a t i o n  

mediums have h i g h e r  b o i l i n g  p o i n t s  than  water and r e q u i r e  o r g a n i c  

washes f o r  removal from t h e  g e l  sphe res .  The h igh  v i s c o s i t i e s  of 

s i l i c o n e  o i l  and mine ra l  o i l s  make t h e i r  removal more d i f f i c u l t .  I n  

t h e  work a t  OWL, we  have u s u a l l y  used 50 v o l  2 i sop ropy l  a l c o h o l  p l u s  

50 yo1 % ammonia s o l u t i o n  t o  remove o rgan ic s .  

and C C l  have been used e l sewhere .  

Other  a l c o h o l s ,  TCE, 

4 

I n  summary, t h e  p r o p e r t i e s  of t h e  o rgan ic  l i q u i d  have s i g n i f i c a n t ,  

bu t  incomple te ly  unders tood ,  e f f e c t s  on t h e  q u a l i t y  of t h e  g e l  sphe res .  

Dehydrat ion of t h e  g e l  by 2EH g r e a t l y  f a c i l i t a t e s  t h e  washing and d ry ing  

of f i n e s .  The d e n s i t y  and h igh  i n t e r f a c i a l  t e n s i o n  of TCE are good f o r  

p r e p a r a t t o n  of t h e  l a r g e s t  sphe res .  The TCE y i e l d s  p roduc t s  w i t h  b e t t e r  

s u r f a c e  p r o p e r t i e s  t han  do hydrocarbons,  s i l i c o n e  o i l ,  or h igh-bo i l ing  

( > l l O " C )  c h l o r i n a t e d  e thanes  and e t h y l e n e s .  

The tendency of d r o p l e t s  t o  s t i c k  t o  each o t h e r  ur t o  t h e  s u r f a c e s  

of p rocess  v e s s e l s  b e f o r e  g e l a t i o n  i s  completed i s  g r e a t l y  reduced by 

s m a l l  a d d i t i o n s  of a s u r f a c e - a c t i v e  compound. W e  commonly u s e  Span 80, 

a s o r b i t a n  monooleate ester. In  t h e  p r e p a r a t i o n  of t h e  la rge-coarse  

sphe res ,  Span 80 can be p r e s e n t  a t  a c o n c e n t r a t i o n  as low as 0.01 t o  

0.05 v o l  %,and i t  Is dep le t ed  s lowly .  For small-coarse  and f i n e s  

d r o p l e t s ,  Span 80 i s  added con t inuous ly  a t  rates of about  0.001 and 

8.03 l i t e r  per  l i t e r  of b r o t h  f eed .  I f  t h e  Span 80 a d d i t i o n s  are 

stopped o r  are inadequate ,  t h e  smal l -coarse  o r  f i n e s  d r o p l e t s  w i l l  

c l u s t e r  as f l o c s  o r  clumps; t h e s e  may s e p a r a t e  wi thout  d e t e c t a b l e  

a f f e c t  on t h e  d r i e d  o r  s i n t e r e d  sphe res .  A f t e r  f u r t h e r  d e p l e t i o n  
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occur s ,  t h e  g e l  may beg in  s t i c k i n g  t o  vessel walls. The a d d i t i o n  

rates r e q u i r e d  are approximately p r o p o r t i o n a l  t o  i-he s u r f a c e  area o f  

t h e  sphe res  o r  i n v e r s e l y  p r o p o r t i o n a l  i o  t h e  d i ame le r .  However, w e  

do not  have any o t h e r  measuriments t o  ve r iFy  t h e  p r e s r n c e  of a s u r f a c e  

l a y e r  of Span 80 on t h e  g e l  sphe res .  

4 , 7  P r e f e r r e d  Condi t ions  

The g e l a t i o n  condi t i .ons f o r  t h e  1200-, 300-, and 30-pm U 0 2  sphe res  

are summarized i n  (Table 3. Two sets of v a l u e s  are shown f o r  each s i z e :  

(I) t h e  condi- t loas  recen1:l.y used to p r e p a r e  more than 50 kg each of 

d e p l e t e d  and en r i ched  producrs  and (7.)  t h e  range  of c o n d i t i o n s  which 

are b e l i e v e d  t o  permi t  t r o u b l e - f r e e  operairion wi thout  a. s ign i f i can t :  

e f f e c t  on the q u a l i t y  of t h e  p roduc t .  Condi t ions  o u t s i d e  t h e s e  ranges  

e i t h e r  gi.ve poorer  r e s u l t s  o r  have not Seen t e s t e d .  'l'he d e t a i l e d  

d i s c u s s i o n s  i n  o t h e r  s e c t i o n s  i n c l u d e  in fo rma t ion  f o r  SOil le  c o n d i t i o n s  

o t h e r  t han  t h o s e  t h a t  are p r e f e r r e d .  

5 .  GEL--WASHING REQUIREMENTS 

Washing t h e  g e l  sphe res  (1) physical l -y  d i s p l a c e s  t h e  g e l a t i o n  

medium, ( 2 )  l e a c h e s  NI! NO and o t h e r  s o l u b l e  c o n s t i t u e n t s  from t h e  g e l ,  

and (3) a l lows  a d d i t i o n a l  r e a c t i o n  w i t h  NH OH t o  g ivc  an improved com- 

p o s i t i o n  and s t r u c t u r e  f o r  d ry ing  and s i n t e r i n g .  

forming medium can be d i s p l a c e d  by t h e  do-mflow of gas o r  NW4(3H s o l u t i o n .  

When t h e  forming medium h a s  a h igh  v i s c o s i t y  o r  b o i l i n g  p o i n t  ( e , g . ,  tetra- 

ch lo roe thy lene ,  2 E H ,  o r  s i l i c o n e  o i l s ) ,  a p r e l i m i n a r y  wash w i t h  a more  

v o l a t i l e  o r g a n i c  (CCI f u r  t e t r a c h l o r o e t h y l e n e ,  i s o p r o p y l  a l c o h o l  f o r  

2EH,  and C C 1 4  o r  hexane f o r  s i l i c o n e  o i l s )  i s  d e s i r a b l e .  

4 3  

4 

A high-dens i ty  organic  

4 

The p r i n c i p a l  



Table 3 .  Prefer red  g e l a t i o n  conditiol-rs f o r  t h r e e  s i z e s  of U 0 2  spheres  

Large-coarse 
(1200-iJm) 

Small-coarse 
(300-pm) 

Fines  
(30-iim) 

U 0 2  spheres  EO spheres  UO, spheres  
Applied Range Ap p l  ie2 Range Applied" Range 

Feed broth 
Uranium, m o l e s / l i t e r  1.3 1.25-1.5 1.3 1.25-1.5 1.3 1.1-1.5 

Urealuranium mole r a t i o  1 .25  1.0-1.5 1 . 2 5  1.0-1.5 1 . 2 5  1.0-1.5 
HMTA/uranium mole r a t i o  1.25 1.1-1.4 1 . 2 5  1 * 1-1.4 1.15 1.1-1.3 

Temperature, O C  -1 -6-4 -1 -6-4 -1 -6-4 

W Organic g e l a t i o n  medium UJ 
N a m e  Tr ich loroe thylene  Trichloroethylene 2-ethyl-1-hexanol 
Temperature 

I n i t i a l  Span 80, 

Span 80 add i t ion ,  

( i n  column), " C  6 4  55-70 54 50-60 50 b8-55 

g / l i t e r  of organic 0.1 0.05-0.5 c. 5 g.2-1.0 2.0 1.0-10 

g j i i t e r  of b r o t h  feed <i.O c1.0 1 . 3 30 
Column h e i g h t ,  c m  180 >loo 180 >50 60 >30 

Organic removal Air f l o w  t o  vacuum A i r  f l o w  t o  vacuum 0.5 l i t e r  per  l i t e r  
f o r  10 m i n  f o r  10 n i i i i  of 50% isopropyl  

alcohor p l u s  502 
3.0 - M NH40!! 
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p a r t  of t h e  washing i s  accomplished by us ing  0.1 t o  0 .5  M NH OH 

s o l u t i o n s .  The t o t a l  w a s h  volumes r e q u i r e d  f o r  slow wash rates are 

t h o s e  necessa ry  t o  d i l u t e  t h e  Nli NO u r e a ,  and JMTA by a f a c t o r  of 
4 3 ’  

about  1000. The minimum t i m e s  r e q u i r e d  f o r  fas t  wash rates are  those  

f o r  mass t r a n s f e r  i n  the g e l  sphe res  wi th  low c o n c e n t r a t i o n s  i n  t h e  

wash s o l u t i o n  around t h e  sphe res  

- 4  

5 .1  T h e o r e t i c a l  Cons ide ra t ions  of Nitrate Removal During Washing 

The minimum t i m e s  and wash volumes are determined by t h e  requireiiierits 

4 3’ f o r  l e a c h i n g  s o l u b l e  c o n s t i t u e n t s  (NH NO u r e a ,  HMTA, and formaldehyde) 

from t h e  g e l .  P h y s i c a l  d i sp lacement  of t h e  o r g a n i c  forming medium and 

a d d i t i o n a l  r e a c t i o n  wi th  NH OH can be  accomplished i n  s h o r t e r  t i m e s  o r  

by smaller wash vol.umes. The NH NO must be removed t o  prevent  c r ack ing  

of the product  du r ing  d ry ing  and c a l c i n i n g ,  and t h e  n i t r a t e  con ten t  of  

t h e  wash e f f l u e n t  c.an b e  determined at. d e s i r e d  i n t e r v a l s  by s i m p l e  

measurements. The re fo re ,  w e  have i n v e s t i g a t e d  t h e  washing of n i t r a t e  

from t h e  g e l  s p h e r e s  and assumed t h a t  n i t r a t e  removal i s  t h e  c o n t r o l l i n g  

requi rement .  

4 

4 3  

The mass - t r ans fe r  c o n s i d e r a t i o n s  f o r  washing t h e  g e l  sphe res  are 

v e r y  s i m i l a r  t o  t h o s e  fo r  s t r i p p i n g  porous i o n  exchange r e s i n s .  R e s u l t s  

f o r   lie more common case of l oad ing  a r e s i n  can a l s o  be a p p l i e d  by 

r ecogn iz ing  t h a t  the d i r e c t i o n  of iiiass t r a n s f e r  and t h e  breakthrough 

curves  are r e v e r s e d ,  and t h a t  t h e  e q u i l i b r i u m  and f eed  c o n c e n t r a t i o n s  

are  zero .  Our u s u a l  washing c o n d i t i o n s  are  based on t h e  u s e  of a 

23-cm-diam, 9- t o  10-cm-long f i x e d  bed. When ve ry  h igh  wash f low rates  

are used,  t h e  ra te  of washing is  c o n t r o l l e d  by t h e  r a t e  of m a s s  t r a n s f e r  
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(diffusion-controlled) inside the gel sphere. When very low wash flow 

rates are used, the gel and the wash liquid are close t o  equilibrium; 

thus the wash volume (or time) required in this case is controlled by 

the equilibrium distribution between the two components. The most 

practical way of avoiding both excessive waste volumes and excessive 

times is to stipulate the use of intermediate flow rates in the wash 

conditions. 

appear to 1 9 , 2 0  Equations and numerical solutions reported by Rosen 

be applicable to the washing of gel spheres in a fixed bed. However, 

such application requires values of the effective diffusion coefficient 

for Nw NO in UO gel and the effective equilibrlum constant in terms 

of the gel/wash liquid concentration ratio at equilibrium. Values were 

measured experimentally by determining nitrate concentrations in solution 

vs time €or three batch mixings of large-coarse gel spheres with N H  OH 

solutions. The concentrations at equilibrium indicate that the equili- 

brium constant is 0.85 in units of (NO 

of wash). This is a reasonable value if the prec.ipitated urania has 

little affinity f o r  nitrate; the washed UO gel is greater than 

98 vol % water. The half-life for approaching the equilibrium concen- 

tration varied from 6 to 7 min, indicating a diffusion coefficient for 

NH,N03 of 0.66 x lo--’ cm /sec. The theoretical traluel’ at infinite 

-5 2 dilution in water is 1.93 x 10 cm /sec. The lower value (by a factor 

of 3 for the gel) appears to be reasonable. Sinc:e these results are 

based on nitrate analyses of the solutions, any nitrate present in the 

gel in a form that washes out at a low or zero rate would not be 

4 3  3 

4 

3 - - 
per cm3 o f  gel/N03 per cm 3 

3 

r 2  
4 
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d e t e c t e d  I An examinat ion of material. ba l ances  and o1.d n i t r a t e  a n a l y s e s  

of washed g e l  shows t h a t  inore than  95% of t h e  n i t r a t e  o r i g i n a l l y  i.n t h e  

g e l  i s  e a s i l y  washed o u t .  

From t h e  above r e s u l t s ,  t h e  minimum wash t i m e s  f o r  ve ry  l a r g e  wnsh 

volunies would be  about  45 and 70 min t o  r educe  t h e  washable n i t r a L e  

c o n t e n t s  by f a c t o r s  of 1.00 and 1000 r e s p e c t i v e l y .  The wash volumes as 

detlermined by u s i n g  r e s u l t s  r e p o r t e d  by Rosen2' and our  s t anda rd  wash 

c o n d i t i o n s  would be  about  Pour and s i x  volumes of wash pe r  volume of  

g e l  t o  g i v e  t h e  same n i t r a t e  r e d u c t i o n s  ( f a c t o r s o f  100 and 1000) .  

t end  t o  r e q u i r e  somewhat h i g h e r  r a t i o s ,  probably as a r e s u l t  of some 

nonuniform f lows through t h e  f i x e d  beds.  S ince  the e q u i l i b r i u m  d i s t r i -  

b u t i o n  i s  f a v o r a b l e ,  t h e  washlge l  volume r a t i o  could be as low as 2 or 

3 when on1.y a moderate number of c o u n t e r c u r r e n t  s t a g e s  are  used .  

We 

5 . 2  Condi t ions  and R e s u l t s  f o r  Washing of Large-Coarse 
and Smal l  -Coax s e Spheres  

Formed sphe res  are g e l l e d  i n  h o t  TCE and co l l ec - t ed  i n  a 23-cm-diam, 

screen-bot tom product  c a t c h e r  capab le  of ho ld ing  about  4 l i t e r s  (bulk 

volume) of s p h e r e s  (%650 g of uranium). Once t h e  product  c a t c h e r  i.s 

f u l l ,  t h e  TCE is  d r a i n e d  through t he  s c r e e n ;  t h i s  i s  followed by a 

few minutes  of a i r  f l o w  t o  vacuum t o  complete  t h e  removal of TCE. 

The product  c a t c h e r  i s  then  t r a n s f e r r e d  t o  a washing r i g  which has  

f o u r  s t a t i o n s  (F ig ,  5 ) .  Each s t a t i o n  c o n s i s t s  o f  a 5 0 - - l i t e r  p l a s t i c  

b o t t l e ,  a h a l l  valve, a s h o r t  l e n g t h  o f  c a p i l l a r y  t u b i n g ,  and a s p i r a l  

rnul t iholed d i s t r i b u t o r .  

a 2 5 0 - l i t e r  tank. 

'The 0.5 - M NH40H wash s o l u t i o n  is  made up i n  

For ty  l i ters  of this s o l u t i o n  are subsequent:l-y pumped 
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Fig .  5 .  C o l l e c t i o n ,  a g i n g ,  and washing of u r a n i a  g e l  sphe res .  
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to each plastic bottle, from which it drains downward and through the 

spheres in the product catcher. Inlet flows are regulated by the 

capillary tubing and the exit flow by overflow weirs to maintain set 

levels in the wash vessel. 

A yellow discoloration, indicative of uranium, is apparent in the 

effluent initially obtained in the washing of small-coarse spheres. 

This discoloration usually disappears after a few minutes of washing. 

However, the discoloration did not disappear for material gelled at 

75°C; at the end of 4 hr, uranium was present at a concentration of 

1500 ppm, as compared to 50 ppm for material gelled at 50°C. 

taken of effluent from the washing of large-coarse spheres show less 

than 1 ppm uranium present at the end of 4 hr, but the concentration 

increases to 50 ppm when the spheres are allowed to stay in the wash 

Samples 

overnight. 

The extent of washing has been monitored as a function of time by 

using a conductivity meter. The conductivity, which is due mainly to 

the presence of nitrate ions, peaks after about 30 min of washing for 

a batch of large-coarse spheres containing a total of 600 g of uranium 

and then declines to the value for pure 0.5 

400 g of uranium of small-coarse spheres, the peak again occurs about 

30 min after washing is initiated and declines to the pure wash value 

within 1 hr. Comparison of the resulting curves with similar curves 

determined by a nitrate-specific ion electrode is shown in Figs. 6 

and 7 for the large-coarse and small-coarse sphere washing respectively. 

The nitrate and conductivity curves exhibit the same behavior as the 

NH40H after 2 hr. For 
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wash proceeds  ( l i t e r s  of wash p e r  l i t e r  of bu lk  g e l  i s  e q u i v a l e n t  t o  

t i m e ) .  Note t h a t ,  as t h e  n i t r a t e .  c o n t e n t  d rops  below 0.01 - M, t h e  

c o n d u c t i v i t y  cu rve  l e v e l s  o f €  a t  t h e  v a l u e  f o r  pure  wash s o l u t i o n ,  

w h i l e  t h e  n i t r a t e  curve c o n t i n u e s  t o  drop  t o  <0.001 I M. Thus, b a t c h e s  

of s p h e r e s  are  typical1.y washed f o r  30 mi-n ( 5  t o  6 l i t e rs  of w a s h )  

beyond t h e  time r e q u i r e d  f o r  t h e  c o n d u c t i v i t y  of t h e  wash e f f l u e n t  t o  

r e a c h  t h a t  of the. pure: wash s o l u t i o n .  

In  r o u t i n e  o p e r n t  i o n s ,  we  have washed the l a r g e - c o a r s e  (1.200-pm-diam) 

sphe res  and t h e  smal l -coarse  (300-l~m-diam) s p h e r e s  w i t h  ten volumes of 

w a s h  p e r  volume of g e l  a t  a f low rate o f  18 l i t e r s / h r .  Once covered 

by  wash s o l u t i o n ,  t h e  smal l -coarse  s p h e r e s  must b e  s t i r r e d  t o  remove 

any t r apped  a i r  so t h a t  channe l ing  of t h e  wash so l -u t ion  i s  avoided. 

Both s i z e s  of sphe res  have an i n i t i a l  tendency t o  f l o a t  on t h e  wash 

s u r f a c e  h u t  are  e a s i l y  submerged f o r  complete c o n t a c t  w i t h  t h e  wash 

so l i i  t i o n .  

5 . 3  Cond i t ions  and R e s u l t s  f o r  Washing of F i n e s  

The washing of fines g e n e r a l l y  p r e s e n t s  more problems t h a n  t h e  

washing of l a r g e r - s i z e  s p h e r e s  because  of d i f f i c u l t i e s  i n  d isp lacement  

of t h e  o r g a n i c  forming medium and nonuniform f l o w s  th rough t h e  f i x e d  

beds. 

r e q u i r e d  f o r  a g i v e n  wash s o l u t i o n  volume as a r e s u l t  of h i g h e r  m a s s -  

t r a n s f e r  rates i n  t h e  g e l .  

These problems are somewhat o f f s e t  by t h e  s h o r t e r  wash t i m e s  

Tn t h e  i n t e r i m  e n g i n e e r i n g - s c a l e  f i n e s  system, i n  which 2EH i s  

used as the p r e f e r r e d  o r g a n i c  forming medium, f i n e s  are c o l l e c t e d  

ba tchwise  and t r a n s f e r r e d  t o  f i l t e r - b o t t o m  c o n t a l n e r s  f o r  subsequent 
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washing, g i v i n g  23-cm-diam, 10--cm-long f i x e d  beds.  Excess 2EH i s  

i n i t i a l l y  removed from t h e  bed by vacuum. 

a l c o h o l  wash t o  d i s p l a c e  r e s i d u a l  2EH is  fol lowed by t h e  p r i n c i p a l  

p a r t  o f  t h e  wash u s i n g  0 .5  M NH OH s o l u t i o n .  

s chedu le  h a s  proved t o  be  s a t i s f a c t o r y  f o r  b a t c h e s  of f i n e s  c o n t a i n i n g  

4 l i t e r s  of b u l k  g e l :  

An i n i t i a l  i s o p r o p y l  

The fo l lowing  wash 
- 4  

Liters wash 
Wash s t e p  p e r  l i t e r  g e l  _....... C o r y  Il.__p____ o s i t  i o n  

1 . 5 50% i s o p r o p y l  al-cohol--50% 1 . 5  M NH OH - 4  1 

2 5.0  0.5  _._ M NH40H 

3 0.3 75% i s o p r o p y l  a l c o h o l  i n  w a t e r  

The bed is  s t i r r e d  f o r  about  1 min upon i n i t i a l  c o n t a c t  w i t h  wash so lu-  

t i o n s  1 and 2 .  Because wash s o l u t i o n  i s  passed through t h e  Fixed bed 

us ing  vacuum, c o n s t a n t  wash rates are  d i f f i c u l t  t o  m a i n i a i n  and t h u s  

va ry  from 1 t o  2 h r  f o r  t h e  o v e r a l l  o p e r a t i o n .  A f i n a l  i s o p r o p y l  

a l c o h o l  r i n s e  ( s t e p  3 )  is  used t o  p a r t i a l l y  d i s p l a c e  w a t e r  from t h e  

s u r f a c e  of t h e  sphe res  w i t h  a more v o l a t i l e  l i q u i d  i n  o r d e r  t o  enhance 

d r y i n g  ra tes  i n  a t r .  

6 .  EFFECTS OF WET AGING AND DRYING PROCEDURES 

While many ge l -sphere  p rocesses  r e q u i r e  c a r e f u l  c o n t r o l  of d ry ing  

c o n d i t i o n s  t h e  i n t e r n a l  g e l a t i o n  c o n d i t i o n s  d e s c r i b e d  i n  the p rev ious  

s e c t i o n s  produce UO sphe res  that: are easy t o  d r y .  The p r o p e r t i e s  of 

t he  d r i e d  g e l  va ry  w i t h  t h e  d ry ing  c o n d i t i o n s ,  b u t  t h e s e  d i f f e r e n c e s  are 

on ly  p a r t i a l l y  unders tood .  Some of  t h e  e f f e c t s  p e r s i s t  through c a l c i n a t i o n  

3 
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and s i n t e r i n g .  Cracking of t h e  s p h e r e s ,  d i s t o r t i o n  i n t o  nonsphe r i ca l  

shapes ,  and c l u s t e r i n g  o r  caking  of sphe res  i n t o  s t r o n g  agglomerates  

a r e  examples of e f f e c t s  t h a t  can remain a f t e r  s i n t e r i n g  and r e s u l t  i n  an 

unacceptab le  product .  Other  e f f e c t s  observed o r  measured i n  t h e  d r i e d  

g e l  have no n o t i c e a b l e  i n f l u e n c e  on t h e  p r o p e r t i e s  of t h e  dense UO 

sphe res .  The d e n s i t y  of t h e  d r i e d  g e l ,  t h e  weight l o s s  du r ing  c a l c i n i n g ,  

and t h e  un i fo rmi ty  and darkness  of  t h e  ge l  c o l o r  can show wide v a r i a t i o n s  

wi thou t  a f f e c t i n g  t h e  dense  UO 

through s i n t e r i n g ,  a s  noted above, o r  t h e  c l u s t e r s  may s e p a r a t e  i n t o  

a c c e p t a b l e  sphe res .  

The w a t e r  i n  t h e  w e t  g e l  is  vapor ized  a t  a r a t e  determined by the 

2 

C l u s t e r i n g  and c rack ing  may p e r s i s t  
2' 

rate a t  which h e a t  i s  s u p p l i e d  fo r  t h i s  ope ra t ion .  For steam-drying, 

t h e  water i s  evapora ted  a t  100°C w i t h  h e a t  t r a n s f e r r e d  Erom an  oven a t  

a h i g h e r  tempera ture  ( u s u a l l y  225 t o  250°C) t o  t h e  g e l  i n  an atmosphere 

of i t s  own vapor .  The i n d i v i d u a l  sphe res  remain a t  100°C f o r  vary ing  

t i m e s  (from a few minutes  f o r  a s m a l l  sample  such as a monolayer t o  

>2ft h r  a t  t h e  c e n t e r  o f  4-liter ba tches ) .  

i s  evapora ted  a t  t h e  w e t  bu lb  tempera ture  o f  a l a r g e  f low of d r y  a i r .  

Th i s  tempera ture  can be as low as 14°C f o r  a i r  supp l i ed  a t  room t e m -  

p e r a t u r e  and as h igh  as  20°C f o r  w a r m  o r  h o t  a i r  a t  60 t o  80°C when t h e  

a i r  is  hea ted  by low-pressure s t e a m  i n  a h e a t  exchanger.  

t empera tures  could be used wi th  steam-drying i n  a vacuum oven o r  w i th  

h ighe r  h o t - a i r  t empera tures  f o r  a i r -d ry ing ,  bu t  n e i t h e r  of t h e s e  has  

been t e s t e d .  

For - a i r -d ry ing ,  t h e  water 

In t e rmed ia t e  

B u r r e l l  and Lee21 pyrolyzed our  g e l  and determined t h e  composi t ions 

of gases  evolved by use  of a m a s s  spec t romete r .  Peaks f o r  w a t e r  e v o l u t i o n  
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w e r p  a s c r i b e d  t o  coord ina ted  waLer a t  about  lOO"C, d e h y d r a r h n  [ U O  (OH) ) 

U 0 3  t- H Q ]  a t  about  ?5OoC, and deromposition of organics 01  s e l f - r e d u c t i o n  

of U ( V T )  a t  about 330°C.  A broad ped.  f u r  mmonia occurred a t  200 f o  

250°C. 

2 2 

2 

6.1. Cracki rig 

Some cccur rences  of c r ack ing  remain unesp la ined  however, f o r  a l l .  

known c a u s e s ,  t h e  amount O F  cracki.ng i n c r e a s e s  g r e a t  y w i t h  d i ame te r .  

The re fo re ,  on1.y cra.rking of t he  l a rge - -coa r se  s p h e r e s  i s  d i s c u s s e d  h e r e .  

:&-en a l l  knovn causes  oLC c r a c k i n g  are  3 v o i d 4 ,  t h e  p r o b a b i l i t y ~  of 

p repa r  Erig a h i g h - q u a l i t y  product good. Siiice t h e r e  were a few cases 

i n  which siiiall amounts o f  c racking  could no t  be  r e a d i l y  expla i i ied ,  however, 

a d d i t i o n a l  informatiion o r  expe r i ence  i s  needed to  determi.ne whether sonie 

causes  remain uiirecogu i.zed. ?'he u s u a l  causes  of c r a c k i n g  i n c l u d e  !:he 

fol lowing:  

1. Inadequate  time i n  h o i  TCE t o  complete g d a t i o n  b e f o r e  washing. 

A holdup of 20 trrin i n  hoc TCE appea r s  t o  be a minimiin reqinirernent. 

Samples of l a rge -coa r se  sphe res  ~ L t i i  c1osel.y controll e d ,  s h o r t  ag ing  

i::i.mes show c r a c k i n g  of a l l  spheres aged f o r  4 inin o r  J.ess and 50% 

c r a c k i n g  of sph2res  aged f o r  8 iriin (F ig .  8 ) .  The ag ing  t i m e  fo-c  

ba+,ch washing i s  milch less  t h a n  t h e  wash i:iine and i.s accomplished 

hout any a d d i t i o n a l  p r o c e s s  complexi-ty . For con t inuous  washihg , 

this t h e  r e q u i r e s  an  a d d i . t i o n a l  hol.dup vessel located bc?tweeri tL7e 

g e l a t  i on  C O ~ U I I ~ T I  and t h e  wash system. 

2. I n s u f f i c i e n t  .washing wt;h NHLOH. Washing reqi.tirements are d i s c u s s e d  

in S e c t .  5. 'The wash/gd Volll i i lE i-acio,  t he  uni . fur rn i ty  of washing, 

o r  the tirnr m a y  be  inadequa tc .  
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( C )  16-min AGING 
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8-min  AGING 

( d )  STANDARD PROCEDURES 

Fig .  8. Dr ied  g e l  s p h e r e s  w i t h  ag ing  t i m e s  i n  h o t  TCE as a 

v a r i a b l e .  
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3. Rewetting d r y  g e l  by l i q u i d  water. Th i s  e f f e c t  i s  v a r i a b l e  w i t h  

h igh  f r a c t i o n s  of  c racked  s p h e r e s  f o r  some cases and less t h a n  2% 

f o r  o t h e r s .  When l a r g e  b a t c h e s  of  s p h e r e s  are steam-dried i n  an 

oven, t h e  steam produced a t  t h e  s u r f a c e  l a y e r  may be condensed by 

co ld  g e l  i n  t h e  i n t e r i o r  of  t h e  b a t c h  and t h e n  d r a i n e d  back i n t o  

t h e  d r i e d  g e l .  

Upsets i n  f e e d  f low which g i v e  h igh  o r  low m A / U  r a t i o s  d u r i n g  

g e l a t  i o n .  

4 .  

5. 

6 .  

Excessive ag ing  which a l s o  produces d i s t o r t i o n  of t h e  g e l  s p h e r e s .  

Drying by 80°C a i r  fo l lowed by exposure  t o  room a i r .  The s p h e r e s  

could  be  observed  t o  "pop" o r  s h a t t e r  over  a p e r i o d  of several 

hour s .  T h i s  t ype  of c r a c k i n g  w a s  e l i m i n a t e d  by comple t ing  t h e  

d r y i n g  t o  225OC i n  an oven wi thou t  c o o l i n g  o r  exposure  t o  room 

a i r .  

7. Contac t  of w e t  g e l  s p h e r e s  w i t h  t h e  t r a y  used t o  c o n t a i n  t h e  

s p h e r e s  d u r i n g  d ry ing .  The s p h e r e s  touching  t h e  t r a y  showed a 

h igh  f r a c t i o n  of c r a c k i n g ,  w h i l e  t h e  bu lk  of t h e  s p h e r e s  d i d  n o t .  

Monolayers of  sphe res  showed much less ev idence  of c r a c k i n g  than  

t h e  s u r f a c e  l a y e r .  It appea r s  t h a t  a l a r g e  t empera tu re  g r a d i e n t  

o r  h e a t  f l u x  through t h e  g e l  sphe re  may cause  t h e  c rack ing ,  w h i l e  

a more r a p i d  t empera tu re  r i s e  wi thou t  a h i g h  h e a t  f l u x  has  no 

e f f e c t .  

8. Mechanical damage by s t i r r i n g ,  v i o l e n t  impacts ,  o r  l a r g e  p r e s s u r e  

d rops .  Such damage i s  p o s s i b l e  b u t  t h u s  f a r  has  n o t  been s i g n i -  

f i c a n t  as a cause  of c r ack ing .  I n s t e a d ,  t h e  damage t a k e s  t h e  form 
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very- temperature-  dependenL. The changp occur s  i n  ICE,  in i h c  

NH40H wash, i n  g c l  draiJit3d of wash s o l u t i o n ,  o r  i n  w e t  g.c.1 i n  a i r  a t  15 

t o  30°C o r  i n  s t ~ ~ . ? n i  a t  100°C. Up t o  24 h r  a i  LUOII~ te.ripe-rature or  4 h r  at 

100°C appea r s  t o  be nc rep tdb le  i ~ z  tile large-coarss sphe res  and OUT p r e -  

f e r r e d  g e l a t i o n  c o n d i t i o n s .  TripIiLig these aging  t i m e s  i s  l i k e l y  t o  produce 

s i g n i f i c a n t  d i s t o r t i o n ,  w h i l p  ttlt. r e su l t s  f o r  i n t e r ~ n e d i a i ~  L i m e s  a r e  

u n p r e d i c t a b l e  Ttie sma l l  coarse spherps  a r 13 much 1 ess s e n s i t i v c  io 

ag i i iq .  F ines  preparcd  w i  L i i  some dehydra t ion  i n  7k:H have never shown 

any ev idence  o f  this d i s t o r t i o n .  

6 .  ’3 Clusi P F  hf: and Caking 

C l u s t e r i n g  and cak iug  a r e  problems o h s i ~ r v e J  only f o r  Lhc fine 

s p h e r c s ;  i n  f a c t ,  they  arc th?  r o n i r o l l i n g  f a c t o r s  5 7 i : h  r e s p e c t  t o  

s e l e c t i o n  of L r l o w s l i ~ ~ t  c o n d i t i o n s  f o r  I ilies. The f i n e  s p h ~ r e s ,  wi th  

tiicir wide range o f  si~cs, pr-otabl y e x h i b i i  more c l u s t e r i n g  and cakj,g 

than  would occur  in a uni-form-size product  of t h e  same average  d iameter .  

The re fo re ,  a coni-er ted e f f o r t  t o  achi.eve b e t t e r  un i fo rmt ty  i.n f i .nes  

p r e p a r a t i o n  of s i . z e  would be recommended. T h e  changes w i t h  ag ing  t h a t  

promote shape  d i s t o r t i o n  i n  l a r g e r  spheres ( S e c t .  6 . 1 )  a l s o  g i v e  a 

so f t ened  sur face  that  tends t o  cake ,  b u t  d i s tor t i -or i s  of t h e s e  l a r g e r  

spheres become ~ ? x ( : ( ~ s s  i.ve b e f o r e  e x t e n s i v e  caking  occur s .  

Three flowshec:. ~ : o ~ I d i ~ t i . o ~ i s  are  impo!rtartt t o  minimize ftl-ie c J .us t s r ing  

and cakin,q of  f i n e s .  These cori.diti.ons invo lve  e a r l i e r  s t e p s  of the 

gelatio-ci  (and have been di.si:clssed p r e v i o u s l y )  ; however, t h e i r  e f f e c t s  

do n o t  become obv ious  until. .  ~l-re gel sphe res  are d r i ~ e d .  Ther’eFore, they 

are I . i s t r d  a g a i n  below. 
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1. The s u r f a c e  of t h e  g e l  s p h e r e  should be  dehydra ted  t o  harden  t h e  

g e l  and make it  less s t i c k y .  Formation i n  2EH t h a t  i s  n o t  s a t u r a t e d  

w i t h  w a t e r  is p r e f e r r e d .  TCE can  p rov ide  some removal o f  w a t e r ,  b u t  

hydrocarbons o r  o t h e r  o r g a n i c  l i q u i d s  w i t h  l o w  water s o l u b i l i t i e s  

and h i g h e r  b o i l i n g  p a i n t s  canno t .  Dehydration as a s e p a r a t e  p rocess  

o p e r a t i o n  t h a t  o c c u r s  a f t e r  g e l a t i o n  has  been used e l sewhere ,  b u t  

i t  appea r s  t o  b e  a n  unnecessary  p r o c e s s  complexi ty .  

G e l a t i o n  should  t a k e  p l a c e  a t  48 t o  55'C t o  p rov ide  the optimum g e l  

p r o p e r t i e s .  Heat t r a n s f e r  f o r  t h e  f i n e s  s p h e r e s  i s  so r a p i d  t h a t  

2. 

t h e  o r g a n i c  t empera tu re  in t h e  column i s  t h e  g e l a t i o n  t empera tu re .  

(The i n l e t  o r g a n i c  t empera tu re  must b e  h i g h e r  t o  compensate f o r  t h e  

h e a t  t r a n s f e r  t o  t h e  co ld  d r o p l e t s  and t o  t h e  s u r r o u n d i n g s . )  Below 

48"C,  decomposition of  t h e  NPlTA i s  n o t  r a p i d  o r  s u f f i c i e n t l y  complete.  

Temperatures above 55°C t end  t o  g i v e  g e l  p r o p e r t i e s  which a l l o w  

s o f t e n i n g  i n  t h e  NH OH wash. 4 

3. Nonuniform washing r e s u l t i n g  from pocke t s  of o r g a n i c  forming l i q u i d  

o r  from channe l ing  of wash l i q u i d  r e s u l t s  i n  cak ing  of t h e  poor ly  

washed g e l .  

The ag ing  changes t h a t  r e s u l t  i n  shape d i s t o r t i o n s  f o r  t h e  l a r g e r  

s p h e r e s  (Sec t .  6 .1 )  appea r  t o  c o n t r i b u t e  t o  caking  of f ines .  The f i r s t  

two f lowshee t  c o n d i t i o n s  l i s t e d  above are much more impor t an t .  However, 

gel. f i n e s  formed i n  TCE are less dehydra ted  t h a n  those formed in 2EH 

and must b e  d r i e d  by a i r  f low,  w h i l e  t h o s e  formed i n  2EH may b e  d r i e d  

e i t h e r  by air  f l o w  o r  i n  s t e a m  a t  1 0 0 ° C .  
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6 . 4  Densi ty  of Dried G e l  

T h e  d e n s i t i e s  of t h e  g e l  sphe res  show large v a r i a t i o n s  (dependent 

on t h e  d r y i n g  c o n d i t i o n s ) ,  bu t  t h e  d e n s i t i e s  of t h e  s i n t e r e d  UO s1tow 

l i t t l e  o r  no dependence on t h e  g e l  d e n s i t i e s .  The v a l u e s  r c p o r t e d  h e r e  

are  bu lk  dens i t : i es  measured when t h e  g e l  sphe res  w e r ~  poured i n t o  a 

c o n t a i n e r .  The g e l  sphe res  u s u a l l y  c o n t a i n  about  38 v o l  % v o i d s ;  t h u s  

2 

t h e  t r u e  g e l  d e n s i t i e s  are  about  (I - 0.38)-', o r  1 . 6 1  times these bulk 

d e n s i t i e s .  

Steam-dryihg wi th  t h e  g e l  h e l d  at a tempera ture  o f  100°C dur ing  

3 v a p o r i z a t i o n  of water g i v e s  d e n s i t i e s  of 0 .7  i o  2 . 0  g/cm . Air-drying 

w i t h  t h e  g e l  at: 14 t o  20°C d u r i n g  v a p o r i z a t i o n  of water g i v e s  d e n s i t i e s  

5 
of 1 . 3  t o  1 . 6  g/cm , i f  c l r y h g  is  completed wi thou t  excess ive  g e l  ag ing .  

Large b a t c h e s  of f i n e s  f r e q u e n t l y  r e q u i r e d  e i t h e r  l e n g t h y  d r y i n g  p e r i o d s  

(>72 h r )  o r  t r a n s f e r  of t h e  p a r t i a l l y  dr:i.ed g e l  t o  an  oven t o  steam-dry 

f o r  removal of the  f i n a l  10% of t h e  water. These f i n e s  showed i n t e r m e d i a t e  

d e n s i t i e s .  It seems probab1.e t h a t  t h e  s a m e  ag ing  e f f e c t s  t h a t  r e s u l t  i n  

d i s t o r t i o n s  of t h e  d r i e d  g e l  particles (Sec t .  6.1) aJ.so r educe  the 

d e n s i . t i e s  of t h e  products .  I f  t h i s  i s  t r u e ,  t h e  t e m p e r a t u r e s  and times 

are. impor t an t ,  wh i l e  t h e  atmosphere of steam as compared will l i  a i r  i s  n o t .  

The r e s u l t s  in Table  4 are t y p i c a l  f o r  our f lowshee t  c o n d i t i o n s ,  h u t  may 

n o t  be r e p r e s e n t a t i v e  of t hose  ob ta ined  when u s i n g  ge l  a t i o n  c o n d i t i o n s  

t h a t  would g i v e  d i f f e r e n t  g e l  p r o p e r t i e s .  

6 .5  Other  C h a r a c t e r i s t i c s  of Dried G e l  

'The maximum tempera ture  du r ing  d ry ing  de termines  (1) the co lor  of 

t h e  d r i e d  g e l  and ( 2 )  t h e  remaining v o l a t i l e s  o r  weight. l.oss d u r i n g  
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c a l c i n i n g .  V a r i a t i o n s  i n  t h e s e  two g e l  p r o p e r t i e s  do n o t  seem t o  

a f f e c t  t h e  proper t i -es  of t h e  s i n t e r e d  UO sphe res .  The c o l o r  of t h e  

d r i e d  UO ge l  varies from a n  opaque l i g h t  o r  medium yeJ.1.o~ below 100°C 

t o  an  opaque medium orange  a t  250°C. 

t h e  d r i e d  g e l  sphe res  are never  g l a s s y  o r  t r a n s l u s c e n t ,  and t h e y  are never  

r e d  i n  c o l o r .  

2 

3 

For o u r  i n t e r n a l  ge l - a t ion  f l o w s h e e t s ,  

Some of t h e  g e l  sphe res  t h a t  have been dr:i.ed a t  tempera tures  above 

200°C e x h i b i t  va ry ing  d a r k  shades  ove r  o r  w i t h  t h e  c o l o r  o f  t h e  UO 

These a re  be l i eved  t o  be traces of decomposi t ion p roduc t s  of Span SO or 

o t h e r  o r g a n i c  materials. The sphe res  from a few bate-hes of f i n e s  are 

d a r k  gray  o r  a lmost  b l a c k  i n  bu lk  b u t  appear  t o  be ye l lowish-b lack  when 

exaiiiiaed mic roscop ica l ly .  When ba tches  of f lines are air-c1ri.ed and then 

hea ted  i n  an  oven t o  225-25OoC, t h e  sphe res  n e a r  t h e  s u r f a c e  of t h e  b a t c h  

are  commonly orange ,  wh i l e  t h o s e  a t  t h e  c e n t e r  are  d a r k  g ray .  Large 

sphe res  may show s p o t s  o r  semicircles on t h e  s u r f a c e ,  w i th  c o l o r s  va ry ing  

from b l a c k  t o  gray  t o  da rk  brown o r  pu rp le .  These c o l o r  v a r i a t i o n s  do 

noL seem t o  a f f e c t  t h e  s i n t e r i n g  behavior  o r  t h e  p r o p e r t i e s  of t h e  

product  UO s p h e r e s .  

g e l .  
3 

2 

The wet, washed g e l  c o n t a i n s  about  3 g of vel-atile iiiaterial per  gram 

of U 0 3 ,  where t h e  v o l a t i l e  material i s  most ly  water, s m a l l  amounts of 

ammonia and n i t r a t e ,  and traces of o t h e r  materials.  A f t e r  952 o f  the 

v o l a t i l e s  have been removed, l e a v i n g  about: 15  w t  % v o l a t i l e s  i n  t h e  

g e l ,  t h e  g e l  h a s  a d r y  appearance and t h e  imp0rtan.t p r o p e r t i e s  have 

been f i x e d .  Continued d r y i n g  t o  225-250°C i n c r e a s e s  t h e  removal o f  

v o l a t i l e s  t o  98-99% and g i v e s  t h e  c o l o r  changes and v a r i a t i o n s  previousl-y 
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d e s c r i b e d .  Exposure of t h i s  d r i e d  g e l  t o  room a i r  r e su l t s  i n  weight 

g a i n s  t h a t  can  be  as l a r g e  as 1 t o  2 w t  $;: f o r  f . ines .  These changes 

and v a r i a t i o n s  do n o t  s e e m  t o  a f f e c t  t h e  p r o p e r t i e s  of t h e  f i n a l  

s i n t e r e d  product .  

6.6 Drying v i a  Microwave Heat ing  

T e s t s  w i t h  microwave h e a t i n g  of t h e  washed UO g e l  w e r e  made w i t h  3 

a home-kitchen type  of oven. Drying of samples i n  Pyrex d i s h e s  w a s  

r a p i d  and r e l a t i v e l y  uniform as t h e  moi s tu re  c o n t e n t  decreased  from 

3 g of water t o  about  0 .2  g of water pe r  gram of UO When exposure  

t o  microwave energy  w a s  con t inued ,  a h o t  s p o t  would develop and grow 

u n t i l  a 1- t o  3-cm-diam area w a s  glowing b r i g h t l y .  Th i s  area would 

r each  a s t e a d y - s t a t e  s i z e  wi thou t  any change i n  t h e  remaining UO 

A d d i t i o n a l  tests have shown t h a t  t h e  coup l ing  w i t h  t h e  microwave energy  

a p p e a r s  t o  r e q u i r e  reduced va lences  oE uranium. S e v e r a l  d i f f e r e n t  samples  

of d r y  UO d i d  n o t  show any s i g n i f i c a n t  h e a t i n g  when exposed i n  t h e  micro- 

wave oven. A l l  of t h e  U 0 2  and U 0 samples  h e a t e d  s t r o n g l y .  The hydra ted  

g e l  samples f i r s t  t e s t e d  a p p a r e n t l y  underwent s m a l l  amounts of r e d u c t i o n  

from traces of ammonia and o r g a n i c  materials remaining i n  t h e  g e l  a f t e r  

washing. Once o v e r h e a t i n g  began, U ( V 1 )  w a s  conver ted  i n t o  U 0 u n t i l  

a l l  t h e  microwave energy  w a s  be ing  t ransformed i n t o  h e a t  and r a d i a t e d  

a t  a s t e a d y - s t a t e  t empera tu re .  

u r a n i a  show f u s i o n  ( t empera tu res  >22OO0C:)  i n  a 600-W, home-kitchen 

type  of microwave oven. These r e s u l t s ,  a l t hough  unexpec ted ,  may b e  

u s e f u l  f o r  o t h e r  a p p l i c a t i o n s .  A r e s u l t  t h a t  i l l u s t r a t e s  t h i s  effect 

occur red  when a 10.3-g sample  of UO 

3' 

3' 

3 

3 8  

3 8  

Tests w i t h  w e l l - i n s u l a t e d  samples  of 

s p h e r e s  w a s  p laced  i n  a c y l i n d r i c a l  2 



c a v i t y  i n  a s m a l l  cube c u t  f r o m  a z i r c o n i a  b r i c k .  The cube w a s  c e n t e r e d  

i n  a 600-ml Pyrex beaker f i l l e d  w i - t h  bubble  Z r O  i n s u l a t i o n .  A f t e r  

15 min (0.15 kWhr) of microwave exposure,  about  one - th i rd  of t h e  U 0 3  

sphe res  had fused  i n t o  a chunk, and some of t h e  bubble  z i r c o n i a  i n s u l a t i o n  

was s in i -e red  t o  t h e  z i r c o n i a  cube. 

2 

- 

6 .7  Ca lc in ing  and S i n t e r i n g  

Ca lc in ing  and s i n t e r i n g  c o n d i t i o n s  and r e s u l t s  have n o t  y e t  been 

r e p o r t e d  i n  t h e  open l i t e r a t u r e ,  bu t  t h e  p r e f e r r e d  c o n d i t i o n s  and t y p i c a l  

22 r e s u l t s  are b r i e f l y  d e s c r i b e d  h e r c .  

One product  c a t c h e r  f u l l  of d r i e d  sphe res  ( g e l  we igh t ,  V300 t o  

900 g) is  loaded i n t o  a s t a i n l e s s  s t ee l  t r a y  t o  a dep th  of about  1 i n .  

A s  many as t e n  of t h e s e  t r a y s  are then  hea ted  under f l~owing argon--4% 

hydrogen a t  lOO"C/h-r t o  450°C f o r  1 h r .  T h i s  process e l i m i n a t e s  most 

of t h e  r e s i d u a l  water, ammonium sal ts ,  and o r g a n i c s ,  w i thou t  any s i g n i -  

f i c a n t  p a r t i c l e  sh r inkage  o r  r e d u c t i o n .  The part . i .cles are then removed 

from t h e  p r o t e c t i v e  atmosphere and loaded i n t o  molybdenum t r a y s ,  a g a i n  

t o  a dep th  of about. 1. i n . ,  and s i -n t e red  under  pure hydrogen i n  a cold-  

wal l -des ign ,  tungsten-element  fu rnace .  They are hea ted  r a p i d l y  ( 3  h r )  

t o  1600°C and he ld  f o r  4 h r ;  t hen  they  a re  coal.ed a t  t h e  n a t u r a l  fu rnace  

cooldown ra te  (Q3 h r ) .  This s t e p  comple te ly  e l i m i n a t e s  t h e  v o l a t i l e  

s p e c i e s ,  r educes  t h e  UO 

d e n s i t y  product .  

t o  U02, and s i n t e r s  t h e  p a r t i c l e s  t o  a high- 3 

S e v e r a l  k i logram-s ize  b a t c h e s  o f  UO of t h e  t h r e e  s t a n d a r d  s i z e s  2 

(i.e., l a rge -coa r se ,  smal l -coarse ,  and f i n e s )  were prepared  by i n t e r n a l  

gelat- ion and c h a r a c t e r i z e d  i n  dep th .  Each b a t c h  of product  sphe res  
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e x h i b i t s  chemical  composi t ions  and impur i ty  c o n t e n t s  w e l l  ~ i t h i ~ i  t h e  

ASTM/ANSI s p e c i f i c a t i o n  for  s- intered UO p e l l e t s ,  excep t  f o r  gas  release 

and moi-s ture  c o n t e n t .  The l a t t e r  parameters  are expected t o  be  h i g h e r  

2 

f o r  s p h e r e s  t h a n  f o r  p e l l e t s  due t o  t h e  g r e a t e r  s u r f a c e  area of t h e  

sphe res .  Before  t h e  s p h e r e s  are loaded  i n t o  r o d s ,  however, a s imple  

low-temperature vacuum o u t g a s s i n g  s t e p  w i l l  d e c r e a s e  t h e  moi s tu re  and 

gas  levels s u f f i c i e n t l y  t o  m e e t  s p e c i f i c a t i o n s .  

Typ ica l  r e s u l t s  of t h e  chemical  c h a r a c t e r i z a t i o n  of  t h e  UO ba tches  2 

are as fo l lows :  

Uranium 
Oxygen/uranium r a t i o  
Dens i ty  
Carbon 
Metallic i m p u r i t i e s  

Chlorine, f l u a r i n e  
Gas release a t  1600°C 

Mois ture  c o n t e n t  

88.2 w t  x 
1.98 t o  2.00 
99+% of t h e o r e t i c a l .  
4 t o  7 ppm, by weight  
<100 ppm t o t a l ;  
<10 ppm i n d i v i d u a l  
<5 ppm each 
<0.085 c m 3  pe r  gram 

- c0.004 w t  % 

- 
- 
I 

I 

of uranium 

7. SUMMARY AND CONCLUSIONS 

Improvements and m o d i f i c a t i o n s  t o  t h e  p r e v i o u s l y  e s t a b l i s h e d  flow- 

s h e e t  c o n d i t i o n s  f o r  i n t e r n a l  g e l a t i o n  were developed and a p p l i e d  a t  

ORNL t o  p r e p a r e  dense  U 0 2  s p h e r e s  w i t h  average  d i ame te r s  of 1200, 300, 

and 30 gm. The ge l -sphere  p r o c e s s e s  g e n e r a l l y  r e q u i r e  c l o s e  d u p l i c a t i o n  

of p r o c e s s  c o n d i t i o n s  o r  " r e c i p e s  

Details of t h e  chemical  f l owshee t  c o n d i t i o n s  were sei-ected, i n  p a r t ,  

t o  c o n t r o l  t h r e e  problems a s s o c i a t e d  w i t h  t h e  i n t e r n a l  g e l a t i o n  p rocess :  

(1) t h e  f eed  s o l u t i o n  o r  b ro th  is t empera tu re - sens i t i ve  and must be 
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mixed a t  tempera tures  around 0 ° C  t o  prevent  premature g e l a t i o n ;  

( 2 )  p a r t i a l l y  d e n i t r a t e d  o r  a c i d - d c r i c i e n t  metal n i t r a t e  f e e d  s o l u t i o n s  

of h igh  metal c o n c e n t r a t i o n  are r e q u i r e d  t o  produce good g e l a t i o n  

behav io r ;  and (3) g e l a t i o n  t a k e s  p l a c e  i n  a wax-m, o r  h o t ,  o r g a n i c  

l i q u i d  which m u s t  be  removed from t h e  s p h e r e s  and r ecyc led .  

The AUUN s o l u t i o n s  a re  three-component systems which may be rep-  

r e s e n t e d  as rnixtures  of U 0 3 ,  HN03,  and M 2 0 .  

phase,  t h e  ADUN s o l u t i o n s  have t w o  deg rees  of freedom i n  a d d i t i o n  t o  

tempera ture  and p r e s s u r e .  W e  USP the molar c o n c e n t r a t i o n  of uranium 

and t h e  NO /U mole r a e j o  as t w o  convenient  v a r i a b l e s  t o  s p e c i f y  t h e  

composi t ion of a n  ADUN s o l u t i o n .  I n  normal o p e r a t i o n s ,  moni tor ing  

t h e  densiLy and t h e  pH can p rov ide  a convenient  means of p rocess  

I n  t h e  absence  o r  a s o l i d  

I 

3 

c o n t r o l .  For d e n s i t i e s  i n  grams pe r  c u b i c  centi-meter and c o n c e n t r a t i o n s  

i n  mol.ari.ti.es t h e  r e l - a t i o n s h i p s  are d e f i n e d  as : 

p(ADUN) _I p(H20)  -I- 0.2659 U + 0 .0282(N03)  . (15) 

For  NO -/U mole r a t i o s  of 1 .5  t o  1 . 7 ,  the  r e l a t i o n s h i p  can b e  approxi -  

mated by: 

3 

U 3 . 2 2  [P(ADUN) - p(H20)]  . (16) 

The NO -/U mole r a t i o s  are es t ima ted  from pH measurements by use of a 

g r a p h i c a l  c o r r e l a t i o n .  The ADIJN s o l u t i o n s  f o r  g e l a t i o n  feed w e r e  

p repared  by d i s s o l u t i o n  of U 0 o r  TJO S o l u t i o n s  w i t h  a uranium con- 

c e n t r a t i o n  of about  3 . 5  M and a NO -/U r a t i o  of 1 . 6  were c o n s i s t e n t l y  3 

prepared  by u s e  of  excess  uranium ox ides  at the optimum tempera ture  

3 

3 8  3 '  

- 
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and n i t r a t e  c o n c e n t r a t i o n .  

i n t e r m e d i a t e  n i t r a t e  c o n c e n t r a t i o n s  and i n t e r m e d i a t e  t empera tu res . )  

(Uranium h a s  a maximum s o l u b i l i t y  a t  bo th  

The rate of g e l a t i o n  and t h e  g e l  p r o p e r t i e s  depend on t h e  g e l a t i o n  

c o n d i t i o n s .  For t h e  l a rge -coa r se  (0.4-cm-diaml d r o p l e t s ,  t h e  g e l a t i o n  

t i m e s  are approximate ly  t h e  s a m e  as t h e  t i m e s  c a l c u l a t e d  f o r  h e a t  

t r a n s f e r  from t h e  o r g a n i c  l i q u l d s  t o  t h e  d r o p l e t s .  In t h e  case of 

f i n e s ,  t h e  t i m e s  c a l c u l a t e d  f o r  h e a t  t r a n s f e r  are 0 .1  sec o r  less, and 

t h e  g e l a t i o n  t i m e s  are probably c o n t r o l l e d  by t h e  r e a c t i o n s  of JdMTh. 

The b e s t  i n t e r n a l  g e l a t i o n  r e s u l t s  are f o r  HMTA/NO 

0.75 -t- 0.15, i n  which n i t r a t e  p r e n e u t r a l i z e d  by a d d i t i o n  of NH OH i s  

n o t  i nc luded .  

- 
mole r a t i o s  of 

3 

4 - 

Only a narrow range  of g e l a t i o n  c o n d i t i o n s  has  been t e s t e d ,  and 

t h e  p r a c t i c a l  c o n d i t i o n s  f o r  p r e p a r a t i o n  of good-quality g e l  sphe res  

are even more l i m i t e d .  Some g e l  p r o p e r t i e s  r e s u l t  i n  d e l e t e r i o u s  

changes ( c r a c k i n g ,  d i s t o r t i o n ,  e t c . )  d u r i n g  washing, d r y i n g ,  c a l c i n i n g ,  

o r  s i n t e r i n g .  P r e c i p i t a t i o n  i n  ADUN s o l u t i o n s  by ammonia i s  r e p o r t e d  

t o  produce compounds of t h e  a p p a r e n t  composition UO *xNH3'(2-x)H20. 

For our  i n t e r n a l  g e l a t i o n  c o n d i t i o n s ,  x i s  probably  nea r  ze ro  du r ing  

g e l a t i o n  b u t  should i n c r e a s e ,  w i t h  one - th i rd  as a maximum d u r i n g  

washing w i t h  NH OH s o l u t i o n s .  Urea i s  added t o  t h e  ADUN t o  p reven t  

premature  p r e c i p i t a t i o n  of uranium. For cont inuous  mixing of s o l u t i o n s ,  

t h e  uranium and HMTA c o n c e n t r a t i o n s  must be  n e a r  t h e  s o l u b i l i t y  l i m i t s  

3 

4 

t o  g i v e  t h e  d e s i r e d  mixed c o n c e n t r a t i o n s .  

The e f f e c t  of t empera tu re  on g e l a t i o n  i s  based on t h e  d r o p l e t  

t empera tu re  d u r i n g  g e l a t i o n .  The g e l a t i o n  r a t e s  become i n c o n v e n i e n t l y  
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slow f o r  a ge l - a t ion  column at t empera tures  below 50°C, b u t  50°C w i l l  

g i v e  good g e l  p r o p e r t i e s .  A t  7 0 ° C  o r  h i g h e r ,  t h e  c h a r a c t e r i s t i c s  of 

t h e  g e l  are  less d e s i r a b l e .  The re fo re ,  t h e  p r e f e r r e d  o rgan ic - l iqu id  

tempera tures  i n c r e a s e  from 50 t o  55°C f o r  f i n e s ,  where b e a t  t r a n s f e r  

i s  r a p i d ,  t o  about  6 5 O C  for l a rge -coa r se  d r o p l e t s .  

Dehydrat ion o f  t h e  g e l  s u r f a c e  by the o r g a n i c  l iqi-i id i s  i m p o r l x i t  

f o r  t h e  p r e p a r a t i o n  of f i n e s  and a lso appears  t o  be  d e s i r a b l e  f o r  l a r g e r -  

s i z e  p roduc t ;  however, i t  can confuse  t h e  pr imary e f f e c t  of g e l a t i o n  

tempera ture .  The p r e f e r r e d  forming o r g a n i c  medium f o r  f i n e s  i s  2EH, 

because  i t  provides  more dehydrati .on of t h e  g e l  s u r f a c e  than  does TCE. 

The h igh  d e n s i t y  and h i g h e r  i n t e r f a c i a l  t e n s i o n  of TCE are necessa ry  

. t i : )  keep t h e  0.4-ciii d r o p l e t s  s p h e r i c a l  du r ing  g e l a t l o n .  The 0 - 1-cm 

d r o p l e t s  can be  g e l l e d  i n  e i t h e r  2EH o r  TCE, bu t  'TCE al-lows easier 

s e p a r a t i o n  and washing. 

The minirrium wash tihies and volumes are determined by t h e  r e q u i r e -  

ments f o r  l e a c h i n g  s o l u b l e  c o n s t i t u e n t s  from t h e  g e l .  Empirical-ly 

determined wash procedures  arid measurements f o r  removal of NH,NO 

from t h e  g e l  a g r e e  w i t h  l i t e r a t u r e  models and c a l c u l a t i o n s  f o r  

s t r i p p i n g  i.on exchange i res ins .  

. 3  

Wet aging  and d ry ing  e f f e c t s  are  complex and on ly  partly under- 

s t o o d ,  bu t  many v a r i a t i o n s  i n  t h e  d r i e d  gel. do n o t  r e s u l t  i n  any 

d i f f e r e n c e s  i n  t h e  s i n t e r e d  UO sphe res .  2 
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