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DRYING OF URANIUM-LOADED CATION EXCHANGE 
RESIN WITH MICROWAVE HEATING 

J. P .  Drago 
P. A.  Haas 

ABSTRACT 

The r e fe rence  f u e l  k e r n e l  f o r  r e c y c l e  of 233U t o  HTGRs 
(High-Temperature - - Gas-Cooled Reactors) i s  prepared  by loading 
ca rboxy l i c  a c i d  c a t i o n  exchange r e s i n  wi th  uranium and car- 
boniz ing  it a t  c o n t r o l l e d  cond i t ions .  The w e t ,  uranium- 
loaded r e s i n  must be d r i e d  t o  a w a t e r  con ten t  of 1 0  t o  16 
w t  % p r i o r  t o  ca rbon iza t ion  t o  minimize handling problems. 
Microwave hea t ing  w a s  demonstrated t o  g ive  c o n t r o l l e d  and 
reproducib le  d r i e d  r e s i n  i n  a v e s s e l  whose dimensions were 
s a f e  f o r  nuc lear  c r i t i c a l i t y  (12 .4  c m  I D ) .  A s tandard  d ry ing  
procedure w a s  developed. The du ra t ion  of microwave hea t ing  
i s  c o n t r o l l e d  e i t h e r  by us ing  an exper imenta l ly  der ived  dry ing  
f a c t o r  o r  by monitoring t h e  amount o f  water removed from t h e  
r e s i n .  No s i g n i f i c a n t  d i f f i c u l t i e s  were encountered i n  t h e  
ope ra t ion  of t h e  d rye r .  H e a t  ba lance ,  microwave coupling 
e f f i c i e n c y ,  and minimum f l u i d i z a t i o n  v e l o c i t y  w e r e  c a l c u l a t e d  
and compared wi th  experimental  r e s u l t s  o r  wi th  t h e  l i t e r a t u r e .  
Mixing of t h e  r e s i n  dur ing  dry ing  w a s  r equ i r ed  to  ensure  a 
uniformly d r i e d  product .  

1. INTRODUCTION 

Drying o f  c a t i o n  exchange r e s i n s  loaded wi th  233U i s  requ i r ed  f o r  

t he  r e fe rence  process  of an HTGR f u e l  refabrication p l a n t .  The ind iv id -  

u a l  requirements f o r  t h e  dry ing  process  are n o t  excep t iona l .  However, 

t h e  combination of requirements f o r  c o n t r o l l e d  and uniform dry ing ,  remote 

ope ra t ion  i n  a radiochemical c e l l ,  c o n t r o l  of nuc lea r  c r i t i c a l i t y ,  and 

l i m i t e d  drying t i m e  are d i f f i c u l t  t o  m e e t .  Microwave hea t ing  of t h e  

washed r e s i n  appears t o  meet t h e s e  requirements.  This r e p o r t  covers t h e  

s e l e c t i o n ,  des ign ,  and pre l iminary  t e s t i n g  o f  a p i l o t - p l a n t - s c a l e  d rye r  

w i th  microwave hea t ing .  The o v e r a l l  f u e l  p r e p a r a t i o n  process  i s  descr ibed  

b r i e f l y ,  and t h e  requirements wi th  r e s p e c t  t o  t h e  d r y e r  are reviewed i n  

more d e t a i l .  The d rye r  w a s  designed t o  check t h e  c r i t i c a l  concepts o r  

requirements f o r  p i l o t  p l a n t  use wi thout  be ing  a pro to type  i n  a l l  d e t a i l s .  
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1.1 Prepara t ion  of HTGR Recycle Kernels 

The re ference  f u e l  k e r n e l  f o r  r e c y c l e  of  233U t o  HTGRs i s  prepared 

by loading ca rboxy l i c  a c i d  c a t i o n  exchange r e s i n  wi th  uranium and car- 

bonizing it a t  con t ro l l ed  condi t ions .  The r e fe rence  r e s i n  used during 

t h e s e  development s t u d i e s  w a s  Amberlite IRC-72. The optimum loading  

r e s u l t s  are obtained wi th  uranyl  and hydrogen as t h e  only c a t i o n s  i n  

ac id -de f i c i en t  s o l u t i o n s  of uranyl  n i t r a t e  (NO /U mole r a t i o s  of < 2 ) .  

The p u r i f i e d  233U02 (NO3) s o l u t i o n  from a f u e l  reprocess ing  p l a n t  con- 

t a i n s  excess  n i t r i c  a c i d  (NO -/U mole r a t i o  of 'L2 .2 ) .  The r e fe rence  

f lowsheet  f o r  a 233U r ecyc le  f u e l  f a c i l i t y  a t  Oak Ridge uses  s o l v e n t  

e x t r a c t i o n  of n i t r a t e  by a 0.4 E secondary amine i n  a hydrocarbon d i l u e n t  

* 

- 
3 

3 

I t o  prepare  ac id -de f i c i en t  uranyl  n i t r a t e .  The amine n i t r a t e  i s  contac ted  

with b a s i c  s o l u t i o n s  (NaOH o r  NH OH) t o  r egene ra t e  f r e e  amine f o r  r euse ,  

and t h e  n i t r a t e  i s  discharged i n  t h e  form of waste s o l u t i o n s  conta in ing  

NaNO o r  NH NO By adding an evapora tor  t o  remove water (Fig.  1 1 ,  it 

i s  p o s s i b l e  t o  o b t a i n  a h ighly  e f f i c i e n t  conversion of t h e  p u r i f i e d  

233U02 (NO3) 

4 

3 4 3' 

s o l u t i o n  t o  loaded r e s i n .  

The ca rboxy l i c  a c i d  c a t i o n  exchange r e s i n s  are prepared by polymer- 

i z i n g  a c r y l i c  o r  methacry l ic  a c i d  wi th  divinylbenzene.  A t y p i c a l  compo- 

s i t i o n  f o r  p repa ra t ion  of m e r l i t e  IRC-72 may be: 

10 w t  % divinylbenzene 

8 w t  % ethylvinylbenzene 

82 w t  % a c r y l i c  ac id .  

From t h i s  composition and from analyses  of uranyl-loaded r e s i n ,  t h e  aver-  

age formula f o r  r e s i n  d r i e d  t o  llO°C might be represented  by: 

Before t h e  start  of microwave hea t ing ,  t h e  dra ined  r e s i n  r e t a i n s  about  

1 2  molecules of a d d i t i o n a l  water p e r  atom of  uranium i n  t h e  porous r e s i n  

s t r u c t u r e .  

* 
Trademark of t h e  Rohm and Haas Company, Ph i l ade lph ia ,  Pennsylvania.  
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1 . 2  Objec t ives  of Dryer Development 

The d r y e r  i s  p a r t  of an engineer ing-scale  r e s i n  loading system t h a t  

i s  f u l l  scale wi th  r e s p e c t  t o  t h e  Hot Engineer ing T e s t  equipment. The 

primary requirement of t h e  d rye r  i s  t o  c o n s i s t e n t l y  produce d r i e d  r e s i n  

of acceptab le  moisture  conten t  i n  o rde r  t o  a l low pneumatic t r a n s f e r  of 

t h e  material t o  the  next  process ing  s t e p .  The engineer ing-sca le  system 

provides  informat ion  wi th  r e s p e c t  t o  remote ope ra t ion ,  t h e  e f f e c t s  of 

c r i t i c a l i t y  l i m i t a t i o n s ,  material  a c c o u n t a b i l i t y ,  and i n t e r a c t i o n s  of 

i n d i v i d u a l  ope ra t ions .  The system does n o t  m e e t  t he  d e t a i l e d  requi re -  

ments f o r  containment,  waste d i s p o s a l ,  o r  s h i e l d i n g  t o  a l low ope ra t ion  

wi th  235U o r  233U and i s  t h e r e f o r e  l i m i t e d  t o  n a t u r a l  uranium. The in t en -  

t i o n  w a s  t o  o b t a i n  information on concepts o r  requirements t h a t  are unique 

t o  t h e  d r y e r  without  p l ac ing  emphasis on requirements  where g e n e r a l l y  

accepted des ign  s o l u t i o n s  are known. 

1 .3  C h a r a c t e r i s t i c s  of Microwave Heating 

Microwaves are e lec t romagnet ic  waves i n  t h e  frequency range of 300 

MHz t o  300 GHz wi th  corresponding wavelengths of 1 m t o  1 mm. Microwaves 

have many o f  t h e  same c h a r a c t e r i s t i c s  as l i g h t  waves. They can be gen- 

e r a t e d ,  r e f l e c t e d ,  t r ansmi t t ed ,  and absorbed, b u t  t h e r e  are b a s i c  d i f -  

fe rences  i n  the  materials t h a t  t r ansmi t  and absorb them as w e l l  as i n  

t h e  manner i n  which each i s  genera ted .  

Whereas t h e  l i g h t  bulb i s  a gene ra to r  t h a t  produces l i g h t ,  t h e  magne- 

t r o n  i s  a gene ra to r  t h a t  produces microwaves. Microwaves, as w e l l  as 

l i g h t ,  are r e f l e c t e d  by m e t a l l i c  o b j e c t s .  Materials such as g l a s s ,  

q u a r t z ,  Teflon,  s i l i c o n  rubber ,  polycarbonate ,  and polypropylene are 

e s s e n t i a l l y  t r a n s p a r e n t  t o  microwaves. Water absorbs microwave energy 

while  l i g h t  i s  t r ansmi t t ed .  Since water i s  one of t h e  b e s t  absorbers  of 

microwave energy,  microwave hea t ing  i s  a p o t e n t i a l  a i d  f o r  d i f f i c u l t  

d ry ing  processes .  

When an e lec t romagnet ic  wave i s  propagated i n  a d i e l e c t r i c  material ,  

t he  wave i s  a t t enua ted .  Power i s  thereby d i s s i p a t e d  i n  t h e  material  i n  

t h e  form of h e a t .  Water has c e r t a i n  molecular p r o p e r t i e s  t h a t  enable  t h e  
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material  t o  absorb microwave energy. A water molecule i s  comprised of 

oxygen and hydrogen, and has  a d i p o l e  moment. The charge of t h i s  mole- 

c u l e  i s  asymmetrically arranged and t h e  molecule i s  s a i d  t o  be p o l a r .  

An e l ec t r i c  f i e l d  e x e r t i n g  a t w i s t i n g  f o r c e  on a p o l a r  molecule attempts 

t o  a l i g n  t h a t  molecule wi th  t h e  f i e l d .  When t h e  e l ec t r i c  f i e l d  i s  

r eve r sed ,  t h e  molecule a t tempts  t o  r eve r se  i t s  o r i e n t a t i o n ;  t h u s ,  f r i c -  

t i o n a l  f o r c e s  have t o  be overcome and t h e  energy i s  d i s s i p a t e d  as h e a t .  

Microwave dry ing  has several  advantages over  convent iona l  hea t ing  

which relies p r i m a r i l y  on conduction-convection. These advantages inc lude  

i n s t a n t  on-off c a p a b i l i t y ,  moisture l e v e l i n g  ( i . e . ,  p r e f e r e n t i a l  hea t ing  

of t h e  w e t t e s t  mater ia l ) ,  and a s h o r t e r  dry ing  cyc le  wi thout  h igh  t e m -  

p e r a t u r e s .  For t h i s  a p p l i c a t i o n  wi th  geometry r e s t r i c t i o n s ,  poor thermal 

conduc t iv i ty  of t h e  r e s i n ,  and uni formi ty  requirement,  microwave hea t ing  

has  s a t i s f i e d  ou r  requirements b e t t e r  than any o t h e r  methods considered. 

1 . 4  Acknowledgments 

These s t u d i e s  w e r e  par t  o f  t h e  Thorium U t i l i z a t i o n  Program s t u d i e s  

of t h e  Chemical Technology Divis ion .  D. L. Mi l l i on ,  R. D.  Ar thur ,  and 

T.  V. Dinsmore p a r t i c i p a t e d  i n  t h e  experimental  ope ra t ion .  Information 

from General Atomic Company personnel  concerning t h e i r  s u c c e s s f u l  use  of 

microwave hea t ing  t o  meet very s imi la r  requirements f o r  resin-based f u e l  

p repa ra t ion  w a s  very  h e l p f u l .  

2 .  PROCESS REQUIREMENTS 

The r e s i n  d r y e r  must m e e t  t h e  requirements f o r  233U-loaded r e s i n  i n  

a fue l - r ecyc le  p i l o t  p l a n t  us ing  a r e fe rence  f lowshee t  (Fig.  1). The 

d r i e d  r e s i n  must meet t h e  chemical f lowsheet requirements.  The ope ra t ing  

and c o n t r o l  procedures must be acceptab le  f o r  t h e  remotely opera ted  p i l o t  

p l a n t .  The a c c o u n t a b i l i t y  and c r i t i c a l i t y  requirements f o r  233U must be 

cons idered .  
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2 . 1  Capacity 

The engineer ing-sca le  r e s i n  loading system i s  designed f o r  ba t ch  

loading o f  r e s i n  wi th  4 kg of uranium p e r  ba tch .  The p i l o t  p l a n t  capa- 

c i t y  i s  based on one ba tch  p e r  day, b u t  t h e  r e s i n  loading ope ra t ions  

r e q u i r e  4 h r  p e r  ba tch  o r  less. The n i t r a t e  e x t r a c t i o n  system i s  con- 

t inuous  wi th  a capac i ty  equ iva len t  t o  a t  least  1 kg p e r  hour of uranium. 

I f  t h e  complete cyc le  f o r  t h e  r e s i n  d r y e r ,  which inc ludes  loading ,  

washing, dry ing ,  and unloading, does no t  exceed 4 h r ,  a s i n g l e  d rye r  

could se rve  a continuous n i t r a t e  e x t r a c t i o n  system wi th  e i t h e r  m u l t i p l e  

ba tch  con tac to r s  o r  a continuous r e s i n  loading con tac to r .  

The 4 kg of  uranium p e r  ba tch  would r e q u i r e  11 t o  13 l i t e r s  of w e t ,  

loaded r e s i n  depending on the  uranium loading  p e r  u n i t  volume, which 

varies wi th  t h e  r e fe rence  o r  a l t e r n a t e  r e s i n .  About 2 kg of w a t e r  would 

be evaporated t o  dry  one batch of r e s i n  t o  a p r e f e r r e d  w a t e r  con ten t  

(d i scussed  i n  Sect. 2 . 2 ) .  

2 .2  Dried Product  S p e c i f i c a t i o n s  

S p e c i f i c a t i o n s  f o r  t he  d r i e d  product  have n o t  y e t  been determined 

o r  v e r i f i e d .  I n  gene ra l ,  t h e  primary s p e c i f i c a t i o n s  are those  f o r  t h e  

carbonized and/or coated ke rne l s ;  t he  d r i e d ,  uranium-loaded r e s i n  must 

be s u i t a b l e  f o r  carboniza t ion ,  conversion,  and coa t ing  t o  meet those  

primary s p e c i f i c a t i o n s .  The s i z e ,  shape, s p h e r i c i t y ,  uranium c o n t e n t ,  

and impuri ty  con ten t  of t h e  ke rne l s  are determined and c o n t r o l l e d  by 

r e s i n  f eed  p repa ra t ion  and r e s i n  loading ope ra t ions .  The most important  

s p e c i f i c a t i o n s  f o r  dry ing  of t h e  r e s i n  are: 

1. 

2. 

3 .  

The shape of  t h e  k e r n e l s  must n o t  be degraded by cracking ,  

c l u s t e r i n g ,  o r  o t h e r  changes dur ing  drying.  

Nothing should be added t h a t  would add i m p u r i t i e s  t o  t h e  

carbonized ke rne l s  o r  t h a t  would r e s u l t  i n  uncont ro l led  

v a r i a t i o n s  i n  carbon and oxygen con ten t  a f t e r  carboniza- 

t i o n .  

The w a t e r  con ten t  of  t h e  d r i e d  r e s i n  should be wi th in  

an optimum range f o r  t he  requirements of a c c o u n t a b i l i t y ,  

handl ing ,  and carboniza t ion  ope ra t ions .  
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The water conten t  i s  gene ra l ly  determined as - l o s s  - -  on drying (LOD) 

f o r  overn ight  exposure t o  ambient a i r  a t  110OC. S p e c i f i c a t i o n  of t h e  

water con ten t  f o r  t h e  d r i e d ,  uranium-loaded r e s i n  i s  now 10 t o  16% LOD. 

The primary requirement f o r  a c c o u n t a b i l i t y  i s  t h a t  t h e  LOD be reproduci-  

ble and uniform. Treatment of t h e  carboniza t ion  of f -gases ,  inc luding  

c o n t r o l  of c r i t i c a l i t y ,  i s  s i m p l i f i e d  by minimizing t h e  amount of w a t e r  

charged t o  the  ca rbon iza t ion  furnace.  These two requirements r e s u l t e d  

i n  an i n i t i a l  s e l e c t i o n  of <0 .1  w t  % LOD as a d r i e d  r e s i n  s p e c i f i c a t i o n .  

A t  t h i s  l e v e l  t h e  d r i e d  r e s i n  shows s t a t i c  charge e f f e c t s  which make 

handl ing and t r a n s f e r  d i f f i c u l t .  The r e s i n  l i t e r a l l y  climbs the  w a l l s  of 

a l l  s u r f a c e s  exposed t o  it and cannot be poured o r  t r a n s f e r r e d  pneumati- 

c a l l y  wi thout  leav ing  some of t he  p a r t i c l e s  behind. Handling tests were 

made a f t e r  g r a p h i t e  powders were added t o  t h e  r e s i n ,  b u t  t h i s  only a l l e -  

v i a t e d  t h e  problem wi thout  e l imina t ing  it and i s  an undes i rab le  process  

complicat ion.  Dnpi r ica l  t es t s  showed t h a t  1 0  t o  20% LOD f o r  uranium- 

loaded Amberlite IRC-72 r e s u l t s  i n  acceptab le  handl ing p r o p e r t i e s .  

S t a t i c  charge problems become inc reas ing ly  no t i ceab le  as t h e  LOD decreases  

below 10 w t  %. The r e s i n  appears  t o  become inc reas ing ly  s t i c k y  from damp- 

ness  as the  LOD i n c r e a s e s  t o  about 20 w t  %. The a l t e r n a t e  r e s i n ,  Duoli te  

C-464, i s  s l i g h t l y  more porous and shows t h e  same behavior  a t  a s l i g h t l y  

h igher  LOD, 1 2  t o  24 w t  % f o r  optimum handling behavior .  

* 

2.3 Kine t i c  and Equi l ibr ium Considerat ion 

The uranium-loaded r e s i n s  show t y p i c a l  behavior  for drying  of a 

porous s o l i d .  For a s p e c i f i e d  charge,  microwave power i n p u t ,  and gas  

flow t h e r e  i s  a s h o r t  i n i t i a l  pe r iod  during which t h e  charge i s  hea t ing  

up, a cons t an t  ra te  pe r iod  dur ing  which the  e x i t  gas  i s  s a t u r a t e d  wi th  

w a t e r ,  and a d e c l i n i n g  ra te  as drying nea r s  completion. 

During t h e  cons t an t  ra te  pe r iod ,  t he  equi l ibr ium i s  determined by 

a thermal ba lance .  The temperatures are cons tan t  wi th  t i m e ,  and t h e  

h e a t  i npu t  equals  t h e  s e n s i b l e  h e a t  of t h e  a i r  p l u s  t h e  hea t  of vapor i -  

z a t i o n  of t h e  water. The e x i t  temperature i s  t h a t  which g ives  s a t u r a t e d  

* 
Trademark of t h e  Diamond Shamrock Company, Redwood Ci ty ,  C a l i f o r n i a .  
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air:  t h a t  i s ,  100% r e l a t i v e  humidity.  The h e a t  i s  generated throughout 

t h e  r e s i n  p a r t i c l e s .  The gas i s  e s s e n t i a l l y  t r a n s p a r e n t  t o  microwave 

energy. The p a r t i c l e s  are s l i g h t l y  h o t t e r  than  t h e  gas .  The temperature 

d i f f e r e n c e  causes  both h e a t  t r a n s f e r  from t h e  p a r t i c l e s  t o  t h e  gas and 

m a s s  t r a n s f e r  of  water vapor.  

A s  drying approaches completion, t h e  drying rate decreases  and t h e  

e x i t  gas i s  no t  s a t u r a t e d  wi th  w a t e r .  I n  t h i s  reg ion ,  t h e  r e s i n  has a 

lower vapor p re s su re  of water i n  equi l ibr ium wi th  i t  than  wi th  t h e  vapor 

p re s su re  of f r e e  water  a t  t h e  same temperature .  The water i s  he ld  i n  

the  r e s i n  by c a p i l l a r y  e f f e c t s  i n  s m a l l  pores  o r  by bonding. When t h e  

r e s i n ,  which has been d r i e d  overn ight  a t  l l O " C ,  i s  cooled t o  room tempera- 

t u r e  and i s  then added t o  room-temperature water, t h e  r e s i n  w i l l  release 

enough h e a t  t o  produce steam. 

d r i e d  r e s i n  a t  s e v e r a l  r e l a t i v e  humidi t ies  a t  room temperature  provide an 

i n d i c a t i o n  of  both r a t e s  and equi l ibr iums (Fig.  2 ) .  S imi l a r  d a t a  f o r  

h ighe r  temperatures  o r  f o r  t h e  removal of water are no t  a v a i l a b l e .  

D a t a  r epo r t ed  by Carpenter2 €or  exposure of 

3 .  EQUIPMENT DESCRTPTION 

A microwave energy system f o r  drying uranium-loaded ion  exchange 

r e s i n  w a s  purchased from a commercial manufacturer and t e s t e d .  Fea tures  

of t h e  main components and s e r v i c e  requirements are d iscussed .  

* 

3.1 Resin V e s s e l  and Cavi ty  

A schematic diagram i l l u s t r a t i n g  t h e  components of t h e  microwave 

d rye r  system is  shown i n  F ig .  3.  The microwave c a v i t y  ( a p p l i c a t o r )  i s  

cons t ruc ted  of 0.16-cm-thick type 304 s t a i n l e s s  s teel  t h a t  has dimensions 

of  1 . 2  m high x 1 . 2  m wide x 0.9 m deep. The r e s i n  con ta ine r  i s  a Pyrex 

tube ,  1 3  c m  OD x 0.3 c m  w a l l  x 1 . 2  m long.  The column is  a safe-geometry 

v e s s e l  with r e s p e c t  t o  nuc lear  c r i t i c a l i t y  and provides  ample f r e e  board 

t o  a l low f l u i d i z a t i o n  and mixing of  t h e  r e s i n .  A t  s t a t i c  cond i t ions ,  t h e  

re ference  11-li ter r e s i n  ba tch  occupies approximately 75% of t h e  column. 

The width and depth  of t h e  c a v i t y ,  as w e l l  as t h e  l o c a t i o n  of t h e  column, 

* 
Gerl ing Moore Incorpora ted ,  Palo Alto,  C a l i f o r n i a .  
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were s e l e c t e d  by the  microwave system manufacturer.  The cav i ty  dimensions 

were chosen such t h a t  a l a rge  number of modes ( e l e c t r i c  f i e l d  configura-  

t i o n s )  can e x i s t  a t  t h e  f requencies  near  t h e  opera t ing  frequency of t he  

microwave source.  The more modes a cav i ty  has ,  t he  g r e a t e r  i s  the  v a r i e t y  

of e l e c t r i c  f i e l d  p a t t e r n s  t h a t  may be e s t a b l i s h e d  i n  the  cav i ty .  This 

i s  d e s i r a b l e  f o r  uniformity of hea t ing .  

introduced i n t o  t h e  c a v i t y ,  t h e  r e s u l t  i s  a s t a t i o n a r y  p a t t e r n  of high and 

l o w  i n t e n s i t i e s .  To ensure t h a t  a l a rge  number of modes a r e  exc i t ed ,  t he  

microwave energy is  d i r e c t e d  on a blade of a r o t a t i n g  m e t a l l i c  device 

c a l l e d  a mode s t i r r e r .  This device cont inuously changes t h e  microwave 

condi t ions  i n  t h e  cav i ty  and v a r i e s  t he  p o s i t i o n s  of t he  more i n t e n s e  

zones such t h a t  t he  average condi t ions  a r e  uniform. 

However, when t h e  energy i s  

Provis ions  f o r  s o l i d s  add i t ion  and withdrawal (as w e l l  as l i q u i d  o r  

vapor only ,  through screens)  a r e  incorpora ted  i n  a s p e c i a l  f lange  assem- 

b l y  (Fig.  41, which has a con ica l  ( % 4 5 O  s l o p e ) ,  120-mesh screen  with a 

ho le  a t  t he  apex. A 1.9-cm b a l l  valve is  secured to  the  p l a t e  t o  allow 

r e t e n t i o n  and t r a n s f e r  of s o l i d s .  Flange and screen  a r e  f a b r i c a t e d  from 

type 304 s t a i n l e s s  s t e e l .  During the  drying cyc le ,  instrument  a i r  i s  

passed through the  r e s i n  bed t o  a i d  i n  water vapor removal and t o  promote 

mixing of t he  ma te r i a l .  The s a t u r a t e d  a i r  leav ing  t h e  column is passed 

through a condenser and t h e  condensate is c o l l e c t e d .  Thermocouples moni- 

t o r  temperatures of t h e  gas  streams en te r ing  and leaving  t h e  condenser. 

Four 0.64-cm-dim s t a i n l e s s  s t e e l  t i e  rods secure  the  g l a s s  column and 

s p e c i a l  end f langes  i n  p l ace .  (Use of t hese  metal  rods  i n s i d e  the  cav i ty  

i s  permi t ted ,  s i n c e  they are secu re ly  fas tened  t o  the  c a v i t y  wa l l s ;  how- 

ever ,  due t o  "shadowing e f f e c t , "  t he  number should be kept  t o  a minimum.) 

Teflon gaske ts  and s i l i c o n  rubber cement a r e  used t o  s e a l  t he  g l a s s  column 

t o  the  f lange  s i n c e  these  m a t e r i a l s  are t r a n s p a r e n t  t o  microwave energy. 

When t h e  load  i n  a microwave cav i ty  decreases ,  such a s  with the  

removal of water dur ing  a drying ope ra t ion ,  both the  c u r r e n t  i n  t h e  cav i ty  

wal l  and t h e  vol tage  i n  the  c a v i t y  inc rease .  Depending on the  inpu t  power 

l e v e l  and load cond i t ions ,  t h i s  energy may become s u f f i c i e n t l y  l a rge  t o  

cause i o n i z a t i o n  of t h e  a i r  a t  c e r t a i n  l o c a t i o n s  i n  t he  cav i ty  (e .g . ,  

sharp m e t a l l i c  p o i n t s ,  sharp m e t a l l i c  edges and d i s c o n t i n u i t i e s ,  and gaps 
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between metal o b j e c t s ) .  A t  very high energy l e v e l s ,  a r c i n g  w i l l  cause 

s p o t  welding a t  these  l o c a t i o n s .  Arcing i n  the  experimental  apparatus  

w a s  observed under no-load cond i t ions  a t  t h e  gap where t h e  t i e  rods are 

i n s e r t e d  through t h e  f l ange  assembly. 

To reduce p o s s i b l e  s e r i o u s  damage t o  t h e  c a v i t y ,  sharp  metal l ic  p o i n t s  

and edges should be avoided. A t  metal l ic  d i s c o n t i n u i t i e s ,  aluminum f o i l  

t ape  wi th  a conductive adhesive such as 3-M Type 1170 i s  used. A s p e c i a l  

woven Monel gaske t ,  Metex, w a s  used between t h e  s p e c i a l  column-end f l anges  

and t h e  microwave cav i ty  w a l l .  This gaske t  i s  1.9 c m  wide wi th  a 0.32-cm- 

diam bead of t h e  woven material  a long each edge. Contact cement w a s  used 

t o  secure  t h e  woven gaske t  on t h e  b o l t  c i rc le  of t h e  f l ange .  Holes f o r  

t h e  b o l t s  were punched c l e a n ,  and no s t r a y  w i r e  ends remained. This gas- 

k e t  material w a s  used along t h e  b o l t  c e n t e r  l i n e s  of t h e  removable view 

panel .  This woven metal gaske t  i s  a l s o  a v a i l a b l e  i n  s t a i n l e s s  s t ee l ,  

c a l l e d  Techni t .  

A r e c i r c u l a t i n g  h o t - a i r  system reduces h e a t  t r a n s f e r  from t h e  r e s i n  

column t o  t h e  surroundings during t h e  drying cyc le .  A 2-kW space h e a t e r  

and blower d i r e c t s  heated a i r  i n t o  t h e  c a v i t y .  The o u t s i d e  top  and s i d e  

w a l l s  of t h e  c a v i t y  w e r e  i n s u l a t e d .  The temperature i n s i d e  t h e  c a v i t y  i s  

maintained a t  approximately t h e  s t eady- s t a t e  temperature of t he  column 

e x i t  gas  s t r e a m  ( t y p i c a l l y ,  70 t o  8 O O C )  dur ing  t h e  microwave hea t ing  

per iod .  When t h i s  h e a t e r  i s  no t  opera ted ,  w a t e r  condenses on t h e  g l a s s  

column. The view p o r t  ( 2 0  cm x 100 c m )  and flood-lamp p o r t s  are per -  

f o r a t e d  sc reens  of 0.40-cm-diam ho les  on 0.48-cm o f f s e t  c e n t e r s .  These 

screens  completely r e f l e c t  t he  microwave energy. 

3.2 Microwave Power Supply 

The microwave power source (magnetron) i s  a cont inuously v a r i a b l e  

power genera tor  with an ope ra t ing  range of 0 t o  2.5 kW a t  2.45 GHz. The 

2.45-GHz band w a s  s e l e c t e d  over  t h e  915-MHz band because the  h igher  

frequency produces a s h o r t e r  wavelength, which r e s u l t s  i n  more modes i n  

a given cav i ty  s i z e  and, consequently,  more uniform hea t ing .  Standard 

r ec t angu la r ,  r i g i d  waveguide, bends (elbows) ,  and a 1 m l eng th  of f l e x i b l e  
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waveguide were used t o  couple t h e  power supply t o  the  cav i ty .  A q u a r t z  

window diaphragm i s  loca ted  between the  waveguide f lange  and the  cav i ty  

w a l l  t o  prevent  m a t e r i a l  from e n t e r i n g  t h e  waveguide. 

i s  manufactured from s i l v e r - p l a t e d  i n t e r l e a v e d  b ras s  and can be f a b r i c a t e d  

i n  any length  up t o  1 .5  m. This f l e x i b l e  waveguide can make a 90' t w i s t  

o r  bend i n  31 cm lengths .  Standard r ec t angu la r  waveguide i s  commonly 

f a b r i c a t e d  from aluminum; however, s t a i n l e s s  s t e e l  waveguide i s  a v a i l a b l e .  

The f l e x i b l e  waveguide cannot be f a b r i c a t e d  from s t a i n l e s s  s t e e l .  

F l ex ib l e  waveguide 

To p r o t e c t  t he  power tube ,  a three-por t  c i r c u l a t o r  w a s  i n s t a l l e d  t o  

provide complete i s o l a t i o n  between the  r e f l e c t e d  microwave power from t h e  

cav i ty  and the  power tube.  The r e f l e c t e d  power i s  d i r e c t e d  by magnet ical ly  

b iased  f e r r i t e s  t o  the  t h i r d  p o r t  of t h e  device where i t  i s  absorbed by 

the  water-cooled dummy load.  Since opera t ion  of t h e  microwave t r a n s m i t t e r  

and dummy load without  coolan t  w i l l  r e s u l t  i n  damage t o  t h e  system, a 

flow i n t e r l o c k  r equ i r ing  a minimum of 3.8 l i t e r s  pe r  minute of water  i s  

loca ted  i n  s e r i e s  between the  dummy load and magnetron. E l e c t r i c a l  

requirements f o r  t h e  t r a n s m i t t e r  a r e  208-V, s i n g l e  phase,  60-Hz l i n e  

having a minimum c u r r e n t  handling capac i ty  of 30 A. 

Main f e a t u r e s  of t he  c o n t r o l  panel  inc lude :  microwave power t i m e r ,  

microwave on-time clock,  magnetron cu r ren t  meter ,  microwave power a d j u s t ,  

power switches,  and t r ansmi t t ed  and r e f l e c t e d  power meters .  The t r a n s -  

mi t ted  and r e f l e c t e d  power monitors a r e  loca ted  i n  the  waveguide segment 

connected t o  the  c a v i t y .  A s e rvo -con t ro l l e r  w a s  i n s t a l l e d  t h a t  was 

capable of opera t ing  i n  e i t h e r  of two modes, analog o r  l i m i t i n g .  I n  the  

analog mode, t he  u n i t  rece ives  an e l e c t r i c a l  s i g n a l  t h a t  c o n t r o l s  t h e  

output  power l e v e l  of t he  microwave t r a n s m i t t e r  between 0 and 2 .5  kW. 

I n  the  l i m i t i n g  mode, t h e  t r ansmi t t ed  power t o  the  cav i ty  i s  r egu la t ed  

such t h a t  t he  p r e s e t  r e f l e c t e d  power l i m i t  i s  no t  surpassed.  

4. DRYING CYCLE AND MICROWAVE HEATING 

I n  o rde r  t o  ob ta in  the  des i r ed  water conten t ,  a s tandard  dry ing  pro- 

cedure and methods f o r  determining the  du ra t ion  of microwave hea t ing  were 

developed. This procedure inc ludes  the  t r a n s f e r  of t he  wet, uranium- 

loaded r e s i n  t o  the  d rye r ,  washing and d ra in ing  the  r e s i n ,  microwave 
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hea t ing ,  and cooldown p r i o r  t o  removal from t h e  d r y e r .  Instrument  a i r  i s  

used during t h e  hea t ing  pe r iod  t o  a i d  i n  t h e  removal of evaporated water 

from t h e  r e s i n  and a l s o  t o  mix t h e  material .  A h e a t  balance during t h e  

cons t an t - r a t e  drying pe r iod  and the  coupling e f f i c i e n c y  of t h e  microwave 

energy with t h e  w e t  r e s i n  are d iscussed  i n  t h i s  s e c t i o n .  Uniformity 

and mixing of t h e  r e s i n  are d iscussed  i n  Sec t s .  5 and 6 ,  r e s p e c t i v e l y .  

4 . 1  Charging t h e  Dryer and Washing t h e  Resin 

Following t h e  loading of t h e  uranium on t h e  r e s i n ,  t h e  f u e l  i s  t r a n s -  

f e r r e d  t o  t h e  d rye r  as a s l u r r y .  The process  s o l u t i o n ,  uranyl  n i t r a t e ,  

i s  pumped i n t o  t h e  t o p  of t h e  loading column and d i s p l a c e s  t h e  r e s i n  

s l u r r y  through the  bottom e x i t .  The t r a n s f e r  may a l s o  be made by sup- 

p ly ing  5 p s i g  of  a i r  t o  the  t o p  of t h e  loading column. The loading 

column and d rye r  are connected wi th  1.27-cm-OD s t a i n l e s s  s teel  tub ing .  

N o  clogging problems w e r e  observed during any t r a n s f e r s  of t h e  r e s i n  t o  

t h e  d rye r .  The g l a s s  column i s  vented t o  the  process  surge tank through 

the  screen  of t h e  top  f l ange .  

Af t e r  t h e  t r a n s f e r  i s  completed, t h e  r e s i n  i s  washed wi th  t h e  evap- 

o r a t o r  condensate t h a t  w a s  c o l l e c t e d  dur ing  t h e  loading ope ra t ion .  Up- 

flow and downflow r i n s i n g  have been t e s t e d ;  however, t h e  s tandard  proce- 

dure uses  downflow, s i n c e  p lug  flow of t h e  w a t e r  through t h e  bed i s  t h e  

more economical method of washing. Typica l ly ,  2 t o  3 r e s i n  volumes of 

condensate are pumped down through the  bed a t  2 l i ters p e r  minute,  t hus  

d i sp lac ing  the  uranyl  n i t r a t e  s o l u t i o n  t o  the  process  surge  tank .  

The excess  ( i n t e r s t i t i a l )  w a t e r  remaining i n  t h e  d rye r  column i s  

then  removed by downflow of ins t rument  a i r  a t  35 slpm (s tandard  l i t e r s  

p e r  minute) f o r  10 min. This w a t e r  i s  a l s o  s e n t  t o  t h e  process  surge 

tank.  This blowdown ope ra t ion  p r i o r  t o  microwave hea t ing  i s  used because 

it reduces t h e  dry ing  cyc le  t i m e ,  b u t  more impor tan t ,  it d r a i n s  the  r e s i n  

t o  a reproducib le  moisture  conten t  ( 2 9  t o  33 w t  % ) .  

4.2 Control  of t h e  Drying Cycle 

One advantage i n  using microwave power f o r  drying a p p l i c a t i o n s  i s  

t h a t  energy i s  p r e f e r e n t i a l l y  absorbed by t h e  wet tes t  material .  This is 
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due t o  t h e  d i f f e r e n t  d i e l e c t r i c  p r o p e r t i e s  of t h e  w a t e r  and t h e  s o l i d  

material .  It w a s  a n t i c i p a t e d  t h a t  t h i s  p r e f e r e n t i a l  hea t ing  would a i d  

i n  achiev ing  t h e  d e s i r e d  w a t e r  con ten t  uniformly throughout t h e  ba tch .  

Operating s i g n a l s  and/or procedure t o  achieve t h i s  r e s u l t  w e r e  i n v e s t i -  

ga ted .  These inc lude  r e f l e c t e d  power, temperature ,  drying f a c t o r ,  and 

t h e  amount of water removed. 

4.2.1 Ref lec ted  power 

When a l l  t h e  i n c i d e n t  energy of an e lec t romagnet ic  wave i s  absorbed 

by a load,  t h e  load i s  s a i d  t o  be matched. There i s  no r e f l e c t i o n  from 

the  load .  However, when r e f l e c t i o n  t akes  p l a c e  and i n t e r f e r e n c e  of t h e  

i n c i d e n t  and r e f l e c t e d  waves occurs ,  only a p ropor t ion  of t h e  energy of 

the  i n c i d e n t  wave i s  absorbed by t h e  load.  The i n t e r f e r e n c e  i s  con- 

s t r u c t i v e  where reg ions  of enhanced f i e l d  i n t e n s i t y  are produced and 

d e s t r u c t i v e  i n  reg ions  of reduced f i e l d  i n t e n s i t y .  Although t h e  f i e l d s  

vary s i n u s o i d a l l y  with t i m e ,  when the  s p a t i a l  v a r i a t i o n  of f i e l d  in t en -  

s i t i es  remains s t a t i o n a r y ,  t h i s  phenomenon i s  known as a s tanding  wave 

p a t t e r n  . 
Standing waves are gene ra l ly  undes i rab le  i n  a p p l i c a t o r s ,  s i n c e  m a t e -  

r i a l  exposed t o  t h e  wave p a t t e r n  i s  no t  uniformly hea ted ;  however, they  

provide a convenient  means f o r  measuring r e f l e c t e d  power. The r a t i o  of  

t he  e l ec t r i c  f i e l d  magnitude a t  p o s i t i o n s  of maximum and minimum i n  the  

s tanding  wave p a t t e r n ,  t he  vol tage  s t and ing  wave r a t i o  (VSWR), i s  d i r e c t l y  

r e l a t e d  t o  t h e  f r a c t i o n  of r e f l e c t e d  power. The VSWR and r e f l e c t e d  power 

are mathematically descr ibed  as: 

where 

E i 

P = P  r i 

i s  the  e l ec t r i c  f i e l d  magnitude of t h e  i n c i d e n t  wave, 

i s  the  e l e c t r i c  f i e l d  magnitude of t h e  r e f l e c t e d  wave, and 

2 (VSWR - 1) 

(VSWR + 1) 2 ,  
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where 

P .  i s  t h e  power of t h e  i n c i d e n t  wave, and 

P i s  t h e  power of t h e  r e f l e c t e d  wave. 

1 

r 

Thus, monitor ing t h e  VSWR i s  a means of determining t h e  degree of mismatch 

of t h e  load  and, hence,  t h e  propor t ion  of t h e  power absorbed by t h e  load .  

In  o r d e r  t o  o b t a i n  t h e  d e s i r e d  moisture  con ten t ,  it w a s  a n t i c i p a t e d  

t h a t  t h e  du ra t ion  of microwave hea t ing  could be determined by monitor ing 

t h e  inc rease  i n  the  r e f l e c t e d  power, s i n c e  t h e  w e t  r e s i n  absorbed more 

microwave energy than t h e  dry r e s i n .  However, t h e  r e f l e c t e d  power de tec-  

t o r  i s  no t  s u f f i c i e n t l y  s e n s i t i v e  t o  t h e  change of water conten t  of t h e  

r e s i n  t o  provide a re l iable  end p o i n t .  A t  t h e  i n i t i a t i o n  of 2.5 kW of 

microwave power t o  the c a v i t y ,  t h e  r e f l e c t e d  power w a s  s t a b l e ,  t y p i c a l l y  

i n  the  range of  30 t o  40 W .  A t  approximately 15 t o  20 min i n t o  t h e  micro- 

wave hea t ing  cyc le ,  t h e  r e f l e c t e d  power d i d  i n c r e a s e  (usua l ly  t o  50 t o  70 

W ) ,  b u t  o s c i l l a t e d  as much as 20 W .  However, t h e  r e f l e c t e d  power remained 

i n  t h a t  range u n t i l  t h e  r e s i n  became much d r i e r  than d e s i r e d .  

4.2.2 Temperature 

Instrument  a i r  i s  passed through t h e  r e s i n  bed during the  microwave 

hea t ing  cyc le  t o  a i d  i n  removing t h e  w a t e r  t h a t  has been evaporated.  

Since t h e  amount of  microwave energy absorbed decreases  as t h e  load i n  

t h e  c a v i t y  decreases ,  t h e  e x i t  gas temperature of t h e  column should 

decrease correspondingly.  However, t h e  temperature  of t h e  e x i t  gas d i d  

n o t  vary wi th  LOD of  t h e  r e s i n  u n t i l  t he  r e s i n  w a s  much d r i e r  than t h e  

r equ i r ed  range of va lues .  The temperature  of t h e  gas  leav ing  t h e  column 

increased  from 25OC ( t h e  gas  supply)  t o  t h e  s t eady- s t a t e  ope ra t ing  t e m -  

p e r a t u r e  i n  less than  10 min. The a i r - f low e x i t  temperatures  w e r e  65 t o  

7OoC f o r  226 slpm, 70 t o  75OC f o r  113 slpm, and 85 t o  90°C f o r  43 slpm. 

A r e l a t i o n s h i p  between t h e  average w a t e r  con ten t  ( I D D )  of t h e  d r i e d  

material and a drying f a c t o r ,  which enabled t h e  ope ra to r  t o  c a l c u l a t e  

t h e  length  of microwave hea t ing  f o r  a measured w e t  r e s i n  volume and i n p u t  

microwave power, has  been e s t a b l i s h e d  experimental ly  (Fig.  5 ) .  For 

example, when t h e  d e s i r e d  water con ten t  i s  13% LOD, t h e  dry ing  f a c t o r  i s  
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9.5 kW-min per l i t e r  of w e t  r e s i n .  The dry ing  f a c t o r  i s  normalized per 

u n i t  volume because t h e  volume of t h e  w e t  r e s i n  v a r i e d  from ba tch  t o  

ba t ch .  Mul t ip ly ing  t h e  dry ing  f a c t o r  by t h e  w e t  r e s i n  volume (11 l i t e r s  

f o r  t h e  r e fe rence  ba tch )  and d i v i d i n g  by t h e  microwave power ( t y p i c a l l y  

2.5 kW), t h e  microwave hea t ing  cyc le  i s  42  min. 

Average LOD, r e s i n  volume, and microwave ope ra t ing  cond i t ions  of t h e  

d a t a  i n  F ig .  5 are p resen ted  i n  T a b l e  1. A l l  b u t  two of t h e  dry ing  

experiments w e r e  conducted a t  t h e  r a t e d  ou tpu t  of t h e  microwave power 

tube, 2.5 kW. Runs S-32 and S-33 w e r e  d r i e d  wi th  2.0 kW of microwave 

power. The d ry ing  f a c t o r ,  when used f o r  a lower microwave power l e v e l ,  

shows good agreement wi th  t h e  h ighe r  power l e v e l .  

The graph shows t h e  i n i t i a l  w a t e r  con ten t  of t h e  dra ined  r e s i n  p r i o r  

t o  microwave hea t ing ,  29 t o  33 w t  %. This range w a s  c a l c u l a t e d  from a 

mass ba lance  us ing  t h e  t o t a l  water removed, t h e  d r i e d  product  weight,  and 

averaged LOD f o r  t h e  ba tch .  Samples f o r  LOD a n a l y s i s  w e r e  taken from t h e  

bottom, middle, and t o p  p o r t i o n s  of t he  bed. S ince  t h e  water removal 

ra te  i s  cons t an t  dur ing  t h e  microwave hea t ing  cyc le  (see Sec t .  4.2.41, 

a l eas t  squa res  curve i s  drawn from t h e  i n i t i a l  water con ten t  through 

t h e  average LOD of t h e  d r i e d  material i n  t h e  range of 10 t o  16%. The 

non l inea r  n a t u r e  of t h i s  curve a t  low-moisture con ten t  can be expla ined  

i n  t e r m s  of coupling e f f i c i e n c y ,  which i s  t h e  f r a c t i o n  of t r a n s m i t t e d  

power absorbed by t h e  load. 

The p e r c e n t  of t h e  microwave energy t r ansmi t t ed  t o  t h e  a p p l i c a t o r  

t h a t  i s  absorbed by t h e  load depends on f a c t o r s  such as t h e  geometry of 

t h e  load ,  t h e  r a t i o  of t h e  volumes of load  t o  t h e  c a v i t y ,  and w a l l  l o s s e s .  

But t h e  most impor tan t  f a c t o r  i s  t h e  load  i n  t h e  c a v i t y .  For t h e  system 

used f o r  t h i s  s tudy ,  t h e  f u l l y  loaded c a v i t y  ( con ta in ing  more than  2 

l i t e r s  of water) should have a coupling e f f i c i e n c y  (pe rcen t  of t h e  power 

t h a t  s u c c e s s f u l l y  h e a t s  t h e  load)  of approximately 80 t o  85% of t h e  i n p u t  

power, 2.5 kW.3 

Thus, t h i s  phenomenon must be cons idered  when us ing  t h e  dry ing  f a c t o r  

curve t o  o b t a i n  low-moisture con ten t  material .  

A s  t h e  load  dec reases ,  t h e  coupling e f f i c i e n c y  decreases .  
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T a b l e  1. Moisture con ten t  of t h e  d r i e d  r e s i n  
us ing  t h e  dry ing  f a c t o r  

2+ 
2 Amberlite IRC-72 f u l l y  loaded wi th  UO 

Drying f a c t o r  Average W e t  r e s i n ,  
L O D ~  volume Power Run 

( w t  %) ( l i t e rs )  (min) (kW N o .  
kW-min 

8.0 14.9 
14.4 
15.6 

11.1 
11.5 
11.5 

44.5 
46.0 
37.0 

2.0 
2.0 
2.5 

5-33 
5-32 
5-35 

8.56 

8.8 

9.0 

14.7 11.25 38.5 2.5 S-39R1 

15.0 9.65 34.0 2.5 5-28 

13.8 
13.4 
13.6 
13 .1  
13.9 
15 .1  

10.95 
11.1 
11.4 
11.7 
11.8 

7.3 

39.5 
40.0 
41.0 
42.0 
43.0 
26.5 

2.5 
2.5 
2.5 
2.5 
2.5 
2.5 

5-38 
5-36 
5-34 
5-30 
5-37 
5-41 

9.33 

9.5 

13.9 9.65 36.0 2.5 5-27 

13.2 
11.8 
16.9 

12.0 
10.25 
10.5 

46.0 
39.0 
40.0 

2.5 
2.5 
2.5 

5-31 
5-29 
5-45b 

14.0 7.6 11.25 63 .0  2.5 5-39 

a 

bDuolite C-464 r e s i n .  

- Loss  - on c ry ing .  

The r e s i n  loading  system of a f u e l  r e c y c l e  p l a n t  w i l l  be ope ra t ed  

f o r  a de f ined  pe r iod  producing t h e  r e fe rence  ba tch ,  4 kg of uranium on 

11 l i te rs  of r e s i n .  However, a t  t h e  end o f  t h i s  se r ies ,  c a l l e d  a cam- 

pa ign ,  a special  loading  and d ry ing  run  w i l l  be r equ i r ed .  The purpose 

of t h i s  smaller r e s i n  ba tch  i s  t o  reduce t h e  uranium inventory  of t h e  

system p r i o r  t o  r e t u r n i n g  t h i s  remaining uranium t o  s to rage .  

loading  and dry ing  run  (S-41) w a s  conducted t o  s imula t e  t h i s  requirement 

A special  



2 1  

Using t h e  s tandard  dry ing  procedure and drying f a c t o r  of  9 kW-min/liter 

of r e s i n ,  t he  7 . 3 - l i t e r  ba tch  w a s  d r i e d  t o  an acceptab le  moisture  conten t  

of 15%. 

One ba tch  of t h e  a l t e r n a t e  r e s i n ,  Duoli te  C-464, w a s  d r i e d  success-  

f u l l y  i n  t h e  experimental  appara tus  (Run S-45). 

9.5 kW-min/liter of r e s i n ,  an acceptab le  average moisture  conten t  of 1 7 %  

w a s  ob ta ined .  The Duol i te  C-464 has more po ros i ty  and r e t a i n s  more water 

than  Amberlite IRC-72 a t  s i m i l a r  condi t ions .  

Using t h e  dry ing  f a c t o r ,  

4.2.3 Amount of water removed 

The du ra t ion  of microwave hea t ing  necessary t o  o b t a i n  dry  r e s i n  wi th  

t h e  d e s i r e d  water conten t  can be determined by monitoring the  q u a n t i t y  

of  w a t e r  removed dur ing  t h e  microwave hea t ing  per iod .  The only r equ i r e -  

ment f o r  using t h i s  procedure i s  t h a t  the w a t e r  con ten t  of t h e  d ra ined  

r e s i n  must be reproducib le .  From t h e  dry ing  experiments conducted, a 

r e l a t i o n s h i p  has been e s t a b l i s h e d  between the  average LOD of t h e  d r i e d  

r e s i n  and t h e  w a t e r  removed a t  t h e  end of microwave hea t ing  (Fig.  

6 )  - 
For example, i n  o r d e r  t o  o b t a i n  d r i e d  r e s i n  wi th  an average LOD of 

13%, the  microwave hea t ing  i s  concluded when 0.19 l i t e r s  of water p e r  

l i t e r  of w e t  r e s i n  has  been removed. In  terms of t h e  r e fe rence  11-li ter 

r e s i n  ba t ch ,  t h e  microwave power i s  s h u t  o f f  when 2 .1  l i t e rs  of water has  

been removed. The abscissa i s  normalized as w a t e r  removed p e r  u n i t  

volume of w e t  r e s i n  because t h e  ba tch  s i z e  va r i ed .  Since t h e  amount of 

water i n  the  a i r  l eav ing  t h e  condenser w a s  no t  i n s i g n i f i c a n t  dur ing  t h e  

hea t ing  cyc le  (5  t o  10% of t h e  condensa te) ,  t h e  t o t a l  water removed from 

t h e  r e s i n ,  r a t h e r  than  t h e  condensate a lone ,  w a s  used. The amount of 

w a t e r  no t  condensed w a s  c a l c u l a t e d  by us ing  t h e  dry  a i r  flow ra te ,  t h e  

temperature of t h e  s a t u r a t e d  a i r  leav ing  t h e  condenser, and t h e  psychro- 

me t r i c  c h a r t .  T a b l e  2 p r e s e n t s  water ba lances  f o r  t h e  ba tches  d r i e d  us ing  

microwave hea t ing .  

The water con ten t  (29 t o  33%) of  t h e  dra ined  r e s i n  p r i o r  t o  micro- 

wave h e a t i n g  w a s  c a l c u l a t e d  from a mass balance us ing  t h e  d r i e d  r e s i n  
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Table 2. Water b a l a n c e  f o r  microwave d r i e d  uranium-loaded r e s i n  

Water removed from r e s i n  Drained r e s i n  End of microwave h e a t i n g  End of  cooldown Dried product  
T o t a l  water 

Condensate Condensate T o t a l  water LO$ Weight Volume I n i t i a l  LOD 
( l i ters)  ( l i ters)  ( l i t e r s )  ( w t  % )  (9)  ( l i ters)  ( w t  %) 

0.163 
0.164 
0.174 
0.174 
0.176 
0.183 
0.186 
0.187 
0.189 
0.192 
0.193 
0.195 
0.204 
0.223 
0.277 

1.70 
1.50 
1.85 
1.15 
1.85 
1.90 
1.90 
2.00 
1.80 
2.00 
2.10 
2.18 
2.25 
2.45 
2.92 

1.98 
1.83 
2.08 
1.30 
2.08 
2.14 
2.10 
2.20 
2.10 
2.30 
2.30 
2.36 
2.50 
2.67 
3.07 

2.14 
2.00 
2.27 
1.50 
2.33 
2.34 
2.22 
2.36 
2.26 
2.46 
2.50 
2.56 
2.74 
2.92 
3.32 

13.4 
13.9 
14.4 
15.0 
15.6 
14.9 
16. gC 
13.2 
11.8 
13.8 
13.1 
13.9 
13.2 
13.6 
7.6 

8951 
8806 
10495 
6437 
10440 
10097 
8224 
9188 
8813 
9265 
10437 
9038 
10411 
10363 
8935 

11.1 
9.65 
11.5 
7.3 
11.5 
11.1 
10.5 
11.1 
10.25 
10.95 
11.7 
11.8 
12.0 
11.4 
11.25 

30.1 
29.9 
29.6 
31.1 
31.0 
28.5 
34.6' 
30.9 
29.7 
31.9 
29.9 
32.9 
31.3 
32.6 
32.6 

0.301 
0.335 
0.329 
0.338 
0.344 
0.319 
0.344 
0.322 
0.314 
0.324 
0.331 
0.324 
0.343 
0.380 
0.356 

5-36 
5-27 
5-32 
5-41 
5-35 
5-33 

5-40 
5-29 
5-38 
5-30 
5-37 
5-31 
5-34 
5-39 

h, 
w 5-45c 

aInc ludes  water i n  a i r  l e a v i n g  condenser. 

bAverage p s s  gn Drying. 

CDuol i te  C-464 r e s i n ,  which has  more p o r o s i t y  and more w a t e r  t h a n  Amberlite IRC-72. 
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weight ,  t o t a l  w a t e r  removed, and t h e  average LOD of t h e  d r i e d  r e s i n  ba tch .  

Typica l ly ,  85% of t h e  t o t a l  w a t e r  removal occurs  dur ing  the  microwave 

hea t ing  pe r iod .  The remainder i s  removed during t h e  cooldown p o r t i o n .  

For run S-39, where t h e  average LOD of t h e  d r i e d  r e s i n  w a s  7.5%, 94% of 

t h e  t o t a l  w a t e r  removal occurred dur ing  t h e  microwave hea t ing  p o r t i o n  of 

t h e  dry ing  cyc le .  The t o t a l  w a t e r  on the  dra ined  r e s i n  p r i o r  t o  micro- 

wave hea t ing  w a s  a l s o  ca l cu la t ed  from a m a s s  balance and w a s  t y p i c a l l y  

0.32 t o  0.36 l i t e r s  of  w a t e r  p e r  l i t e r  of w e t  r e s i n .  Since t h i s  cor re-  

sponds t o  0% LOD, t hese  va lues  are appropr i a t e ly  shown i n  Fig.  6. 

The condensate w a s  found t o  con ta in  trace q u a n t i t i e s  of  uranium and 

o rgan ic s .  Because of  t h i s  contamination, t h e  d rye r  condensate from a 

f u e l  r ecyc le  p l a n t  would probably be s e n t  t o  t h e  p l a n t  waste system. 

The condensate ra te  w a s  monitored f o r  a l l  experiments.  Condensate 

rates of two runs ,  one using 2.0 kW and t h e  o t h e r  2.5 kW of t r ansmi t t ed  

microwave power, are shown i n  Fig.  7. The condensate i s  normalized 

because t h e  ba tch  s i z e s  w e r e  d i f f e r e n t :  run S-32 w a s  11.5 l i t e r s ,  and 

run S-37 w a s  11.8 l i t e r s .  During t h e  microwave hea t ing  pe r iod  t h e  con- 

densa te  rates are cons t an t .  The ra tes  f o r  t h e  2- and 2.5-kW runs  are 

0.21 h r  and 0.255 h r  , r e s p e c t i v e l y .  For t h e  r e fe rence  11-l i ter  

batch t h i s  would be 2.31 l i t e r s / h r  and 2.81 l i t e r s / h r  f o r  2 and 2.5 kW, 

r e spec t ive ly .  

-1 -1 

For both runs ,  the  s tandard  blowdown procedure w a s  used f o r  removing 

t h e  i n t e r s t i t i a l  w a t e r  i n  t h e  r e s i n  bed (35 slpm f o r  10 min) .  When t h e  

microwave power w a s  suppl ied  t o  t h e  c a v i t y ,  t h e  downflow of a i r  w a s  

increased  t o  113 slpm. The temperature of t he  s a t u r a t e d  a i r  l eav ing  

the  column inc reased  from 25OC ( t h e  a i r  supply)  t o  t h e  s t eady- s t a t e  

ope ra t ing  temperature  of 70 t o  75OC i n  less than  10  min. A t  t h e  midpoint 

of t h e  timed hea t ing  cyc le ,  t h e  a i r  flow through t h e  bed w a s  reversed .  

The 30-min cooldown cyc le  w a s  used f o r  both runs  p r i o r  t o  removal of  t h e  

r e s i n  from the  d rye r .  
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4 .3  Cooldown and Removal 

Following t h e  microwave hea t ing  cyc le ,  t h e  r e s i n  i s  cooled down. 

Upflow of instrument  a i r  a t  113 slpm f o r  30 min through the  r e s i n  bed i s  

s u f f i c i e n t  t o  reduce t h e  e x i t  gas temperature t o  30 t o  35OC. When the  

d r i e d  r e s i n  has the  p r e f e r r e d  moisture  conten t ,  1 0  t o  16% LOD, no c l ing ing  

of t he  r e s i n  t o  t h e  g l a s s  column, nor holdup on t h e  screened f l ange  was 

observed. Although the  d r i e d  m a t e r i a l  flows e a s i l y  from t h e  column through 

the  1.9-cm b a l l  valve by g r a v i t y ,  t h e  r a t e  of removal i s  g r e a t l y  increased  

when t h e r e  i s  a s l i g h t  a i r  purge (1 p s i g )  through t h e  screened p o r t i o n  of 

t he  bottom f l ange .  

4 .4  H e a t  Transfer  and Coupling Eff ic iency  

A h e a t  balance using experimental  r e s u l t s  from a t y p i c a l  drying cyc le  

i s  descr ibed .  The coupling e f f i c i e n c y ,  which i s  t h e  pe rcen t  of t r ans -  

mi t ted  microwave power absorbed by t h e  w e t  r e s i n ,  i s  ca l cu la t ed  and com- 

pared with t h e  l i t e r a t u r e  value.  A s p e c i a l  t es t  t o  determine t h e  amount 

of microwave energy absorbed by dry (<0.1% M D ) ,  uranium-loaded r e s i n  i s  

a l s o  descr ibed .  

The t r ansmi t t ed  microwave power t o  the  c a v i t y  f o r  run S-37 was 2.5 

kW. Instrument (dry)  a i r  was passed down through the  bed f o r  one-half 

of t he  43-min microwave hea t ing  cyc le  and was then reversed.  The s a t u r -  

a t ed  a i r  l eav ing  t h e  r e s i n  bed was passed through a condenser and co l -  

l e c t e d .  The h o t  a i r  blower warmed t h e  microwave cav i ty  t o  t h e  a n t i c i p a t e d  

s t eady- s t a t e  opera t ing  temperature of t h e  a i r  leav ing  t h e  column. Negli- 

g i b l e  h e a t  t r a n s f e r  between the  g l a s s  column and the  surroundings i s  

assumed. The coupling e f f i c i e n c y  i s  ca l cu la t ed  a t  s t eady- s t a t e  condi- 

t i o n s ,  which a r e  a t t a i n e d  with 10 min of supplying the  microwave power 

t o  the  c a v i t y .  Operating condi t ions  and d a t a  a r e  presented  below. 

Data from run S-37 

Wet r e s i n  volume: 11.8 l i t e r s  

Microwave power: 2.5 kW 

A i r  flow t o  r e s i n :  Instrument  (dry)  2, 0 g H20/g a i r  a t  25OC (113 slpm) 

from r e s i n :  Sa tu ra t ed  a t  75 t o  78OC 
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leaving  condenser: Sa tu ra t ed  a t  25OC, 0.032 g-moles H O/g-mole a i r  
2 

Condensate: 3.0 l i t e r s / h r  (167 g-moles/hr) 

A i r  m a s s  f low rate: 113 slpm (300 g-moles/hr) 

Water i n  a i r  leav ing  condenser: 300 (0.032) = 10 g-moles/hr 

300 + 167 + 10 Mole f r a c t i o n  of w a t e r  l e av ing  t h e  r e s i n  bed: 

P a r t i a l  p re s su re  of t h e  water:  0.371 (750 mm Hg) = 278 mm Hg 

From t h e  steam t a b l e s ,  t h i s  corresponds t o  74OC. This i s  i n  e x c e l l e n t  

agreement wi th  t h e  measured temperature .  

167 lo = 0.371 

A t  s teady  s t a t e ,  t h e  microwave energy absorbed by t h e  w e t  r e s i n  i s  

equal  t o  t h e  s e n s i b l e  h e a t  of t h e  a i r  p l u s  t h e  h e a t  of vapor i za t ion  of 

t h e  water. 

Sens ib le  h e a t  of t h e  a i r :  300(7) (74-25) = 102,900 c a l / h r  

H e a t  needed t o  evaporate  the  w a t e r :  167(18)(550)  = 1,653,300 c a l / h r  

To ta l  energy absorbed: 1,756,200 ca l /h r  (2.04 kW) 

Coupling e f f i c i e n t :  - x 100 = 82%.  2.04 
2.50 

According t o  t h e  microwave manufacturer,  t he  coupl ing e f f i c i e n c y  of t h e  

microwave energy when our  c a v i t y  i s  f u l l y  loaded i s  80 t o  85%. 3 

A s p e c i a l  tes t  w a s  conducted t o  measure the  amount of microwave 

energy absorbed by very dry r e s i n  (<0.1% L O D ) .  I n  o r d e r  t o  avoid t h e  

handl ing d i f f i c u l t i e s  a s s o c i a t e d  wi th  r e s i n  of t h i s  low moisture  con ten t ,  

w e t  r e s i n  w a s  t r a n s f e r r e d  t o  t h e  c a v i t y  where it w a s  d r i e d  t o  t h i s  low 

moisture  con ten t  by microwave hea t ing .  This t e s t  used 7.5 l i t e r s  of 

uranium-loaded r e s i n .  

Af t e r  60 min of  2.5 kW of microwave hea t ing ,  t h e  column ex i t -gas  

temperature s t a r t e d  t o  inc rease  from t h e  s t eady- s t a t e  ope ra t ing  tempera- 

t u r e  of 75OC a t  about  l 0 C  p e r  min. The upward gas  f l o w  ra te  through t h e  

bed w a s  113 slpm. The microwave power w a s  reduced from 2.5 kW t o  0.75 kW 

a t  80 min i n  the  cyc le  because severe  a r c i n g  w a s  observed. The r e f l e c t e d  

power reading  f o r  2.5 kW and 0.75 kW t r ansmi t t ed  t o  t h e  c a v i t y  were 200 

and 80 W, r e s p e c t i v e l y .  Since no a rc ing  w a s  observed us ing  0.75 kW of 

microwave power, t h e  h e a t  balance w a s  conducted a t  t h i s  power l e v e l .  
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Using 750 W of microwave power and an  upward gas  flow rate  through 

the  bed of 2 1 2  slpm, t h e  d r i e d  r e s i n  a t t a i n e d  s teady  s ta te  when t h e  

column e x i t  temperature  s t a b i l i z e d  a t  65°C. 

t h i s  temperature.  Assuming no h e a t  t r a n s f e r  between t h e  r e s i n  and t h e  

surroundings,  t h e  amount of  microwave energy absorbed by t h e  r e s i n  can 

be c a l c u l a t e d  as fol lows:  

The c a v i t y  w a s  hea ted  t o  

A i r  temperatures ,  i n l e t :  25OC 
o u t l e t :  65OC 

A i r  flow rate: 2 1 2  slpm (570 g-moles/hr) 

Q = (570) (7)  (40)  

= 159,600 c a l / h r  (185 W) , 
and the  coupling e f f i c i e n c y  i s  

x 100 = 25%. 750 

From an energy ba lance ,  us ing  t h e  t r ansmi t t ed  microwave power, t h e  power 

absorbed by t h e  r e s i n ,  and t h e  r e f l e c t e d  power from t h e  c a v i t y ,  t h e  d i f -  

f e r ence  i n d i c a t e s  t h a t  approximately 500 W i s  absorbed by t h e  meta l l ic  

w a l l s .  

Following t h e  t e s t ,  a sample of t h e  d r i e d  r e s i n  w a s  found t o  have a 

moisture  con ten t  of <0 .1  w t  %. 

5.  UNIFORYITY OF DRYING 

Following t h e  microwave hea t ing  and cooldown cyc le s ,  t h r e e  samples 

of t h e  d r i e d  r e s i n  w e r e  taken for LOD a n a l y s i s .  Samples which w e r e  

be l i eved  t o  be r e p r e s e n t a t i v e  of t h e  bottom, middle,  and top  p o r t i o n s  

of t h e  bed w e r e  taken during t h e  removal of  t h e  r e s i n  from t h e  column 

( T a b l e  3 ) .  The p r e f e r r e d  moisture  conten t  f o r  t h e  d r i e d ,  uranium-loaded 

r e s i n  i s  10 t o  16% K I D .  A l m o s t  a l l  o f  t h e  r e s i n  samples are wi th in  t h a t  

range.  

P r i o r  t o  microwave hea t ing ,  a l l  ba tches  w e r e  d ra ined  by downflow 

of a i r  a t  35 slpm f o r  10 min. When t h e  microwave power w a s  suppl ied  t o  

t h e  c a v i t y ,  the  downward flow of  ins t rument  a i r  through t h e  bed w a s  

i nc reased  t o  113 slpm. A t  t h e  midpoint of t h e  timed hea t ing  cyc le ,  t h e  



Table 3. Moisture c o n t e n t  un i formi ty  us ing  microwave hea t ing  

A i r  flow: 113 slpm downflow f o r  one-half of t i m e  a t  power 
Microwave power: 2.5 kW 
Resin: U022+ loaded Amberlite IRC-72 

Drying f a c t o r  LOD ( w t  % l a  Remarks 

Bot tom Middle TOP Average ( s l p m )  
kW-min 

r e s i n  ( l i t e rs )  
Sample l o c a t i o n  Upflow u n t i l  removal Run 

number 

S-33b' 8.0 14.7 15.2 14.8 14.9 
S-32brC 7.7 15.6 13.2 14.4 
s-35 15.5 16.2 15.1 15.6 

S-39R1 8.5 14.8 14.8 14.4 14.7 

142 
113 
226 

113 

S-28c 8.8 14.2 15.4 15.4 15.0 113 

S-38 
S-36 
s-34 
S-30' 
S-41 

9.0 9.6 14.2 13.4 13.8 
13.7 13.3 13.2 13.4 
14.0 14.5 12.3 13.6 
12.5 13.4 13.4 13.1 
15.0 15.1 15.0 15.1 

113 
113 
226 
113 
226 

S-27c 9.3 13.6 14.6 13.6 13.9 113 

S-31' 9.5 13.8 14.2 11.6 13.2 113 
S-29' 10.2 12.7 12.4 11.8 113 
s -45dr 17.6 16.2 16.9 16.9 d 

s-39 14.0 8.4 7.6 6.9 7.6 113 

a 

bpilicrowave power 2.0 kW. 

- Loss on Drying. 

C Inc reased  upward a i r  flow t o  226 s l p m  €or 1 min. 

dDownward flow o f  43 slpm f o r  one-half time a t  power; upward flow of 43 s l p m  f o r  one-half t i m e  a t  

e 
power; upward flow of 226 slpm u n t i l  removal. 

Duol i te  C-464 r e s i n .  

N 
W 
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a i r  flow through t h e  r e s i n  bed w a s  reversed .  For most of t he  experiments ,  

t h e  a i r  flow rate  w a s  maintained a t  113 slpm; however, o t h e r  flow rates  

were a l s o  t e s t e d .  Upon r eve r s ing  t h e  a i r  flow, s lugging  and channel ing 

r a t h e r  than smooth f l u i d i z a t i o n  i s  observed. I t  w i l l  be shown l a t e r  i n  

t h i s  s e c t i o n  t h a t  mixing of t h e  r e s i n  i s  necessary i n  o rde r  t o  o b t a i n  a 

uniform moisture  conten t .  When a i r  w a s  suppl ied  only  through t h e  sc reen ,  

a s m a l l  amount of wet r e s i n  w a s  observed during t h e  removal of t h e  ba tch  

from t h e  d r y e r .  In t roducing  a i r  through t h e  b a l l  va lve  as w e l l  as 

through the  screen  e l imina te s  t h i s  problem. 

The cons iderably  lower moisture  con ten t  sample taken from t h e  bottom 

of t h e  column (S-32, S-38) i s  be l i eved  t o  be t h e  f i r s t  q u a n t i t y  of r e s i n  

removed from t h e  d rye r .  Since dry  ins t rument  a i r  i s  used t o  mix t h e  

mater ia l ,  p r e f e r e n t i a l  drying of t he  r e s i n  bed near  t h e  a i r  p o r t  i s  

be l i eved  t o  be t h e  reason f o r  t h i s  low moisture  con ten t .  Other samples 

r e p r e s e n t a t i v e  of t h e  bottom of t h e  column w e r e  taken fol lowing removal 

of about 50 t o  100 m l  of r e s i n .  These low-moisture con ten t  samples were 

n o t  inc luded  i n  ob ta in ing  t h e  average moisture  con ten t  of t h e  ba tch ,  

s i n c e  t h e s e  samples probably do no t  r ep resen t  one- th i rd  of t h e  e n t i r e  

ba t ch .  This i s  s u b s t a n t i a t e d  by t h e  r e s u l t s  from a m u l t i p l e  sampling 

of another  d r i e d  r e s i n  ba t ch ,  S-40. 

Following t h e  30-min cooldown us ing  upflow of a i r  a t  113 slpm, sam- 

p l e s  were taken f o r  a moisture  conten t  p r o f i l e  a long t h e  a x i s  of t h e  r e s i n  

column. The f i r s t  q u a n t i t y  of r e s i n  removed from the  column ( N o .  1) w a s  

found t o  be considerably d r i e r  than  o t h e r  samples taken;  p a r t i c u l a r l y  t h e  

second sample (see Table 4 ) .  During t h e  removal of t h e  remainder of t h e  

r e s i n  from t h e  column, f i v e  a d d i t i o n a l  samples w e r e  t aken ,  each represen-  

t a t i v e  of one - f i f th  of t h e  column. 

The skewed moisture-content  p r o f i l e  wi th  t h e  w e t t e s t  r e s i n  i n  t h e  

lower f i f t h  can be expla ined  as fo l lows .  F i r s t ,  downward flow of a i r  w a s  

used f o r  t h ree -qua r t e r s  of t h e  40-min microwave hea t ing  cyc le .  This 

tended t o  dry  out  t h e  t o p  p o r t i o n  of t h e  bed f a s t e r  than  t h e  middle and 

lower p o r t i o n .  Second, s i n c e  t h e  t o p  p o r t i o n  of t h e  r e s i n  bed i s  near  

t h e  c e n t e r  of t h e  c a v i t y ,  and i s  t h e r e f o r e  exposed t o  more microwave 

energy than t h e  middle and s t i l l  more than  t h e  lower p o r t i o n ,  one expec ts  



T a b l e  4. Moisture  c o n t e n t  un i formi ty  us ing  
microwave energy w i t h  and wi thout  mixing 

LOD ( w t  % ) a  
Drying f a c t o r  Sample p o s i t i o n  i n  column 

Bottom TOP L 2 3 4 5 6 Average Remarks 

A. With mixing (a i r  upflow of  113 slpm) 

kW-min 

9.0 5.8 15 .0  14.2 13 .5  11.7 11 .4  13.2 Run 5-40 
W e t  r e s i n  v o l :  11.1 l i t e r s  
Microwave cyc le :  40 rnin a t  

A i r  purge procedure - 
2.5 kW 

Downflow: 30 min a t  113 slpm 
Upflow: 40 rnin a t  113 slpm 

10.2 

8 . 5  

B .  Without mixing ( a i r  upflow of < 45 slpm) 

16.2 14.0 13 .8  13.7 12.0 12.2 13.7 

20.8 17.6 16.7 15.8 14 .1  12 .0  16.2 

Run S-39R2 
W e t  r e s i n  v o l :  11.25 l i t e r s  
Microwave c y c l e :  46 rnin a t  2 .5  kW 
A i r  purge procedure - 

Downflow: 9 min a t  11 slpm 
Upflow: s c r e e n  - 9 min a t  11 

slpm, v a l v e  - 80 rnin 
a t  40 s l p m  

Run S-39R3 
W e t  r e s i n  v o l :  11.25 l i t e r s  
Microwave cyc le :  38.5 rnin a t  2.5 

A i r  purge procedure - 
kW 

Downflow: 10 rnin a t  11 slpm 
Upflow: s c r e e n  - 10 min a t  

11 s l p m ,  v a l v e  - 10 
min a t  45 slpm 

Downflow: 40 rnin a t  11 slpm 

a - Loss on Drying. 



3 2  

t h e  bottom p o r t i o n  t o  be t h e  w e t t e s t .  For t h e s e  reasons ,  t h e  average 

moisture con ten t  o f  t h e  ba tches  S-32 and S-38 w a s  c a l c u l a t e d  wi thout  

us ing  t h e  bottom sample. 

Two experiments were conducted t o  determine t h e  uni formi ty  of t h e  

moisture con ten t  of t h e  d r i e d  r e s i n  when t h e  r e s i n  bed remains s t a t i c  

throughout t h e  e n t i r e  dry ing  cyc le .  The p r i n c i p a l  d i f f e r e n c e  between 

t h e s e  two tests w a s  t h e  procedure of purging t h e  r e s i n  bed of t h e  evap- 

o ra t ed  water .  I n  one t e s t ,  e s s e n t i a l l y  a l l  t h e  a i r  purge w a s  suppl ied  

upward through t h e  bed, whereas i n  t h e  o t h e r  t e s t ,  t h e  q u a n t i t y  of a i r  

upflow and downflow was equa l .  Prev ious ly  d r i e d  mater ia l  w a s  rewet ted ,  

and t r a n s f e r r e d  t o  and d ra ined  i n  t h e  d r y e r  us ing  t h e  s t anda rd  blowdown 

procedure.  Operating cond i t ions  and M D  ana lyses  of samples taken  from 

t h e  ba tches  are g iven  i n  T a b l e  4 .  

I t  w a s  a n t i c i p a t e d  t h a t  t h e  bottom p o r t i o n  of t h e  r e s i n  column 

would no t  r e c e i v e  as much microwave energy as the  top  and middle s e c t i o n s  

f o r  two reasons .  Although the  microwave power d i s t r i b u t i o n  i s  l e v e l  

throughout t h e  bulk of t h e  c a v i t y ,  t h e  power decreases  r a p i d l y  w i t h i n  

approximately 7 c m  of t h e  w a l l s .  I n  a d d i t i o n  t o  t h i s  phenomenon, s i n c e  

a s m a l l  p o r t i o n  of t h e  r e s i n  l i e s  i n  the  screened cone of t h e  bottom 

f l ange  (see Fig .  3 ) ,  it i s  expected t h a t  t h e  microwave power l e v e l  i n  

t h i s  area w i l l  be  s t i l l  lower than near  t h e  w a l l s .  Second, s i n c e  t h e  

t o p  p o r t i o n  of t h e  r e s i n  bed i s  loca ted  nea r  t h e  c e n t e r  of t h e  c a v i t y  

and i s  t h e r e f o r e  exposed t o  microwave energy e n t e r i n g  through t h e  f l a t  

f a c e  as w e l l  as t h e  s i d e s ,  t he  top  p o r t i o n  i s  a l s o  expected t o  become 

d r i e r  than  t h e  m i d d l e ,  and s i g n i f i c a n t l y  d r i e r  than  t h e  bottom p o r t i o n .  

Therefore ,  t o  assist  t h e  microwave hea t ing  t o  o b t a i n  a uniformly 

d r i e d  p roduc t ,  a procedure w a s  t e s t e d  t h a t  w a s  aimed a t  p r e f e r e n t i a l l y  

con tac t ing  t h e  w e t t e s t  r e s i n  ( loca t ed  i n  t h e  lower p o r t i o n  of t h e  bed) 

wi th  t h e  dry  ins t rument  a i r  (run S-39R2) .  Approximately 95% of t h e  

t o t a l  gas  flow w a s  upward through t h e  r e s i n  bed. The gas  flow ra te  

through t h e  bottom sc reen  w a s  nominally one-tenth of t h e  flow used i n  

t h e  s t anda rd  dry ing  procedure.  When a i r  w a s  supp l i ed  through t h e  bottom 

b a l l  va lve ,  a h ighe r  flow rate (45  s l p m )  w a s  necessary  i n  o r d e r  t o  r e t a i n  
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t h e  r e s i n  i n  t h e  d r y e r .  For experiment S-39R2, microwave power t o  t h e  

c a v i t y  w a s  t e rmina ted  when 2 l i ters  of condensate w a s  c o l l e c t e d .  During 

t h e  dry ing  c y c l e ,  t h e  c a v i t y  w a s  hea ted  by t h e  r e c i r c u l a t i n g  h o t  a i r  

sys  t e m .  

A s  t h e  r e s i n  w a s  removed from t h e  d r y e r ,  t h e  ba t ch  w a s  d iv ided  i n t o  

s i x  equal  p o r t i o n s ,  and each p o r t i o n  w a s  mixed and sampled f o r  LOD 

a n a l y s i s .  Three d i s t i n c t  mois ture  conten t  reg ions  were observed (Table 

4 ) .  The w e t t e s t  p o r t i o n  of t h e  r e s i n  bed w a s  t h e  bottom s i x t h  s e c t i o n ,  

while t h e  d r i e s t  p o r t i o n  w a s  t h e  top  t h i r d .  The remaining t h r e e  samples 

from t h e  column contained e s s e n t i a l l y  t h e  same moisture con ten t ,  which 

w a s  approximately t h e  average of t h e  w e t t e s t  and d r i e s t  s e c t i o n s .  

The purpose of t h e  second experiment (S-39R3) w a s  t o  examine t h e  

moisture uniformity of t h e  d r i e d  r e s i n  when equa l  amounts of upflow and 

downflow of a i r  a r e  used. Table 4 shows t h e  a i r  purge procedure and 

flow r a t e s .  The l eng th  of microwave hea t ing  w a s  c a l c u l a t e d  by mul t i -  

p ly ing  t h e  wet - res in  volume (11.25 l i t e r s )  by t h e  dry ing  f a c t o r  (8.5 kW- 

m i n / l i t e r  r e s i n )  and d i v i d i n g  by t h e  microwave power ( 2 . 5  kW). The 

c a v i t y  w a s  hea ted  by t h e  h o t  a i r  system t o  p reven t  h e a t  t r a n s f e r  from 

t h e  r e s i n  t o  t h e  sur roundings .  

A s  i n  t h e  p rev ious ly  mentioned s t a t i c - b e d  uni formi ty  t e s t ,  t h e  d r i e d  

r e s i n  ba tch  w a s  d iv ided  equa l ly  i n t o  s i x  p o r t i o n s ,  and each p o r t i o n  

w a s  mixed and sampled f o r  LOD a n a l y s i s .  Although the  d u r a t i o n  o f  micro- 

wave hea t ing  i n  t h e  experiment was l e s s  than f o r  t h e  prev ious  t e s t  and, 

subsequently,  l e s s  water w a s  removed from t h e  r e s i n ,  t h e  r e l a t i v e  mois- 

t u r e  conten t  p r o f i l e  along the  a x i s  i s  s imi l a r .  A s  expected, t h e  bottom 

s e c t i o n  w a s  t h e  w e t t e s t ,  t h e  t o p  p o r t i o n  t h e  d r i e s t ,  and r e s i n  samples 

from t h e  middle s e c t i o n  contained an in t e rmed ia t e  water conten t .  

I n  conclus ion ,  f o r  t h i s  r e s in -vesse l  geometry and l o c a t i o n  of t h e  

r e s i n  i n  t h e  c a v i t y ,  mixing of t h e  m a t e r i a l  i s  r equ i r ed  i n  o rde r  t o  

ensu re  a uniformly dry  product .  Although microwave energy i s  preferen-  

t i a l l y  absorbed by t h e  w e t t e s t  m e t e r i a l ,  t h e  above mentioned f a c t o r s  

appear t o  o v e r r i d e  t h i s  e f f e c t .  
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one des ign  improvement f o r  a f u t u r e  r e s i n  d r y e r  would be t o  r e l o c a t e  

the  bottom f l ange  such t h a t  it p ro t rudes  approximately 7 cm i n t o  t h e  

c a v i t y .  This mod i f i ca t ion  would inc rease  t h e  microwave energy i n t e n s i t y  

i n  t h e  lower p o r t i o n  of t h e  r e s i n  v e s s e l  and thus  a l low t h e  microwaves 

t o  h e a t  t h e  column more uniformly. 

6 .  FLUIDIZED BED M I X I N G  

The s t anda rd  dry ing  procedure u t i l i z e s  downward a i r  flow through t h e  

bed f o r  one-half o f  t h e  timed microwave hea t ing  c y c l e .  For t h e  remainder 

of t h e  dry ing  cyc le  t h e  a i r  flow through t h e  bed i s  upward. Most of t h e  

experiments w e r e  conducted us ing  113 slpm o f  ins t rument  a i r ;  however, 

o t h e r  gas flow rates (142  and 226 s l p m )  were a l s o  t e s t e d .  A t  t h e  i n i t i a -  

t i o n  of upward flow of a i r  a t  113 slpm, s lugging  and channeling, r a t h e r  

t han  smooth f l u i d i z a t i o n ,  w a s  observed. A t  t h i s  flow ra te ,  b u r s t s  o f  

r e s i n  were seen t o  extend approximately 7 t o  1 3  cm above t h e  f i x e d  bed 

h e i g h t .  Higher gas  flows r e s u l t e d  i n  more v i o l e n t  s lugg ing ,  sometimes 

e x p e l l i n g  r e s i n  a few cen t ime te r s  below t h e  screened o u t l e t .  This s lug-  

g ing  and channeling i s  due t o  t h e  geometry conf igu ra t ion  and p h y s i c a l  

p r o p e r t i e s  of t h e  f l u i d  and s o l i d  mater ia l .  During t h e  hea t ing  c y c l e ,  

t h e  s t i c k y  na tu re  of t h e  w e t  r e s i n  a l s o  c o n t r i b u t e s  t o  t h e  s lugging  

behavior.  

The minimum f l u i d i z a t i o n  v e l o c i t y  w a s  c a l c u l a t e d 4  t o  be 18 .6  cm/sec 

€or  a i r  a t  25OC and €or t h e  p r o p e r t i e s  of t h e  d r i e d  product  r e s i n  (Table 

5 ) .  The minimum f l u i d i z a t i o n  flow ra te  f o r  t h e  12.4-cm-ID r e s i n  v e s s e l  

i s  135 s l p m .  This ag rees  wi th  t h e  behavior observed near  t h e  end o f  t h e  

microwave hea t ing  and dur ing  cooldown where t h e  t o t a l  gas  flow from 113 

slpm of a i r  i s  about 200 l i t e r s  p e r  minute of s a t u r a t e d  a i r  a t  70 t o  

75OC.  

7.  CONCLUSIONS 

Microwave h e a t i n g  w a s  s u c c e s s f u l l y  demonstrated t o  g ive  c o n t r o l l e d  

and reproducib le  dry ing  of 11- l i ter  ba tches  of uranium-loaded ( 4  kg of 
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Table 5. P r o p e r t i e s  of uranium-loaded r e s i n  

Uranium p e r  bead, g 60 x 

W t  % uranium of  d r i e d  r e s i n ,  0% LOD 0 .47  

Weight of  d r i e d  bead, 0% LOD 1.3 

Weight of d r i e d  bead, 13% LOD, g 1 .5  

Par t ic le  diameter ,  cm 0.05 

Par t ic le  d e n s i t y ,  g/cc 2 . 2 9  

Bulk d e n s i t y ,  1 3 %  LOD, g/cc 1 . 4 2  

uranium) r e s i n  i n  a v e s s e l  of s a f e  dimensions f o r  nuc lear  c r i t i c a l i t y  

( 1 2 . 4  cm I D ) .  The d r i e d  r e s i n  must have a water  conten t  of 1 0  t o  16 w t  

% t o  minimize handl ing  problems. The microwave hea t ing  evapora tes  water  

throughout the  r e s i n  bed, with p r e f e r e n t i a l  hea t ing  of t he  w e t t e s t  r e s i n ,  

and al lows s h o r t  drying cyc les .  

I n  o r d e r  t o  o b t a i n  t h e  d e s i r e d  water con ten t ,  a s tandard  dry ing  pro- 

cedure and methods f o r  determining t h e  du ra t ion  of microwave hea t ing  w e r e  

developed. Using an experimental ly  der ived  drying f a c t o r  o r  monitor ing 

t h e  amount of w a t e r  removed from the  wet r e s i n  has been found t o  provide 

a reproducibly acceptab le  d r i e d  product .  Temperature o r  r e f l e c t e d  power 

w e r e  n o t  very r e l i a b l e  i n  obta in ing  r e s i n  of t h e  p r e f e r r e d  moisture  con- 

t e n t .  

A h e a t  balance on t h e  r e s i n  d rye r  system and t h e  coupl ing e f f i c i e n -  

cies of t h e  microwave energy wi th  the  w e t  r e s i n  w e r e  ca l cu la t ed  and found 

t o  agree  w e l l  wi th  experimental  r e s u l t s  and t h e  manufacturers l i t e r a t u r e .  

The minimum f l u i d i z a t i o n  v e l o c i t y  w a s  a l s o  ca l cu la t ed  and compared favor-  

ab ly  with experimental  observa t ions .  I t  w a s  necessary t o  mix t h e  material 

i n  o rde r  t o  ensure a uniform moisture  conten t .  N o  s i g n i f i c a n t  ope ra t ing  

d i f f i c u l t i e s  were encountered. 
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