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SUMMARY 

Development of r e f a b r i c a t i o n  p rocesses  f o r  p r o l i f e r a t i o n - r e s i s t a n t  

f u e l s  f o r  thermal  r e a c t o r s  w a s  i n i t i a t e d  i n  f i s c a l  yea r  1 9 7 8  under t h e  

Fuel R e f a b r i c a t i o n  and Development Program managed f o r  t h e  Department of 

Energy by B a t t e l l e - P a c i f i c  Northwest L a b o r a t o r i e s .  

Program scope, development of t h e  so l -ge l  sphere-pac p rocess  f o r  remote 

r e f a b r i c a t i o n  of highly-gamma-active f u e l s  w a s  a s s igned  t o  t h e  Oak Ridge 

Na t iona l  Labora tory  (ORNL). A c t i v i t i e s  a t  ORNL f a l l  under t h e  Task 500 

ca tegory  and have been subdiv ided  i n t o  seven work areas o r  s u b t a s k s  f o r  

conducting t h e  development work proposed f o r  f i s c a l  yea r  1978 .  

are: 

Within t h e  o v e r a l l  

These 

Subtask 502 ,  Sol-Gel Sphere-Pac Fuel Technology S t a t u s  and 

Performance Assessment 

Subtask 510,  S o l  P r e p a r a t i o n  

Subtask 520,  Sphere Forming 

Subtask 530 ,  Washing and Drying 

Subtask 540 ,  S i n t e r i n g  

Subtask 550,  Fuel Rod Loading 

Subtask 560 ,  Fuel  Rod I n s p e c t i o n  

Work summarized below r e p r e s e n t s  t h e  development s t a t u s  a t t a i n e d  i n  t h e  

i n i t i a l  q u a r t e r  of  work on t h e  program. 

Sol-Gel Sphere-Pac Fuel  Technology S t a t u s  and Performance Assessment 
(Subtask 502)  

An e a r l y  technology s t a t u s  and performance assessment w a s  i nc luded  

as an impor tan t  p a r t  o f  t h i s  program t o  provide  a s ta te -of - technology 

b a s i s  t o  h e l p  guide  t h e  development work. Work d u r i n g  t h e  q u a r t e r  

c o n s i s t e d  of  performing l i t e r a t u r e  su rveys  and v i s i t i n g  European 

l a b o r a t o r i e s  a c t i v e l y  involved  i n  so l -ge l  sphere-pac work. From t h e s e  

and a d d i t i o n a l  l i t e r a t u r e  s e a r c h i n g  and c u r r e n t  development work, a 

technology s t a t u s  and i r r a d i a t i o n  performance assessment r e p o r t  w i l l  be  

w r i t t e n  la ter  i n  t h e  f i s c a l  yea r .  
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S o l  P r e p a r a t i o n  (Subtask 510) 

S o l  p r e p a r a t i o n  w a s  accomplished u t i l i z i n g  f o u r  methods d u r i n g  t h e  

q u a r t e r .  Thoria  and Th-U s o l s  were prepared  by a b a t c h  s o l v e n t  e x t r a c t i o n  

process  i n  which n i t r i c  a c i d  i s  e x t r a c t e d  from n i t r a t e  s o l u t i o n s .  

Thor ia  s o l s  were a l s o  prepared by p a r t i a l  n e u t r a l i z a t i o n  of n i t r a t e  

s o l u t i o n s ,  and Th s o l  prepared by hydrothermal  d e n i t r a t i o n  of thorium 

n i t r a t e  w a s  purchased t o  s tudy  i t s  sphere  forming c h a r a c t e r i s t i c s .  Uranium 

"broths"  w e r e  prepared by a d d i t i o n  o f  a n  o r g a n i c  polymer t o  u r a n y l  n i t r a t e  

s o l u t i o n s .  The polymer provides  a g e l  suppor t  s t r u c t u r e  d u r i n g  p r e c i p i -  

t a t i o n .  Polymers u t i l i z e d  inc luded  p o l y v i n y l  a l c o h o l  (PVA) and 

hydroxypropyl methyl c e l l u l o s e  (K4M).  The s p h e r e  forming c h a r a c t e r i s t i c s  

o f  t h e  above s o l s  are  d e s c r i b e d  below. 

Sphere Forming (Subtask 520) 

Three p r o c e s s e s  f o r  p r e p a r i n g  s p h e r e s  v i a  s o l - g e l  p r o c e s s e s  are 

w e l l  known. These are water e x t r a c t i o n  and e x t e r n a l  and i n t e r n a l  chemical 

g e l a t i o n .  S t u d i e s  d u r i n g  t h i s  q u a r t e r  focused on s p h e r e  p r e p a r a t i o n  by 

e x t e r n a l  g e l a t i o n  which i n i t i a l l y  appeared t o  b e  t h e  s i m p l e s t  p r o c e s s .  

A s i m p l e  l a b o r a t o r y  procedure f o r  p r e p a r i n g  microspheres  by e x t e r n a l  

g e l a t i o n  w a s  developed. This  c o n s i s t e d  o f  forming drops  i n  a i r  and 

e f f e c t i n g  g e l a t i o n  by passage through ammonia gas  and i n t o  aqueous ammonium 

hydroxide.  Over 150 l a b o r a t o r y  g e l a t i o n  tests w e r e  conducted i n  t h i s  

manner. 

Thor ia  s o l s  prepared by a l l  f o u r  methods d e s c r i b e d  above w e r e  

s u c c e s s f u l l y  formed i n t o  good d r i e d  g e l  s p h e r e s  by e x t e r n a l  g e l a t i o n .  A l l  

mixed oxide s o l s  of thorium and uranium ( r e g a r d l e s s  o f  s o l  p r e p a r a t i o n  

method) gave weak g e l s  which g e n e r a l l y  r e s u l t e d  i n  smashed, r u p t u r e d  o r  

d i s t o r t e d  s p h e r e s .  However, mixed oxide  s o l s  prepared  by p a r t i a l  

n e u t r a l i z a t i o n  gave promising r e s u l t s  and m e r i t  f u r t h e r  t e s t i n g  a t  a la te r  

t i m e  . 
P r e p a r a t i o n  of  microspheres  from uranium-containing b r o t h s  u s i n g  

e x t e r n a l  g e l a t i o n  gave poor r e s u l t s  (a l though l i t e r a t u r e  r e p o r t s  f o r  such 

p r e p a r a t i o n  i n d i c a t e  p o s i t i v e  r e s u l t s ) .  Therefore ,  a combination o f  

v i  



e x t e r n a l  and i n t e r n a l  g e l a t i o n  w a s  a t tempted .  R e s u l t s  of  t h i s  tes t  

w e r e  n o t  promising b u t  d i d  i n d i c a t e  t h a t  i n t e r n a l  g e l a t i o n  a l o n e  may be  

more promising. On t h i s  b a s i s ,  work n e x t  q u a r t e r  w i l l  focus  on i n t e r n a l  

g e l a t i o n .  

Washing and Drying (Subtask 530) 

Washing and d r y i n g  f o r  a l l  of t h e  development tests d e s c r i b e d  above 

w e r e  l i m i t e d  t o  s imple procedures  w i t h  l i t t l e  a t t e n t i o n  t o  e f f i c i e n c y  o r  

de te rmina t ion  of  minimum requirements .  Many b a t c h e s  of Tho2 and s e v e r a l  

ba tches  o f  U 0 2  microspheres  were s u c c e s s f u l l y  washed and d r i e d  i n  prepara-  

t i o n  f o r  s i n t e r i n g .  

A cont inuous,  m u l t i p l e - s t a g e  moving-bed type  wash column f o r  l a r g e r -  

scale washing w a s  designed,  f a b r i c a t e d  and t e s t e d  f o r  s o l i d s  movement. 

I n  o r d e r  t o  d r y  so l -ge l  spheres  wi thout  l o c a l  o v e r h e a t i n g ,  use  o f  a 

moving-belt d r y e r  i s  i n d i c a t e d .  During t h i s  q u a r t e r ,  s p e c i f i c a t i o n s  were 

prepared and b i d s  reques ted  f o r  t h e  purchase o f  such a d r y e r .  

S i n t e r i n g  (Subtask 540)  

During t h i s  q u a r t e r ,  p r o g r e s s  w a s  made i n  a l l  f o u r  areas of t h e  

s i n t e r i n g  program: (1) assessment o f  publ ished l i t e r a t u r e ,  (2 )  c h a r a c t e r -  

i z a t i o n  of f e e d  and f i n a l  material ,  ( 3 )  s i n t e r i n g  exper imenta t ion ,  and 

( 4 )  i n t e r a c t i o n  w i t h  so l -ge l  p r e p a r a t i o n  s u b t a s k s  t o  a l low o p t i m i z a t i o n  

of feed  materials. Concerning i t e m  1, t h e  most r e l e v a n t  of more than  

300 r e f e r e n c e s  w e r e  c o l l e c t e d  and are be ing  eva lua ted .  Equipment f o r  

performing s i n t e r i n g  experiments  w a s  i d e n t i f i e d  and p u t  i n t o  u s e ,  o r  i s  

b e i n g  r e a d i e d  f o r  use.  

feed  and f i n a l  material .  P r e p a r a t i o n  of l a r g e r  f u r n a c e s  f o r  s i n t e r i n g  

l a r g e  b a t c h e s  of s p h e r e s  under c o n t r o l l e d  atmosphere is  underway. 

Procedures  were developed f o r  c h a r a c t e r i z i n g  b o t h  

S e v e r a l  b a t c h e s  of  Tho2 so l -ge l  microspheres  w e r e  s i n t e r e d  i n  a i r  

t o  g r e a t e r  t h a n  99% of  t h e o r e t i c a l  d e n s i t y  a t  temperatures  of 1350 t o  

1450°C. 

Fuel  Rod Loading (Subtask 550) 

Work d u r i n g  t h e  q u a r t e r  w a s  focused i n  t h e  fo l lowing  areas: 

L i t e r a t u r e  review, s e l e c t i o n  of l o a d i n g  approach and l o a d i n g  s t u d i e s .  A 

survey of a l l  publ i shed  l i t e r a t u r e  concerning packed p a r t i c l e  n u c l e a r  

v i i  



f u e l  p r e p a r a t i o n  by b o t h  sphere-pac and vibratory-compact ion t echn iques  

w a s  conducted. 

s i n g l e  i n f i l t r a t i o n  of  a f i n e  f r a c t i o n  i n t o  a pre-blended r e s t r a i n e d  bed 

of two coa r se  f r a c t i o n s  as t h e  method t o  be  developed f o r  t h i s  program. 

Required f u e l  p i n  smear d e n s i t i e s  can be ob ta ined  i n  t h i s  manner. 

A review of  l oad ing  approaches r e s u l t e d  i n  s e l e c t i n g  t h e  

Loading s t u d i e s  t h i s  q u a r t e r  gave t h e  fo l lowing  r e s u l t s .  A l abora to ry -  

scale load ing  system w a s  cons t ruc t ed  t o  s tudy  t h e  effects  of v a r i o u s  sphe re  

s i z e s  and s i z e  d i s t r i b u t i o n  on t h e  l o a d i n g  processes .  A b lending  technique  

w a s  developed f o r  mixing two s i z e s  of coa r se  sphe res  i n  6-8 i n .  bed 

h e i g h t s .  Drop tests t o  assess sphe re  breakage du r ing  load ing  of  f u l l  

l e n g t h  LWR f u e l  p i n s  i n d i c a t e d  t h a t  sphere  breakage is  n o t  a problem. 

I n  a d d i t i o n  t o  developing methods f o r  performing pa rame t r i c  s t u d i e s ,  

t echniques  f o r  l oad ing  f u e l  p i n s  up t o  1 2  f t  i n  l e n g t h  must be developed. 

Study of requirements  and o p e r a t i n g  cri teria f o r  such equipment w a s  

i n i t i a t e d  and a conceptua l  f lowshee t  developed. Work w a s  begun t o  des ign  

and test methods f o r  pneumat ica l ly  t r a n s f e r r i n g  t h e  f i n e  f r a c t i o n  and f o r  

d i spens ing  a l l  t h r e e  s i z e  f r a c t i o n s .  Vendors w e r e  con tac t ed  t o  de te rmine  

t h e  c o s t  and a v a i l a b i l t i y  of  l a r g e  v i b r a t o r s ,  s i n c e  t h e  l i t e r a t u r e  s tudy  

i n d i c a t e d  t h e s e  may be  r e q u i r e d  f o r  f u l l - s c a l e  f u e l  p i n  load ing .  

Fue l  Rod I n s p e c t i o n  (Subtask 560) 

Development of  a nondes t ruc t ive  h igh  p r e c i s i o n  technique  f o r  measuring 

heavy m e t a l  d e n s i t y  and homogeneity i n  sphere-pac f u e l  p i n s  i s  requ i r ed .  

During t h e  q u a r t e r ,  c r i t e r i a  f o r  a gamma a t t e n u a t i o n  dev ice  t o  s e r v e  t h i s  

func t ion  w e r e  developed and f a b r i c a t i o n  of a l a b o r a t o r y - s c a l e  system w a s  

begun. 

necessa ry  and Lutetium-117m w a s  s e l e c t e d  as t h e  optimum gamma source .  The 

in s t rumen ta t ion  and c o n t r o l  system f o r  t h i s  equipment and necessa ry  p a r t s  

were ordered .  

An experiment  w a s  performed v e r i f y i n g  t h e  optimum photon energy 

v i i i  
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1. INTRODUCTION 

R.  E .  Norman 

I n  suppor t  of ou r  n a t i o n a l  n u c l e a r  energy poli-cy an  I n t e g r a t e d  Fuel 

Cycle Development Program h a s  been launched by t h e  Nuclear Power and 

Development Div i s ion  of t h e  Department of Energy. The purpose of t h i s  

program i s  t o  assess and develop n u c l e a r  f u e l  c y c l e  technology f o r  thermal  

r e a c t o r s  which o f f e r s  i nc reased  p r o l i f e r a t i o n  r e s i s t a n c e  of t h e  f i s s i l e  

materials a t  a l l  s t a g e s  of t h e  f u e l  c y c l e .  

l e a d  r e s p o n s i b i l i t y  f o r  Fuel R e f a b r i c a t i o n  and Development h a s  been 

ass igned  t o  Bat te l le ' s  P a c i f i c  Northwest L a b o r a t o r i e s  (PNL). 

Wi th in  t h e  o v e r a l l  program t h e  

To achieve  a p r o l i f e r a t i o n - r e s i s t a n t  f u e l  c y c l e ,  a technical approach 

employing v a r i o u s  combinations of uranium, thorium, and plutonium has  been 

proposed , i n c l u d i n g  : 

coprocessed UO2-Pu2, 

h i g h l y  r a d i o a c t i v e  ( f  ission-product-"spiked") Pu-containing f u e l  , and 

denatured  233U02-Th02. 

U t i l i z a t i o n  of f i s s i o n  product  contaminated f u e l  o r  dena tured  2 3 3 U  

f u e l  w i l l  r e q u i r e  remote hand l ing  due t o  t h e  h igh  level of  gamma a c t i v i t y .  

The re fo re ,  f u e l  c y c l e  technology development which i s  r e a d i l y  a d a p t a b l e  

t o  remote r e f a b r i c a t i o n  i s  of g r e a t  i n t e r e s t  t o  t h i s  program. 

A promising technology i n  t h i s  r e g a r d  i s  t h e  so l -ge l  sphere-pac 

p rocess  which w a s  i n  f a c t  o r i g i n a l l y  developed wi th  remote a p p l i c a t i o n  i n  

mind. The major e f f o r t  i n  t h e  development of t h e  so l -ge l  sphere-pac 

r e f a b r i c a t i o n  o p t i o n  has  been a s s igned  t o  ORNL. The purpose of t h i s  p a r t  

o f  the Fuel  R e f a b r i c a t i o n  and Development Program i s  t o  develop p rocesses  

and equipment necessa ry  t o  q u a l i f y  sphere-pac technology a t  a l e v e l  

adequate  f o r  des ign  of a r e f e r e n c e  commercial-scale f a c i l i t y  and t o  

develop an i r r a d i a t i o n  test d a t a  b a s e  adequate  f o r  l i c e n s i n g  sphere-pac 

f u e l  f o r  u s e  i n  commercial power r e a c t o r s .  

The so l -ge l  sphere-pac f u e l  concept i s  n o t a b l e  i n  i ts  d i r e c t  

a p p l i c a b i l i t y  t o  a l l  proposed f u e l  compositions.  I n  a d d i t i o n ,  i t  i s  

p a r t i c u l a r l y  advantageous f o r  remote o p e r a t i o n  because  i t  c o n v e r t s  U ,  

Thy and Pu n i t r a t e  s o l u t i o n s  t o  dense  ox ide  sphe res  wi thout  powder 



2 

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

manufacture.  This  r e s u l t s  i n  lower r a d i o a c t i v e  dose rates t o  o p e r a t i n g  

and maintenance personnel ,  easier equipment maintenance, b e t t e r  material  

a c c o u n t a b i l i t y ,  and less s c r a p  g e n e r a t i o n .  Limited i r r a d i a t i o n  d a t a  

p r e s e n t l y  a v a i l a b l e  i n d i c a t e  t h a t  sphere-pac f u e l  performs as w e l l  as 

p e l l e t  f u e l .  On t h e s e  b a s e s  gel-sphere-pac p r o c e s s  development and 

i r r a d i a t i o n  t e s t i n g  are  planned t o  receive major emphasis f o r  mid-term 

(199C-95) employment of p r o l i f e r a t i o n - r e s i s t a n t  f u e l  c y c l e s  d e a l i n g  

wi th  h igh  a c t i v i t y  f u e l s .  For near-term (1985-90) use  of "clean" 

coprocessed UO2-PuO2, sphere-pac f u e l  h a s  been proposed as a backup t o  

p e l l e t  f u e l .  

During FY-78, development of t h e  gel-sphere-pac p r o c e s s  i s  focused 

i n  t h e  areas of s o l  o r  b r o t h  p r e p a r a t i o n ,  dense sphere  p r e p a r a t i o n  and 

development of sphere-pac l o a d i n g  technology.  The FY-78 program i n c l u d e s  

p r e p a r a t i o n  of  Tho2 s p h e r e s  f o r  sphere-pac l o a d i n g  s t u d i e s  and development 

o f  f lowshee ts  f o r  U 0 2  p r e p a r a t i o n .  
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2.  SOL-GEL SPHERE-PAC FUEL - TECHNOLOGY STATUS AND 
PERFORMANCE ASSESSMENT - SUBTASK 502 

R.  L .  B e a t t y  

While t he  p r e s e n t  work aimed a t  development of a s o l - g e l  sphere-pac 

r e f a b r i c a t i o n  o p t i o n  marks t h e  beginning of a new program, a n  e x t e n s i v e  

t e c h n o l o g i c a l  base  e x i s t s  i n  t h i s  area. Relevant  technology i s  a v a i l a b l e  

from a n  earlier U.S. program f o r  development o f  s o l - g e l  sphere-pac oxide  

f u e l  f o r  FBRs,' c u r r e n t  f o r e i g n  programs d i r e c t e d  t o  development of  

gel-sphere-pac f u e l  f o r  b o t h  LWRs and FBRs, and domest ic  and f o r e i g n  

programs f o r  development o f  HTGR f u e l .  

To t a k e  f u l l  advantage o f  t h e  e x i s t i n g  technology,  an assessment  of 

t h e  s t a t u s  of  s o l - g e l  and sphere-pac f a b r i c a t i o n  technology and sphere- 

pac f u e l  i r r a d i a t i o n  performance d a t a  w a s  i d e n t i f i e d  as a n  e a r l y  

requirement .  The assessment  i s  needed t o  guide t h e  i n i t i a l  f a b r i c a t i o n  

development work, t o  provide  a base  f o r  p lanning  an i r r a d i a t i o n  t es t  

program, and f o r  u s e  i n  developing a n  o v e r a l l  Fue l  R e f a b r i c a t i o n  and 

Development Program Plan .  

Work t h i s  q u a r t e r  inc luded  conduct ing surveys  of a v a i l a b l e  l i t e r a t u r e  

i n  a l l  r e l e v a n t  areas and v i s i t i n g  European l a b o r a t o r i e s  engaged i n  
so l -ge l  and sphere-pac work. The v i s i t s  were concerned p r i m a r i l y  w i t h  

so l -ge l  technology,  w i t h  d e t a i l e d  d i s c u s s i o n s  on sphere-pac technology 

and i r r a d i a t i o n  performance planned f o r  f u t u r e  v i s i t s .  

The documentation and assessment  of t h e  technology s t a t u s  w i l l  b e  

c a r r i e d  o u t  d u r i n g  t h e  next  two q u a r t e r s  and a s e p a r a t e  r e p o r t ,  "Sol-Gel 

Sphere-Pac Fuel  Technology S t a t u s  and Performance Assessmenttt w i l l  be  

prepared.  

REFERENCE 

1. Fast Breeder Reactor Oxide Fuels Development - F i n a l  Report, compiled 

by A. L .  L o t t s ,  ORNL-4901 (November 1973).  
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3 .  SOL PREPARATION - 

P. A.  Haas, R .  D.  Spence, R. D.  Author, 

SUBTASK 510 

R. C.  Lovelace ,  and K.  E .  S u l l i v a n  

3.1 INTRODUCTION 

The p r e p a r a t i o n  of s o l  i s  a c r i t i c a l  s t e p  i n  t h e  o p e r a t i o n  of any 

s o l - g e l  p rocess .  A c o l l o i d a l  d i s p e r s i o n  i s  thermodynamically u n s t a b l e  

and many of  t h e  compositions used are chemica l ly  u n s t a b l e .  The re fo re ,  

t h e  s o l  must be desc r ibed  by t h e  r e c i p e  used f o r  p r e p a r a t i o n ;  chemical 

and p h y s i c a l  measurements do n o t  g i v e  a unique s p e c i f i c a t i o n .  

For t h e  c u r r e n t  program, s o l s  have been prepared  by f o u r  procedures  

t o  s tudy  t h e  r e l a t ive  m e r i t s  of t h e  p r e p a r a t i o n  p rocesses  and t h e i r  

s u i t a b i l i t y  f o r  g e l a t i o n .  The f o u r  p r e p a r a t i o n  procedures  were: 

1. s o l v e n t  e x t r a c t i o n  of HNO3 from Th(N03)k o r  Th(N03)4--UO~(N03)2 

s o l u t i o n s ,  

p a r t i a l  n e u t r a l i z a t i o n  of Th(N03)b o r  Th(N03)4+02(N03)2 s o l u t i o n s  

by NH,OH t o  c o n t r o l l e d  f i n a l  pH v a l u e s ,  

p r e p a r a t i o n  of u rany l  n i t r a t e  "bro ths"  w i t h  u r a n y l  i o n  i n  s o l u t i o n  

and o r g a n i c  polymer as a t h i c k e n e r  o r  g e l a t i o n  a g e n t ,  and 

hydrothermal d e n i t r a t i o n  of Th(N03)k t o  Tho2 which i s  d i s p e r s e d  i n  

d i l u t e  HNO3. (The Tho2 s o l  w a s  purchased from General Atomic Co.). 

2 .  

3 .  

4 .  

Experimental  r e s u l t s  f o r  t h e  f irst  t h r e e  p r e p a r a t i o n  procedures  are 

desc r ibed  i n  t h e  fo l lowing  s e c t i o n s .  

a l l  f o u r  types  of  s o l s  are r e p o r t e d  i n  t h e  r e s u l t s  f o r  sphe re  forming 

(Subtask 520) .  

p l a n t  (0.1 ton /day  Tho2 c a p a c i t y )  are p r o p r i e t a r y  and only  g e l a t i o n  

r e s u l t s  are r e p o r t e d  f o r  t h i s  Tho2 s o l .  

The r e s u l t s  of g e l a t i o n  tests of 

The process  d e t a i l s  f o r  t h e  General Atomic Co. p i l o t  

3 . 2  SOLEX SOL PREPARATION 

A t  the s tar t  of  t h i s  p r o j e c t ,  a n  e x i s t i n g  s o l v e n t  e x t r a c t i o n  system 

f o r  d e n i t r a t i n g  UO2(NO3)2 s o l u t i o n s  w a s  i n  u s e  f o r  t h e  r e s i n  l o a d i n g  

p o r t i o n  of t h e  HTGR f u e l  r e c y c l e  p r o c e s s . l y 2  

l i n e s  a l low o p e r a t i o n  of ba t ch  f lowshee t s  similar t o  t h e  cont inuous  

f lowshee t s  p rev ious ly  used t o  produce thorium-uranium s o l s  by s o l v e n t  

S m a l l  changes i n  t h e  p rocess  
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e x t r a c t i o n  (Solex) ,  T i e  l i n e s  were used so  t h e  equipment could b e  used 

f o r  both r e s i n  load ing  work and s o l - g e l  work. 

Fig.  3 .1  i l l u s t r a t e s  t h e  ba t ch  o p e r a t i o n  f o r  producing Solex s o l s .  

t h a t  t h e  evapora t ion  s t e p  serves t h e  same purpose as "d iges t ion"  i n  t h e  

l i t e r a t u r e . )  This  equipment w a s  used t o  produce several s o l s  and t o  

test d i f f e r e n t  Solex o p e r a t i n g  procedures .  

The b lock  diagram i n  

(Note 

The s o l s  prepared  by t h e  Solex method are summarized i n  Table  3.1.  

Run No. 101 w a s  used t o  gene ra t e  a pu re  t h o r i a  s o l  and t o  g a i n  o p e r a t i n g  

exper ience  w i t h  d i f f e r e n t  o p e r a t i n g  parameters wi th  r e l a t i o n  t o  t h e  

cond i t ion  of t h e  s o l .  Using t h e  ba t ch  method, t h e  f i n a l  s o l  c o n d i t i o n s  

could b e  approached as s lowly as d e s i r e d .  

Th02-U03 s o l .  I n  t h e s e  f i r s t  two runs ,  t h e  e x t r a c t i o n  p rocess  w a s  t aken  

as f a r  as p o s s i b l e  wi thout  evapora t ion  (and d i g e s t i o n ) .  Then evapora t ion  

w a s  i n i t i a t e d ,  r e s u l t i n g  i n  release o f  more HNO3 and e x t r a c t i o n  w a s  

cont inued .  

Run No. 102 produced t h e  f i rs t  

The exper ience  gained i n  t h e  f i r s t  two runs  w a s  used t o  c o n t r o l  t h e  

p rogres s  of run  No. 103 i n  which t h e  start  of evapora t ion  w a s  based on s o l  

pH r a t h e r  than  a l e v e l i n g  o f f  of e x t r a c t i o n .  In t h e  nex t  run (No. 1 0 4 ) ,  
a d i f f e r e n t  o p e r a t i n g  procedure w a s  used t o  produce a d i f f e r e n t  s o l .  

Prev ious  workers had shown t h a t  t h e  g e l  p o i n t  f o r  s o l s  occur red  a t  

h igher  concen t r a t ions  as t h e  r e l a t i v e  amount of n i t r a t e  i o n  i n c r e a s e d  

(N03-/metal r a t i o )  (F ig .  3.2) .4 Since  h i g h e r  metal c o n c e n t r a t i o n s  would 

supposedly be  b e n e f i c i a l  f o r  product ion  o f  l a r g e  microspheres ,  t h e  f i n a l  

N03-/metal r a t i o  f o r  t h e  s o l  i n  t h i s  run w a s  t o  b e  h igh .  

d i f f e r e n c e  i n  t h e  o p e r a t i n g  procedure,  t h e  evapora to r  w a s  u t i l i z e d  from 

t h e  s ta r t  and t h e  metal concen t r a t ion  c o n t r o l l e d  w i t h i n  t h e  0.5 M t o  

0.6 M range.  The change i n  t h e  o p e r a t i n g  procedure worked f i n e ,  b u t  t h e  

A s  f o r  t h e  

s o l  p r e c i p i t a t e d  wh i l e  be ing  concen t r a t ed  by evapora t ion .  

of  t h e  curve i n  Fig.  3.2 t o  t h e  N 0 3 - / m e t a l  r a t i o  of i n t e r e s t  (0.7) i n d i c a t e d  

t h a t  t h e  s o l  should  have been s t a b l e  w e l l  above 5 M, bu t  t h e  s o l  

p r e c i p i t a t e d  a t  a t o t a l  metal c o n c e n t r a t i o n  between 1.1 and 1.4 M. 

Analys is  of t h e  supe rna tan t  i n d i c a t e d  t h a t  t h e  p r e c i p i t a t e  c o n s i s t e d  

of thorium. S imi l a r  behavior  w a s  observed f o r  run No. 105. The 

N 0 3 - / m e t a l  r a t i o  i n  t h i s  case w a s  0 .9 .  

E x t r a p o l a t i o n  

During c o n c e n t r a t i o n  of t h e  sol 



Fig .  3.1. Batch P r e p a r a t i o n  of ThOZ-LJ03 S o l  by Amine E x t r a c t i o n  (So lex ) .  
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Table 3 . 1 .  P r o p e r t i e s  of Solex S o l s .  

1 0 1  0 0 .75  0.006 0 .24  0 .76  0 . 3 1  4.5-5.6 

102 A 30 0 .32  0 .14  0.11 0 .46  0 .24  
B 1 . 1 9  0 .47  0 . 4 1  1 . 6 6  0 .25  
C 1.62 0 . 7 1  0.54 2 .33  0 . 2 3  3 . 6 4 . 1  

103 A 
B 
C 

30 0 . 4 1  0 .19  0 . 1 1  0 .60  0 . 1 8  
1 . 4 6  0 .66  0 . 5 3  2.12 0 .25  
2.03 0.94 0 .743  2.97 0 .25  

104 A 30 0 .47  0 .22  0 .36  0 .69  0.51 1.1-1.4 ( p r e c i p i t a t e d )  
Ba 1.04 0 .49  1 .08  1 .53  0 .70  
Ca 1 . 4 0  0 . 6 8  1 . 4 5  2 .08  0 .70  

S u p e r n a t a n t  C 0 .12  0 .68  1.10 U.80 1 . 4 0  

105 A 20 0 .75  0 . 2 1  0 . 8 8  0 .96  0 .92  
1440a 0 . 9 3  0 .26  1 . 0 6  1 . 1 9  0 .89  1 . 2  ( p r e c i p i t a t e d )  

S u p e r n a t a n t  1440 0 . 4 3  0 . 2 3  0 .96  0 .66  1 . 4 5  
B 0 .86  0 .24  0 . 3 3  1 . 1 0  0 .30  
C 1 . 6 0  0.44 0 .57  2.04 0 . 2 8  

106 A 
B 
C 
D 

20 0 . 3 1  0.084 0 .22  0.393 0 .56  2 . 0 - 2 .  7b  ( p r e c i p i t a t e d )  
0 .66  0 . 1 8  0 .17  0 .84  0.20 
1 . 1 3  0 . 3 1  0 .26  1 . 4 3  0 .18  
1 .38  0 . 3 8  0 .32  1 . 7 5  0 . 1 8  6 . 2 4 . 3  

107 0 2.00 0.004 3 .6  2 .0  1 . 8  

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

b T h i s  s o l  p r e c i p i t a t e d  a t  t h e  s t a t e d  c o n c e n t r a t i o n  w i t h  t h e r m a l  e v a p o r a t i o n .  The 
s o l  (106 A )  was n o t  exposed t o  t e m p e r a t u r e s  above 40°C and g e l l e d  w i t h  vacuum e v a p o r a t i o n  
a t  2.1.0 M .  

5 ORNL DWG 68-12292 
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by evapora t ion ,  t h e  e f f l u e n t  from t h e  evapora to r  w a s  observed t o  c o n t a i n  

thorium p r e c i p i t a t e  a t  a c o n c e n t r a t i o n  of 1 . 2  M. Consequently,  t h e  s o l  

w a s  d e n i t r a t e d  f u r t h e r  w h i l e  s imul taneous ly  evapora t ing .  The r e s u l t i n g  

s o l  w a s  s t a b l e  a t  2 M f o r  a N 0 3 - / m e t a l  r a t i o  of 0.3. 

I n  t h e  subsequent  run (No. 106) ,  t h e  s o l  w a s  d e n i t r a t e d  as f a r  as 
p o s s i b l e  wi thout  evapora t ion  o r  d i g e s t i o n .  A sample  w a s  r e t a i n e d  a t  t h i s  

p o i n t  ( s o l  106A) and t h e  rest of t h e  s o l  d e n i t r a t e d  w i t h  evapora t ion  and 

d i g e s t i o n  i n  t h e  usua l  manner. 

N O 3 - / m e t a l  r a t i o  of 0.56. 

r a t h e r  t han  g e l  i n  t h e  manner of t h e  two s o l s  d i scussed  above and does 

s o  a t  2.0 t o  2 .7  M. 

h igh  heavy metal concen t r a t ions  wi th  N03-/metal  r a t i o s  above 0.5. 

From Table  3.1, s o l  106A has  a 

This  s o l  p r e c i p i t a t e s  w i th  thermal  evapora t ion  

Aparent ly ,  Th02--U03 s o l s  are i n h e r e n t l y  u n s t a b l e  a t  

The equipment adapted from r e s i n  load ing  had i n - l i n e  in s t rumen ta t ion  

f o r  measurement of pH, d e n s i t y ,  and conduc t iv i ty .  Though t h e  span of 

c o n d u c t i v i t i e s  and d e n s i t i e s  f o r  t h e  s o l s  exceeded t h e  range of t h e s e  

in s t rumen t s ,  a l l  t h r e e  performed w e l l  and were h e l p f u l  i n  i n d i c a t i n g  

t h e  p rogres s  of t h e  d e n i t r a t i o n  (grab sample a n a l y s i s  backed up t h e  

i n - l i n e  a n a l y s i s ) .  Although pH was t h e  parameter  used f o r  c o n t r o l ,  t h e  

conduc t iv i ty  levels o f f  d rama t i ca l ly  as t h e  d e n i t r a t i o n  r e a c t i o n  achieves  

equ i l ib r ium and could be  used f o r  c o n t r o l .  

Note t h a t  none of t h e  above ana lyses  g ive  a d i r e c t  measure of t h e  

amount of n i t r a t e  p r e s e n t .  The i r  u se fu lness  l i es  i n  t h e  re la t ive changes 

i n  va lue  as d e n i t r a t i o n  proceeds and they i n d i c a t e  e q u i l i b r i u m  by 

approaching r e l a t i v e l y  cons t an t  v a l u e s .  Neve r the l e s s ,  t a r g e t  

N03-/metal r a t i o s  w e r e  approached wi th  some success  us ing  t h e s e  

measurements. Other methods of  t r a c k i n g  t h e  n i t r a t e  con ten t  of t h e  s o l  

were a l s o  i n v e s t i g a t e d .  One method w a s  t o  measure t h e  d e n s i t y  of t h e  

o rgan ic  amine. The d e n s i t y  of t h e  n i t r a t e d  amine is  d i f f e r e n t  from t h e  

f r e s h  amine, and by t r a c k i n g  t h e  o rgan ic  d e n s i t y  one could  t h e o r e t i c a l l y  

t r a c k  t h e  r a t e  of n i t r a t e  removal. 

d e n s i t y  i s  as s e n s i t i v e  t o  tempera ture  as it  is t o  n i t r a t i o n .  

t h i s  problem could b e  overcome, a b e t t e r  method w a s  sought .  

I n  p r a c t i c e ,  t h e  o rgan ic  phase 

Although 

A second 
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method t r i e d  w a s  u s i n g  a n i t r a t e - s p e c i f i c  i o n  e l e c t r o d e .  However, t h e  

e l e c t r o d e  r e a d i n g  showed no c o r r e l a t i o n  w i t h  t h e  ana lvzed  n i t r a t e  c o n t e n t  

of s e v e r a l  s o l  samples. A t h i r d  p o s s i b i l i t y  n o t  f u l l y  t e s t e d  i s  t o  use 

a spec t rophotometer  t o  ana lyze  t h e  s o l  f o r  n i t r a t e .  I n  t h e  one t e s t  

conducted, t h e  spec t rophotometer  gave a n i t r a t e  con ten t  s i g n i f i c a n t l y  

g r e a t e r  than  t h e  a n a l y t i c a l  r e s u l t s .  

A l l  of t h e  s o l s  gene ra t ed  by t h e  Solex  runs  w e r e  d i g e s t e d  v i a  

evapora t ion  except  s o l  106A. This  s o l  w a s  p u r p o s e f u l l y  n o t  exposed t o  

h igh  tempera tures  and w a s  d e n i t r a t e d  as f a r  as p o s s i b l e  under t h i s  

l i m i t a t i o n .  The s o l  w a s  then  concen t r a t ed  v i a  vacuum evapora t ion  t o  

%l M, a t  which p o i n t  i t  g e l l e d .  The g e l  w a s  resuspended by a d d i t i o n  

of water t o  form a v i s c o u s  s o l  (0.82 M) . This  s o l  w a s  t e s t e d  i n  an 

e x t e r n a l  g e l a t i o n  test (GT-178) and compared f avorab ly  w i t h  o t h e r  

Th02-U03 s o l s .  Wet g e l  sphe res  formed as a c o n s i s t e n t  s o f t  s o l i d ,  b u t  

were s p l i t .  

Run 107 w a s  made t o  p r e p a r e  a p a r t i a l l y  d m i t r a t e d  s o l u t i o n  

e q u i v a l e n t  t o  Th (OH) 2 (N03) 2 .  

I n  summary, t h o r i a  s o l s  and ThO2-03 s o l s  w e r e  p repared  us ing  a 

ba tch  s o l v e n t  e x t r a c t i o n  p rocess  coupled w i t h  a thermosiphon evapora to r .  

Using i n - l i n e  pH and c o n d u c t i v i t y  meters f o r  c o n t r o l ,  t h e  s o l s  have been 

prepared  w i t h  both  h igh  (1.0) and low (0.2) N O 3 - / m e t a l  r a t i o s .  

h igh  r a t i o  s o l s  cannot b e  concen t r a t ed  much above 2 M wi thou t  p r e c i p i t a t i n g  

thorium. 

n o t  been d i g e s t e d .  

The 

Vacuum evapora t ion  can b e  used t o  p repa re  a ThO2-UO3 t h a t  has  

3.3 SOL PREPARATION BY PARTIAL NEUTRALIZATION OF NITRATE SOLUTIONS 

S t a b l e  c o l l o i d a l  d i s p e r s i o n s  o r  s o l s  can be p repa red  by c o n t r o l l e d  

a d d i t i o n  of NHt+OH o r  NH3 t o  Th(N03)4 s o l u t i o n s .  

p r e c i p i t a t e d  l o c a l l y  a t  t h e  p o i n t  of base  a d d i t i o n ,  b u t  t h e  p r e c i p i t a t e  

i s  d i s so lved  o r  d i s p e r s e d  r a p i d l y  i n  a w e l l  a g i t a t e d  s o l u t i o n  a t  

tempera tures  n e a r  b o i l i n g .  For t h e  i n i t i a l  a d d i t i o n s  of NH4OH, t h e  

thorium remains as a s o l u t i o n  e q u i v a l e n t  t o  mixed composi t ions ,  w i t h  

Th(OH)(N03)3 as an example. A s  NH40H a d d i t i o n  and h o t  d i g e s t i o n  are 

Thorium compounds are 
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cont lnued,  c o l l o i d a l  t h o r i a  i s  produced w i t h  n i t r a t e  as t h e  p e p t i z i n g  

i o n .  S t a b l e  d i s p e r s i o n s  of  t h o r i a  s o l s  by t h i s  procedure are p o s s i b l e  

f o r  over  90% n e u t r a l i z a t i o n  (NH40H/Th r a t i o s  of >3.6)  i f  t h e  f i n a l  pH 

does n o t  exceed 4. I f  t h e s e  l i m i t s  are exceeded, a voluminous 

p r e c i p i t a t e  i s  formed which w i l l  r e d i s p e r s e  only  i f  HN03 i s  added. 

C o l l o i d a l  d i s p e r s i o n s  are a l s o  p o s s i b l e  s t a r t i n g  w i t h  Th(N03)4-U02 (N03)2 

s o l u t i o n s ,  b u t  t h e  p e r c e n t  n e u t r a l i z a t i o n  and f i n a l  pH a l lowable  

d e c r e a s e  as t h e  uranium c o n t e n t  i n c r e a s e s .  Uranyl n i t r a t e  by i t s e l f  

does n o t  g i v e  s t a b l e  c o l l o i d a l  d i s p e r s i o n s .  

Two t h o r i a  s o l s  w e r e  prepared by a d d i t i o n  of concent ra ted  NH4OH 

s o l u t i o n  t o  w e l l  a g i t a t e d  T h ( N 0 3 ) ~  s o l u t i o n s  a t  about  90°C. 

amounts o f  ammonia were l o s t  as h o t  vapor and more moles of NH4OH were 

used than  t h e  moles o f  n i t r a t e  i n  t h e  s o l u t i o n s .  Other o b s e r v a t i o n s  

were as fo l lows:  

S i g n i f i c a n t  

S o l  2 1  -Excess  NH40H r e s u l t e d  i n  p r e c i p i t a t i o n  and HNO3 w a s  added 

t o  g i v e  f i n a l  composi t ions o f  about  1 . 7  M Thy 7.8 M NO3 , and pH = 3.9.  

The s o l  w a s  a very  cloudy t r a n s l u c e n t  whi te .  

__ 

S o l  5 8  - The f i n a l  sol w a s  a s l i g h t l y  hazy,  t r a n s p a r e n t  t h i c k  
- 

l i q u i d  of  2 .5  M Thy 10 M NO3 , and pH = 3.5. 

3.4 PREPARATION OF URANYL NITRATE BROTHS 

Work on t h e  U 0 2  system h a s  concent ra ted  on "broth" t y p e  g e l a t i o n  

f e e d s  f o r  U ( V 1 )  i n  which t h e  uranium i s  p r e s e n t  as a c i d - d e f i c i e n t  

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

c o l l o i d a l  d i s p e r s i o n s  of hydra ted  m e t a l  ox ides . )  An o r g a n i c  polymer 

i s  added t o  t h e  b r o t h  t o  provide  a g e l  s t r u c t u r e  f o r  suppor t  dur ing  

p r e c i p i t a t i o n  of t h e  uranium. 

added t o  modify t h e  v i s c o s i t y  o r  s u r f a c e  t e n s i o n  of t h e  "sol" ,  t h e  

p r e c i p i t a t i o n  behavior  of uranium, o r  t h e  polymer behavior .  The 

composi t ions of i n d i v i d u a l  b r o t h s  formulated and t e s t e d  are l i s t e d  

i n  Sect. 4.4 w i t h  t h e  g e l a t i o n  r e s u l t s .  

( o t h e r  t h a n  r e a g e n t  grade u r e a ,  HNO3,  NHhOH, and NH4N03) are l i s t e d  

i n  Table  3.2. 

(The s o l s  of  Th02, U O 2 ,  o r  o t h e r  metals are 

Other  o r g a n i c  compounds o r  N H 4 N 0 3  are 

The components of t h e  b r o t h  
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Table  3.2. Materials Used f o r  P r e p a r a t i o n  of Broths 

Acronym Name Source Remarks or procedures for use 
- 

ADUN Acid-deficient Oak Ridge, Y-12 Plant N O 3 / U  ratio of 1.5 mole/mole 
uranyl nitrate 

U 0 3  Uranium trioxide OWL Disperse and dissolve in HNO3 at 60°C 

PVA Polyvinyl alcohol Aldrich Chemical Company Molecular weight 86,000, 100% hydrolyzed. 
Mix in H 2 0  or solution at 2w25"C and 
agitate at 80°C for 2 hr. 

K4M Hydroxypropyl Dow Chemical Company Disperse in H 2 0  or solution at 80-90"C 
methyl cellulose and mix with ice-cold H 2 0  or solution. 

Agitate in an ice bath for 20-40 min. 

TFA Tetrahydrofurfuryl Aldrich Chemical Company 
alcohol 
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4 .  SPHERE FORMING - SUBTASK 520 

P.  A.  Haas, R. D.  Spence, R .  D.  Ar thu r ,  W. E .  E l d r i d g e ,  and K.  E. S u l l i v a n  

4 . 1  INTRODUCTION 

For s o l - g e l  p r o c e s s e s ,  l i q u i d  drops  are conver ted  t o  s o l i d  s p h e r e s  

by one of t h r e e  d i f f e r e n t  methods: 

immiscible o r g a n i c  l i q u i d ,  (2) t r a n s f e r  of ammonia i n t o  t h e  drop from 

an  e x t e r n a l  sou rce  such as gas o r  l i q u i d ,  and ( 3 )  i n t e r n a l  g e n e r a t i o n  

of ammonia by h y d r o l y s i s  of an amine by h e a t i n g .  

i n  an  NH3 gas  has  been used t o  p re se rve  the l i q u i d  drop shape f o r  passage  

through a gas - l iqu id  i n t e r f a c e  ( s e e  Sec t .  4 . 2 ) ,  b u t  has n o t  y e t  been 

s u c c e s s f u l l y  used as t h e  primary mechanism of g e l a t i o n .  

t r a n s f e r  i n s i d e  t h e  l i q u i d  drop i s  t o o  slow t o  complete g e l a t i o n  dur ing  

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

f l u i d i z e d  o r  packed bed i s  n o t  pract ical .  E x t r a c t i o n  of HN03 by o r g a n i c  

amines w a s  t e s t e d  as a mechanism of g e l a t i o n ,  bu t  i s  very  slow and n o t  

t o o  e f f e c t i v e  as t h e  n i t r a t e  is  involved  i n  h y d r o l y s i s  r e a c t i o n s  of t h e  

metals. 

(1) e x t r a c t i o n  of water by an 

Surface  g e l a t i o n  

The mass 

Ge la t ion  of l i q u i d  drops by gas  i n  a 

The exper imenta l  s t u d i e s  r e p o r t e d  h e r e  were a l l  f o r  e x t e r n a l  g e l a t i o n  

w i t h  mass t r a n s f e r  of ammonia i n t o  t h e  drop. The most t y p i c a l  g e l a t i o n  

procedure i s  desc r ibed  and r e s u l t s  are g iven  f o r  t h e  t h r e e  product  

compositions t e s t e d  ( g e l s  of Th02, 70% Th-30% U 0 3  t o  80% Th-20% UO3, and 

U03) 

These exper imenta l  s t u d i e s  w e r e  in tended  t o  demonstrate t h e  e x t e r n a l  

g e l a t  ion procedure  f o r  t h e  l a r g e  d iameter  sphe res  and t h e  coxipositions 

r e q u i r e d  f o r  sphere-pac f u e l s ;  t h e s e  combinations of r e s u l t s  had n o t  

been demonstrated p r e v i o u s l y .  The e x t r a c t i o n  of water i n t o  2-ethyl-l-  

hexanol,  as developed a t  OWL, d i d  n o t  appear p r a c t i c a l  f o r  forming 

l a r g e  (800 diam) u r a n i a  sphe res .  The p r e p a r a t i o n  of s m a l l  sphe res  by 

e x t r a c t i o n  of  water i n t o  a l c o h o l s  does n o t  appear  t o  r e q u i r e  f u r t h e r  

development b e f o r e  o p e r a t i o n  of a demonst ra t ion  system. 
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Exte rna l  g e l a t i o n  w i t h  ammonia WEIS s e l e c t e d  f o r  i n i t i a l  t e s t i n g  

because t h e  i n t e r n a l  g e l a t i o n  r e q u i r e s  an a d d i t i o n a l  o rgan ic  forming 

l i q u i d ,  a d d i t i o n a l  o rgan ic  components i n  t h e  b r o t h s ,  and a d d i t i o n a l  

washing requirements  t o  remove t h e s e  o rgan ic  a d d i t i v e s  from t h e  g e l .  

Since t h e  exper imenta l  r e s u l t s  r e v e a l  unexpected p rocess  d i f f i c u l t i e s  

f o r  e x t e r n a l  g e l a t i o n ,  i n t e r n a l  g e l a t i o n  tes ts  and i n s t a l l a t i o n  of 

i n t e r n a l  g e l a t i o n  equipment have been i n i t i a t e d .  

4.2 SELECTION OF TEST PROCEDURE FOR EXTERNAL GELATION 

The most c h a r a c t e r i s t i c  f e a t u r e  of e x t e r n a l  g e l a t i o n  i s  t h a t  mass 

t r a n s f e r  of ammonia t o  t h e  s u r f a c e  of t h e  aqueous drop i s  very  f a s t .  

S ince  t h e r e  i s  no volume change dur ing  g e l a t i o n ,  a f a s t  s u r f a c e  g e l a t i o n  

by ammonia does n o t  cause c rack ing  and d i s t o r t i o n  problems cor responding  

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

and d isadvantage .  The advantage is t h a t  t h e  g e l l e d  s u r f a c e  i s  formed 

qu ick ly  be fo re  t h e  l i q u i d  s u r f a c e  can s t i c k  o r  coa le sce  wi th  ano the r  drop 

o r  s u r f a c e .  

t o  t h e  ammonia u n t i l  i t  has  been d i s p e r s e d  i n t o  drops and t h e  i n t e r f a c i a l  

t e n s i o n  h a s  drawn t h e  drops i n t o  a s p h e r i c a l  shape.  I f  a d i s p e r s i o n  

nozz le  i s  ope ra t ed  i n  NH3 gas o r  i n  a l i q u i d  c o n t a i n i n g  NHt+OH, t h e  s o l  

i s  f i x e d  i n  i r r e g u l a r  shapes b e f o r e  t h e  l i q u i d  sphe res  can form. 

the  d r o p s  must be formed i n  a gas o r  l i q u i d  f r e e  of ammonia and then  

exposed t o  the  ammonia. 

The f a s t  s u r f a c e  g e l a t i o n  i s  both  a b i g  advantage 

The d isadvantage  i s  t h a t  t h e  l i q u i d  must n o t  be exposed 

There fo re ,  

For a l l  p r a c t i c a l  a p p l i c a t i o n s  of  e x t e r n a l  g e l a t i o n ,  t h e  g e l a t i o n  

i s  mainly accomplished i n  a l i q u i d .  For l a r g e  drops ,  t h e  mass t r a n s f e r  

i n  t h e  drop is  s low and only  a s u r f a c e  s k i n  i s  formed f o r  any p r a c t i c a l  

f r e e - f a l l  d i s t a n c e  i n  t h e  gas .  For s m a l l  d rops ,  t h e  l a r g e  number and 

v a r i e d  s i z e s  of t h e  drops tend t o  r e s u l t  i n  c o l l i s i o n s  and c l u s t e r s  

du r ing  g r a v i t y  f a l l  of  drops from NH3-free gas  i n t o  NH3.  

spheres  must be  washed t o  remove NH4NO3 o r  o t h e r  s o l u t e s  s o  t h a t  

t r a n s f e r  i n t o  an aqueous s o l u t i o n  i n  always necessa ry .  

Also,  t h e  g e l  

The e x t e r n a l  g e l a t i o n  process  r e q u i r e s  t h a t  l a r g e  l i q u i d  drops  be  

formed i n  ammonia-free f l u i d ,  and t h a t  t h e i r  s u r f a c e s  b e  g e l l e d  b e f o r e  

t h e  drops reach  t h e  s u r f a c e  of  t h e  aqueous NH4OH s o l u t i o n .  A t  a 
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gas- l iqu id  o r  l i q u i d - l i q u i d  i n t e r f a c e  a l i q u i d  drop d i s t o r t s  i n t o  a 
nonspher ica l  shape as a r e s u l t  of  t h e  d i f f e r e n t  i n t e r f a c i a l  t e n s i o n  

w i t h  t h e  two f l u i d s .  

d i s t o r t e d  shape w i l l  b e  f i x e d  by g e l a t i o n .  

through a g a s ,  t h e  impact v e l o c i t y  a l s o  i s  l i k e l y  t o  cause s p l a t t e r i n g  

o r  d i s t o r t i o n .  F i n a l l y ,  osmot ic  e f f e c t s  from d i f f e r e n t  i o n i c  c o n c e n t r a t i o n s  

can g r e a t l y  d i s r u p t  a n  i n t e r f a c e .  

If t h e  bottom l i q u i d  i s  NH4OH s o l u t i o n ,  t h e  

I f  t h e  drop is  f a l l i n g  

The g e n t l e s t  procedure f o r  avoid ing  t h e  i n t e r f a c i a l  e f f e c t s  i s  t o  

form t h e  s o l  drop i n  a n  ammonia-free o r g a n i c  phase.  A s  t h e  drop f a l l s  

f r e e l y  through t h e  o r g a n i c  phase,  t h e  ammonia-free o r g a n i c  i s  rep laced  

by ammonia-containing organic .  A f t e r  t h e  s u r f a c e  i s  g e l l e d ,  t h e  drop 

i s  allowed t o  se t t le  through an organic-aqueous i n t e r f a c e  i n t o  aqueous 

NH4OH s o l u t i o n .  T h i s  procedure has  been r e p o r t e d  w i t h  ke tones  o r  

k e r o s i n e  as t h e  o r g a n i c  phase and can b e  used w i t h  2-ethyl-1-hexanol. 

A s i m p l e r ,  bu t  less g e n t l e ,  procedure is  t o  form t h e  s o l  drops i n  

a i r ,  and a l l o w  them t o  p a s s  through NH3 g a s  and then  an NH3 gas-NH4OH 

s o l u t i o n  i n t e r f a c e .  Here t h e  s u r f a c e  s k i n  must form very  r a p i d l y  i n  t h e  

gas  and must be  tough enough t o  s u r v i v e  t h e  impact w i t h  t h e  l i q u i d .  The 

optimum h e i g h t  of f a l l  through NH3 gas  i s  n o t  easy  t o  estimate as t h e  

impact v e l o c i t y  and s t r e n g t h  of  s u r f a c e  s k i n  both  i n c r e a s e  w i t h  f r e e -  

f a l l  d i s t a n c e .  

S ince  a l l  t h e  water and n i t r a t e  i n  t h e  s o l  remain i n  t h e  g e l l e d  

sphere ,  c a r e f u l  washing and dry ing  are u s u a l l y  necessary .  Osmotic 

p r e s s u r e  e f f e c t s  can c rack  o r  o therwise  degrade t h e  g e l  sphere  i f  t h e  

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

The s imple procedure and equipment used f o r  over  150 l a b o r a t o r y  

g e l a t i o n  tests w i l l  b e  d e s c r i b e d .  While some o t h e r  tes t  systems ( i n c l u d i n g  

one f o r  g e l a t i o n  i n  2-ethyl-1-hexanol u s i n g  d i s s o l v e d  NH9OH were used,  

a l l  t h e  important  r e s u l t s  were demonstrated i n  t h e  s imple  system. The 

test  system shown i n  F i g ,  4 . 1  w a s  s e t  up i n  a l a b o r a t o r y  hood. A four-  

l i t e r  Pyrex beaker  w a s  modif ied t o  g i v e  a 20 mm x 50 mm o v a l  h o l e  above 

t h e  2.5 l i t e r  level .  

t h e  top was c losed  w i t h  Saran wrap  and a rubber  band. Ammonia gas  w a s  

purged (0.2 t o  1.0 l i t e r / m i n )  through a 0.25 i n .  OD t u b i n g  punched 

Aqueous NH40H s o l u t i o n  w a s  p u t  i n  t o  t h e  beaker  and 
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ORNL DWG 7 7 - 2 2 5 3  

AIR 

GLASS NOZZLE 
WITH CAPILLARY 2 c m  x 5 c m  

PYREX BEAKER 

MANOMETER 

Fig. 4.1. Laboratory Equipment f o r  Ex te rna l  Gela t ion  T e s t s .  
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through t h e  Saran wrap. 

w i t h  v i b r a t i o n  t o  a c a p i l l a r y  t o  form drops i n  a i r .  

and t h e  beaker  level were a d j u s t e d  t o  g i v e  t h e  d e s i r e d  t r a j e c t o r y  of 

drops  through t h e  h o l e  i n  t h e  b reake r .  

gas  be fo re  t h e  drops h i t  t h e  l i q u i d  i n t e r f a c e .  

c o l l e c t e d  and aged i n  t h e  l i q u i d ,  t h e  p a r t i c l e s  were sampled f o r  

i n s p e c t i o n  and were t r a n s f e r r e d  h y d r a u l i c a l l y  us ing  vacuum t o  t h e  washing- 

d ry ing  v e s s e l .  Some tests were made wi th  2-ethyl-1-hexanol over  an 

ammonia s o l u t i o n .  

beaker  t o  g ive  tempera ture  c o n t r o l .  

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

d i s t o r t  as they  accumulated on t h e  bottom of  t h e  beaker .  

The s o l  o r  b r o t h  under a i r  p r e s s u r e  w a s  f e d  

The a i r  p r e s s u r e  

A g e l  s u r f a c e  formed i n  t h e  NH3 

A f t e r  a test  ba tch  w a s  

Others  were made w i t h  a h o t  p l a t e  under t h e  f o u r - l i t e r  

The aqueous ammonia u s u a l l y  gave 

The v e r t i c a l  component of t h e  s o l  drop v e l o c i t y  is  determined by 

g r a v i t a t i o n a l  a c c e l e r a t i o n  and t h e  ver t ica l  component of t h e  s o l  

v e l o c i t y  through t h e  c a p i l l a r y .  For g r a v i t a t i o n a l  a c c e l e r a t i o n  s t a r t i n g  

from zero  v e r t i c a l  v e l o c i t y  ( a  h o r i z o n t a l  c a p i l l a r y  o r  t h e  peak of an 

arched t r a j e c t o r y )  t h e  l i q u i d  i m p a c t  v e l o c i t i e s  are:  

T i m e  
(seconds) 

0 

0.05 

0.10 

0.15 
0.20  

0.40 

Downward 
Ve loc i ty  
(cm/sec) 

0 

49 

9 8  

1 4  7 

1 9 6  

392 

Vertical 
Dis tance  

( c d  

0 

1 . 2 3  

4.9 

11.0 

19.6  

78 

For a symmetr ical  t r a j e c t o r y  which starts and ends on t h e  same 

level ,  t h e  t i m e s  are doubled. Thus an upward s l a n t e d  nozz le  as shown 

i n  F ig .  4 . 1  can e a s i l y  g ive  ammonia gas  exposure t i m e s  of 0 .1  t o  0 .2  

seconds (symmetrical a rches  of  1 / 2  t o  2 i n .  h e i g h t s ) .  I f  t h e  drops are 

d ischarged  downward i n t o  a v e r t i c a l  column, t h e  column he igh t  must be  

much g r e a t e r  and t h e  impact v e l o c i t y  a t  t h e  l i q u i d  s u r f a c e  w i l l  b e  much 

h ighe r .  This  d i f f e r e n c e  w a s  demonstrated exper imenta l ly .  S o l s  which 
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gave p a r t l y  smashed o r  d i s t o r t e d  g e l  p a r t i c l e s  w i t h  60 cm of NH3 gas i n  

a v e r t i c a l  column were s u c c e s s f u l l y  formed i n t o  s p h e r e s  us ing  t h e  

appa ra tus  of  Fig.  4 . 1 .  

V i b r a t o r s  and nozz le s  developed f o r  p rev ious  s o l - g e l  programs a t  

ORNLl w e r e  used f o r  t h e s e  s t u d i e s .  

f l u i d  t u b e  and wi th  s h o r t e r  t i p s  of 0.5 t o  1 .0  mm I D  were f a b r i c a t e d .  

The s o l  f eed  p r e s s u r e  w a s  a d j u s t e d  t o  c o n t r o l  t h e  drop t r a j e c t o r y .  From 

t h e  c a l c u l a t i o n s  above, i t  can be seen  t h a t  t h e  t y p i c a l  15 c m  h o r i z o n t a l  

distar:ce would r e q u i r e  c a p i l l a r y  v e l o c i t i e s  of about 100 cm/sec. 

a g r e e s  wi th  t h e  observed flow rates. Since a l i q u i d  j e t  b reaks  up i n t o  

l e n g t h s  e q u i v a l e n t  t o  f o u r  j e t  d i ame te r s  i n  s t a b l e  n a t u r a l  o p e r a t i o n ,  

t h e  expec ted  f requency  would be  (1000 mm/sec)/4 (0.5 to 1 .0  mm) o r  

500 t o  250 d rops / sec .  These numbers a g r e e  w i t h  t h e  observed n o z z l e  

behav io r .  

New g l a s s  n o z z l e s  wi thou t  t h e  d r i v e  

Th i s  

4 . 3  EXTEmAL GELATION RESULTS FOR Tho2 

A l l  t h e  t h o r i a  s o l s  t e s t e d  were s u c c e s s f u l l y  formed by e x t e r n a l  

g e l a t i o n ,  y i e l d i n g  good d r i e d  g e l  s p h e r e s .  Sol-gel p rocesses  u s u a l l y  

g ive  good r e s u l t s  f o r  pure  Tho2 p roduc t s  as thorium g i v e s  t h e  most s t a b l e  

s o l s ,  t h e  s t r o n g e s t  g e l s ,  and t h e  s i m p l e s t  p rocess  chemis t ry  because 

Th(1V) i s  t h e  on ly  va l ence  of s i g n i f i c a n c e .  Sphere-pac f u e l s  do n o t  

r e q u i r e  any l a r g e  pure  Tho2 sphe res .  G e l a t i o n  tests were made w i t h  

Tho2 s o l s  t o  develop procedures  and p rov ide  expe r i ence  f o r  use w i t h  

o t h e r  compositions.  Sphere-pac f a b r i c a t i o n  procedures  are be ing  

developed us ing  TI02 sphe res  and a d d i t i o n a l  l a r g e  s p h e r e s  w e r e  formed f o r  

t h i s  use .  

Condi t ions  and r e s u l t s  f o r  format ion  of Tho2 g e l  s p h e r e s  are l i s t e d  

i n  Table 4.1. 

hydrothermal d e n i t r a t i o n  s o l  are now be ing  c a l c i n e d .  The o t h e r  samples  

gave d e n s i t i e s  of 9.90 t o  10.02 g/cm3 a t  s i n t e r i n g  tempera tures  of 1300 
t o  1450°C.2 

The s p h e r e s  formed from t h e  General Atomic Co. 

4.4 EXTERNAL GELATION RESULTS FOR Th02-03 

During t h e  i n i t i a l  p a r t  o f  t h i s  r e p o r t  p e r i o d ,  a l i m i t e d  amount of 

work w a s  done w i t h  s o l s  i n  t h e  composition range  70 t o  80% Tho2 and 



Table 4.1. External Gelation Results for Tho2 Sols. 
Test system as shown in Fig. 4.1. 

S o l  C o n c e n t r a t i o n  G e l a t i o n  
c-1 S o l u t i o n  

G e l a t i o n  S o l  
Test  No. No. P r e p a r a t i o n  'Tt 

(151) (mc 

S o l u t i o n  
- Po 1 ymer G e l a t i o n  S o l  S o l  

Test  No. No. P r e p a r a t i o n  Th N03/Th NH4OH N H b N 0 3  

Symbol g / l i t e r  ( M )  (M) (151) (mo 1 e /mo l e  ) 

R e s u l t s  

206 81, 82 

209 8 3  

2 1 8  8 4  

2 0 8  8 2  

204  81 

2 0 1  7 9  

1 9 0  76 

146  46 

15 3 2 1  

1 7 2  58  

1 7 1  5 8  

1 4 3  42 

Purchase  from GAC 

P u r c h a s e  from GAC 

Purchase  from GAC 

P u r c h a s e  from GAC 

P u r c h a s e  from GAC 

P u r c h a s e  from GAC 

Purchase  from GAC 

S o l e x  Run 101 

P a r t i a l  
N e u t r a l i z a t i o n  

P a r t i a l  
N e u t r a l i z a t i o n  

P a r t i a l  
N e u t r a l i z a t i o n  

ORNL - Thermal 
D e n i t r a t i o n  

3 . 5  

3.7 

3 . 4  

3 . 5  

3.5 

3.6 

3 . 3  

3 .0  

1 . 7  4 . 6  

2 .5  4 .O 

2.5  4 .0  

2 .0  0.11 

PVA 

P VA 

PVA 

PVA 

PVA 

PVA 

PVA 

PVA 

None 

None 

None 

PVA 

2.4  1.9 0 

4 . 0  1 . 9  0 

3 . 2  1.9 0 

2 . 4  1 . 9  0 

2 . 4  1 . 9 .  0 

1 .0  1.9 0 

3.7 2 . 5  2 . 2  

4 . 0  1 .4  0 

0 2 .o 2 .o 

0 3 .0  6 . 0  

0 3 . 0  2 .o 

6.7 1.0 0 

Good d r i e d  g e l  s p h e r e s ,  8 0 0 ~  
i f  t h e o r e t i c a l  d e n s i t y  

Good d r i e d  g e l  s p h e r e s ,  9 3 0 ~ 1  
i f  t h e o r e t i c a l  d e n s i t y  

Good w e t ,  some c r a c k i n g  d r i e d ,  
7 1 0 ~  i f  t h e o r e t i c a l  d e n s i t y  

S l i g h t l y  egg-shaped,  o t h e r w i s e  
good ( 9 0 0 ~  - i f  d e n s e )  

Good d r i e d  g e l  s p h e r e s ,  7 7 0 u  
i f  t h e o r e t i c a l  d e n s i t y  

Some p a r t i c l e s  smashed,  PVA 
c o n c e n t r a t i o n  too low 

Good w e t  g e l  s p h e r e s ,  >80Z 
c r a c k e d  when d r i e d  

Good w e t  and d r i e d  s p h e r e s  

Good w e t  and d r i e d  s p h e r e s ,  
t r a n s p a r e n t  

Good w e t  and d r i e d  s p h e r e s  

~ 5 0 %  s p l i t  i n t o  h a l f  s p h e r e s  

Some d o u b l e t s ,  o t h e r w i s e  good 
w e t  and d r y  s p h e r e s  
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30 t o  20% U O 3 ,  w i t h  some c o n s i d e r a t i o n  of h i g h e r  U 0 3  c o n c e n t r a t i o n s  of 

up t o  50%. 

c o n c e n t r a t i o n s  of U ( V I ) ,  b u t  t h e  s o l  s t a b i l i t y  and /o r  g e l  s t r e n g t h  

dec rease  r a p i d l y  as t h e  U(V1) con ten t  i n c r e a s e s .  A s  a r e s u l t ,  

compositions of  210% UO3 r e q u i r e  f lowshee t s  op t imized  f o r  t h o s e  composi t ions  

r a t h e r  t han  s m a l l  m o d i f i c a t i o n s  of  f lowshee t s  f o r  Th02. The s o l - g e l  

l i t e r a t u r e  i n c l u d e s  almost no e x t e r n a l  g e l a t i o n  r e s u l t s  f o r  70 t o  80% 

Th02-30 t o  20% UO3;  the on ly  f u e l  c y c l e  p r e v i o u s l y  r e q u i r i n g  t h i s  

composition w a s  r e c y c l e  of 2 3 3 ~  t o  HTGRS. 

Most s o l - g e l  f l owshee t s  f o r  Tho2 can t o l e r a t e  low 

The mixed oxide  s o l s  t e s t e d  a l l  gave weak g e l s  as compared t o  

similar cond i t ions  f o r  Tho2 s o l s ;  t h e r e f o r e ,  t h e  mixed oxide  drops  

u s u a l l y  smashed, r u p t u r e d ,  o r  d i s t o r t e d  a t  t h e  NHhOH s o l u t i o n  i n t e r f a c e  

(Table 4 . 2 ) .  For t h e  mixed oxide  s o l s  from p a r t i a l  n e u t r a l i z a t i o n ,  

s p l i t s  which appeared t o  r e s u l t  from s w e l l i n g  of t h e  c o r e  material were 

a l s o  troublesome. The s p l i t s  are b e l i e v e d  t o  r e s u l t  from a combination of 

low g e l  s t r e n g t h  and osmotic p r e s s u r e  e f f e c t s .  

g e l a t i o n  a d d i t i v e s  w a s  of l i m i t e d  u t i l i t y .  N e i t h e r  po lyv iny l  a l c o h o l  

(PVA) n o r  hydroxypropyl methyl c e l l o l o s e  (K4M) would remain i n  s o l u t i o n  

f o r  t h e  mixed s o l s  prepared  by p a r t i a l  n e u t r a l i z a t i o n .  

are  d i s s o l v e d  by h y d r o l y s i s  and t h e  h igh  NH4N03 c o n c e n t r a t i o n s  s a l t e d  o u t  

t h e  o r g a n i c  compounds t o  g i v e  g e l a t i n o u s  cu rds .  The a d d i t i o n  of PVA t o  

t h e  mixed-oxide s o l s  prepared  by b a t c h  SOLEX f lowshee t s  r e s u l t e d  i n  l a r g e  

amounts of a l i g h t  ye l low p r e c i p i t a t e  and a clear red-orange s u p e r n a t a n t .  

Some mixed oxide  SOLEX s o l s  w i t h  K4M added gave g e l  sphe res  of adequate  

q u a l i t y  (Table 4 .2) .  

cond i t ions  and t h e  K4M c o n c e n t r a t i o n s  and a d d i t i o n a l  s t u d i e s  would be 

necessa ry  t o  i d e n t i f y  t h e  optimum c o n d i t i o n s .  The b e s t  r e s u l t s  w i t h  

mixed s o l s  by p a r t i a l  n e u t r a l i z a t i o n  w e r e  a lmost  sphe res  w i t h  s m a l l  s p l i t s  

from s w e l l i n g ;  t h i s  t y p e  of  s o l  merits f u r t h e r  t e s t i n g .  The a d d i t i o n  

of a c i d - d e f i c i e n t  u rany l  n i t r a t e  (ADUN) t o  e i t h e r  SOLEX o r  hydro thermal ly  

d e n i t r a t e d  Tho2 s o l s  d i d  n o t  g i v e  any promising r e s u l t s .  

u n s t a b l e  and t h e  g e l s  were ex t remely  weak. 

Addi t ion  of t h e  o r g a n i c  

These polymers 

The r e s u l t s  v a r i e d  w i t h  both  t h e  SOLEX o p e r a t i n g  

The s o l s  were 



Table 4 .2 .  E x t e r n a l  Ge la t ion  R e s u l t s  f o r  Th02-UO3 S o l s .  
T e s t  system as shown i n  F ig .  4.1.  

S o l  C o n c e n t r a t i o n s  Gelat i o n  
S o l u t i o n  

Polymer G e l a t i o n  S o l  
Test No. No. Th + U U/(Th + U) NOT/(Th + U) 

.- __ NHqOii N H 4 N 0 3  
M M mole/mole mole/mole symbol  g / l i t e r  M 

R e s u l t s  

149  3 1 A  

1 7 5  6 3  

1 5 9  50 

1 8 6  72 

182  66  

1 9 7  ASP-24a 

1 4 5  ASP-24a 

1 6 9  59 

176 62 

S o l s  From P a r t i a l  N e u t r a l i z a t i o n  o f  Th(NO?)b--t'Oz(NO?)7 S o l u t i o n s  

1 . 5  0 .20 3 .4  PVA T r a c e  3 . 0  2 .0  80% smashed o r  c r a c k e d ,  20% 

1 . 5  0.20 3 .4  K4M 0 . 9  3.0 6 . 0  C o m p l e t e l y  smashed,  v e r y  weak 

s p h e r e s .  

s u r f a c e  s h e l l .  

S o l s  From P a r t i a l  N e u t r a l i z a t i o n  o f  Th(N0,)4,  t h e n  A d d i t i o n  o f  ADUN 

1 . 7  0 .20  4.0 None 0 1 . 5  1.0 S p h e r e s  w i t h  s u r f a c e  s p l i t s  
f rom s w e l l i n g .  

2 . 0  0 .20 2 . 0  None 0 3 . 0  4 . 0  A l l  smashed.  

1 . 7  0 . 2 0  4.0 K 4 M  2 .0  3.0 6 . 0  Wet and  d r y  g e l  i s  50% s p h e r e s ,  
50% smashed.  

S o l e x  S o l s  (By E x t r a c t i o n  o f  ILL03 Using  L i q u i d  Amines 

2 .0  0 .25  0 . 2  K 4 M  1.0 2 . 0  0 Good w e t  and d r i e d  g e l  s p h e r e s  

2 .o 0 .25  0 . 2  PVA 4 . 4  1 .4  0 

e x c e p t  few d o u b l e t s .  

Some f l a t t e n e d  p a r t i c l e s ,  some 
s p h e r e s .  

Very t h i c k  s o l - g e l l e d  i n  
i r r e g u l a r  s h a p e s .  

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

2 .0  0 1 . 7  0 .20  0 . 2  K 4 M  4 . 0  

1.4 0 1 . 7  0 .20  0 . 2  K4M 2.0 

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



22 

4.5 EXTERNAL GELATION RESULTS FOR UO3 

Success fu l  p r e p a r a t i o n  of  u r a n i a  sphe res  by e x t e r n a l  g e l a t i o n  of 

b r o t h s  i s  r e p o r t e d  i n  a number of s o l - g e l  p u b l i c a t i o n s .  Most 

d e s c r i p t i o n s  of  t h e  process  c o n d i t i o n s  are n o t  very  s p e c i f i c  and product  

s i z e s  of  200 t o  400 u appear  t o  b e  most common. Our r e s u l t s  and t h e  

h i n t s  i n  t h e  l i t e r a t u r e  i n d i c a t e  t h a t  f a i l u r e s  t o  conver t  t h e  s o l  drops 

t o  good g e l  sphe res  have a number of c h a r a c t e r i s t i c  causes .  

1. Impact a t  NH4OH s o l u t i o n  i n t e r f a c e  can d i s t o r t ,  c r u s h ,  o r  break- 

up t h e  sphere .  The s t r e n g t h  of  t h e  g e l ,  t h e  degree  of g e l a t i o n ,  and t h e  

v e l o c i t y  of impact are a l l  impor tan t  v a r i a b l e s .  

2 .  G e l  s t r e n g t h  can b e  s o  low t h a t  c o l l e c t i o n  and washing are n o t  

p r a c t i c a l  wi thout  damage even i f  impact f a i l u r e  is  avoided.  

3. Nonuniform g e l a t i o n  can r e s u l t  i n  hol low sphe res  from u r a n y l  

b r o t h s  and watery vo ids  o r  occ lus ions  from some s o l s  o r  b r o t h s .  

4 .  Cracking can occur  from s w e l l i n g  e f f e c t s ;  perhaps as a r e s u l t  of 

osmotic  p r e s s u r e  d i f f e r e n c e s  between t h e  g e l  and t h e  aqueous s o l u t i o n .  

Ge la t ion  r e s u l t s  f o r  u rany l  b r o t h s  are summarized i n  Table  4 .3 .  

Attempts t o  reproduce t h e  I t a l i a n  SNAM b r o t h 3  r e s u l t e d  i n  a b r o t h  too  

v i scous  t o  be e j e c t e d  through t h e  v i b r a t i n g  nozz le  (GT-212). Other  

b r o t h s  c l o s e  t o  t h i s  r e c i p e  r e s u l t e d  i n  beads t h a t  resembled p l i a b l e  

p l a s t i c  bags (GT-215 t o  217).  These b r o t h s  were r e j e c t e d  s i n c e  t h e  

p l i ancy  of t h e  beads sugges ted  they would no t  r e t a i n  a s p h e r i c a l  shape.  

Experimenting w i t h  t h e  r e c i p e  l e d  t o  t h e  product ion  of microspheres  w i t h  

hard  s h e l l s  and mushy i n t e r i o r s  (FT-221 and 230) .  The b e s t  microspheres  

were formed u s i n g  concen t r a t ed  NH40H. Addi t ion  of NH4N03 t o  t h i s  

g e l a t i n g  s o l u t i o n  e l imina ted  l a r g e  s p l i t s  t h a t  formed i n  t h e  ha rd  s h e l l s  

(GT-236 and 240) .  

hol low o r  macroporous sphe res .  

Note t h a t  d ry ing  of t h e s e  microspheres  l e a d s  t o  

Broths  con ta in ing  ALXJN, NH4N03,  u r e a ,  and PVA have been used t o  

p repa re  u r a n i a  sphe res  smaller than  200 1-1. Hollow sphe res  are a problem 

f o r  such b r o t h s  and w e  produced hol low sphe res  f o r  ou r  tes ts  wi th  s imilar  

b r o t h  composi t ions (Table 4 .3 ) .  



T a b l e  4 . 3 .  E x t e r n a l  G e l a t i o n  R e s u l t s  f o r  Uranyl Broths .  T e s t  system a s  shown i n  F i g .  4 . 1 .  

Broth  Concent ra t  i o n s  G e l a t i o n  
S o l u t i o n  

TFA Urea/U HMTA/U Polymer Gelat i o n  
T e s t  No. U NO3/U 

v o l  x mole/mole mole/mole NH40H NH4N03 
Symbol g / l i t e r  M M M molelmole 

_ _  . S o l u t i o n  

TFA Urea/U HMTA/U Polymer Gela t  i o n  
T e s t  No. U NO3/U 

v o l  x mole/mole mole/mole NH40H NH4N03 
Symbol g / l i t e r  M M M molelmole 

R e s u l t s  

212 

215 

216 

217 

2 2 1  

230 

2 36 

240  

1 0 9  

1 5 4  

196 

226 

228 

233 

24 6 

247 

249 

0.7 

0.7 

0 . 5  

0 . 5  

0 .67  

1.6 

1 . 6  

1.3 

1 . 5  

1 .7  

1 .7  

2.0 

1.0 

1.1 

0 . 9  

1.1 

1.2  

1.0 

2.0 

1 . 5  

2 .0  

2 .0  

2.7 

1 .5  

2 .5  

3.7 

2 . 8  

1 .5  

1 .5  

1 .5  

1.5 

1 . 5  

1.5 

1 . 5  

1 . 5  

1.5 

8 

5 . 6  

5 . 7  

5.7 

7.7  

6 . 4  

6 . 4  

5 . 2  

5 . 8  

9 

9 

8 

10  

) 

8 

0 

8 

1.3 

35 

24.5 

25 

25 

33 .5  

20 

20 

16 

18 

1.1 

1.1 

1 4 . 8  

1 4 . 8  

2 .0  

1 4 . 8  

2 .o 
2 . 0  

1 4 . 6  

1 4 . 8  

1 4 . 8  

1.0 

2.0  

1 .4  

1 . 3  

1.0 

1 . 3  

1 . 3  

1.2  

2 .0  

1 . 3  4 . 1  

1.3 4 . 5  

1.0 1.8 

0.0 

0.0 

3 .0  

0 .0  

3 . 0  

3 .0  

0 .0  

2 . 3  

2.5 

0 .0  

0 .0  

0 .0  

2 .5  

4 . 8  

5 . 0  

1 . 3  2 EH a t  45°C 

1 . 3  2 EH a t  65°C 

1.1 2 E H  a t  70°C 

Would n o t  e j e c t  th rough n o z z l e  

Smashed: Impact 

Weak o r  s o f t  g e l  

Weak o r  s o f t  g e l  

Weak o r  s o f t  g e l  

Nonuniform g e l a t i o n .  Hard 
s h e l l s ,  mushy i x s i d e .  

Cracking:  S w e l l i n g  s p l i t s .  
Dried t o  a crumbled powder. 

Nonuniform g e l a t i o n .  Hard 
s h e l l s ,  mushy i n s i d e .  D r i e d  
t o  a macroporous i n s i d e .  

Nonuniform g e l a t i o n .  Hard 
s h e l l s ,  mushy i n s i d e .  Dr ied  
t o  hol low s h e l l s .  

Hollow s p h e r e s ,  a i r  d r i e d  t o  
emply s h e l l s .  

Hollow s p h e r e s  of  about  1200 p 
O D ,  1100 li I D .  

Hard s u r f a c e  l a y e r  w i t h  y e l l o w  
s l u r r y  c o r e ,  some smashed. 

82°C.  f a i r  wet s p h e r e s ,  s u r f a c e  
l a y e r  c racked  o f f  dry .  Some 
smashed, a l l  w i t h  s w e l l i n g  

Some smashed, a l l  w i t h  s w e l l i n g  
s p l i t s ,  s u r f a c e  s p a l l e d  d r y .  

A l l  smashed, g e l  i s  t o o  weak. 

F a i r  wet s p h e r e s ,  s u r f a c e  
e r o s i o n  d u r i n g  washing. 

Good wet s p h e r e s ,  good washed, 
s u r f a c e  p e e l e d  d u r i n g  d r y i n g .  

S50% smashed, d r i e d  g e l  shows 
c r a c k e d  s u r f a c e  l a y e r .  

10 
w 
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Gela t ion  tests were made w i t h  b r o t h  composi t ions in tended  f o r  

e x t e r n a l  g e l a t i o n  t o  g ive  a g e l l e d  s u r f a c e  and HMTA and u r e a  t o  g i v e  

i n t e r n a l  g e l a t i o n  of t h e  p a r t i c l e  co re .  These tests were made wi th  

h o t  NH40H s o l u t i o n s  o r  h o t  2-ethyl-l-hexanol over  NH40H s o l u t i o n s  t o  

combine t h e  e x t e r n a l  and i n t e r n a l  g e l a t i o n  e f f e c t s .  For NH4OH 

s o l u t i o n s ,  t h e  g e l  p a r t i c l e s  a l l  showed s w e l l i n g  type  s p l i t s .  The 

appearance sugges ted  t h a t  t h e  co re  o f  t h e  p a r t i c l e  swel led  as i t  g e l l e d  

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

b r o t h  were reduced, t h e  p a r t i c l e s  became weak and smashed a t  t h e  s o l u t i o n  

i n t e r f a c e  b e f o r e  t h e  swe l l ing  e f f e c t  w a s  e l imina ted .  Use of a 2-ethyl- l -  

hexanol  l a y e r  over  an NH40H s o l u t i o n  l a y e r  e l imina ted  t h e  s w e l l i n g  type  

s p l i t s  t o  g ive  w e t  g e l  sphe res  of good appearance.  This  seems t o  

i n d i c a t e  t h a t  t h e  s w e l l i n g  r e s u l t e d  from uptake of water from s o l u t i o n  

du r ing  i n t e r n a l  g e l a t i o n  of t h e  drop c e n t e r .  These good w e t  g e l  sphe res  

c racked  very  badly du r ing  dry ing .  The appearance vas t h a t  of two l a y e r s  

which s h r i n k  d i f f e r e n t l y  dur ing  d ry ing  and t h e r e f o r e  c rack .  The 

e x i s t a n c e  of two l a y e r s  can be expla ined  by t h e  s u r f a c e  l a y e r  g e l l i n g  

wi th  NH3 gas and t h e  co re  g e l l i n g  by i n t e r n a l  g e l a t i o n .  The c rack ing  

w a s  s o  s e v e r e  (100% of t h e  p a r t i c l e s  and complete p e e l i n g  of t h e  s u r f a c e  

l a y e r  f o r  many p a r t i c l e s )  t h a t  e l i m i n a t i o n  of c rack ing  by minor improvements 

seemed u n l i k e l y .  Therefore ,  i n t e r n a l  g e l a t i o n  a lone  i s  much more 

promising than  t h e  combined g e l a t i o n  as t e s t e d  above. 
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5.  WASHING AND DRYING - SUBTASK 530 

* 
P. A. Haas, H. D. R inge l ,  

R. C .  Lovelace,  and K.  
W. E .  E ld r idge ,  
E .  S u l l i v a n  

5 .1  INTRODUCTION 

When chemical g e l a t i o n  i s  used f o r  s o l - g e l  p r e p a r a t i o n  of s p h e r e s ,  

t h e  g e l  must b e  washed t o  remove t h e  NH4N03 t o  low concen t r a t ions  b e f o r e  

i t  i s  d r i e d  and f i r e d .  S ince  t h e  mass t r a n s f e r  i n s i d e  t h e  g e l  p a r t i c l e  

is  c o n t r o l l i n g ,  t h e  g e l  p r o p e r t i e s  i n c l u d i n g  s i z e ,  composi t ion,  

p o r o s i t y ,  e tc  are c o n t r o l l i n g  and t h e  washing requirements  are n o t  very  

p r e d i c t a b l e .  It i s  obvious t h a t  t h e  washing equipment must provide  

r e l a t i v e l y l o n g  hold-up t i m e s  f o r  t h e  s o l i d s  whi le  t h e  n e t  l i q u i d  f low rate  

must b e  low t o  minimize waste volumes. The recommended c o n d i t i o n s  have 

commonly been d i l u t e  N&+OH ( 0 . 2  t o  2 MNH40H) f o r  0 .5  t o  24 hours .  The 

minimum t o t a l  wash volumes have been 4 t o  10 volumes p e r  volume of g e l  

w i t h  t h e  lower volumes f o r  cont inuous ,  mu l t ip l e - s t age  washing and t h e  

h i g h e r  minimum volumes f o r  b a t c h  washing. 

5.2 SMALL-BATCH DRYING 

For t h e  development tests dur ing  t h i s  q u a r t e r ,  t h e  washing and d ry ing  

have been by s imple  procedures  w i t h  l i t t l e  a t t e n t i o n  t o  e f f i c i e n c y  o r  

i d e n t i f y i n g  t h e  minimum requi rements .  The washing and dry ing  have been 

made i n  600 m l  Pyrex f i l t e r  funne l s  ( coa r se  f r i t s )  modif ied t o  a t t a c h  

19/38 ground g l a s s  j o i n t s  as bo th  top  and bottom connect ions.  The 

p a r t i c l e s  are t r a n s f e r r e d  i n t o  t h e s e  v e s s e l s  and t h e  l i q u i d  is d ra ined  

o f f .  The amnionia wash s o l u t i o n  is metered up through t h e  bed of sphe res  

a t  30 t o  50 ml/min. The most comon wash t i m e  w a s  2 h r s ,  b u t  l a r g e  

sphe res  were u s u a l l y  soaked ove rn igh t  w i th  an a d d i t i o n a l  pe r iod  of 

washing t h e  nex t  day. The bed of p a r t i c l e s  i s  d ra ined  of l i q u i d  and then  

l e f t  overn ight  i n  a l a b o r a t o r y  type  d ry ing  oven se t  a t  2 1 5 O C .  About 

100 ml of water p laced  below t h e  f r i t  gene ra t e s  steam and l i m i t s  t h e  

Guest s c i e n t i s t  from Fede ra l  Republ ic  of Germany. * 



t empera ture  of t h e  p a r t i c l e s  f o r  about  one hour .  The bed of par t ic les  

drys  s lowly from t h e  o u t s i d e  and t h e  s m a l l  opening i n  t h e  19/38 top  

j o i n t  a l lows  escape  of steam wi thout  s i g n i f i c a n t  exposure t o  a i r .  W e  

b e l i e v e  t h e  washing and d ry ing  procedures  desc r ibed  do n o t  l i m i t  t h e  

product  q u a l i t y ;  t h a t  i s ,  o t h e r  washing and d ry ing  procedures  would n o t  

have r e s u l t e d  i n  any s i g n i f i c a n t  improvements i n  d r i e d  g e l  p r o p e r t i e s .  

5.3 CONTINUOUS D R Y I N G  

A cont inuous ,  mu l t ip l e - s t age  moving-bed type  of wash column w a s  

designed and f a b r i c a t e d .  Good c o n t r o l  of s o l i d s  movement w a s  demonstrated 

us ing  an  ion-exchange resin and water. The column i s  a U-shape of 

2 i n .  I D  Pyrex p ipe .  The wash l i q u i d  e n t e r s  a t  t h e  bottom of t h e  U. One 

s i d e  is a coun te rcu r ren t  moving bed w i t h  t h e  f r e s h l y  formed g e l  e n t e r i n g  

a t  t h e  top  of t h e  bed of  s o l i d s  wi th  overf low of t h e  waste wash l i q u i d .  

The o t h e r ,  s h o r t e r  s i d e  i s  a one-stage,  cocur ren t  moving bed wi th  overf low 

of washed g e l  t o  a c o l l e c t i o n  vessel o r  d rye r .  The wash l i q u i d  t h a t  f lows 

through t h i s  l e g  i s  pumped i n t o  t h e  bottom i n l e t  a long  wi th  t h e  f r e s h  

wash s o l u t i o n .  The cocur ren t  water f low rate e f f e c t i v e l y  c o n t r o l l e d  

t h e  r e s i n  e x i t  ra te  independent of  t h e  r a t i o  of wash w a t e r l r e s i n  i n  t h e  

coun te rcu r ren t  l e g .  While most g e l  sphe res  would have a h i g h e r  d e n s i t y  

than  t h e  r e s i n  sphe res ,  t h e  same c o n t r o l  should b e  p r a c t i c a l  u s i n g  

h ighe r  c o c u r r e n t  l i q u i d  f low rates t o  compensate f o r  t h e  h ighe r  d e n s i t y .  

Drying of  so l -ge l  sphe res  has  g e n e r a l l y  r e q u i r e d  steam atmospheres 

wi th  c o n f i g u r a t i o n s  t o  supply h e a t  wi thout  l o c a l  overhea t ing .  I n  some 

cases ,  chemical r e a c t i o n s  of  ammonium n i t r a t e  o r  o rgan ic  compounds are 

exothermic and good h e a t  removal i s  necessa ry  t o  p reven t  c r ack ing .  

Monolayers of sphe res  are recommended i n  some s o l - g e l  l i t e r a t u r e .  Moving- 

b e l t  t ype  d r y e r s  are t h e  l o g i c a l  des ign  t o  m e e t  t h e s e  requi rements  f o r  

l a r g e r  c a p a c i t i e s .  Therefore ,  w e  have prepared  s p e c i f i c a t i o n s  and 

reques ted  b i d s  t o  purchase a moving-belt d rye r  f o r  s o l - g e l  p rocesses .  
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6 .  MICROSPHERE SINTERING - SUBTASK 540 

D .  P. S t i n t o n ,  J .  E .  Mack, and A. E .  P a s t o  

6 . 1  INTRODUCTION 

The o b j e c t i v e  of t h i s  s u b t a s k  i s  t o  produce, from t h e  washed and 

d r i e d  f e e d  provided by previous  s u b t a s k s ,  a microsphere product  capable  

of meeting a f u e l  s p e c i f i c a t i o n .  

b u t  w i l l  i n c o r p o r a t e  s e c t i o n s  on d e n s i t y ,  chemical s p e c i e s  c o n t e n t ,  

shape ,  s i z e ,  and perhaps m i c r o s t r u c t u r e .  The scope of t h i s  work i n c l u d e s  

development of s i n t e r i n g  and c h a r a c t e r i z a t i o n  procedures  which w i l l  a l low 

c o n t r o l  of t h e s e  parameters .  The primary g o a l  i s  a t t a i n m e n t  of n e a r l y  

t h e o r e t i c a l l y  dense,  h igh  p u r i t y ,  s t o i c h i o m e t r i c  ox ide  s p h e r e s  of several 

s p e c i f i e d  s i z e s .  The opt imal  m i c r o s t r u c t u r e  i s  n o t  y e t  s p e c i f i e d  and 

w i l l  be  d e f i n e d  by l a t e r  i r r a d i a t i o n  tests.  

T h i s  s p e c i f i c a t i o n  i s  as y e t  incomplete  

The s i n t e r i n g  program i n v o l v e s :  (1) assessment of publ i shed  l i t e r a t u r e  

d a t a  on s i n t e r i n g ,  (2)  c h a r a c t e r i z a t i o n  of feed  and f i n a l  material ,  

( 3 )  s i n t e r i n g  exper imenta t ion ,  and ( 4 )  i n t e r a c t i o n  w i t h  s o l - g e l  

p r e p a r a t i o n  s u b t a s k s  t o  a l l o w  o p t i m i z a t i o n  of t h e  f e e d  material f o r  

s i n t e r i n g .  During t h i s  q u a r t e r ,  p r o g r e s s  w a s  made on a l l  f o u r  of t h e  

above elements .  A computer s e a r c h  of l i t e r a t u r e  p e r t a i n i n g  t o  s o l - g e l  

microsphere p r o c e s s i n g  y i e l d e d  more than  300 r e f e r e n c e s .  The most 

r e l e v a n t  of t h e s e  have been c o l l e c t e d  and are be ing  eva lua ted .  R e s u l t s  

of  t h i s  e v a l u a t i o n  w i l l  b e  publ i shed  as p a r t  of  a n  o v e r a l l  s o l - g e l  

microsphere technology assessment  r e p o r t .  

Equipment f o r  performing s i n t e r i n g  experiments  h a s  been i d e n t i f i e d  

and i s  be ing  used o r  r e a d i e d  f o r  use.  Several s i n t e r i n g  runs  have been 

made arid t h e  materials p a r t i a l l y  c h a r a c t e r i z e d .  F u r t h e r  d e t a i l s  are 

provided i n  t h e  fo l lowing  s e c t i o n s .  

6.2 PROCEDURES AND EQUIPMENT 

P r e s e n t  s i n t e r i n g  work i n v o l v e s  d r i e d  s o l - g e l  p a r t i c l e s  i n  r e l a t i v e l y  

small b a t c h e s  (<1 k g ) .  

and s i n t e r e d  and r e c h a r a c t e r i z e d  f o r  shape,  s i z e ,  and d e n s i t y .  Complete 

These are s u b j e c t e d  t o  shape and s i z e  a n a l y s i s  
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c h a r a c t e r i z a t i o n  i s  n o t  performed due t o  t i m e  and funding l i m i t a t i o n s .  

However, when h igh  d e n s i t y  products  are ob ta ined ,  t h e s e  are f u r t h e r  

c h a r a c t e r i z e d .  A s  more s i n t e r i n g  and c h a r a c t e r i z a t i o n  equipment and 

p rocesses  are r e a d i e d ,  more c h a r a c t e r i z a t i o n  w i l l  be done. For 

i n s t a n c e ,  t h e  e v o l u t i o n  of g e l  suppor t  material by-products du r ing  h e a t i n g  

w i l l  be  a s ses sed  by d i f f e r e n t i a l  thermal  a n a l y s i s  and thermogravimetr ic  

a n a l y s i s  (DTA/TGA) and m a s s  s p e c t r o m e t r i c  a n a l y s i s  of gaseous s p e c i e s .  

This  knowledge i s  important  i n  evo lv ing  an optimum s i n t e r i n g  schedule  

and atmosphere.  

The s i n t e r i n g  s t u d i e s  t o  d a t e  have been conducted i n  a 3.8 cm-diam 

tube  fu rnace  w i t h  a programmable tempera ture  c o n t r o l l e r .  The fu rnace  i s  

ope ra t ed  i n  a c o n t r o l l e d  atmosphere.  

and A r  and Ar-4% H 2  are used when s i n t e r i n g  U02 microspheres .  

The tempera ture  of t h i s  furnace  i s  inc reased  a t  t h e  d e s i r e d  rate by 

a programmer-control ler  t o  t h e  d e s i r e d  tempera ture  which can be as h igh  

as 1450°C.  

A i r  i s  used when s i n t e r i n g  Th02, 

Procurement has  been i n i t i a t e d  on a s imi l a r  3.8 cm-diam tube  fu rnace  

t h a t  w i l l  o p e r a t e  a t  tempera tures  up t o  1700°C.  

capable  of o p e r a t i n g  i n  a c o n t r o l l e d  atmosphere of a i r ,  A r ,  o r  A d %  H2.  

An ins t rumen ta t ion  and c o n t r o l  system f o r  t h i s  fu rnace  has  been designed 

and procured.  

It w i l l  a l s o  be  

A v a r i e t y  of o t h e r  furnace  equipment i s  be ing  r ead ied  f o r  t h i s  work. 

Three tube  fu rnaces  of about 7.6 cm-diam are i n  t h e  p rocess  of be ing  

revamped; two of t h e s e  w i l l  b e  complete wi th  temperature  programming 

c o n t r o l l e r s .  A l l  are capable  of a t t a i n i n g  1450°C i n  any atmosphere.  

However, a t  t h i s  t i m e  no equipment i s  a v a i l a b l e  f o r  s i n t e r i n g  l a r g e  

ba t ches  ( s e v e r a l  kg) of sphe res  under c o n t r o l l e d  atmosphere i n  one 

s t e p .  This  c a p a b i l i t y  can be  ob ta ined  i n  a two-step p rocess ,  wherein 

b inde r  and o t h e r  o rgan ic s  can b e  burned o u t  i n  a 20 x 20 x 20 cm a i r  

fu rnace ,  then  t h e  ba t ch  t r a n s f e r r e d  t o  a much l a r g e r  (30 x 30 x 30 cm) 

c o n t r o l l e d  atmosphere furnace .  The l a t t e r  fu rnace  has  been procured 

and should  be o p e r a t i o n a l  i n  March. 

c o n t r o l l e d  i n  a i r ,  due t o  excess ive  O2 p a r t i a l  p r e s s u r e ,  t h e  f i r s t  s t e p  

may be  c a r r i e d  ou t  i n  t h e  p rev ious ly  desc r ibed  tube  fu rnaces .  

I f  b inde r  burnout  cannot  be  
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To d a t e  no s i n t e r i n g  t o g e t h e r  o f  t h e  p a r t i c l e s  has  been observed,  

b u t  t h i s  is  cons idered  a p o t e n t i a l  problem w i t h  t h e  f i n e s  (< lo0  pm). 

It may be  n e c e s s a r y  t o  d e s i g n  i n t e r n a l s  f o r  one of t h e  furnaces  t o  

a l low a f l u i d i z i n g  a c t i o n  of t h e  gas atmosphere through t h e  bed. 

6 . 3  PARTICLE CHARACTERIZATION 

Mean p a r t i c l e  d e n s i t i e s  o f  s m a l l  samples of microspheres  are 

t y p i c a l l y  obta ined  from water o r  mercury pycnometry measurements. 

sample i s  f i r s t  weighed and then  placed i n  t h e  pycnometer where i t s  

volume i s  a c c u r a t e l y  determined from t h e  amount of l i q u i d  d i s p l a c e d .  

A measure of open p o r o s i t y  can a l s o  be obta ined  by vary ing  t h e  p r e s s u r e s  

a t  which t h e  volume r e a d i n g  are taken .  

r i n s i n g  and dry ing .  

The 

Sample rec lamat ion  r e q u i r e s  

An a t tempt  w a s  made t o  u t i l i z e  d a t a  o b t a i n e d  dur ing  a ten-minute 

s i z e  a n a l y s i s  w i t h  a p a r t i c l e - s i z e  a n a l y z e r  (PSA) combined w i t h  t h e  

sample weight t o  c a l c u l a t e  mean p a r t i c l e  d e n s i t i e s  of s m a l l  samples of 

s i n t e r e d  t h o r i a .  

technique. '  

beam i s  d e t e c t e d  by a photodiode. 

c u r r e n t  i s  converted t o  a v o l t a g e  g a i n ,  a m p l i f i e d ,  d i g i t i z e d ,  and 

s t o r e d  as a s i n g l e  count i n  one channel  of a mult i -channel  p u l s e  

h e i g h t  a n a l y z e r ,  as shown i n  Fig.  6 .1 .  P a r t i c l e s  are s i n g u l a r i z e d  by 

a r o t a t i n g ,  evacuated drum and analyzed a t  rates up t o  20 p e r  second 

w i t h  a r e s o l u t i o n  of  0.5-2.0 pm on t h e  d iameter .  

spectrum i s  accumulated, t h e  d a t a a r e  t r a n s f e r r e d  a u t o m a t i c a l l y  t o  a 

computer, which g e n e r a t e s  diameter  and volume d i s t r i b u t i o n s  and 

c a l c u l a t e s  t h e  means and s t a n d a r d  d e v i a t i o n s .  S ince  each p a r t i c l e  i n  

t h e  sample i s  s i z e d ,  t h e  conf idence  i n t e r v a l s  around t h e  means are 

s m a l l .  The device  i s  c a l i b r a t e d  w i t h  a set of h igh-prec is ion  s t a i n l e s s  

s t e e l  microspheres  (AFBMA Grade lo), w i t h  t r a c e a b i l i t y  t o  t h e  N a t i o n a l  

Bureau of Standards e s t a b l i s h e d  through ORNL secondary s t a n d a r d s .  

The PSA measurement i s  based on a l i g h t  blockage 

The shadow c r e a t e d  by t h e  p a r t i c l e  p a s s i n g  through a l i g h t  

The drop i n  t h e  d e t e c t o r ' s  o u t p u t  

A f t e r  t h e  sample 
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Fig .  6 .1 .  E l e c t r o n i c  Data C o l l e c t i o n  System f o r  t h e  
P a r t i c l e  S i z e  Analyzer.  
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Mean d e n s i t i e s  c a l c u l a t e d  from t h e  PSA d a t a  w e r e  t y p i c a l l y  h i g h e r  

f o r  Tho2 s p h e r e s  than  t h o s e  determined by water o r  mercury pycnometer. 

Visua l  examinat ions of  t h e  samples r e v e a l e d  a h i g h  percentage  of milky,  

t r a n s l u c e n t  p a r t i c l e s  i n  most of t h e  samples analyzed.  

found t o  b e  t h e  cause  of t h e  d iscrepancy ,  i t  w a s  no ted  t h a t  mean volumes 

c a l c u l a t e d  from r e a d i n g s  t a k e n  from x-radiographs of  t h e  samples agreed 

more c l o s e l y  wi th  t h e  PSA d a t a  t h a n  w i t h  t h e  r e s u l t s  of  t h e  pycnometry 

measurements. This  may have been due t o  t h e  non-Gaussian s i z e  d i s t r i -  

b u t i o n  and t h e  f a c t  t h a t  o n l y  50 of t h e  %10,000 p a r t i c l e s  on t h e  

rad iograph  are s i z e d .  

While t h i s  w a s  

PSA d e n s i t y  de te rmina t ions  on s i n t e r e d  u r a n i a  gave v a l u e s  more 

c o n s i s t e n t  w i t h  pycnometer measurements as a l l  of t h e s e  microspheres  

were completely opaque. These r e s u l t s  i n d i c a t e d  t h a t  t h e  p a r t i c l e - s i z e  

a n a l y z e r  would b e  inadequate  f o r  s i z i n g  t h e  t r a n s l u c e n t  t h o r i a  

microspheres ,  b u t  could be  used w i t h  u r a n i a .  A s t u d y  i s  underway t o  

determine t h e  number of p a r t i c l e s  from a sample w i t h  a non-Gaussian 

s i z e  d i s t r i b u t i o n  which must b e  s i z e d  from t h e  x-radiograph t o  

adequate ly  determine t h e  mean diameter  and volume. 

6.4 RESULTS OF SINTERING EXPERIMENTS 

S e v e r a l  b a t c h e s  of  Tho2 s o l - g e l  microspheres  have been s i n t e r e d  i n  

a i r .  These r u n s  w e r e  designed t o  determine t h e  tempera ture  r e q u i r e d  t o  

s i n t e r  Tho2 microspheres  t o  g r e a t e r  than  99% of t h e o r e t i c a l  d e n s i t y .  

The s o l s  used t o  produce t h e  microspheres  were made by t h r e e  p r o c e s s e s  

(Solex, ORNL, and NHbOH neutralization). A l l  microspheres were 

produced by e x t e r n a l  g e l a t i o n .  Condi t ions and r e s u l t s  of t h e s e  s i n t e r i n g  

r u n s  are  shown i n  Table  6 . 1  a long  w i t h  t h e  p r e - s i n t e r e d  d e n s i t i e s  of 

several ba tches .  R e s u l t s  from t h e s e  runs  i n d i c a t e  t h a t  1000 um-diam 

(before  f i r i n g )  microspheres  produced by t h e  Solex f lowshee t  s i n t e r  t o  

g r e a t e r  than  99% of  t h e o r e t i c a l  d e n s i t y  i f  hea ted  a t  300"C/hr t o  about 

1400°C and h e l d  f o r  f o u r  hours .  Microspheres 800 pm i n  diameter  s i n t e r  

a t  a lower tempera ture  (about 1350°C) i f  hea ted  i n  t h e  s a m e  manner. 

Microspheres of 650 pm-diam produced by t h e  ORNL f lowsheet  d e n s i f y  

t o  99% of t h e o r e t i c a l  d e n s i t y  i f  hea ted  a t  300"C/hr t o  1450°C f o r  f o u r  



Table 6.1. Characterization of Tho2 Microspheres Sintered in Air. 

Sphere Diameter P a r t i c l e  Densi ty  (g/cm3) 
PVA S i n t e r i n g  Soak Weight Volume 

By Water Pycnometry Addit ions Before A f t e r  Temperature T i m e  Loss Shrinkage By Mercury 
( g / l i t e r )  F i r i n g  F i r i n g  ("C) (h r )  (%) 

P r e p a r a t i o n  
Process  Run 

Number (') 
a t  250 p s i  I n i t i a l  Dup l i ca t e  T r i p l i c a t e  ( w d  (urn) 

s-2 

s-3 
s-5 

s-1 
5-4 
S-6 

s-10 
S-13 

s- 7 

s-11 
S-14 
S-8 
S-16 

s-9 

s-12 

S-15 

S-18 

Solex  

Solex 

Solex 

Solex 

So lex  
Solex 

Solex 

Solex 

ORNL 

OWL 

ORNL 

ORNL 

ORNL 

NHt+OH 
N e u t r a l i z a t i o n  

NHQOH 
N e u t r a l i z a t i o n  

NH4OH 
N e u t r a l i z a t i o n  

General  Atomic 

4.0 

4 .O 

4.0 

4.0 
4 .O 

4.0 

4 .0  
4.0 

4.0 
4.0 

4.0 
6.7 

6.7 

None 

None 

None 

4.0 

800 

800 

800 

1100 

1100 

1000-1100 

1000-1100 

1000-1100 

650-700 
65LW700 

650-700 
500-700 

500-700 
650-700 

650-700 

650-700 

1100 

1350 

1350 

1450 
1160 
1390 

7 7 3  1150 
690 1300 

690 1450 

540 1150 

526 1300 
526 1450 

410 1150 

410 1450 

476 1150 

484 1300 

4 84 1450 

1450 

0 . 5  

4 .5  

3.0 
2.0 

3.0 
4 .O 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4 .O 

4.89 

4.60 

4.88 

5.51 

2.13 
2.31 

2.55 

4.06 

4.15 

5.39 

54.76 

69 .63  

55.40 
60 .61  

56.80 

58.21 

59.16 

47.18 

9.960 9.972 

9.992 9.995 
9.940 10.016 9.988 

9.428 9.427 
9.928 9.972 9.942 

6.729 

9.677 
9.952 
8.865 

9.901 

9 .961  

9.323 
10 .ooo 

9.844 

9.956 

9.855 

6.788 

9.949 

w 
N 
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hours .  

f lowsheet  d e n s i f y  a t  a tempera ture  of 1300°C i f  hea t ed  i n  t h e  above 

manner. Very l a r g e  (1100 ym-diam) microspheres  produced by e x t e r n a l  

g e l a t i o n  from a s o l  purchased form General  Atomic Company d i d  n o t  d e n s i f y  

s i g n i f i c a n t l y  on i n i t i a l  f i r i n g s  t o  145OoC, bu t  r e t a i n e d  about  30% open 

p o r o s i t y .  A d i f f e r e n t i a l  thermal  a n a l y s i s  (DTA) and a thermogravimetr ic  

a n a l y s i s  (TGA) w e r e  run on t h i s  material t o  determine informat ion  

about  t h e  l o s s  of t h e  o rgan ic  a d d i t i v e  po lyv iny l  a l c o h o l  (PVA) and any 

o t h e r  in format ion  t h a t  would be h e l p f u l  dur ing  s i n t e r i n g .  

Microspheres 650 ym-diam produced by t h e  NH4OH n e u t r a l i z a t i o n  

A t o t a l  weight  l o s s  of  5.5 w t  % a t  1050°C was observed i n  two 

tempera ture  regimes.  An i n i t i a l  l o s s  (%GO% of t h e  t o t a l )  w a s  i n i t i a t e d  

a t  about  60°C and completed by 300°C; t h i s  corresponds t o  endothermic 

removal of adsorbed and chemisorbed H20.  

beginning a t  about  400"C, corresponding t o  a DTA exotherm. 

r eg ion  w a s  n o t  completed u n t i l  %9OO"C, a t  a h e a t i n g  rate similar t o  t h a t  

used i n  t h e  s i n t e r i n g  s t u d i e s .  This  weight  l o s s  i s  undoubtedly due t o  

breakdown of PVA, a l though Levine:! f i n d s  i t  t o  occur  a t  300-350°C. 

Based on t h e s e  f i n d i n g s ,  a new s i n t e r i n g  schedule  invo lv ing  a ho ld ing  

p e r i o d  a t  350°C w a s  devised  t o  d r i v e  o u t  t h e  gaseous s p e c i e s  a t  a rate 

which would no t  be d i s r u p t i v e  t o  sphere  i n t e g r i t y .  

A second l o s s  w a s  observed 

This  l o s s  

The microspheres  of t h e  above par t ic les  have been examined and are 

i l l u s t r a t e d  i n  F igs .  6.2 through 6.4.  P a r t i c l e s  produced by t h e  Solex 

process  and s i n t e r e d  a t  1150°C [Fig .  6 . 2 ( a ) ]  and 1300°C [Fig .  6 .2 (b ) ]  

e tched  d i f f e r e n t l y  from p a r t i c l e  t o  p a r t i c l e  w i t h i n  a ba tch .  

s i z e  w a s  1 and 3 pm, r e s p e c t i v e l y .  P a r t i c l e s  s i n t e r e d  a t  1450°C 

e tched  much more evenly  and had a g r a i n  s i z e  of about  10 ym [F ig .  6 . 2 ( c ) ] .  

Mic ros t ruc tu res  of par t ic les  produced by t h e  ORNL s o l  p rocess  and 

s i n t e r e d  a t  115OOC [Fig .  6 . 3 ( a ) ]  and 1300°C [Fig .  6 .3 (b ) ]  had very  s m a l l  

g r a i n  s i z e s  of about 1 ym. The g r a i n  s i z e  of  p a r t i c l e s  s i n t e r e d  a t  

1450°C ( [F ig .  6 . 3 ( c ) ]  v a r i e d  from p a r t i c l e  t o  pa r t i c l e  from about  2 

t o  10 ym. P a r t i c l e s  produced by t h e  NH4OH n e u t r a l i z a t i o n  f lowshee t  

and s i n t e r e d  t o  13OOOC [Fig .  6 . 4 ( a ) ]  o r  1450°C [Fig .  6 . 4 ( b ) ]  had a 

g r a i n  s i z e  of about  5 pm. 

d e f e r r e d  t o  a l low development of a s i n t e r i n g  schedule  f o r  U 0 2 .  

The g r a i n  

Fur the r  s t u d i e s  on Tho2 s i n t e r i n g  are be ing  
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Fig. 6 . 3 .  Tho2 P a r t i c l e s  Produced by t h e  ORNL S o l  P rocess  and S i n t e r e d  i n  A i r  a t :  (a) 1150°C, 
(b) 1300"C, and (c )  1450°C.  
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Fig .  6 . 4 .  Tho2 P a r t i c l e s  Produced by t h e  NH4OH Flowsheet 
and S i n t e r e d  i n  A i r  a t :  ( a )  1300°C and (b) 1450OC. 
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E f f o r t s  i n  ensuing  q u a r t e r s  w i l l  b e  concent ra ted  i n  several areas. 

C h a r a c t e r i z a t i o n  c a p a b i l i t i e s  w i l l  b e  upgraded by u t i l i z a t i o n  of 

DTA/TGA and mass spec t rometer  equipment and de termina t ion  of  r a p i d  and 

e f f e c t i v e  means of  de te rmining  p a r t i c l e  s i z e  and d e n s i t y .  Several 

a d d i t i o n a l  f u r n a c e s  capable  of  numerous atmosphere-temperature-time 

regimes are be ing  r e a d i e d ,  which w i l l  a l l o w  more s i n t e r i n g  runs  t o  b e  

made encompassing several v a r i a b l e s  i n  a s h o r t e r  t i m e .  
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7 .  FUEL ROD LOADING - SUBTASK 550 

R. R. Suchomel 

7 . 1  INTRODUCTION 

The sphere-pac f a b r i c a t i o n  p rocess  invo lves  t h e  a g i t a t i o n  of c o a r s e  

microspheres t o  o b t a i n  a dense packing c o n f i g u r a t i o n ,  followed by 

i n t e r s t i t i a l  i n f i l t r a t i o n  of smaller microspheres.  Development work i n  

t h i s  sub ta sk  i s  focused on op t imiz ing  t h e  packing c o n f i g u r a t i o n  through 

c o n t r o l  of p a r t i c l e  s i z e  f r a c t i o n s ,  p a r t i c l e  b l end ing  t echn iques ,  and 

p a r t i c l e  a g i t a t i o n .  

The s i m p l e s t  packing approach u t i l i z e s  a ba tch  of monosized s p h e r i c a l  

p a r t i c l e s .  In  a s u i t a b l e  c y l i n d r i c a l  c o n t a i n e r ,  a l a r g e l y  orthorhombic 

p a t t e r n  i s  ob ta ined ;  a complete orthorhombic packing would y i e l d  a 

d e n s i t y  of about 61% (void volume 39%). I n  p r a c t i c e  a s m a l l  amount of 

t h e  more t i g h t l y  packed "double s t a g g e r "  s t r u c t u r e  is  genera ted  which 

i n c r e a s e s  t h e  observed d e n s i t y  t o  6 2 4 4 % .  The c l o s e s t  p o s s i b l e  packing 

arrangement,  a t e t r a g o n a l  s t r u c t u r e  which y i e l d s  75% d e n s i t y ,  is  n o t  

geomet r i ca l ly  s t a b l e  under a g i t a t i o n .  No s i n g l e  s i z e  f r a c t i o n  packing 

arrangement i s  even t h e o r e t i c a l l y  p o s s i b l e  which w i l l  produce packing 

d e n s i t i e s  of 8 5 9 0 %  as r e q u i r e d  f o r  f u e l  rods .  

Whenever r e g u l a r  packing i s  p r e s e n t ,  a r e g u l a r  arrangement of vo id  

spaces  is a l s o  p r e s e n t .  Smal le r -s ized  sphe res  could  be  mixed i n t o  t h e  

ba t ch  t o  f i l l  t h e s e  vo ids  and t h u s  i n c r e a s e  t h e  observed d e n s i t y .  

Conversely,  one might add a number of  ex t remely  l a r g e  s p h e r e s  t o  t h e  

o r i g i n a l  b a t c h  of p a r t i c l e s .  I n  t h i s  s i t u a t i o n ,  one l a r g e  p a r t i c l e  

would replace a number of smaller ones as w e l l  as t h e  v o i d s  a s s o c i a t e d  

w i t h  them t o  a g a i n  i n c r e a s e  d e n s i t y .  

arrangement occurs  when t h e s e  two e f f e c t s  combine t o  minimize void  space .  

For s p h e r i c a l  p a r t i c l e s ,  t h i s  occu r s  w i t h  a mixture  of about 65 v o l  % 

c o a r s e  and 35% f i n e  material. 

depend on t h e  r e l a t i v e  s i z e s  of t h e  two pa r t i c l e  types .  For example, 

t h e  i n t e r s t i t i a l  vo id  p r e s e n t  amid a t r i a n g l e  of t h r e e  c l o s e l y  packed 

The optimum "binary  packing" 

The p r e c i s e  e f f e c t  of b ina ry  packing w i l l  
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mono-sized p a r t i c l e s  w i l l  b e  b e s t  f i l l e d  by a sphe re  0.154 (Q 1 / 7 )  t h e  

d iameter  of t h e  o t h e r s .  Prev ious  sphere-pac work has  shown t h a t  two 

s i z e s  of sphe res  w i t h  a d iameter  r a t i o  of  4:l w i l l  pack w i t h  an observed 

d e n s i t y  of a lmost  73% a t  a mixture  of 65% c o a r s e  and 35% f i n e s .  Again 

t h i s  technique  does n o t  provide  s u i t a b l e  d e n s i t i e s  f o r  n u c l e a r  f u e l  

f a b r i c a t i o n .  

Fo r tuna te ly ,  a mixture  of t h r e e  d i f f e r e n t  s i z e d  p a r t i c l e s  w i l l  

p rovide  s u i t a b l e  d e n s i t i e s .  Proper  s e l e c t i o n  of s i z e s  and p r o p o r t i o n s  

of t h r e e  s p h e r i c a l  f r a c t i o n s  should produce observed d e n s i t i e s  of up 

t o  93%. Given t h e  r e s t r a i n t s  imposed by such f a c t o r s  as t h e  narrow 

diameter  of t h e  c l add ing ,  long  length- to-diameter  r a t i o  of t h e  t u b i n g ,  

and imperfec t  pre-mixing, smear d e n s i t i e s  of 85--90% should  s t i l l  be 

ach ievab le .  This  presumes t h a t  a l l  of t h e  microspheres  are of theore t ica? .  

d e n s i t y  p r i o r  t o  be ing  packed i n t o  t h e  c ladding .  For i n s t a n c e ,  i f  a 

90% observed packing d e n s i t y  i s  achieved w i t h  f eed  material which has  

5% p o r o s i t y  ( sphere  d e n s i t y  i s  95% of t h e o r e t i c a l ) ,  t hen  t h e  f i n a l  

smear d e n s i t y  of t h e  rod would be  (0.90 x 0.95) o r  85.5%. 

7.2 LITERATURE REVIEW 

An i n i t i a l  e f f o r t  i n  t h i s  sub ta sk  w a s  a l i t e r a t u r e  sea rch  cover ing  

p a s t  ORNL development of t h e  sphere-pac p rocess .  Monthly and q u a r t e r l y  

p rogres s  r e p o r t s  from 1966 t o  1 9 7 1  which desc r ibed  r e s u l t s  of l oad ing  

experiments  conducted du r ing  t h a t  p e r i o d  w e r e  reviewed. Those experiments  

were d i r e c t e d  toward e s t a b l i s h i n g  t h e  optimum blends  of t h e  two c o a r s e  

sphere  f r a c t i o n s  as w e l l  as de termining  t h e  p r e c i s e  s i z e  r a t i o s  needed 

between t h e  t h r e e  s i z e s  of sphe res .  

a p p l i c a b l e  t o  t h e  c u r r e n t  development program. Recent ly ,  t h e  l i t e r a t u r e  

survey w a s  extended t o  inc lude  a l l  publ i shed  l i t e r a t u r e  d e a l i n g  wi th  

v i b r a t o r y - a s s i s t e d  compaction of n u c l e a r  f u e l .  

were d e s c r i p t i o n s  of equipment used t o  d ispense  and b lend  t h e  p a r t i c l e s  

and t o  v i b r a t e  t h e  f u e l  rod .  

Much.of t h a t  work w i l l  b e  

Of p a r t i c u l a r  i n t e r e s t  

Volumetric d i spense r s  are n o t  e s s e n t i a l  t o  t h e  load ing  p rocess ,  bu t  

they  would g r e a t l y  s i m p l i f y  t h e  b lending  o p e r a t i o n  and would enhance 

t h e  r e p r o d u c i b i l i t y  of f u e l  column h e i g h t s  and t o t a l  f u e l  weights  p e r  
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p i n .  S u i t a b l e  d i s p e n s e r s  have n o t  been developed i n  o t h e r  sphere-pac 

programs, b u t  they  are c u r r e n t l y  b e i n g  developed a t  OWL f o r  t h e  HTGR 

(High-Temperature Gas-Cooled Reactor)  Program. These d i spe i i s e r s  have 

been shown t o  have e x c e l l e n t  r e p r o d u c i b i l i t y  and should  be e a s i l y  

s c a l a b l e  t o  t h e  volumes r e q u i r e d  f o r  sphere-pac work. 

Blending d e v i c e s  have r e c e i v e d  inadequate  a t t e n t i o n  i n  p a s t  sphere-  

pac e f f o r t s .  Simple techniques  such as ba tch  mixing i n  a b a l l  m i l l  

c o n t a i n e r  have been r e p o r t e d .  For one program, p a r t i c l e s  were blended 

on a conveyor b e l t ;  t h e  b e l t  w a s  f e d  by two v i b r a t o r y  f e e d e r s .  

Methods f o r  supply ing  v i b r a t i o n a l  i n p u t  t o  t h e  f u e l  rod  have been 

more thoroughly i n v e s t i g a t e d .  T r a d i t i o n a l l y ,  sphere-pac work h a s  been 

thought t o  r e q u i r e  only  low-energy v i b r a t i o n .  S m a l l  e lectro-magnet ic  

v i b r a t o r s  have u s u a l l y  been used t o  compact t h e  p a r t i c l e  beds.  These 

d e v i c e s  o p e r a t e  a t  60 o r  120 Hz and t r a n s m i t  low a c c e l e r a t i o n  s i n u s o i d a l  

i n p u t  t o  t h e  t u b e .  However, c o n s i d e r a b l e  r e s e a r c h  h a s  a l s o  been done 

on a n o t h e r  type  of p a r t i c u l a t e - b a s e d  f u e l  element arrangement t h a t  

uses  s h a r d s  r a t h e r  t h a n  s p h e r i c a l  p a r t i c l e s .  T h i s  t y p e  of f u e l  element 

l o a d i n g  technique ,  r e f e r r e d  t o  as vi-pac,  which is  s h o r t  f o r  v i b r a t o r y -  

compaction, i s  c h a r a c t e r i z e d  by t h e  use of high-energy, h i g h - a c c e l e r a t i o n  

compaction d e v i c e s .  A number of l i t e r a t u r e  r e p o r t s  have been found 

i n  which high-energy v i b r a t i o n  has  been s u c c e s s f u l l y  t r a n s f e r r e d  t o  

sphere-pac technology. A l a r g e  electro-dynamic v i b r a t o r y  may be 

necessary  o r  u s e f u l  i n  t h i s  program t o  f i l l  f u l l - s i z e  LWR f u e l  rods .  

These v i b r a t o r s  have frequency ranges  from 40-3000 Hz and can produce 

a c c e l e r a t i o n s  o f  up t o  100 G f o r  s m a l l  pay loads .  

7 . 3  LOADING APPROACHES 

S ince  t h r e e  s i z e s  of microspheres  must b e  used t o  o b t a i n  a s u i t a b l e  

d e n s i t y ,  t h e  problem becomes one of  s e l e c t i n g  proper  l o a d i n g  and 

a g i t a t i o n  c o n d i t i o n s  as w e l l  as optimum microsphere diameter  r a t i o s .  

method long  used i n  t h e  ceramic i n d u s t r y  f o r  producing a denser  b i n a r y  

packed bed i s  one i n  which s m a l l  d iameter  p a r t i c l e s  are i n f i l t r a t e d  

through a r e s t r a i n e d  bed of l a r g e r  p a r t i c l e s .  

A 

Large d iameter  r a t i o s  



are e s s e n t i a l  t o  t h e  success  of  t h i s  technique;  r a t i o s  i n  excess of 7 

are  r e q u i r e d  and i n  excess  of 10  are p r e f e r r e d .  It i s  important  t o  n o t e  

t h a t  i f  t h e  bed i s  n o t  r e s t r a i n e d ,  p a r t i c l e  s e g r e g a t i o n  will o c c u r ;  

smaller p a r t i c l e s  w i l l  t ravel  t o  t h e  bottom of t h e  bed and d i s p l a c e  t h e  

l a r g e r  s p h e r e s  upward. 

It i s  n o t  convenient  t o  produce s o l - g e l  s p h e r e s  i n  s u f f i c i e n t l y  

d i v e r s e  s i z e  ranges t o  pack t h r e e  s i z e s  u s i n g  a double  i n f i l t r a t i o n  

method. A minimum requirement  might be  p a r t i c l e s  1000 pm, 100 pm, and 

10 um i n  d iameter ,  w h i l e  a b e t t e r  r e c i p e  would use  p a r t i c l e s  having  

4000 um,  200 pm, and 10 pm diameters .  

An a l t e r n a t e  s o l u t i o n  i n v o l v e s  t h e  use of a pre-blender  t o  i n i t i a l l y  

mix t h e  p a r t i c l e s  p r i o r  t o  packing.  With t h i s  technique ,  t h e  need f o r  

double  i n f i l t r a t i o n  and t h u s  t h e  need f o r  e x c e s s i v e l y  l a r g e  d iameter  

r a t i o s  i s  e l i m i n a t e d .  L i t e r a t u r e  r e p o r t s  i n d i c a t e ,  however, that  

s u c c e s s f u l  b lending  becomes more d i f f i c u l t  as t h e  diameter  r a t i o  between 

p a r t i c l e  t y p e s  i n c r e a s e s .  Ear l ier  sphere-pac work a t  ORNL r e v e a l e d  

t h a t  two p a r t i c l e  b a t c h e s  could n o t  b e  blended reproducib ly  i f  t h e  

d iameter  r a t i o  exceeded a v a l u e  of  5.  Thus, i t  i s  n o t  expected t h a t  

t h r e e  s i z e s  of  s p h e r e s  w i t h  widely d i f f e r i n g  d iameters  can be  s u c c e s s f u l l y  

pre-blended. 

However , t h e  combined use  of  b l e n d i n g  and i n f i l t r a t i o n  should  

produce f u e l  r o d s  w i t h  a c c e p t a b l e  d e n s i t i e s ,  and t h i s  approach is b e i n g  

developed i n  t h e  c u r r e n t  program. A t y p i c a l  LWR f u e l  rod h a s  an i n n e r  

d iameter  of about 9.9 mm (0.390 i n . )  which sets t h e  s i z e  of t h e  l a r g e s t  

p a r t i c l e s  t o  b e  loaded i n t o  i t  a t  about  990 um diam s i n c e  w a l l  e f f e c t s  

reduce a c h i e v a b l e  d e n s i t y  f o r  p a r t i c l e s  g r e a t e r  t h a n  one-tenth t h e  

c o n t a i n e r  diameter .  T h i s  s i z e  of p a r t i c l e  w i l l  be  r e f e r r e d  t o  as t h e  

' ' l a rge  coarse ' '  and w i l l  have a d iameter  of  700 t o  990 pm depending on 

p a r t i c l e  a v a i l a b i l i t y  and t u b i n g  s i z e .  The l a r g e  c o a r s e  p a r t i c l e s  w i l l  

be  pre-blended w i t h  a n o t h e r  s i z e  f r a c t i o n  , " s m a l l  coarse ' '  , p r i o r  t o  

l o a d i n g  i n t o  t h e  rod .  S ince  microspheres  of 4 : l  diameter  r a t i o s  should  

b e  adequate ly  b l e n d a b l e ,  the s m a l l  c o a r s e  i s  expected t o  have a d iameter  

of about  150 t o  250 pm. This  blended bed w i l l  t h e n  be  loaded i n t o  t h e  

rod and a g i t a t e d  t o  p r i v i d e  optimum packing.  With t h i s  bed r e s t r a i n e d ,  
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a t h i r d  par t ic le  f r a c t i o n ,  t h e  " f ines"  p o r t i o n ,  w i l l  b e  i n f i l t r a t e d  i n t o  

t h e  bed. The f i n e s  f r a c t i o n  should  have d iameters  of about  15 t o  35 u m .  

The f u e l  p i n  must be a g i t a t e d  du r ing  i n f i l t r a t i o n  t o  ensu re  t h a t  adequate 

f i l l i n g  of  t h e  blended coa r se  f r a c t i o n  r e s u l t s .  

The i n i t i a l  l o a d i n g  of a s i n g l e  f r a c t i o n  coa r se  bed followed by a 

s i n g l e  i n f i l t r a t i o n  of f i n e s  is  d e p i c t e d  i n  F ig .  7 . 1 .  

7.4 LOADING STUDIES 

A l a r g e  supply  of s i n t e r e d  Tho, microspheres  h a s  been ga the red  from 

HTGR program s t o r a g e  areas, c l a s s i f i e d  us ing  a v a i l a b l e  s c r e e n s ,  and 

shape-separa ted  when p o s s i b l e  t o  produce a number of p a r t i c l e  ba t ches  

having  mean d iame te r s  as low as 20 u m  and as h igh  as 675 pm. S ince  l a r g e r  

d iameter  sphe res  are n o t  y e t  a v i a l a b l e  in-house, 1800 g of 850 um-diam 

Tho2 sphe res  were purchased from General Atomic Company. 

t h e  above material i n  hand, p re l imina ry  l o a d i n g  s t u d i e s  have begun. 

A l a b o r a t o r y - s c a l e  l o a d i n g  system w a s  c o n s t r u c t e d  which uses  a 

s m a l l  e l ec t romechan ica l  v i b r a t o r .  Th i s  system i s  be ing  used f o r  manual 

l o a d i n g  tests. The o b j e c t  of t h e s e  tests i s  t o  s tudy  t h e  e f f e c t s  of 

v a r i o u s  sphe re  s i z e s  and s i z e  d i s t r i b u t i o n  on t h e  load ing  p rocess .  

Seve ra l  s e c t i o n s  of Z i r ca loy  tub ing  (0.380 i n .  ID) have been ob ta ined  i n  

l e n g t h s  from 2 t o  6 f t  f o r  u se  i n  t h e  l a b o r a t o r y - s c a l e  system. 

With a l l  of 

An exper imenta l  l oad ing  s t u d y  h a s  been performed t o  determine t h e  

importance of v a r i o u s  l o a d i n g  parameters .  Sol -ge l  de r ived  Tho2 s p h e r e s  

of 650-700 pm and 35-45 pm diam were loaded i n t o  a 4 - f t  rod  u s i n g  t h e  

l a b o r a t o r y  system. There w e r e  n o t i c e a b l e  e f f e c t s  of v a r i o u s  mounting 

p o s i t i o n s  and f e e d  rates on bed d e n s i t y ,  e s p e c i a l l y  on t h e  d e n s i t y  t o  

which t h e  f i n e  f r a c t i o n  can be compacted. F i n a l  bed d e n s i t i e s  ranged 

from 76.3 t o  82.4% of t h e o r e t i c a l  d e n s i t y .  A more d e t a i l e d  experiment 

of  t h i s  t y p e  w i l l  b e  conducted soon u s i n g  a blended c o a r s e  bed. 

A drop tes t  u s i n g  650-700 Vm Tho2 s p h e r e s  and an 11 - f t  s e c t i o n  of 

t ub ing  w i t h  a c losed  bottom w a s  performed t o  e v a l u a t e  p o s s i b l e  c o a r s e  

sphe re  breakage d u r i n g  load ing .  

t e n  t i m e s ,  on ly  1 .7% were broken. T h i s  i n d i c a t e s  t h a t  sphe re  breakage 

on load ing  f u l l  l e n g t h  rods  i s  n o t  l i k e l y  t o  b e  a probelem. 

A f t e r  pour ing  t h e  sphe res  i n t o  t h e  tube  
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A blending  technique  w a s  developed f o r  mixing t h e  two s i z e s  of 

c o a r s e  spheres .  With t h i s  technique ,  p a r t i c l e s  are r e p e a t e d l y  poured 

i n t o  a funnel  and c o l l e c t e d  i n  a graduated g l a s s  c y l i n d e r .  

i s  r e p e a t e d  u n t i l  a n  a c c e p t a b l e  bed i s  n o t e d  by v i s u a l  i n s p e c t i o n .  

t h i s  p r o c e s s ,  a c o a r s e  bed h e i g h t  of on ly  6-8 i n .  can be ba tch  blended,  

bu t  t he  technique  i s  s u i t a b l e  f o r  e lementary l o a d i n g  s t u d i e s  i n  t h e  

l a b o r a t o r y - s c a l e  loading  system and several b a t c h e s  can b e  blended t o  

form deeper  beds.  

The process  

With 

T h i s  b lending  procedure w a s  used i n  a n  o b s e r v a t i o n  of t h e  s e g r e g a t i o n  

produced d u r i n g  l o a d i n g  of a 1 2 - f t  f u e l  rod.  By pouring a s e c t i o n  of 

nominally blended c o a r s e  bed i n t o  t h e  top  of t h e  rod and a l lowing  i t  t o  

f a l l  through t h e  rod i n t o  a s h o r t  l e n g t h  of g l a s s  t u b i n g  a t t a c h e d  t o  

t h e  bottom, t h e  e f f e c t s  of t h e  12- f t  f r e e - f a l l  were noted.  It w a s  observed 

t h a t  a volume of  e x c l u s i v e l y  l a r g e  c o a r s e  s p h e r e s ,  about 3/16 i n .  i n  

h e i g h t ,  s e t t l e d  a t  t h e  bottom of  t h e  rod and a n  approximately equal  depth 

of  small c o a r s e  s p h e r e s  w a s  found a t  t h e  t o p  of  t h e  bed. The remainder 

of t h e  bed v i s u a l l y  appeared t o  have remained w e l l  mixed. 

Typica l  r e s u l t s  of  rod  l o a d i n g s  are summarized i n  Table  7 . 1 .  The 

d a t a  show t h a t  c o a r s e  bed d e n s i t y  improvements r e s u l t  from us ing  a blended 

c o a r s e  bed. F a i l u r e  of  t h i s  improvement t o  b e  r e f l e c t e d  i n  a h igher  

o v e r a l l  smear d e n s i t y  i s  be ing  i n v e s t i g a t e d .  The most l i k e l y  causes  of 

t h i s  f a i l u r e  are non-optimal l i n k a g e  between t h e  v i b r a t o r  and t h e  f u e l  

rod and u s e  of  a f i n e  f r a c t i o n  w i t h  sphere  d iameters  t o o  l a r g e  r e l a t i v e  

t o  t h e  smaller c o a r s e  sphere  s i z e .  Now t h a t  a d d i t i o n a l  s i z e s  of c o a r s e  

microspheres  are  a v i l a b l e ,  experiments w i l l  b e  conducted t o  improve 

t h e  o v e r a l l  smear d e n s i t y .  

7.5 CONTINUING DEVELOPMENT 

To develop techniques  f o r  l o a d i n g  f u e l  r o d s  6 t o  1 2  f t  i n  l e n g t h ,  

devices  f o r  d i s p e n s i n g  and b lending  a p p r o p r i a t e  q u a n t i t i e s  of t h e  v a r i o u s  

s i z e s  of microspheres  must b e  developed. Requirements and o p e r a t i n g  

c r i t e r i a  f o r  such components have been s t u d i e d .  

based on t h e  o p e r a t i n g  cr i ter ia  is shown i n  F ig .  7 .2 .  

A conceptua l  f lowsheet  

Work i s  underway 
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T a b l e  7 . 1 .  Typica l  Data from Rod Loadings 

C o a r s e  S i z e d  Coarse Bed F i n e s  I n f i l t r a t e d  Bed 
Rod Length Rod I . D .  (w) (% Smear  Diameter (% Smear  

( f t )  ( i n . )  D e n s i t y  ) (urn) D e n s i t y  ) L a r g e  S m a l l  

2 0.380 650-700 210-250 69.7 35-45 84 .8  

6.5 0.380 650-700 N o t  Used  61.8 35-65 84.8 
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Fig .  7.2.  Conceptual F low Sheet  f o r  Sphere-Pac Rod Loading. 
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t o  des ign  and tes t  methods f o r  pneumat ica l ly  t r a n s f e r r i n g  t h e  f i n e  

f r a c t i o n  (20-50 vm diam) and f o r  d i spens ing  a l l  t h r e e  s i z e  f r a c t i o n s .  

De ta i l ed  des ign  of  a ' ' f ines"  c o l l e c t i o n  hopper i s  complete.  

Model t e s t i n g  has  shown t h a t  a b l ende r  concept which w a s  adapted 

from HTGR development work would n o t  b e  e f f e c t i v e  f o r  b lending  material  

f o r  sphere-pac loading .  

t o  f a b r i c a t e  t h a t  t ype  of b l ende r  f o r  use wi th  <300-pm-diam sphe res .  

It w a s  dec ided  t h a t  i t  would no t  be  p r a c t i c a l  

Other b lending  concepts  c u r r e n t l y  be ing  i n v e s t i g a t e d  f o r  development 

inc lude  p a r a l l e l  f eed  auge r s ,  r a te  c o n t r o l l a b l e  v i b r a t o r y  f e e d e r s ,  

and conveyor b e l t  feed ing .  A l l  of t h e s e  concepts  f eed  two para l le l  

par t ic le  streams i n t o  a funne l  where a c t u a l  mixing would occur .  

of t h e  concepts  w i l l  begin s h o r t l y .  

Tes t ing  

A s  a r e s u l t  of  t h e  l i t e r a t u r e  survey ,  i t  w a s  determined t h a t  

compaction of f u l l - s c a l e  (12-14 f t )  f u e l  rods  may r e q u i r e  l a r g e r  d r i v i n g  

f o r c e s .  Vendors have been contac ted  t o  determine t h e  a v a i l a b i l i t y  and 

p r i c e  of l a r g e  electrodynamic v i b r a t o r s  f o r  t h i s  p rocess .  

v i b r a t o r s  should be capable  of producing o s c i l l a t i o n s  over  a range of 

f r equenc ie s  and a range of a c c e l e r a t i o n s  s o  t h a t  t h e  load ing  p rocess  

can  be  opt imized.  

system has  been completed. 

These 

A s p e c i f i c a t i o n  f o r  such an electrodynamic v i b r a t i o n  

A l oad ing  experiment  i s  i n  p rogres s  t o  determine t h e  exac t  mixture  

of l a r g e  and small coa r se  material which provides  t h e  b e s t  base  f o r  

i n f i l t r a t i o n  of f i n e s .  Also t h e  diameter  r a t i o  of  t h e  materials 

comprising t h e  blended bed i s  be ing  v a r i e d  t o  determine t h e  importance 

of t h i s  v a r i a b l e .  

Most of t h e  microspheres  p r e s e n t l y  on hand are l e f t  over  from ear l ier  
programs and l a c k  p r e c i s e  s i z e  c o n t r o l .  

a v a i l a b l e  which o f f e r s  improved s i z e  c o n t r o l ,  i t  w i l l  b e  of i n t e r e s t  t o  

compare r e s u l t s  u s ing  material w i t h  t h e  same mean d iameters  b u t  having 

d i f f e r e n t  re la t ive s t anda rd  d e v i a t i o n s .  

performed as new s u p p l i e s  of sphe res  are made and s i n t e r e d .  

S ince  new so l -ge l  technology i s  

Such experiments  w i l l  be 
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8. FUEL ROD INSPECTION - SUCTASK 560 

J. E. Mack, P. A n g e l i n i ,  and S. P.  Baker 

8.1 INTRODUCTION 

Two c h a r a c t e r i s t i c s  of  primary i n t e r e s t  i n  t h e  l o a d i n g  of f u e l  r o d s  

(1) t h e  d e n s i t y  of heavy metal w i t h i n  t h e  by t h e  sphere-pac method are: 

rod and (2)  t h e  homogeneous d i s t r i b u t i o n  of t h e  heavy metal throughout  

t h e  l e n g t h  of t h e  f u e l  rod .  

b e  r e q u i r e d  t o  m e e t  s t r i n g e n t  s p e c i f i c a t i o n s  comparable t o  t h o s e  on p e l l e t  

f u e l  r o d s  on t h e s e  c h a r a c t e r i s t i c s .  Consequently,  a n o n d e s t r u c t i v e  high- 

p r e c i s i o n  measurement technique  i s  r e q u i r e d .  Such a d e v i c e  i s  a l s o  of 

u s e  i n  c o n t r o l l i n g  t h e  l o a d i n g  process .  

p a r t  o f  b o t h  t h e  l o a d i n g  and i n s p e c t i o n  systems. I t  w i l l  be used t o  

monitor and c o n t r o l  t h e  d i s p e n s i n g  and packing of  t h e  f u e l  microspheres  

as w e l l  as t o  determine t h e  f i n a l  h e i g h t  and d e n s i t y  v a r i a t i o n s  of t h e  

packed f u e l  rod .  Criteria f o r  a gamma a t t e n u a t i o n  d e v i c e  t o  s e r v e  t h i s  

d u a l  f u n c t i o n  have been developed,  and f a b r i c a t i o n  of a l a b o r a t o r y - s c a l e  

system i s  underway as d e s c r i b e d  below. 

Fuel  r o d s  f a b r i c a t e d  by t h i s  technique  w i l l  

The d e v i c e  w i l l  be  a n  i n t e g r a l  

F u t u r e  a p p l i c a t i o n s  w i l l  i n c l u d e  use  of t h e  d e v i c e  t o  measure t h e  

a c t u a l  d e n s i t y  a t  any p o i n t  i n  t h e  rod.  The measurement technique  may 

a l s o  b e  u t i l i z e d  i n  assaying  t h e  f i s s i l e  c o n t e n t  of f u e l  rods .  

8.2 LOADING LEVEL AND DENSITY DETERMINATION 

I n  developing c r i t e r i a  f o r  a d e v i c e  t o  b e  used i n  both  t h e  l o a d i n g  

and i n s p e c t i o n  o f  sphere-pac f u e l  r o d s ,  t h e  fo l lowing  o b j e c t i v e s  w e r e  

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

must b e  a n  au tomat ic ,  closed-loop o p e r a t i o n  between t h e  trimming 

volumetr ic  d i s p e n s e r s  and t h e  leve l  determining device .  

level  of b o t h  t h e  c o a r s e  and f i n e  microspheres  must b e  t r a c k e d .  F i n a l l y ,  

t h e  packed bed d e n s i t y  as a f u n c t i o n  of f u e l  rod h e i g h t  must b e  determined.  

The l o a d i n g  



50 

The technique  employed i s  based on t h e  d e t e c t i o n  of gamma r a y s  

a t t e n u a t e d  by t h e  f u e l  rod. A d e t e c t o r  assembly, c o n s i s t i n g  of a gamma 

source ,  c o l l i m a t o r ,  and d e t e c t o r ,  is moved a long  t h e  a x i s  of t h e  f u e l  rod 

t o  e i t h e r  t r a c k  f u e l  l o a d i n g  o r  measure d e n s i t y .  The ou tpu t  of t h e  

d e t e c t o r  dec reases  as t h e  assembly i s  moved from a r e g i o n  of low d e n s i t y  

t o  a r e g i o n  of h igh  f u e l  d e n s i t y  due t o  t h e  i n c r e a s e d  a t t e n u a t i o n .  A 

t r a n s l a t i o n a l  motor d r i v e  wi th  v a r i a b l e  speed c o n t r o l  and encoder moves 

t h e  d e t e c t o r  assembly a long  t h e  f u e l  rod and moni tors  i t s  p o s i t i o n .  A 

microprocessor  i s  used t o  c o n t r o l  t h e  sequence of o p e r a t i o n s  which t h e  

dev ice  i s  t o  perform. 

The d e t e c t o r  assembly, t r a n s l a t i o n a l  motor,  and microprocessor  

c o n s t i t u t e  t h e  feedback c o n t r o l  loop .  The ou tpu t  of t h e  d e t e c t o r  i s  

ana lyzed  by t h e  microprocessor  which c o n t r o l s  t h e  speed and d i r e c t i o n  

of t h e  d r i v e  motor which i n  t u r n  r e p o s i t i o n s  t h e  d e t e c t o r .  During 

l o a d i n g  of  t h e  f u e l  r o d ,  t h e  d e t e c t o r  assembly t r a c k s  t h e  f u e l  bed 

h e i g h t  as  t h e  rod i s  f i l l e d .  The d r i v e  motor i s  made t o  speed up, s t o p ,  

o r  r e v e r s e ,  depending on t h e  mic roprocesso r ' s  a n a l y s i s  of t h e  d e t e c t o r ' s  

ou tpu t  s i g n a l .  

rod ,  t h e  microprocessor  d r i v e s  t h e  motor a t  a c o n s t a n t  speed. It 

s imul taneous ly  moni tors  t h e  d e t e c t o r ' s  ou tpu t  and performs c a l c u l a t i o n s  

based on t h e  s t r e n g t h  of t h e  s i g n a l  t o  g e n e r a t e  a d e n s i t y  p r o f i l e  f o r  t h e  

packed bed. The v e r s a t i l i t y  of  t h e  microprocessor  a l s o  p e r m i t s  t h e  

d i f f e r e n t  v a r i a b l e s  t o  be combined i n  t h e  ou tpu t  t o  t h e  d i g i t a l  p l o t t e r ,  
such as g iv ing  f u e l  d e n s i t y  a s  a f u n c t i o n  of rod h e i g h t  and packed bed 

h e i g h t  as a f u n c t i o n  of t i m e .  

I n  measuring d e n s i t y  v a r i a t i o n s  w i t h i n  t h e  loaded f u e l  

The d e t e c t o r  assembly must t r a n s l a t e  i n  t h e  v e r t i c a l  d i r e c t i o n  when 

fo l lowing  t h e  f u e l  l o a d i n g  l e v e l .  I n  o r d e r  t o  have a r a p i d  response  t o  

l eve l  changes,  t h e  d e t e c t i o n  assembly should  have low mass t o  minimize 

i n e r t i a .  The dev ice  h a s  been des igned  t o  use  a gamma-ray r a d i o i s o t o p e  

source  and a "ruggedized" sodium-iodide d e t e c t o r .  

speed t o  which t h e  p r e s e n t  dev ice  should  o p e r a t e  i s  6 f t / m i n .  

was performed u s i n g  t y p i c a l  d e n s i t i e s  of materials t o  be  loaded  i n  o r d e r  

t o  de te rmine  t h e  optimum photon energy necessa ry  i n  t h e  photon a t t e n u a t i o n  

method. An.experiment w a s  performed t o  v e r i f y  t h e  c a l c u l a t i o n s .  Shor t  

The maximum scan  

A s tudy  
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rods  con ta in ing  coa r se  p a r t i c l e s  and f i n e s  were f a b r i c a t e d .  A r a d i o a c t i v e  

i s o t o p e  of Lutet ium (177mLu) was determined t o  be  t h e  optimum gamma 

source .  The optimum source  s t r e n g t h  w a s  a l s o  c a l c u l a t e d  and v e r i f i e d .  

A set of r a d i o i s o t o p e  sources  have been ordered  and f a b r i c a t e d .  Based 

on t h e  source  s t r e n g t h s  a s h i e l d  assembly w a s  designed t o  reduce t h e  

r a d i a t i o n  t o  a s a f e  l eve l .  The s h i e l d s ,  designed t o  sur round both  t h e  

source  and t h e  d e t e c t o r ,  have been f a b r i c a t e d .  The source  capsu le s  

are f a b r i c a t e d  from Ta-10% W and t h e  s h i e l d  and c o l l i m a t o r s  from tungs ten .  

Two types  of c o l l i m a t o r s  were f a b r i c a t e d ,  one wi th  a 2-mm-diam h o l e  and 

one wi th  a 1 mm x 3 mm r e c t a n g u l a r  s l i t .  

The mechanical suppor t  assembly of t h e  l a b - s c a l e  f u e l  level and 

d e n s i t y  de te rmining  device  has  been des igned ,  f a b r i c a t e d ,  and assembled. 

The u n i t  w i l l  s can  a 2 - f t  l eng th .  Design of t h e  engineer ing-sca le  

device  has  a l s o  been i n i t i a t e d .  The u n i t  w i l l  have a scan range of over  

6 f t  and be adap tab le  t o  a 12- f t  range.  

8 . 3  FUEL ROD INSPECTION INSTRUMENTATION 

The in s t rumen ta t ion  and c o n t r o l  system f o r  t h e  l e v e l  and d e n s i t y  

de te rmining  device  has  been des igned .  

c losed-loop dc-servo motor p o s i t i o n i n g  system, a microprocessor  c o n t r o l l e r ,  

a s i n g l e  channel  ana lyze r  (SCA) w i t h  t imer-counter ,  and a d i g i t a l  p l o t t e r  

as i l l u s t r a t e d  by t h e  b lock  diagram i n  F ig .  8.1. 

o rde red ,  and a l l  have been r ece ived  wi th  t h e  except ion  of t h e  p o s i t i o n i n g  

s y s t em. 

The c o n t r o l  system c o n s i s t s  of a 

These i t e m s  were 

Diagrams f o r  t h e  w i r i n g  of t h e  microprocessor  c o n t r o l l e r  1/0 c a r d s  

are nea r ing  completion. 

c o n t r o l l e r  i n  t h e  way of s t e p p i n g  motor d r i v e  i n t e r f a c e  c a r d s  have been 

ordered .  

t h e  f i n a l  l oad ing  l e v e l  of sphere-pac rods .  

r equ i r ed  f o r  t h e  t h r e e  au tomat ic  trimming d i s p e n s e r s  has  been determined 

and t h e  necessary  p a r t s  have been ordered .  

Add i t iona l  c a p a b i l i t y  f o r  t h e  microprocessor  

This  c a p a b i l i t y  pe rmi t s  very  a c c u r a t e  c losed-loop c o n t r o l  of 

The in s t rumen ta t ion  
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