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ENGINEERING DEVELOPMENT OF SOL-GEL PROCESSES 
AT THE OAK RIDGE NATIONAL LABORATORY 

. 

P. A .  Haas, C. C. Haws, Jr., F. G. Kitts, and A. D. Ryon 

ABSTRACT 

The development and application of equipment for sol-gel 
processes at the Oak Ridge National Laboratory are described. ' 

This report, along with associated reports on the development 
of chemical flowsheets,' on the irradiation and evaluation of 
products,2 and on fabrication costs,3 comprise a review of 
sol-gel studies at ORNL. Aqueous s o l s  of thoria, urania, 
plutonia,or their mixtures were prepared by hydrothermal 
denitration, in precipitation-washing equipment, or in 
continuous solvent extraction apparatus. S o l  drops were 
converted to gel spheres by extraction of water, or gel 
fragments were formed by evaporation of water. The gel 
particles were fired to give products of the desired densities 
and compositions. 5 

SUMMARY 

Thoria s o l s  are prepared by steam denitration in a rotating 

stainless steel drum that is heated to 500°C. 

promising for large-scale operation. An alternative preparation of 
Th02-U0, s o l s  by solvent extraction, at rates up to 1 kg of oxide 

per hour, was demonstrated in continuous-flow equipment. In this 

method, an aqueous solution of thorium and uranyl nitrates is contacted 

with an organic phase consisting of a long-chain secondary amine 

(Amberlite LA-2) dissolved in a paraffin-fype diluent. 

accomplished by cocurrent flow through three mixer-settler stages; 

about 30% excess amine is used for the nitrate extraction. 
phase leaving the first stage is digested at 100°C for 10 min. This forms 

the s o l  and releases more nitrate, which is extracted in the subsequent 

stages to produce a NO3-/meta1 ratio of about 0.1. The amine is 

regenerated with Na2C03 in a mixer-settler and thus can be recycled. 

Fluidized beds appear 

Denitration is 

The aqueous 
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Cont ro l l ed  mixing i n  a l l  s t a g e s  produces w a t e r - i n - o i l  type  d i s p e r s i o n s  

t h a t  s e r v e  t o  prevent  emulsions.  

concen t r a t ed  t o  1 . 5  by evapora t ion  i n  a f o r c e d - c i r c u l a t i o n  v e r t i c a l -  

tube evapora to r .  

Typ ica l  ba t ches  of s o l  were 

The product ion  of pure u ran ia  so l s  r e q u i r e s  U ( I V )  s o l u t i o n s  a s  t h e  

s t a r t i n g  m a t e r i a l s .  

r e d u c t i o n  of U02(N03)2  w i th  hydrogen a t  300 p s i .  

by us ing  s e v e r a l  p r e c i p i t a t i o n - w a s h i n g - p e p t i z a t i o n  f lowshee t s .  Most 

of t h e  U 0 2  so ls  were prepared by a ba t ch  method t h a t  y i e l d e d  up t o  2 

kg lba tch .  

3 kg of uranium per day was a l s o  ope ra t ed .  

We produced U ( 1 V )  by c a t a l y t i c  aqueous-phase 

U 0 2  so l s  were prepared  

Continuous-method equipment t h a t  was des igned  t o  produce 

P l u t o n i a  so ls  were prepared  from P U ( N O ~ ) ~  s o l u t i o n  by a ba t ch  

p r e c i p i t a t i o n - p e p t i z a t i o n  method. 

These s o l s  were d i s p e r s e d  i n  2-ethyl-1-hexanol ( 2 E H )  and then  

conver ted  t o  g e l  sphe res  by e x t r a c t i o n  of wa te r .  To keep t h e  s o l  

drops  and g e l  sphe res  f l u i d i z e d  wi thout  coa lescence ,  c l u s t e r i n g ,  o r  

d e p o s i t i o n  on t h e  v e s s e l  w a l l s ,  s u r f a c t a n t s  were added t o  t h e  2EH. 

Opera t ion  was s a t i s f a c t o r y  over six-month pe r iods  f o r  Tho2 sols  when 

0.2 v o l  % Ethomeen S I 1 5  and 0.05 v o l  % Span 80 were added t o  the  i n i t i a l  

2EH charge,  and 10 m l  of Ethomeen S I 1 5  and 2.5 m l  of Span 80 per  l i t e r  

of 2.5 M t h o r i a  s o l  f e e d  were added d a i l y  t o  t h e  2EH. Formation of 

t he  Pu02 and Pu02-Th02 microspheres  r e q u i r e d  0.5 v o l  % Ethomeen S I 1 5  p l u s  

a sma l l  amount of Span 80 i n  t h e  2EH. 

r e q u i r e d  l a r g e r  amounts of  s u r f a c t a n t s ;  

0.2 t o  0.5 v o l  % Ethomeen S I 1 5  were commonly used. 

microspheres from Th02-U03 s o l s  t h a t  had been prepared  by s o l v e n t  

e x t r a c t i o n  r e q u i r e d  t h e  use  of low s u r f a c t a n t  c o n c e n t r a t i o n s  t o  prevent  

c r ack ing  o r  d i s t o r t i o n s  of shape; about  0.10 v o l  % Span 80 and 0.05 v o l  

% Ethomeen S I 1 5  were commonly used. 

- 

The U02 and U02-Pu02 microspheres  

0.5 t o  1 . 5  v o l  $, Span 80 and 

The format ion  of 

8 

The g e l  sphe res  were f i r s t  d r i e d  i n  a rgon  o r  n i t r o g e n  c o n t a i n i n g  

admixtures of syperhea ted  steam; t h e  presence  of steam i n  t h e  atmosphere 

du r ing  d ry ing  was found t o  promote removal of 2EH from the  g e l  and t o  
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reduce  t h e  amount of c r ack ing .  The tempera ture  and t h e  atmosphere 

. 

. 

. 

were c o n t r o l l e d  wh i l e  t h e  g e l  was hea ted  t o  the  s i n t e r i n g  temperature 

and then  cooled t o  room tempera ture .  Microspheres of t h o r i a  o r  

p lu ton ia ,  o r  of t h e i r  mix tures ,  were f i r e d  i n  a i r .  Mixtures 

c o n t a i n i n g  up t o  25% u r a n i a  were f i r e d  i n  a i r  and then  exposed t o  

hydrogen o r  argon-hydrogen a t  l l 5 O "  t o  ensu re  r e d u c t i o n  t o  U02. 

s u c c e s s f u l l y  prepared microspheres of Tho2, U02, and Pu02 (and of t h e i r  

b ina ry  mix tu res )  t h a t  had d iameters  of 1 t o  TOO p, d e n s i t i e s  of 90 t o  

100% of t h e o r e t i c a l ,  and r e l a t i v e l y  h igh  r e s i s t a n c e s  t o  c rush ing .  

s o l  p r e p a r a t i o n  and sphere  forming equipment p r e s e n t l y  i n  o p e r a t i o n  has  

d a i l y  product ion  c a p a c i t i e s  of g r e a t e r  than  10, 1, and 0.1 kg of Tho,, 

U02, and Pu02, r e s p e c t i v e l y .  

We 

The 

1. INTRODUCTION 

Th i s  paper d e s c r i b e s  t h e  eng inee r ing  s t u d i e s  i n  which equipment 

was developed f o r  s o l - g e l  f u e l  p r e p a r a t i o n  p rocesses  and was a p p l i e d  

t o  t h e  product ion  of s o l - g e l  products  f o r  use  i n  f u e l - c y c l e  exper iments .  

The s t u d i e s  of s o l - g e l  chemis t ry  and t h e  development of chemical 

f l owshee t s  a r e  d i scussed  by McBride . I r r a d i a t i o n  t e s t s  of t h e s e  

products  a r e  desc r ibed  by Olsen -- e t  al .2;  Washburn -- e t  a l . 3  r e p o r t  

comparative f a b r i c a t i o n  c o s t s .  The eng inee r ing  s t u d i e s  have been 

p r i m a r i l y  concerned wi th  t h e  p r e p a r a t i o n  of t h o r i a ,  u ran ia ,  and 

p l u t o n i a  (and t h e i r  b ina ry  mix tu res ) ,  a l though many o t h e r  oxide sols 

were a l s o  prepared i n  l a b o r a t o r y  s t u d i e s  A primary c u r r e n t  o b j e c t i v e  

i s  t o  develop procedures  and equipment of a type u s e f u l  f o r  remotely 

ope ra t ed  f u e l  p r e p a r a t i o n  i n  t h e  Thorium-Uranium Recycle F a c i l i t y  (TURF). 

R e s u l t s  a r e  presented  f o r  t h e  t h r e e  o p e r a t i o n s  common t o  our s o l - g e l  

p rocesses :  

g i v e  g e l  p a r t i c l e s ,  and (3) f i r i n g  a t  c o n t r o l l e d  c o n d i t i o n s  t o  remove 

v o l a t i l e s ,  t o  s i n t e r  t o  a h igh  d e n s i t y ,  and t o  e f f e c t  any necessa ry  

r e d u c t i o n  o r  chemical convers ion .  

1 

(1) p r e p a r a t i o n  of an  aqueous s o l ,  ( 2 )  removal of water t o  

. 
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Our f i r s t  s o l - g e l  f lowshee t  was developed f o r  t h e  p r e p a r a t i o n  of 

dense fragments of  t h o r i a - u r a n i a  f o r  use  a s  v i b r a t o r i l y  compacted 

f u e l .  435 
80 t o  85"c i n  f l a t  t r a y s  wi th  forced  c i r c u l a t i o n  of a i r .  

(Th + U )  s o l  was loaded t o  0 .75- in .  depths  and gave g e l  fragments of 

0 .5  i n .  maximum dimensions.  

c o n c e n t r a t i o n  of t h e  s o l  u n t i l  g e l a t i o n  occur s .  I f  t h e  s o l  i s  n o t  

s t a b l e  throughout t h i s  c o n c e n t r a t i o n  range, p r e c i p i t a t i o n  or  s e g r e g a t i o n  

of c o n s t i t u e n t s  can occur .  I f  t h e  s o l  i s  s t a b l e ,  e v a p o r a t i o n  i s  a 

very simple g e l a t i o n  procedure.  However, s i n c e  sma l l  s p h e r i c a l  p a r t i c l e s  

of h igh  d e n s i t y  oxide  o r  c a r b i d e  a r e  t h e  p r e f e r r e d  f u e l  m a t e r i a l s  f o r  

many r e a c t o r  des igns ,  t h e  processes  of g r e a t e s t  c u r r e n t  i n t e r e s t  a r e  

those  f o r  producing sma l l  s p h e r i c a l  p a r t i c l e s  (mic rosphe res ) .  

p r e p a r a t i o n  of microspheres  r e q u i r e s  a s p e c i a l  g e l a t i o n  procedure i n  

which the  water  i s  e x t r a c t e d  i n t o  a n  o rgan ic  l i q u i d .  

The t h o r i a - u r a n i a  s o l  w a s  conver ted  t o  g e l  by e v a p o r a t i o n  a t  

The 2 

Evapora t ion  produces a n  i n c r e a s i n g  

The 

2. SOL PREPARATION 

S o l  p r e p a r a t i o n  procedures  were developed f o r  most of t h e  m e t a l  

ox ides  t h a t  a r e  of i n t e r e s t  f o r  use a s  i r r a d i a t i o n  specimens o r  f u e l  

e lements .  One o b j e c t i v e  was t o  o b t a i n  t h e  same advantages  of p rocess  

s i m p l i c i t y  and p o t e n t i a l  economy f o r  t h e s e  me ta l  ox ides  a s  a r e  ob ta ined  

i n  t h e  t h o r i a  s o l - g e l  process;  ano the r  was t o  demonst ra te  our a b i l i t y  

t o  produce mixed-oxide products  by s t a r t i n g  wi th  e i t h e r  mixed-oxide 

s o l s  o r  pure s o l s .  

The feed  m a t e r i a l s  f o r  our s o l  p r e p a r a t i o n  procedures  were n i t r a t e  

s a l t s  o r  s o l u t i o n s .  

s o l v e n t  e x t r a c t i o n  a r e  u s u a l l y  n i t r a t e  s o l u t i o n s ,  and any r e s i d u a l  

n i t r a t e  remaining i n  t h e  s o l  o r  g e l  can be v o l a t i l i z e d  du r ing  

c a l c i n a t i o n . )  Conversion of t h e  n i t r a t e  s a l t  i n t o  an  oxide s o l  r e q u i r e s  

t h e  fo l lowing  f o u r  s t e p s ,  which can  be combined o r  accomplished i n  

any s u i t a b l e  o r d e r :  

(The products  of r e a c t o r  f u e l  p rocess ing  by 

. 

, 
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1. 

2. 

3 .  

4.  

The 

Reducing o r  o x i d i z i n g  t o  t h e  optimum valence; 
and Pu(1V) a r e  p r e f e r r e d  f o r  u r a n i a  o r  p l u t o n i a  sols. 

Converting t h e  me ta l  n i t r a t e  i n t o  a hydra ted  ( o r  hydrous) 
ox ide .  

Removing excess  n i t r a t e  and n o n v o l a t i l e  i m p u r i t i e s .  For 
example, NH4N03 o r  NaN03 must be removed i f  t h e  hydrous 
oxides  a r e  p r e c i p i t a t e d  by NH,OH o r  NaOH. 

Di spe r s ing  t h e  oxide as a s t a b l e  aqueous s o l .  

procedure f o r  p repa r ing  t h o r i a  s o l s  1'5'6 i s  unique i n  t h a t  t h e  

U ( 1 V )  

c o l l o i d a l  p a r t i c l e s  a r e  formed by steam d e n i t r a t i o n  a t  a temperature 

approaching 500°C. For  s o l s  o t h e r  than  t h o r i a ,  t h e  c o l l o i d a l  s t a t e  

i s  formed i n  s o l u t i o n s  o r  w e t  p r e c i p i t a t e s .  Thor ia -urania  sols wi th  

U/Th r a t i o s  of l e s s  t han  0.1 may be prepared  by adding U03 o r  u rany l  

n i t r a t e  t o  t h o r i a  s o l s .  The U ( V 1 )  i s  adsorbed on t h e  s u r f a c e  of t h e  

t h o r i a  p a r t i c l e s .  Pure s o l s  may be mixed t o  prepare  m a t e r i a l s  having 

o t h e r  compositions.  

Tho2 S o l  P r e p a r a t i o n  

The p r e p a r a t i o n  of d i s p e r s i b l e  Tho2 by steam d e n i t r a t i o n  of 

thorium n i t r a t e  was s e l e c t e d  over o t h e r  p o s s i b l e  methods of p r e p a r a t i o n  

( such  a s  hydroxide p r e c i p i t a t i o n  from thorium n i t r a t e  s o l u t i o n s ,  

c a l c i n a t i o n  of thorium o x a l a t e ,  o r  thermal decomposition of thorium 

n i t r a t e  i n  a i r )  because of i t s  s i m p l i c i t y ,  ea se  of ope ra t ion ,  and good 

q u a l i t y  c o n t r o l .  D e n i t r a t i o n  i s  e a s i l y  accomplished by superhea ted  

steam i n  a r o t a r y  c a l c i n e r  surrounded by a fu rnace .  The r o t a r y  c a l c i n e r  

g i v e s  good c o n t a c t  w i th  t h e  steam and e l i m i n a t e s  l o c a l  ove rhea t ing  

e f f e c t s .  The o f f -gas  condenses t o  g ive  a d i l u t e  HN03 s o l u t i o n ,  and t h e  

Tho2 product  i s  a c o a r s e ,  f r ee - f lowing  powder. 
6 d e n i t r a t o r  has  been used t o  produce s e v e r a l  hundred 14.5-kg ba tches  

A 14 i n .  I D  r o t a r y  

of d i s p e r s i b l e  Tho2. 

a Tho2 product having a N03-/Th mole r a t i o  of about  0.03. 

d i s p e r s i o n  of t h e  Tho2 i s  obta ined  by adding 0.077 mole of n i t r a t e  per 

mole of Tho2 ( a s  e i t h e r  HN03 o r  U 0 2 ( N 0 3 ) 2 )  and h e a t i n g ,  w i th  a g i t a t i o n ,  

I n  t h e  Ki lorod  p r ~ g r a r n , ~  a 6-hr run  t i m e  gave 

Complete 
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t o  80 t o  85°C f o r  0 .5  h r .  

Tho2 w i l l  s e t t l e  ou t  a s  an  undispersed  "heel." 

r a t i o s  a s  high a s  0.1 a r e  obta ined  by absorb ing  U ( V I ) ,  which i s  added a s  

U O ~ ( N O ~ ) ~  o r  U O ~  . 

A f t e r  prolonged s t and ing ,  0.5 t o  I$ of t h e  

Uranium/thorium atom 

A 10-in.-diam f lu id i zed -bed  d e n i t r a t o r  has  been ope ra t ed  t o  produce 

d i s p e r s i b l e  Tho2 a t  t h e  r a t e  of 100 l b / h r . 7  Th i s  product was d i s p e r s e d  

by a g i t a t i o n  wi th  ho t  water and was e x c e l l e n t  f o r  t h e  p r e p a r a t i o n  of 

h igh -dens i ty  Tho, fragments.  

d e n i t r a t o r  had a h ighe r  N03- /U mole r a t i o  than  t h e  optimum (0.11) f o r  

s o l  from r o t a r y  d e n i t r a t o r  produced Tho2. The s o l  made from a sample 

of f lu id i zed -bed  product was n o t  s u i t a b l e  f o r  t h e  p r e p a r a t i o n  of Tho2 

microspheres;  t h e  g e l  sphe res  cracked i n t o  fragments,  a s  o f t e n  occur s  

wi th  h i g h - n i t r a t e  s o l s .  Higher tempera tures  and/or  longer  r e s i d e n c e  

t imes i n  t h e  f l u i d i z e d  bed would probably g i v e  a product having a 

lower N03-/Th mole r a t i o  and t h u s  more s u i t a b l e  f o r  t h e  p r e p a r a t i o n  of 

microspheres .  The f lu id ized-bed  d e n i t r a t i o n 7  could  e a s i l y  be ope ra t ed  

on a l a r g e  s c a l e ;  t h e  10-in.-diam o r  lOO-lb/hr u n i t  was a p i l o t  p l a n t  

f o r  a much l a r g e r  d e n i t r a t o r  t h a t  has  s i n c e  been b u i l t  and ope ra t ed  

s u c c e s s f u l l y  wi th  u r a n y l  n i t r a t e .  

The product from t h e  f lu id i zed -bed  

The hydrothermal d e n i t r a t i o n  i s  t h e  p r e f e r r e d  p r e p a r a t i o n  process  

f o r  Tho2 s o l s  because of t h e  s imple  equipment f lowshee t  and t h e  

e x c e l l e n t  p r o p e r t i e s  of t h e  s o l s .  Thoria s o l s  a r e  easy  t o  p repa re  and 

many o t h e r  methods may be used. 

done wi th  t h o r i a  s o l s  t h a t  had been prepared  by thermal  decomposition 

of thorium o x a l a t e  a t  650"c and d i s p e r s i o n  of t h e  Tho2 wi th  n i t r i c  a c i d .  

The c o s t  of o x a l i c  a c i d  and t h e  n e c e s s i t y  f o r  c a r e f u l  p r e c i p i t a t i o n  and 

washing a r e  s i g n i f i c a n t  d i sadvan tages .  Pure Tho2 s o l s  prepared  by 

p r e c i p i t a t i o n  p rocesses  have cracked i n t o  sma l l  fragments du r ing  

g e l a t i o n  and have, t h e r e f o r e ,  n o t  been s u i t a b l e  f o r  p r e p a r a t i o n  of 

microspheres .  
8 p r e c i p i t a t i o n - p e p t i z a t i o n  p rocesses .  Sols f o r  p repa r ing  p a r t i c l e s  wi th  

c o n t r o l l e d  p o r o s i t y  were made by mixing Th(N03)4 o r  UCl,  s o l u t i o n s  wi th  

Much of our  e a r l y  s o l - g e l  work was 

4 

Usable Th02-U03 and Th02-U02 so l s  have been prepared  by 

( N H , ) ~ M O O ~  s o l u t i o n s .  9 
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Th02-U03 S o l  P repa ra t ion  

. 

. 

The most promising method of prepar ing  mixed s o l s  of Tho2 and U03 i s  

by so lven t  e x t r a c t i o n  ( F i g .  1).l 
uranyl  n i t r a t e s  i s  d e n i t r a t e d  by t h r e e  s t a g e s  of e x t r a c t i o n  wi th  a 

long-chain amine (Amberl i te  LA-2) d i s so lved  i n  a 2 - p a r a f f i n .  

t he  f i r s t  s t a g e  the  NO3-/meta1 mole r a t i o  i s  about  1.0 i n  t h e  aqueous 

phase.  

r e l e a s e s  a d d i t i o n a l  n i t r a t e ,  which i s  e x t r a c t e d  i n  the  subsequent 

s t a g e s .  

of uranium t h a t  i s  e x t r a c t e d  i n  the  f i r s t  s t a g e  i s  removed from t h e  

s o l v e n t  i n  a second cocur ren t  s t a g e .  The l o w  n i t r a t e  concen t r a t ion  of 

t he  s o l  i n  s t a g e  2 promotes uranium s t r i p p i n g .  The t h i r d  s t a g e  i s  

coun te rcu r ren t  with r e s p e c t  t o  the  f i r s t  and second s t a g e s .  The l a r g e  

excess  of amine i n  the  t h i r d  s t a g e  g ives  a s o l  product having a lower 

An aqueous s o l u t i o n  of thorium and 

A f t e r  

Diges t ion  f o r  10 min a t  100°C r e s u l t s  i n  the  formation of a s o l  and 

The f i n a l  NO3-/meta1 mole r a t i o  i s  about  0.1. A sma l l  amount 

n i t r a t e  c o n c e n t r a t i o n .  Vigorous mixing can be used i n  the  t h i r d  

s t a g e  s i n c e  the  s o l v e n t  flows through the  second s t a g e  before  i t  i s  

r egene ra t ed .  The n i t r a t e - l o a d e d  so lven t  l eav ing  t h e  second s t a g e  i s  

scrubbed with water  t o  remove e n t r a i n e d  s o l .  The scrubbed so lven t  i s  

then  regenera ted  t o  f r e e  amine wi th  sodium carbonate .  None of t h e  

flow r a t i o s  a r e  c r i t i c a l  provided t h a t  an excess  of both amine 

(30 t o  50% excess  was u s e d )  and Na2C03 i s  used. 

M i x e r - s e t t l e r s  were used a s  t h e  c o n t a c t i n g  devices  ( F i g .  2 ) .  They 

a r e  cons t ruc t ed  of 3-in.-diam g l a s s  pipe and a r e  geomet r i ca l ly  s a f e  

f o r  enr iched  uranium. Each mixer i s  d iv ided  i n t o  s i x  compartments, 

wi th  an a g i t a t o r  i n  each compartment. This  minimizes bypassing and 

ensu res  e f f i c i e n t  mixing. The so lven t  and the  aqueous phases e n t e r  

a t  t he  top  and flow c o c u r r e n t l y  through the  mixer t o  the  s e t t l e r ,  which 

i s  a pipe tee loca ted  a t  t h e  bottom of the  mixer .  The i n t e r f a c e  i s  

maintained i n  the  t e e  below the  mixer t o  ensure  an organic-cont inuous 

d i s p e r s i o n  i n  the  mixer,  which i s  very important  f o r  prevent ing  

emulsions.  The i n t e r f a c e  p o s i t i o n  i s  c o n t r o l l e d  by a s i m p l e  j ack leg  

and an a d j u s t a b l e  w e i r  on the  aqueous o u t l e t  of t he  s e t t l e r .  The 
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Fig. 1 Flowsheet for Preparation of Thoria-Urania Sol by Amine 
Extraction of Nitrate. 
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d i g e s t e r  i s  merely an enlargement of t h e  j ack leg  of t h e  f i r s t - s t a g e  

s e t t l e r .  The temperature  i s  c o n t r o l l e d  by c i r c u l a t i n g  heated water  

through the  b a f f l e s  i n  the  mixers and through a c o i l  i n  t he  d i g e s t e r .  

The process  w a s  demonstrated a t  t h e  des ign  r a t e  of 1 kg of Tho2- 

U03 per  hour .  

eng inee r ing  s tudy .  

c o n s i s t e n t l y  less than  0.10 (abou t  h a l f  of t h a t  ob ta ined  i n  l abora to ry  

About 900 l i t e r s  of 0.3 g s o l  was produced du r ing  t h e  - 
The NO3 /metal mole r a t i o  of t h i s  s o l  was 

s t u d i e s ) .  

s l i g h t l y  l a r g e r  than  t h a t  ob ta ined  i n  l abora to ry  p r e p a r a t i o n s .  

The c r y s t a l l i t e  s i z e  of t h e  s o l  w a s  42-46 A, which i s  

The equipment has  opera ted  very  smoothly. Organic-cont inuous 

d i s p e r s i o n s  were maintained wi thout  d i f f i c u l t y  and t h e  i n t e r f a c e  c o n t r o l  

was very s t a b l e .  

s e t t l e r  dur ing  the  e a r l y  runs,  however, coa lescence  occurred  i n  subsequent 

s t a g e s  such t h a t  t he  s o l  product  conta ined  less than  0.1 vo l  % s o l v e n t .  

During the  l a t t e r  runs,  t h e  sc rub  s o l u t i o n  w a s  r ecyc led  t o  the  f i r s t  

s t a g e ,  and v i r t u a l l y  no emulsion was formed. Entrainment of aqueous 

i n  the  s o l v e n t  caused d i f f i c u l t i e s  on ly  f o r  t he  s o l v e n t  s t ream leaving  

the  e x t r a c t i o n  sec t ion ;  i t  was d i r e c t l y  dependent on t h e  a g i t a t o r  

speed i n  the  mixer, ranging  from 0.15% a t  300 rpm t o  0.8% a t  600 rpm. 

Entrainment i s  t h e  only s i g n i f i c a n t  cause of l o s s  of Th + U, which u s u a l l y  

Some emulsions accumulated i n  the  f i r s t  s t a g e  

amounted t o  about  0.1%. We b e l i e v e  t h i s  l o s s  can be reduced by 

improved scrubbing of t h e  s o l v e n t  before  r egene ra t ion .  The e f f i c i e n c y  

of t he  mixers  was 90 t o  9576 a t  a g i t a t o r  speeds of 300 t o  500 rpm. 

S e v e r a l  ba tches  of s o l  have been concen t r a t ed  t o  1 . 5  i n  a forced-  

c i r c u l a t i o n  v e r t i c a l - t u b e  evapora tor  ( F i g .  3) .  
turbulence  and a l a r g e  h e a t  exchange a r e a  a r e  used t o  minimize dry ing  

of t h e  s o l  on t h e  tubes .  Deentrainment i s  accomplished by in t roduc ing  

the  superhea ted  s o l  t a n g e n t i a l l y  i n t o  the  body of t h e  evapora tor ;  

a d d i t i o n a l  deentrainment  occurs  i n  t h e  s t r i p p i n g  s e c t i o n ,  where the  

vapor c o n t a c t s  t he  feed i n  a packed tower. Very few s o l i d s  have 

formed, and no foaming has occurred,  even with ope ra t ion  a t  a vacuum of 

25 i n .  Hg. The c o n c e n t r a t e  i s  f l u i d  and s t a b l e  a t  a l l  Th + U 

concen t r a t ions  up t o  1 . 5  g. Represen ta t ive  samples were formed i n t o  

microspheres ,  which were d r i e d  and f i r e d  t o  produce dense Th02-U02. 

A h igh  degree of 
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Fig .  3 Forced-Circu la t ion  Evaporator  f o r  Concentrat ion of So l s .  

c 
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P r e p a r a t i o n  of U02 S o l s  by Solvent  E x t r a c t i o n  

The equipment used i n  t h e  p r e p a r a t i o n  of Th02-U03 s o l  i s  a l s o  

used t o  make U02 s o l .  The chemical f lowshee t  i s  ve ry  s i m i l a r .  A 

d i l u t e  s o l u t i o n  of uranous n i t r a t e  (0.2 E ) ,  s t a b i l i z e d  wi th  0 . l M  

formic a c i d ,  i s  d e n i t r a t e d  wi th  0.1 MAmber l i te  LA-2 i n  ; -paraf f in .  

I n  t h e  f i r s t  s t a g e  t h e  amine flow r a t e  i s  c o n t r o l l e d  t o  reduce t h e  

N03-/U r a t i o  t o  about 1.0 ( p r e c i p i t a t i o n  occurs  a t  a r a t i o  of l e s s  

than  0.5). 
t h e  U02  s o l  t o  form and r e l e a s e s  a d d i t i o n a l  n i t r a t e ,  which i s  

e x t r a c t e d  i n  t h e  subsequent s t a g e s .  The des ign  c a p a c i t y  of t h e  

equipment i s  0.2 kg of U02 per  hour.  

A f t e r  t h e  f i r s t  s t a g e ,  d i g e s t i o n  f o r  30 min a t  50°C a l lows  

S e v e r a l  a t t empt s  t o  make UOZ s o l  were unsuccess fu l  because t h e  
+ uranous n i t r a t e  feed  con ta ined  t o o  much NH4 , which caused premature 

g e l a t i o n  of t h e  s o l .  (The NH4+/U r a t i o  should be less than  0.02 t o  
+ 

' a v o i d  gelation. ' )  The NH, c o n c e n t r a t i o n  depends on t h e  method used 

f o r  reducing  u rany l  n i t r a t e .  S a t i s f a c t o r y  feed has  been prepared i n  

ba t ch  r e d u c t i o n  equipment us ing  f i n e l y  d iv ided  p la t inum c a t a l y s t  i n  a 

s t i r red  r e a c t o r  o r  by c i r c u l a t i n g  t h e  uranium s o l u t i o n  through a f i x e d  

bed of c a t a l y s t  p e l l e t s .  I n  both c a s e s ,  t h e  r e d u c t i o n  i s  monitored 

and stopped when the  uranium i s  reduced; thus  ve ry  l i t t l e  NH4 

produced. 

+ 
i s  

The U02 s o l  prepared  from such feed  has  been evapora ted  t o  

a U02  c o n c e n t r a t i o n  a s  h igh  as 3.0 g w i t h o u t  g e l l i n g .  

t h e  NH, /U mole r a t i o  was < 0.015; and t h e  N03-/U mole r a t i o  w a s  0.10. 

G e l l i n g  i s  a l s o  caused by a low N03- /U mole r a t i o ;  however, t h i s  can be 

prevented by a d j u s t i n g  t h e  flow r a t e  of amine o r  by adding n i t r i c  a c i d  

t o  t h e  s o l  t o  g ive  a N03-/U mole r a t i o  of 0.10. 

have been made from t h e  concen t r a t ed  s o l  wi thout  d i f f i c u l t y .  

I n  t h i s  i n s t ance ,  
+ 

S a t i s f a c t o r y  microspheres 

P r e p a r a t i o n  of U02 S o l s  by P r e c i p i t a t i o n  

While s e v e r a l  f l owshee t s  have been developed f o r  p r e p a r a t i o n  of 

U 0 2  so l s  by p r e c i p i t a t i o n ,  each r e q u i r e s  t h e  same p r i n c i p a l  ope ra t ions :  

(1) r e d u c t i o n  of u r a n y l  n i t r a t e  t o .u ranous  n i t r a t e  by H2 i n  
- t h e  presence of a c a t a l y s t ,  \ *  

. 



. 

(2) precipitation of uranous hydroxide by ammonia, 

(3) washing to remove NH4NOs, NH40H, and other solutes, 

(4) dispersion with NO3 . 
Each operation was tested in two or three different types of equipment. 

A number of flowsheet-equipment combinations were tested, but only 

those of most general interest will be described here. 

The flowsheets developed in laboratory studies had three routine 

applications: preparation of U02 irradiation specimens, preparation 

of urania sol for development of the process for forming microspheres, 

and development of remotely operated equipment for the preparation of 

urania s o l s  in TURF. The flowsheets for these applications differ. 

The first reproducible sol-gel flowsheet for urania was applied to 

the preparation of microspheres for irradiation specimens. More than 

10 kg of enriched urania was made into s o l s .  Criticality control was 

achieved by limiting the batch size to 300 g of U. Laboratory apparatus 

was practical for this batch size; therefore all the enriched U02 

presently in irradiation specimens was prepared in batch laboratory 

apparatus by using the flowsheet with precipitation to a pH of 7 to 7.5. 

Most of the natural-urania s o l s  were prepared in a batch apparatus 

(1 kg UOe/batch) using flowsheets with precipitation to a pH of 8.1 to 
9. Precipitation, washing, and dispersion were a l l  done in a single 

vessel which had a 12-in.-diam porous stainless steel plate as the 

bottom and a slow-speed, paddle-type agitator. Supernates (present 

after precipitation and after each of four washing steps) were removed 

by filtration. Washing was achieved by agitating 10 liters of H20 

with the 5 liters of slurry or cake remaining on the filter. 
Peptization was accomplished by agitation and heating after the addition 

of HN03 and HCOOH. 

The reduction of uranyl nitrate to uranous nitrate is a preliminary 

step that is relatively independent of the remaining precipitation- 

peptization flowsheet. Reduction at atmospheric pressure, using a 

finely divided catalyst,was used for batch preparations in laboratory 
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appa ra tus .  

done a t  300 psig, u s ing  p l a t in i zed -a lumina  p e l l e t s .  

continuous; f low of t h e  feed  was c o n t r o l l e d  by a diaphragm pump. 

p r e s e n t l y  use a ba t ch  method f o r  r e d u c t i o n  t h a t  i nvo lves  r e c i r c u l a t i o n  

through a f i x e d  bed of p l a t i n i z e d  alumina sphe res .  

t h e  c o n t r o l  necessa ry  t o  avoid  r e d u c t i o n  of NO3 

accep tab le  c a p a c i t i e s  a t  0 t o  30 p s i g .  

through fixed-bed u n i t  r e q u i r e d  a p r e s s u r e  of 200 t o  300 p s i  t o  g i v e  

s a t i s f a c t o r y  r e d u c t i o n  r a t e s .  The ba tch ,  f ixed-bed ( F i g .  4 )  o p e r a t i o n  

provides  r a t e s  of 0.5 t o  3 moles of U per hour per kg of c a t a l y s t  

( o r , p e r  l i t e r  of bed volume,since t h e  bulk  volume i s  - 1 k g / l i t e r ) .  

We p lan  t o  use t h i s  type of system f o r  remote o p e r a t i o n .  

For  l a r g e r - s c a l e  o p e r a t i o n s ,  most of t h e  r e d u c t i o n s  were 

Opera t ion  was 

We 

This  s y s t e m  provides  - + 
t o  NH4 and a l s o  g i v e s  

Continuous o p e r a t i o n  of a once- 

P r e c i p i t a t i o n  was done i n  v e s s e l s  w i th  simple,  slow-speed paddle 

a g i t a t o r s  under a n  A r  atmosphere. For  ba tch  ope ra t ion ,  t h e  NH40H 

s o l u t i o n  was added over a per iod  of about  0.5 h r  u n t i l  t h e  d e s i r e d  pH 

was ob ta ined .  I n  t h e  case  of cont inuous  ope ra t ion ,  bo th  NH40H s o l u t i o n  

and U(IV) feed  s o l u t i o n  were metered i n t o  t h e  p r e c i p i t a t o r ;  t h e  

p r e c i p i t a t e  s l u r r y  overflowed i n t o  t h e  nex t  process  v e s s e l .  Two 

cont inuous  p r e c i p i t a t o r s  ( a l l  t h e  U feed s o l u t i o n  was fed  t o  t h e  f i r s t ,  

and about  h a l f  of t he  NH40H was fed  t o  each)  were a l s o  used. 

of p r e c i p i t a t i o n  equipment was a r e l a t i v e l y  unimportant v a r i a b l e ,  

a l though i t  appeared t o  have sma l l  e f f e c t s  on t h e  s e t t l i n g  c h a r a c t e r i s t i c s  

and t h e  d i s p e r s i b i l i t y  of t he  p r e c i p i t a t e .  

The type  

- + Most of t h e  NO3 and NH4 a f t e r  p r e c i p i t a t i o n  a r e  e a s i l y  washed out; 

t h e  NO3 o r  t h e  NH, c o n c e n t r a t i o n s  a r e  approximate ly  e q u a l  i n  t h e  supe r -  

n a t e  and p r e c i p i t a t e .  Small  amounts of t h e  NO3 a t  pH 5 7.5 o r  NH, a t  

pH > 9.0 a r e  absorbed and a r e  n o t  e a s i l y  removed. Because t h e  

p r e c i p i t a t e  has  a l a r g e  volume ( -  0.3 E U) u n l e s s  concen t r a t ed  by 

f i l t r a t i o n  o r  o t h e r  t r ea tmen t s ,  e i t h e r  m u l t i p l e  washes o r  c o u n t e r c u r r e n t  

washing i s  necessa ry  t o  reduce t h e  N03- /U and NH, /U r a t i o s  by f a c t o r s  

of lo2 t o  lo3 wi thout  excess ive  waste volumes. 

p r e p a r a t i o n s ,  fou r  o r  f i v e  washing s t e p s  were used,with s e p a r a t i o n  of 

t he  supe rna te  by f i l t r a t i o n  and/or  d e c a n t a t i o n .  

- + 
- + 

+ 

For  t h e  ba t ch  

Continuous washing 
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equipment of two types  was t e s t e d .  lo 

mixer-decanter s t a g e s  ( F i g .  5 ) .  The wash water flowed by g r a v i t y  

whi le  t h e  p r e c i p i t a t e  was t r a n s f e r r e d  by gas  ope ra t ed  pumps. The 

second w a s  a twelve f o o t  high, 4 i n .  I D  column w i t h  c o u n t e r c u r r e n t  

f low of p r e c i p i t a t e  and wash s o l u t i o n .  

gave s t a g e  e f f i c i e n c i e s  of 53 t o  87% wi th  t h e  h ighe r  v a l u e s  when t h e  

pump flows were a d j u s t e d  t o  minimize back mixing. The c o u n t e r c u r r e n t  

column gave 3.3 t o  5 . 2  t r a n s f e r  u n i t s  o r  HTU va lues  of 2.3 t o  3.6 
f e e t  based on t h e  p r e c i p i t a t e  phase. The same chemical f l owshee t s ,  

t h e  same p r e c i p i t a t o r s ,  and t h e  same p e p t i z e r - c o n c e n t r a t o r  equipment 

could  be used wi th  e i t h e r  t h e  wash column o r  t h e  mixer -decanter  

washer. A s  compared t o  t h e  mixer -decanter ,  t h e  wash column had 

advantages  of mechanical s i m p l i c i t y  and less accumulation of s o l i d s ,  bu t  

d i sadvantages  of much g r e a t e r  h e i g h t  requi rements  and l e s s - p o s i t i v e  

mixing. 

One was s ix  c o u n t e r c u r r e n t  

The mixer -decanter  system 

The washed p r e c i p i t a t e  i s  d i s p e r s e d  i n t o  a s o l  by a g i t a t i o n ,  

h e a t i n g  t o  6ooc, and a d d i t i o n  of HN03 and HCOOH t o  g i v e  N03-/U mole 

r a t i o s  of about  0.16 and HCOO-/U mole r a t i o s  of 0.2 t o  0.4. 
most d i f f i c u l t  requirement i s  t o  c o n c e n t r a t e  from about  0.2 

washing equipment) t o  about  1 - M U f o r  p r e p a r a t i o n  of microspheres .  

Excess ive  h e a t i n g  may r e s u l t  i n  p r e c i p i t a t i o n  o r  o x i d a t i o n  of t h e  

uranium. I n  ba t ch  equipment, t h e  p r e c i p i t a t e  i s  vacuum f i l t e r e d  u n t i l  

t h e  volume of cake i s  sma l l  enough t o  g i v e  t h e  r e q u i r e d  s o l  

c o n c e n t r a t i o n .  I n  o r d e r  t o  use cont inuous  p e p t i z e r s  w i th  t h e  cont inuous  

washers, washed p r e c i p i t a t e  t h a t  was 0.2 t o  0.3 i n  uranium was fed  

i n t o  t h e  p e p t i z e r s ,  and t h e  s o l  w a s  concen t r a t ed  by cont inuous ,  forced-  

The 

U ( i n  t h e  

c i r c u l a t i o n ,  vacuum evapora to r s  ( F i g .  5) w i t h  a n  i n e r t  atmosphere a t  

60"c.~' 
depend on t h e  des ign  c r i t e r i a  f o r  a p a r t i c u l a r  a p p l i c a t i o n .  

c o n s i d e r a t i o n s  would be t h e  product ion  ra te ,  c r i t i c a l i t y  c o n t r o l  c r i t e r i a ,  

head-room l i m i t a t i o n s ,  and t h e  p r o v i s i o n s  f o r  r e c y c l e  between p rocess ing  

o p e r a t i o n s .  

The cho ice  of equipment f o r  t h e  p r e p a r a t i o n  of u r a n i a  s o l  would 

Impor tan t  
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Pu02 Sol Preparation 

More than forty plutonia so ls  (50 to 150 g of Pu per batch) 

containing over 3000 g of Pu.have been prepared using the standard 

procedure (precipitation, washing, peptization, denitration, and 

resuspension). 

equipment and the reproducibility of the flowsheet, and provided s o l  

for the formation of mixed-oxide and plutonia microspheres. A typical 
flowsheet for the formation of Pu s o l  is shown (Fig. 6). 
flexible flowsheet, as shown by the ranges of concentrations over which 

it has been demonstrated. Prior to the operations shown on the 

flowsheet, an adjustment of the valence of the p.lutonium (to Pu4+) is 

made, if necessary by bubbling NO gas through the PU(NO~)~ solutions. 

A minimum HN03 concentration of 18 is maintained in the feed to 
prevent polymerization; free HN03 concentrations as high as 3 were 

successfully used. 

These preparations demonstrated the operability of 

This is a 

The Pu(NO~)~ feed solution is added to NH40H at rates as high as 
30 cc/min, with moderate agitation, to ensure rapid neutralization and 
precipitation of the Pu(OHI4. A s  little as 40% excessNH40H proved to 
be satisfactory as long as the concentration of NH40H in the final 
solution was >1 - E. 
a porous stainless steel (grade G) filter. 

washed thoroughly (four washes), with resuspension of the filter cake 

in each wash. A high-nitrate s o l  is then formed by peptizing the 

washed cake in dilute HN03 at a N03-/Pu mole ratio of about 2. 

steps just mentioned were carried out in an 8-in.-diam precipitation- 

filtration vessel having a porous stainless steel filter in the bottom 

(Fig. 7). Filtration time is about 20 min per wash. Four such washes 

gave adequate NH4 removal. The high-nitrate sol was removed through 

the bottom of the vessel leaving no solids on the filter (10 p). 

The NH4NO3 and the excess NH40H are removed through - 
The precipitate is then 

All the 

n 

+ 

A minimum N03-/Pu mole ratio of 1 is necessary for forming colloidal 

plutonia particles (i.e., s o l ) .  Although ratios as high as 4 have been 
used, a ratio of 2 is sufficient to bring about s o l  formation upon 

heating to about 90°C. Under these conditions, a true s o l  

. 
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Fig. 7 Vessel for the Precipitation, Filtration, and Peptization 
of PUOZ S o l .  
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(crystallite size, -20 A) exists; however, microspheres formed from 
this material have low densities and strength. 

The N03-/Pu ratio of the s o l  must be reduced to 0.1 to 0.2 by 

thermal denitration (or baking) and resuspension before the sol will 
form dense microspheres. This is a crucial step requiring careful 

control of temperatures and time; the higher the temperature, the 

shorter the time required. The s o l  is first evaporated to dryness 

at 100°C and then heated to a temperature of about 240°C. A thin, 
porous cake is formed as the sol dries and is maintained intact 

throughout the cycle. During the reduction to dryness, excess HN03 

is evaporated such that the initial N03-/Pu mole ratio in the dry 

solid is 0.8 to 1.0. Usually this ratio will be 0.2 to 0.3 after the 
solid is heated for 1 to 2 hr at 24OoC; another 2 to 3 hours is 
required to reach the desired 0.1 to 0.15. Progress of the 

denitration is followed by resuspending a weighed sample of the dry 

material and titrating with NaOH to determine the NO3 It 
is important that the heating of the solid be uniform in order to 

obtain a uniform product. 

until the N03-/Pu mole ratio is less than 0.1, the Pu02 cannot be 
resuspended as a sol. A diagram of the denitration vessel, which 

allows independent control of the temperatures of the top and bottom 

surfaces and limits radial gradients to -2"C, is shown in Fig. 8. 
Crystallite growth and agglomeration also occur during baking. 
the denitration step, the basic crystallite size is - 80 A, with 

agglomerates as large as 1000 A .  The amount of agglomeration must be 

limited to ensure a stable sol ,  although the basic crystallite growth 

is no detriment. 

be resuspended by mild agitation in water to give plutonium concentrations 

as great as 2 3 more concentrated s o l s  may be produced by evaporation 

after resuspension. 

content. 

If the denitration is allowed to proceed 

After 

Material having N03-/Pu mole ratios of 0.1 to 0.15 can 
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3. PREPARATION OF MICROSPHERGS 

. 

.. . . . . .  .. . 

. 

, 

A process  was developed f o r  conve r t ing  s o l s  i n t o  s p h e r i c a l  g e l  

beads of 10 t o  1000 IJ. i n  d iameter .  

t h e  p r e f e r r e d  shapes f o r  d i s p e r s i o n  f u e l  o r  f u e l  t h a t  i s  t o  be 

coa ted  w i t h  p y r o l y t i c  carbon. )  I n  t h i s  process ,  d r o p l e t s  of s o l  

a r e  g e l l e d  by e x t r a c t i o n  of water i n t o  an  o rgan ic  l i q u i d  such as 

2-ethyl-1-hexanol ( 2 E H ) .  

(Smal l  s p h e r i c a l  p a r t i c l e s  a r e  

The fo l lowing  f i v e  o p e r a t i o n s  a r e  r equ i r ed :  

1. Dispe r s ion  of t h e  s o l  i n t o  d r o p l e t s ,  

2. Suspension i n  an  immiscible l i q u i d  t h a t  w i l l  e x t r a c t  

3. Sepa ra t ion  of t he  g e l  microspheres from t h e  2EH, 

4. Recovery of t h e  2EH, 

5 .  Drying of t h e  g e l  microspheres .  

water t o  cause g e l a t i o n ,  

The s i z e  of t h e  product  microsphere i s  determined i n  the  f i r s t  s t e p .  

I n  t h e  second s t e p ,  t h e  e x t r a c t i o n  of water  causes  g e l a t i o n  and thus  

conve r t s  t h e  d r o p l e t  of s o l  i n t o  a s o l i d  sphe re .  This  i s  t h e  key 

p rocess  s t e p .  The i n t e r f a c i a l  t e n s i o n  ho lds  t h e  d rop  i n  a s p h e r i c a l  

shape. The maximum d r o p l e t  s i z e  i s  l i m i t e d  s i n c e  very  l a r g e  drops  

w i l l  d i s t o r t .  A s u r f a c t a n t  must be added t o  t h e  2EH t o  prevent  

coa lescence  of t h e  s o l  drops  w i t h  each o t h e r ,  coa le scence  of t h e  so l  

drops on t h e  v e s s e l  wa l l s ,  and/or  c l u s t e r i n g  t o g e t h e r  of p a r t i a l l y  

d r i e d  drops .  The remaining t h r e e  o p e r a t i o n s  a r e  s imple  i n  p r i n c i p l e .  

The i n i t i a l  development of t h e  process  f o r  t h e  p r e p a r a t i o n  of Tho, 

microspheres  and i t s  a p p l i c a t i o n  t o  UO2 o r  U 0 2 - Z r 0 2  s o l s  have been 

p rev ious ly  r e p o r t e d .  11,12 Our r e c e n t  work has  inc luded  t h e  o p e r a t i o n  

of a microsphere p i l o t  p l an t ,  which inc ludes  procedures and equipment 

r e q u i r e d  f o r  a remote f a c i l i t y ,  t h e  a p p l i c a t i v n  of t h e  process  t o  a 

v a r i e t y  of s o l s  on a l a r g e r  s c a l e ,  and the  cont inued  development of 

d i s p e r s e r s  f o r  so ls .  

' 

Microsphere P r e p a r a t i o n  i n  the  CPDL and TURF 

F u l l - s c a l e  p ro to type  u n i t s  f o r  microsphere p r e p a r a t i o n  i n  a 

remotely ope ra t ed  Thorium-Uranium Recycle F a c i l i t y  (TURF) have been 
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opera ted  dur ing  t h e  l a s t  two y e a r s  t o  produce Tho2 microspheres .  

o b j e c t i v e s  i n  pro to type  o p e r a t i o n s  were: 

p o s s i b l e ,  t o  s i m p l i f y  e x i s t i n g  equipment and o p e r a t i o n s ,  (2)  t o  

o b t a i n  d a t a  on t h e  r e l i a b i l i t y  and t h e  behavior  of bo th  t h e  

equipment and t h e  process  over extended o p e r a t i n g  per iods ,  (3) t o  

adapt  t h e  equipment t o  t h e  e x a c t i n g  requirements  of remote o p e r a t i o n ,  

and ( 4 )  t o  provide 100-kg ba tches  of Tho2 microspheres  f o r  use i n  

l a r g e - s c a l e  pyrocarbon-coat ing experiments .  

Our 

(1) t o  improve and, wherever 

The pro to type  equipment i n  t h e  Coated P a r t i c l e  Development 

Laboratory (CPDL) i n c o r p o r a t e s  a l l  chemical  and p h y s i c a l  o p e r a t i o n s  

t h a t  a r e  e s s e n t i a l  f o r  t h e  conversion of aqueous sols  i n t o  microspheres .  . 
The d e s i g n  c a p a c i t y  i s  1 kg/hr  of oxide s p h e r e s .  

equipment f lowsheet  p r e s e n t l y  used ( F i g .  9) provides  fewer i t e m s  of 

equipment and s i m p l i f i e d  c o n t r o l s  than  e a r l i e r  p i l o t  p l a n t  f lowshee ts .  

The f i r s t  f o u r  process  o p e r a t i o n s  (see above) a r e  done cont inuous ly  

i n  a tapered  g l a s s  column ( F i g .  9). 
d r o p l e t s  t h a t  a r e  r e l e a s e d  i n t o  t h e  en larged  t o p  of t h e  t a p e r e d  column. 

These d r o p l e t s  a r e  suspended o r  f l u i d i z e d  by a r e c i r c u l a t e d ,  upflowing 

s t ream of t h e  2EH. A s  t h e  water  i s  e x t r a c t e d  and t h e  d r o p l e t s  g e l  

i n t o  s o l i d  microspheres ,  t h e  s e t t l i n g  v e l o c i t y  i n c r e a s e s .  The column 

c o n f i g u r a t i o n  and t h e  f l u i d i z i n g  f low r a t e s  a r e  s e l e c t e d  t o  permit  

t h e  g e l l e d  p a r t i c l e s  t o  drop  o u t  cont inuous ly  whi le  s o l  d r o p l e t s  a r e  

being formed i n  t h e  t o p  of t h e  column. Then t h e  s e p a r a t i o n  of t h e  

g e l  spheres  from t h e  2EH i s  accomplished by d i s c h a r g i n g  t h e  product  

c o l l e c t o r  i n t o  a d r y e r  and d r a i n i n g  o f f  t h e  l i q u i d  through a woven 

w i r e  c l o t h .  The g e l  spheres  a r e  d r i e d  and c a l c i n e d  batchwise.  F r e s h  

o r  p u r i f i e d  2EH i s  cont inuous ly  added t o  t h e  column; t h i s  d i s p l a c e s  

a s t ream of w e t  2EH t o  a recovery  system. Water i s  removed from t h e  

2EH by d i s t i l l a t i o n .  

The improved 

The s o l  i s  d i s p e r s e d  i n t o  

Extended, s t a b l e  o p e r a t i o n  of t h e  column w a s  demonstrated wi th  Tho2. 

A s  of January 1 of t h i s  yea r ,  t h e  e n t i r e  system had been emptied and 

f i l l e d  twice w i t h  2EH, and 300 kg of 210- t o  250-p-diam and 20 kg of 

500- t o  590-p-diam Tho2 microspheres  were prepared.  Each charge  
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(about  45 g a l )  was used f o r  6 months, e q u i v a l e n t  i n  our  o p e r a t i n g  mode 

t o  about 300 h r  of o p e r a t i c n  i n  t h e  c o l u m n - d i s t i l l a t i o n  system. 

Operat ion was smooth throughout bo th  per iods ;  a c t u a l l y ,  t h e  s o l v e n t  

could have been used f o r  a longer  per iod  of t i m e ,  if necessary  o r  d e s i r e d .  

The l a r g e s t  monthly product ion was 137 kg of Tho2 microspheres  ( d u r i n g  

A p r i l  of t h i s  y e a r ) .  

S u r f a c t a n t s  must be added t o  t h e  2EH t o  prevent  coa lescence  of 

d r o p l e t s ,  s t i c k i n g  of d r o p l e t s  on column w a l l s ,  and c l u s t e r i n g  of 

p a r t i a l l y  d r i e d  drops .  

0.3 v o l  $I Ethomeen S / l 5  and 0.07 v o l  $ Span 80 were added. 

column o p e r a t i o n  was maintained by adding 10 m l  of Ethomeen S / l 5  and 

Each t i m e  t h e  column was f i l l e d  w i t h  f r e s h  2EH, 

S a t i s f a c t o r y  

2.5 m l  of 

r e s u l t  i n  

p a r t i c l e s  

cont inued 

S amp 

Span 80 per  l i t e r  of s o l  f e d .  

d i s t o r t i o n  of l a r g e  s o l  d r o p l e t s  and t h u s  n o n - s p h e r i c a l  g e l  

Excessive Span 80 c o n c e n t r a t i o n s  

t h e r e f o r e ,  t h e  maintenance-addi t ions of Span 80 were d i s -  

while  making 400 p Tho, microspheres .  

es of 2EH were analyzed f o r  n i t r a t e ,  amine, t o t a l  n i t r o g e n ,  

and thorium p e r i o d i c a l l y  throughout each of t h e  six-month p e r i o d s ,  

R e s u l t s  of t h e s e  a n a l y s e s  made over  t h e  l a s t  f o u r  months t h a t  t h e  

second charge was used (Table  1) showed no t r e n d  w i t h  t i m e  f o r  t h e  

t h r e e  suspec ted  degrada t ion  products .  Only t h e  thorium (Tho2) 

c o n c e n t r a t i o n  b u i l t  up s t e a d i l y  throughout  t h e  per iod ,  c a u s i n g  

t u r b i d i t y  of t h e  s o l v e n t .  This  bu i ldup  was t h e  r e s u l t  of o c c a s i o n a l  

equipment mal func t ion .  T u r b i d i t y  h indered  v i s u a l  o b s e r v a t i o n s  of 

microspheres  through t h e  column w a l l s  and was t h e  primary r e a s o n  f o r  

d i s c a r d i n g  both t h e  2EH loadings .  The t h o r i a  caus ing  t h e  t u r b i d i t y  

was p r e s e n t  a s  extremely f i n e  p a r t i c l e s  (300 A ) ,  which s e t t l e d  o u t  upon 

long s t a n d i n g  ( N  15  days)  , l e a v i n g  c l e a r  2EH. 

A method f o r  monitor ing t h e  e x t e n t  of column loading  was needed 

f o r  remote o p e r a t i o n .  A bubbler  tube  was i n s t a l l e d  w i t h  i t s  lower t i p  

placed i n  a s idearm o f f  t h e  column bottom. The back p r e s s u r e  from t h i s  

bubbler  i s  t r a n s m i t t e d  t o  a r e c o r d e r .  A s  t h e  column i s  loaded wi th  

microspheres ,  t h e  back p r e s s u r e  i n c r e a s e s  t o  about  4 i n .  of water  and 

then  levels  o f f .  

t h e  loading  of t h e  column. 

T h i s  p l a t e a u  has  been used a s  a means of c o n t r o l l i n g  

. 
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Table 1. Concent ra t ions  i n  t h e  2-Ethyl-1-Hexanol Charge of 
t h e  CPDL Microsphere Column over a Four-Month Per iod  

-4 
-4 

N i t r a t e  i on  

T o t a l  n i t r o g e n  

Amine 

Thorium (2 .0  t o  7) x 10 E, i n c r e a s i n g  wi th  time 

( 1 . 5  t o  4 )  x 10 

(2 .0  t o  5) x 10 

(6.0 t o  10) x 10 

E, no t r e n d  wi th  t i m e  

M, no t r e n d  wi th  t i m e  
-4- E, no t r e n d  wi th  time 
-4 

~ ~~ 

The p r e s e n t  geometry of t h e  g l a s s  column ( F i g .  10) appears  t o  be 

n e a r l y  optimum f o r  producing microspheres i n  t h e  s i z e  ranges  of i n t e r e s t .  

The 500- t o  SgO-p-diam p a r t i c l e s  s e t t l e  i n  a s h a r p l y  de f ined  zone i n  

the  t ape red  s e c t i o n  j u s t  above the  t h r o a t ;  t h e  s t a i n l e s s  s t ee l  t o p  

s e c t i o n  g i v e s  ample s e t t l i n g  c a p a c i t y  f o r  t he  210- t o  250-p-diam 

p a r t i c l e s .  . 
A f i l t e r  was p laced  i n  t h e  2EH c i r c u i t  t o  remove suspended f i n e s ;  

i t  was a l s o  e f f e c t i v e  i n  removing smal l  g e l l e d  p a r t i c l e s .  Use of 

f i l t r a t i o n ,  i n  an  o v e r a l l  sense,  was n o t  s a t i s f a c t o r y  s i n c e  o p e r a t i o n a l  

upse t s  allowed s o f t ,  h a l f - g e l l e d  s o l  t o  e n t e r  t h e  c i r c u l a t i n g  system 

and t o  immediately plug the  f i l t e r  element.  

i s  now used t o  remove any e n t r a i n e d  s o l  o r  g e l  p a r t i c l e s  be fo re  they 

reach  t h e  pump. 

A l a r g e  s e t t l e r  ( F i g .  9) 

, 

, 

A l i q u i d - d r i v e n  ( 2 E H )  j e t  was mounted on t h e  bottom of t h e  forming 

column t o  t r a n s f e r  t h e  microspheres  con t inuous ly  t o  the  d r y e r .  This  

t r a n s f e r  method has  worked s a t i s f a c t o r i l y .  

A proto type  d rye r  des ign  i s  shown i n  F i g .  11. The Tho2 microspheres  

e n t e r  t h e  s e t t l e r  wi th  the  2EH t r a n s f e r  f l u i d .  P a r t  of t h e  2EH flows 

down through the  s t a i n l e s s  s t e e l  w i re  c l o t h  i n  t h e  d r y e r  bottom, whi le  

t he  r e s t  overflows t h e  s e t t l e r .  Both s t reams combine and r e t u r n  t o  the  

column c i r c u i t .  The microspheres  remain on t h e  s c r e e n .  The s e t t l e r  

was i n s t a l l e d  t o  a l low the  t r a n s f e r  j e t  t o  o p e r a t e  a t  c o n s t a n t  

p re s su re ,  s i n c e  t h e  pressure drop a c r o s s  t h e  bed of microspheres 

i n c r e a s e s  a s  t h e  d r y e r  i s  f i l l e d .  When t h e  d r y e r  i s  f i l l e d  wi th  
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microspheres ,  excess  2EH i s  blown down through t h e  s c r e e n  wi th  

n i t rogen ,  t h e  steam i s  turned  on, and t h e  bed i s  allowed t o  d ry  

(150 t o  2 5 0 ° C ) .  

pneumatically t o  t h e  c a l c i n e r  s t a t i o n .  

A f t e r  dry ing ,  microspheres  a r e  t r a n s f e r r e d  

I n  t h e  concep tua l  des ign  of t h e  remotely opera ted  c a l c i n e r  

( F i g .  ll), t h e  charge  i s  conta ined  i n  a c r u c i b l e  t h a t  i s  f i x e d  i n  

t h e  fu rnace .  The charge w i l l  be loaded by g r a v i t y  and d i scha rged  

pneumat ica l ly .  The p r e s e n t  c a l c i n e r  i s  a c t u a l l y  a muf f l e  fu rnace  

c o n t a i n i n g  c r u c i b l e s  t h a t  a r e  loaded manually.  

The use  of t h e  l i q u i d  and pneumatic microsphere t r a n s f e r  systems 

r e p r e s e n t s  a s i g n i f i c a n t  improvement i n  our f lowshee t ,  s e r v i n g  to- 

e l i m i n a t e  mechanical t r a n s f e r  of c a n i s t e r s ,  o r  c r u c i b l e s ,  w i t h i n  t h e  

c e l l .  

P r e p a r a t i o n  of Thoria-Urania Microspheres 
from So lven t  E x t r a c t i o n  Sol 

The Th02-U03 s o l s  prepared by amine e x t r a c t i o n  of n i t r a t e  

(Th/U r a t i o s ,  3 t o  5 )  were formed i n t o  g e l  sphe res  us ing  Span/Ethomeen 

volume r a t i o s  of about 2. 

l l r a i s i n l l  s u r f a c e s ,  wh i l e  Ethomeen S I 1 5  a l o n e  tended t o  g i v e  deep 

dimples o r  "cher ry  p i t s  . I 1  Smal l - sca le  tes ts  wi th  f r e s h l y  prepared  

s o l  and new 2EH r e q u i r e d  low t o t a l  s u r f a c t a n t  c o n c e n t r a t i o n s  

( 5  O.%) t o  prevent  c r ack ing  of t h e  g e l  sphe res  i n t o  f ragments .  

c r ack ing  d i d  n o t  occur  f o r  s u r f a c t a n t  c o n c e n t r a t i o n s  a s  l a r g e  a s  

0.8 v o l  $, i n  l a r g e r - s c a l e  tes ts  wi th  aged s o l  ( s t o r a g e  pe r iod ,  1 t o  

3 months) and 2EH t h a t  had been used 20 t o  40 hours .  

and f i r i n g  c o n d i t i o n s  were s i m i l a r  t o  those  used f o r  microspheres  

prepared  from Tho2 sols c o n t a i n i n g  sma l l  amounts of U 0 2 ( N 0 3 ) 2  o r  U03. 

Span 80 a l o n e  tended t o  g i v e  wr inkled  o r  

This  

The d r y i n g  

U02  Microspheres 

The equipment developed f o r  use i n  p repa r ing  Tho2 microspheres  i s  

provided wi th  an  i n e r t  gas  b l anke t  t o  prevent  o x i d a t i o n  of U 0 2  du r ing  

p r e p a r a t i o n  of u r a n i a  microspheres;  o the rwise  i t  remains unchanged. 

. 



The i n i t i a l  c o n c e n t r a t i o n s  and t h e  a d d i t i o n s  of s u r f a c t a n t  t o  t h e  

2EH a r e  less p r e d i c t a b l e  f o r  U 0 2  sols than  f o r  Tho2 s o l s .  

U02  s o l s  a r e  more prone t o  s t i c k ,  coa le sce ,  o r  c l u s t e r ,  and r e q u i r e  

more c a r e f u l  c o n t r o l  of t h e  s u r f a c t a n t  c o n c e n t r a t i o n s .  Also, t h e  

u ran ia  so l s ,  which a r e  prepared  by s e v e r a l  f lowshee ts ,  have many more 

composition v a r i a b l e s  (Th 

compared t o  U Pl, N03-/U, O/U,  COOH-/U and NH4 /U r a t i o s  f o r  UOz s o l s ) .  

The 

and N03-/Th r a t i o  f o r  ThOzsols,  a s  
+ 

The U 0 2  sols g e n e r a l l y  r e q u i r e d  t h e  presence of both Span 80 
and Ethomeen S / l 5  i n  the2EH, a s  w e l l  a s  much h ighe r  t o t a l  s u r f a c t a n t  

c o n c e n t r a t i o n s  than  f o r  Tho2 s,ols. A t o t a l  su r f ac t an t :  c o n c e n t r a t i o n  of 

about  1 v o l  % and a Span/Ethomeen volume r a t i o  of 4 were a s  

s a t i s f a c t o r y  a s  any o t h e r  c o n c e n t r a t i o n s  f o r  most U 0 2  s o l s .  A 

Span 80 c o n c e n t r a t i o n  of 2 0.5 v o l  $, was necessa ry  t o  minimize 

s t i c k i n g  and c l u s t e r i n g .  High t o t a l  s u r f a c t a n t  c o n c e n t r a t i o n s  o r  

high Span/Ethomeen volume r a t i o s  tended t o  r e s u l t  i n  badly d i s t o r t e d  

p a r t i c l e s  having t h e  appearance of r a i s i n s .  High Ethomeen S / l 5  

c o n c e n t r a t i o n s  seemed t o  favor  product ion  of p a r t i c l e s  having a 

deep dimple o r  "cher ry  p i t "  on one s i d e .  High s u r f a c t a n t  c o n c e n t r a t i o n s  

appeared t o  c o n t r i b u t e  t o  c rack ing  of t h e  sphe res  i n  some c a s e s .  
I 

Pu02, Pu02-U02, and PuO2-ThOZ Microspheres 

Equipment f o r  t h e  forming, dry ing ,  and c a l c i n a t i o n  of microspheres  

c o n t a i n i n g  Pu02 was opera ted  t o  produce 4 kg of 5-2O% Pu02--U02, 

1 . 5  kg of 5% PuOz--ThOz and 3 kg of Pu02. 

150 g, and d e n s i t i e s  g e n e r a l l y  w e r e  > 95% of t h e o r e t i c a l .  

equipment i s  i n s t a l l e d  i n  two 6 - f t  g love  boxes; t h e  f i rs t  i s  used 

f o r  s o l  mixing, microsphere forming, and drying; t h e  second f o r  

c a l c i n a t i o n  and s i z e  c l a s s i f i c a t i o n .  To o b t a i n  mix tu res ,  t h e  two pure 

s o l s  a r e  prepared s e p a r a t e l y  and then  blended t o  t h e  d e s i r e d  

p ropor t ions ;  thus ,  any Pu/Th o r  Pu/U atom r a t i o  can be e a s i l y  

achieved .  The Pu02 and Pu02-Th02 sols are formed i n t o  sphe res  us ing  

t h e  procedure t h a t  i s  r o u t i n e l y  used f o r  Tho2 sphe res .  P lu ton ia -  

u r a n i a  m i x t u r e s ,  l i k e  u ran ia ,  must be processed i n  an  i n e r t  atmosphere 

u n t i l  a f t e r  f i r i n g .  

Batch s i z e s  were 50 t o  

The - - 



Microspheres c o n t a i n i n g  Pu02 a r e  prepared by u s i n g  equipment and 

procedures s i m i l a r  t o  those  developed f o r  t h o r i a  microspheres .  

p r i n c i p a l  d i f f e r e n c e  i n  equipment i s  t h a t  a s m a l l e r  s i z e  i s  r e q u i r e d  f o r  

use i n  glove boxes. The primary d i f f e r e n c e s  i n  procedures  involved 

t h e  s u r f a c t a n t  systems used i n  t h e  dry ing  s o l v e n t  and t h e  degree  of 

atmosphere c o n t r o l  r e q u i r e d .  The Pu02 and Pu02-Th02 s o l s  were formed by 

us ing  0.3 t o  0.5 v o l  % Ethomeen S / l 5  a l o n e  a s  t h e  s u r f a c t a n t .  The 

20% Pu02--U02 s p h e r e s ' w e r e  formed, us ing  a s u r f a c t a n t  system of 0.3 t o  

0.6 v o l  % Ethomeen S I 1 5  and 0.3 t o  0.6 v o l  % Span 80; however, i t  was 

found l a t e r  ( d u r i n g  t h e  p r e p a r a t i o n  of 15% Pu02--U02) t h a t  a less- 

concent ra ted  system, 0 .1  v o l  % Ethomeen S/l5--O.b v o l  % Span 80, was 

more s a t i s f a c t o r y .  P l u t o n i a  and Tho2 s o l s  and mixtures  r e q u i r e  no 

atmospheric  p r o t e c t i o n ,  and t h e i r  g e l s  a r e  f i r e d  i n  a i r .  

The 

The types  of m a t e r i a l  produced, s i z e  ranges,  t o t a l  weights ,  number 

of ba tches ,  and p h y s i c a l  p r o p e r t i e s  a r e  shown i n  Table  2. No 

s i g n i f i c a n t  d i . f f e rences  were observed i n  t h e  range 5-2O% Pu02 i n  

u ran ia ;  d e n s i t i e s  of a l l  m a t e r i a l s ,  except  f o r  f i n e s ,  were > - 95% 
of t h e o r e t i c a l .  A n a l y t i c a l  d a t a  (Hg porosimetry)  f o r  f i n e s  a r e  

v a r i a b l e  and of u n c e r t a i n  accuracy.  Carbon l e v e l s  were less t h a n  

100 ppm i n  a l l  c a s e s  and s u r f a c e  a r e a s ,  except  f o r  f i n e s ,  were 

g e n e r a l l y  - < 0.03 m2/g. 

was about  1 kglsphere .  

- 

Crushing r e s i s t a n c e  €o r  t h e  c o a r s e  m a t e r i a l  - 

F i g u r e  1 2  shows t h e  uniform shapes and g l o s s y  s u r f a c e s  of Pu02 

microspheres .  

f o r  both Pu02 and Pu0,-U02 b u t  n o t  wi th  Pu02-Th02. Cross  s e c t i o n s  of 

Pu02 spheres  of two s i z e s  ( F i g .  13) show s h a r p  edges, which a r e  

c o n s i s t e n t  wi th  low s u r f a c e  a r e a s .  No i n t e r n a l  v o i d s  are  observed, 

a l though a smal l  amount of microporos i ty  can be d e t e c t e d .  

A few s u r f a c e  c r a c k s  may be seen  i n  t h e  l a r g e s t  s p h e r e s  

A l a r g e r  system f o r  prepar ing  Pu02 and Pu02-U02 microspheres  

was f a b r i c a t e d  and i n s t a l l e d  ( F i g .  1 4 ) .  
of microspheres  per  day and 200 g of Pu ( a s  Pu02 s o l )  per  day. 

The d e s i g n  c a p a c i t y  i s  1 kg 
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Table 2. Pu02-Containing Microspheres Prepared i n  Glove Box F a c i l i t y ,  Bui lding 3019 

Surface Area 
Densi ty  by H g  Porosimetry Gas 

To ta l  10,000 p s i  Adsorption 
S i z e  Range W t  No. of Bulk Theore t i ca l  Carbon Method Calculated 

Type of Mate r i a l  ( P )  (g) Batches ( g / c c )  (g / cc )  (4) ( PPm) (m2/g) ( m 2 / d  

20% P U O ~ - - ~ ~ U O ~  300-600 

15% P u O ~ - - ~ ~ U O ~  300-600 

< 44 

< 44 
5% P u O ~ - - ~ ~ U O ~  300-600 

5% Pu02--ThO2 300 - 600 
< 44 

Pu02 250-600 
50-250 
< 44 

1900 
340 
970 
234 
496 
1148 
403 
251 
5n 
43 

23 10.3 
5 -6 
11 10.5 
4 5.6 

-- 3 
5 9.48 
4 -6 
4 11.13 

11.06 7 
1 -- 

10.5 
9.0 
10'. 6 
-9.2 

9.84 
-9.5 
11.22 
11.19 -- 

95 
82 
97 
-84 

97 
-94 
98 
98 -- 

< lo 
< 10 

0.02 
0.04 

0.02 
0.17 
0.02 
0.01 

w w 0.08 
0.06 
0-5 

0.03 
0.02 



34 

Fig. 12 Plutonia Gel and 1150°C Sintered Microspheres. Average 
Diam: 130 p; Density: 96% of Theoretical. 

. 
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Fig. 13 Pu02 Sol-Gel Microspheres Calcined at 1200°C. 
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Development of Dispers ion  Devices 

. 

Many column o p e r a t i n g  d i f f i c u l t i e s  would be minimized i f  s o l  

d r o p l e t  s i z e s  were uniform; t h e r e f o r e ,  a v a r i e t y  of s o l  d i s p e r s i o n  

devices  have been t e s t e d .  S o l  d r o p l e t s  can be formed from a l a r g e r  

mass of s o l  by apply ing  one o r  more f o r c e s ,  such a s  g r a v i t y ,  

c e n t r i f u g a l  f i e l d ,  shea r ,  i n e r t i a ,  i n t e r f a c i a l  t ens ion ,  and e l e c t r o -  

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

diameters ,  both t h e  f o r c e  and t h e  c o n f i g u r a t i o n  of t h e  s o l  (where t h e  

f o r c e  i s  a p p l i e d )  must be uniform and one o r  both of t h e s e  f a c t o r s  

must be c o n t r o l l a b l e .  

c o n f i g u r a t i o n  i s  obta ined  by feeding  t h e  s o l  through o r i f i c e s  o r  

c a p i l l a r i e s  t h a t  a r e  0.004 t o  0.030 i n .  i n  diameter .  

To o b t a i n  uniform d r o p l e t  s i z e  and c o n t r o l l e d  

For a l l  d i s p e r s e r s  t e s t e d ,  a uniform 

Two-fluid nozz les  ( F i g .  15) have proved t o  be t h e  most u s e f u l  

s o l  d i s p e r s i o n  d e v i c e s .  11’12 They a r e  r e l i a b l e ,  g i v e  a uniform 

product ,  and a r e  e a s i l y  c o n t r o l l e d  over t h e  s o l  d r o p l e t  s i z e  range 

of i n t e r e s t  (200 t o  2000 IJ- i n  d i a m e t e r ) .  

90 w t  4 of t h e  product c o n s i s t e n t l y  had d iameters  w i t h i n  ? 15% of t h e  

mean diameter  (Table  3 ) .  
unacceptably low f o r  p i l o t  p l a n t  o p e r a t i o n s .  Therefore ,  m u l t i p l e  

a r r a y s  of two-f luid nozz les  a r ranged  i n  p a r a l l e l  were t e s t e d ;  t h e  s o l  

and t h e  2EH were f ed  t o  t h e i r  r e s p e c t i v e  feed l o c a t i o n s  from s i n g l e  

pumps. Two a r r a y s  t e s t e d  c o n s i s t e d  of 6 and 11 p a r a l l e l  two-f luid 

nozz les .  

per iods  of o p e r a t i o n  were 70% ( f o r  t h e  6-nozzle arrangement) and 50% 
( f o r  t h e  11-nozzle  arrangement) .  

With s i n g l e  two-f luid nozz les ,  

The c a p a c i t y  of s i n g l e  two-f luid nozz les  was 

The y i e l d  w i t h i n  t 10% of t h e  mean diameter  f o r  extended 

S o l  d r o p l e t s  formed from c a p i l l a r i e s  t h a t  a r e  mechanical ly  

connected t o ,  and v i b r a t e d  by, a loudspeaker ( F i g .  1 5 )  a r e  more uniform 

a t  optimum c o n d i t i o n s  than  those from any o t h e r  d i s p e r s e r .  A simple 

s i n u s o i d a l  displacement  of t h e  c a p i l l a r y  t i p  appears  t o  be t h e  b e s t  

v i b r a t o r y  wave shape.  Secondary v i b r a t i o n s  cause nonuniform drops.  

The b e s t  r e s u l t s  a r e  obta ined  w i t h  a cont inuous,  approximately 

s i n u s o i d a l  l i q u i d  s t ream t h a t  breaks a t  t h e  midpoint  p o s i t i o n  wi th  



Table  3. S i z e s  of Calcined Thoria Microspheres from Three D i s p e r s e r s  

Sol feed:  Thoria sols 3.0 i n  Th; d i ame te r s  of s o l  d r o p l e t s  were 
2.35 times those  of t h e o r e t i c a l l y  dense Tho2 product 

F r e e - F a l l  
Two-F l u i d  Nozzles V i b r a t i n g  C a p i l l a r i e s  Drop Method 

~~~~~ ~~ 

Number of f eed  c a p i l l a r i e s  S i n g l e  Two S i n g l e  Four Four 19 

S o l  feed  r a t e ,  cc/min 1 . 2  9.9 1 . 2  19.2 9 -6 9.6 
C a p i l l a r y  d i ame te r ,  p 250 4 25 4 25 480 480 400 

--- 40 200 50 V i b r a t i o n  f requency ,  cps  --- --- 

Amount of sample ,  g 540 10,200 --- 314 720 480 
Mesh o r  d i ame te r  s i z e  of 

P r e d i c t e d  mean s i z e ,  p 270a 230a 33Ob 310b 39Ob --- 

C 

product ,  w t  8 :  
30/35 o r  500-590 p 97.9 
35/40 o r  420-500 p 0.1 0.8 
40/45 o r  350-420 p 0.2 61.9 1.1 
45/50 o r  297-350 p 2.9 0.2 98.3 30.4 37.6 
50/60 o r  250-297 p 92.0 3 -0 1.5  62.6 0.4 
60/70 o r  210-250 p 0 85.8 7-0 
-70 o r  < 210 p 5 -3 10.9 

a 

bFrom number of d rops  per c y c l e  and flow ra te .  

C a l c u l a t e d  from equat ionideveloped  f o r  two-f lu id  nozz le .  

C brom use of U. S .  S ieve  S e r i e s  s c r e e n s .  

. . 

w 
03 
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Fig. 15  Devices f o r  Dispersion of Sol as Drops in 2-E thy l - l -  
Hexanol ( 2 E H ) .  
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r e s p e c t  t o  ampli tude ( F i g .  16). 
o p e r a t i o n  v a r i e d  from 1/4 i n .  a t  20 cps  t o  1/32 i n .  a t  200 cps  and 

was obtained by 1 . 5  t o  4.0-v i n p u t s  t o  commercial loudspeakers .  

R e s u l t s  f o r  s i n g l e  c a p i l l a r i e s  a r e  somewhat b e t t e r  than  t h o s e  f o r  

m u l t i p l e  c a p i l l a r i e s  (Table  3) .  

The ampli tude f o r  t h i s  type  of 

The f r e e - f a l l  drop mechanism and t h e  r e l a t i o n s h i p  between d r o p l e t  

s i z e ,  o r i f i c e  s i z e ,  and i n t e r f a c i a l  t e n s i o n  a r e  w e l l  known. The use 

of p l a s t i c  buckets  w i t h  a l a r g e  number of h o l e s  ( F i g .  1 5 )  provides  a 

p r a c t i c a l  c a p a c i t y  and avoids  d r o p l e t  s i z e  v a r i a t i o n s  caused by 

v a r i a b l e  w e t t i n g  of t h e  o r i f i c e  by t h e  s o l .  This  d i s p e r s e r  i s  

u s e f u l  f o r  l a r g e  drops only; t h e  o r i f i c e  s i z e s  necessary  t o  produce 

drops smaller than  1000 p i n  diameter  a r e  t o o  s m a l l  t o  be p r a c t i c a l .  

The i n t e r f a c i a l  t e n s i o n  between t h e  s o l  and t h e  2EH depends on t h e  

amounts of s u r f a c e - a c t i v e  a g e n t s  p r e s e n t  and t h u s  causes  v a r i a t i o n s  

i n  d r o p l e t  s i z e .  

4 .  DRYING AND FIRING 

Drying and f i r i n g  a r e  necessary  t o  remove v o l a t i l e  c o n s t i t u e n t s ,  

t o  e f f e c t  chemical r e a c t i o n s ,  and t o  s i n t e r  t h e  p a r t i c l e s  t o  a high 

d e n s i t y .  Both t h e  temperature  and t h e  atmosphere a r e  c o n t r o l l e d  whi le  

the. g e l  i s  hea ted  t o  t h e  s i n t e r i n g  temperature  and then  cooled t o  

room temperature .  

p r o t e c t e d  -from oxygen. The d r y i n g  and f i r i n g  c o n d i t i o n s  were i n i t i a l l y  

determined e m p i r i c a l l y ,  w i t h  l i t t l e  t h e o r e t i c a l  unders tanding  of 

t h e  mechanisms involved.  The c r a c k i n g  of p a r t i c l e s ,  t h e  d e n s i f i c a t i o n  

dur ing  s i n t e r i n g ,  and t h e  amount of carbon and g a s e s  i n  t h e  c a l c i n e d  

product can vary  g r e a t l y  depending on t h e  c o n d i t i o n s  used. The 

dry ing  and f i r i n g  c o n d i t i o n s  p r e f e r r e d  f o r  engineer ing  s t u d i e s  a r e  

o u t l i n e d  below and some equipment w i l l  be d e s c r i b e d .  More d e t a i l e d  

P a r t i c l e s  c o n t a i n i n g  U02 o r  c a r b i d e s  must be 

s t u d i e s  of t h e  dry ing  and s i n t e r i n g  mechanisms a r e  r e p o r t e d  elsewhere.  1,13 

Thoria  o r  t h o r i a - u r a n i a  fragments have been f i r e d  p r i n c i p a l l y  i n  

s t a n d a r d  muff le  furnaces  w i t h  t ime-cont ro l led  temperatures  and 
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T 

Fig. 16 Dispersion of a Th02--Z'5% U02 S o l  by a Vibrating 
Capillary Disperser. 
to form 950-p-diam droplets. 

Four capillaries are vibrated at 90 cps 
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 atmosphere^.^ 
300°C/hr. 

a n  A r - - 4 %  H2 atmosphere i s  used t o  reduce i t  t o  U02. 

v e r t i c a l  tube,  moving-bed c a l c i n e r  was s u c c e s s f u l l y  opera ted  wi th  

thoria--3& urania  fragments .I4 The temperature  p r o f i l e  a long  t h e  

tube i s  c a r e f u l l y  c o n t r o l l e d  so  t h e  moving charge undergoes t h e  c o r r e c t  

temperature-time program. The c o u n t e r c u r r e n t  f low of gas  up t h e  tube 

provides  e x c e l l e n t  u t i l i z a t i o n  of hydrogen and h e l p s  main ta in  t h e  

r e q u i r e d  temperature  p r o f i l e .  The moving-bed type  of c a l c i n e r  appears  

t o  be p r a c t i c a l  f o r  l a r g e  product ion (2 50 kg day) ,  while  ba tch  

u n i t s  appear  more a t t r a c t i v e  f o r  smal l - sca le  p r e p a r a t i o n .  

The d r i e d  g e l  i s  hea ted  i n  a i r  t o  1 1 5 0 ° C  a t  a r a t e  of 

The charge i s  he ld  a t  1150°C f o r  4 hr; i f  u r a n i a  i s  p r e s e n t ,  

A cont inuous,  

The f a c t o r s  t h a t  minimize c racking  of microspheres  a r e  those  t h a t  

minimize composition g r a d i e n t s  w i t h i n  t h e  g e l  microspheres .  The 

dry ing  c o n d i t i o n s  were t h e  important  v a r i a b l e ,  and t h e  most e f f i c i e n t  

dry ing  c o n d i t i o n s  f o r  microspheres  r e q u i r e d  superhea ted  steam t o  f i n a l  

d ry ing  temperatures  of 233°C. ”” 
fragments,  microspheres  may r e q u i r e  more-conpl icated f i r i n g  c y c l e s  

t o  remove organic  compounds and carbon.  A l l  microsphere 

c a l c i n a t i o n s  have been done i n  ba tch  furnaces  w i t h  t ime-cont ro l led  

temperatures  and atmospheres.  The c o n d i t i o n s  i n  Table  4 were 

A s  compared wi th  t h o r i a - u r a n i a  

- 

s u c c e s s f u l l y  used f o r  f i r i n g  g e l  microspheres  i n  muff le  furnaces .  

Argon--4$, H2 i s  used t o  avoid  t h e  e x p l o s i v e  hazards  of 

pure H2. I f  hydrogen i s  p r e s e n t  throughout cooldown, e x c e s s i v e  amounts 

of i t  may be adsorbed. The f i r i n g  of u r a n i a  microspheres  r e q u i r e s  a 

c o n t r o l l e d  o x i d a t i o n  dur ing  t h e  f i r i n g  c y c l e .  Excessive o x i d a t i o n  

r e s u l t s  i n  l o w  f i n a l  d e n s i t i e s .  Apparent ly  t h e  U02 s t r u c t u r e  i s  l o s t  

i f  o x i d a t i o n  i s  e x c e s s i v e  and s i n t e r i n g  does n o t  occur  a t  t h e ’ u s u a l  

temperature  f o r  s o l - g e l  o x i d e s ,  even though t h e  u r a n i a  i s  a g a i n  

reduced t o  U02. I f  a reducing  o r  i n e r t  atmosphere i s  used (throughout 

t h e  dry ing  and f i r i n g ,  t h e  f i r e d  microspheres  w i l l  have h igh  (lo3 t o  

lo4 ppm) carbon c o n t e n t s  and low d e n s i t i e s .  

and f i r i n g  c o n d i t i o n s  on s o l - g e l  u r a n i a  have been e x t e n s i v e l y  i n v e s t i -  

ga ted  i n  l a b o r a t o r y  s t u d i e s .  No u n i v e r s a l l y  optimum c o n d i t i o n s  were 

The e f f e c t s  of dry ing  

1 
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found. The Tho2, Pu02, and ThOZ-Pu02 microspheres  a r e  simply f i r e d  

i n  a i r ,  which removes carbon a s  v o l a t i l e  ox ides .  

microspheres  a r e  a l s o  f i r e d  i n  a i r  t o  remove carbon, bu t  r e d u c t i o n  wi th  

hydrogen and cooldown i n  argon a r e  necessa ry  t o  g ive  Th02-UO2 microspheres .  

The Th02-U03 

Table 4 .  Condi t ions  f o r  F i r i n g  -Microspheres 

Atmospheres Used f o r :  

a Temperature Tho2 o r  
( " a  Time PUO, Th02- UO, uo2 

c 

-- A i r  25 
25 t o  100 309" C/hr A i r  A i r  A i r  
loo t o  1150 300" C/hr A i r  A i r  A r  
1150 4 h r  A i r  A r - - 4 $  H2 A r - - 4 $  H2 
1150 t o  < 100 < 500"C/hr A i r  A r  A r  

16 h r  -- 

a uo2 c o n d i t i o n s  would a l s o  be usab le  f o r  U02-Th02 o r  U02-Pu02. 
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