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DEVELOPMENT OF PROCESSES AND EQUIPMENT FOR THE 
REFABRICATION OF HTGR FUELS 

John D.  Sease and A .  L. L o t t s  

AB STMC T 

Refab r i ca t ion  is  i n  t h e  s t e p  i n  t h e  HTGR thorium f u e l  
cyc le  t h a t  begins  w i t h  a n i t r a t e  s o l u t i o n  con ta in ing  * 3U 
and cu lmina tes  i n  t h e  assembly of t h i s  material  i n t o  f u e l  
e lements  f o r  use i n  an  HTGR. Re fab r i ca t ion  of HTGR f u e l  
i s  e s s e n t i a l l y  a manufacturing ope ra t ion  and c o n s i s t s  of pre- 
p a r a t i o n  of f u e l  k e r n e l s ,  a p p l i c a t i o n  of m u l t i p l e  l a y e r s  
of p y r o l y t i c  carbon and S i c ,  p r e p a r a t i o n  of f u e l  rods ,  and 
assembly of f u e l  rods  i n  f u e l  e lements .  A l l  t h e  equipment 
f o r  r e f a b r i c a t i o n  of 2 3  3U-containing f u e l  must be  designed 
f o r  completely remote o p e r a t i o n  and maintenance i n  h o t  
c e l l  f a c i l i t i e s .  This  paper  desc r ibes  t h e  s t a t u s  of pro- 
cesses and equipment development f o r  t h e  remote r e f a b r i -  
c a t i o n  of HTGR f u e l s .  
p rocesses  has  been proven by l abora to ry  development. 
Engineer ing-scale  development i s  now be ing  performed on a 
u n i t  b a s i s  on t h e  ma jo r i ty  of t h e  major equipment i t e m s .  
Engineer ing-scale  equipment descr ibed  inc ludes  f u l l - s c a l e  
r e s i n  loading  equipment, a 5-in.  -diam (0.13-m) microsphere 
coa t ing  furnace ,  a f u e l  rod forming machine, and a cure-in- 
p l a c e  furnace .  

The f e a s i b i l i t y  of  HTGR r e f a b r i c a t i o n  

INTRODUCTION 

Refab r i ca t ion  i s  t h e  s t e p  i n  t h e  High-Temperature Gas-Cooled Reactor  
(HTGR) f u e l  cyc le  t h a t  begins  wi th  t h e  r e c e i p t  of t h e  n i t r a t e  s o l u t i o n  
conta in ing  2 3 3 U  and culminates  i n  t h e  assembly of t h i s  mater ia l  i n t o  
f u e l  e lements  f o r  use  i n  a n  HTGR. Within t h e  l a s t  y e a r  o r  s o ,  several 
des ign  s t u d i e s  have more c l e a r l y  focused on t h e  o v e r a l l  requirements  f o r  
t h e  r e f a b r i c a t i o n  of HTGR f u e l s .  These s t u d i e s  inc luded  t h e  conceptua l  
des ign  of a r e f a b r i c a t i o n  p i l o t  p l a n t  a t  ORNL ( I )  and a des ign  s tudy  o f  
a commercial r e c y c l e  f a c i l i t y  by General Atomic Company ( 2 ) .  These 
des ign  s t u d i e s  i n d i c a t e d  t h a t  a commercial r e c y c l e  p l a n t  f o r  bo th  
r ep rocess ing  and r e f a b r i c a t i o n  w i l l  c o s t  i n  t h e  range of one-half t o  
t h r e e  f o u r t h  of  a b i l l i o n  d o l l a r s .  Re fab r i ca t ion  i s  the  s i n g l e  most 
expensive p o r t i o n  of t h i s  p l a n t  and accounts  f o r  about  40% of  t h e  t o t a l  
p l a n t  c o s t .  This  i s  compared w i t h  about  25% f o r  r ep rocess ing ,  20% f o r  
element handl ing ,  and 15% f o r  w a s t e  p rocess ing .  To d a t e ,  approximately 
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twenty m i l l i o n  d o l l a r s  has  been s p e n t  on HTGR r e f a b r i c a t i o n  development 
i n  t h i s  country.  The c u r r e n t  l e v e l  of e f f o r t  i n  t he  U.S .  is about s i x  
m i l l i o n  d o l l a r s  p e r  yea r .  I t  has  been e s t ima ted  t h a t  t h e  r e f a b r i c a t i o n  
development necessary f o r  a commercial r e c y c l e  f a c i l i t y  w i l l  c o s t  two 
t o  t h r e e  hundred m i l l i o n  d o l l a r s ,  i n c l u d i n g  t h e  c o s t  f o r  a demonstration 
f a c i l i t y .  The expense involved i n  developing HTGR r e c y c l e  c a p a b i l i t i e s  
has  l e a d  t h e  U . S .  and the  Fede ra l  Republic of Germany i n t o  n e g o t i a t i o n s  
t o  e s t a b l i s h  a coope ra t ive  program. 

FUEL CYCLE 

The f u e l  cyc le  f o r  t h e  thorium-cycle HTGR is  shown i n  F ig .  1. I n  
t h e  f u e l  c y c l e ,  about  40% of t h e  requirements f o r  t h e  r e a c t o r  w i l l  b e  
supp l i ed  from b red  2 3 3 U  (3 ) .  The 2 3 3 U  produced i n  an HTGR w i l l  be con- 
s i d e r a b l y  less hazardous than plutonium i n  t e r m s  of i n h a l a t i o n ;  however, 
f o r  i n g e s t i o n ,  HTGR 233U w i l l  b e  comparable wi th  t h e  plutonium produced 
i n  an  LMFBR f u e l  cyc le  ( 4 ) .  I n  terms of in -p l an t  personnel  r a d i a t i o n  
exposure,  2 3 3 U  is  more d i f f i c u l t  t o  handle  than plutonium because of t h e  
bui ldup wi th  t i m e  of very high-energy gamma r a d i a t i o n  (5).  Because of 
t he  presence of t h i s  r a d i a t i o n  233U must be handled remotely i n  h e a v i l y  
s h i e l d e d  h o t  c e l l  f a c i l i t i e s .  S h i e l d  th i cknesses  i n  t h e  range of 3 t o  4 f t  
(0 .9-1.2 m) of conc re t e  w i l l  b e  r e q u i r e d  f o r  r e f a b r i c a t i o n  o p e r a t i o n s .  
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I n  a commercial r e f a b r i c a t i o n  p l a n t ,  i t  i s  envis ioned t h a t  t h e  
process  equipment, because of i t s  r e l a t i v e l y  l a r g e  s i z e  and complexity,  
w i l l  b e  l o c a t e d  i n  l a r g e  canyon-type h o t  ce l l s .  A l l  r o u t i n e  materials 
handl ing ope ra t ions  w i l l  b e  accomplished by s p e c i a l l y  designed pneumatic 
o r  e lectromechanical  systems. Equipment w i l l  be  i n s t a l l e d  and maintained 
by remotely operated b r i d g e  cranes o r  e lectromechanical  manipulators .  
Master-slave manipulators ,  because of t h e i r  l i m i t e d  reach and c a p a c i t y ,  
w i l l  be  u t i l i z e d  only f o r  l i m i t e d  l i gh t -du ty  o p e r a t i o n s .  Viewing w i l l  
be  d i r e c t  through s h i e l d  windows o r  by remote TV. Direct in -p l ace  
maintenance of t h e  process  equipment w i l l  no t  b e  p o s s i b l e  because of t h e  
bui ldup r a d i o a c t i v e  p a r t i c u l a t e s  i n  t h e  h o t  cells. Because of t h e  
d i f f i c u l t y  and slowness of remote manipulation, on-l ine maintenance w i l l  
b e  accomplished p r i m a r i l y  by t h e  s u b s t i t u t i o n  of major equipment 
components. Components w i l l  be maintained o f f - l i n e ,  e i t h e r  remotely i n  
s p e c i a l  f a c i l i t i e s  o r  d i r e c t l y  a f t e r  a p p r o p r i a t e  decontamination i n  
gloved boxes. 

HTGR f u e l ,  has  never been done on a commercial scale i n  t h i s  t ype  of 
heav i ly  s h i e l d e d  remote f a c i l i t y .  The ma jo r i ty  o f  t h e  r e f a b r i c a t i o n  
development work is t h e r e f o r e  cen te red  around t h e  development of 
processes  and equipment s u i t a b l e  f o r  remote o p e r a t i o n  and maintenance. 
Remote ope ra t ions  are similar t o  those needed i n  a h igh ly  automated 
manufacturing ope ra t ion ;  however, t h e  maintenance requirements are 
s i g n i f i c a n t l y  d i f f e r e n t  and are probably t h e  most dominating f a c t o r  t h a t  
c h a r a c t e r i z e s  a nuc lea r  r e f a b r i c a t i o n  f a c i l i t y .  The maintenance r equ i r e -  
ments are such t h a t  e s s e n t i a l l y  a l l  t h e  i n - c e l l  p rocess  equipment must 
be capable  of completely remote i n s t a l l a t i o n  and removal. 

A manufacturing ope ra t ion ,  such as r equ i r ed  i n  t h e  r e f a b r i c a t i o n  of 

HTGR FUEL 

The r e fe rence  f u e l  c o n f i g u r a t i o n  f o r  HTGR f u e l  r e f a b r i c a t i o n  devel- 
opment is  shown i n  Fig.  2 .  The f u e l  is  composed of f e r t i l e  and f i s s i l e  
microspheres.  The f e r t i l e  p a r t i c l e  i s  coated w i t h  two types of p y r o l y t i c  
carbon (PyC) o r  a Biso coa t ing .  The f i s s i l e  p a r t i c l e  i s  coated w i t h  two 
types of PyC c o a t i n g  and S i c  o r  a T r i s o  coa t ing .  
are bonded wi th  a carbonaceous ma t r ix  i n t o  a f u e l  rod. The f u e l  rods  
are  then inserted into the h o l e s  of a g r a p h i t e  f u e l  b lock .  

The coated p a r t i c l e s  

PROCESS STEPS 

The b a s i c  manufacturing s t e p s  f o r  r e f a b r i c a t i n g  HTGR f u e l  are shown 
i n  Fig.  3 .  These b a s i c  s t e p s  are e s s e n t i a l l y  t h e  same as those used i n  
f r e s h  f u e l  manufacture (6-8) and c o n s i s t  o f  t h e  p r e p a r a t i o n  o f  f u e l  
k e r n e l s ,  a p p l i c a t i o n  of m u l t i p l e  l a y e r s  of PyC and S i c ,  p r e p a r a t i o n  of 
f u e l  compacts o r  rods,  and assembly of f u e l  rods  i n t o  a f u e l  element. 
Sample i n s p e c t i o n  and waste and s c r a p  handl ing are a l s o  major process  
requirements i n  r e f a b r i c a t i o n  of HTGR f u e l .  
development f o r  f r e s h  f u e l  manufacture are gene ra l ly  a p p l i c a b l e  i n  refab-  
r i c a t i o n .  However, t h e  requirements f o r  remote o p e r a t i o n  and maintenance 
are s o  dominating t h a t  c e r t a i n  process  o p e r a t i o n s  may be d i f f e r e n t  than 
those r equ i r ed  i n  f r e s h  f u e l  manufacture. 

Processes  and equipment 
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Fig.  2. HTGR Fuel  Components. 
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Fig. 3. Process  for HTGR Fuel  Refab r i ca t ion .  
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DEVELOPMENT PROGRAM 

The o v e r a l l  o b j e c t i v e  of the development program f o r  HTGR r e c y c l e  
is  t o  provide a t echno log ica l  base  so t h a t  commercial HTGR r e f a b r i c a t i o n  
p l a n t s  can b e  designed, b u i l t ,  l i c e n s e d ,  and operated w i t h  an  accep tab le  
p r i v a t e  investment r i s k .  Current  p l ans  are t o  b u i l d  a government- 
supported demonstration p l a n t  as the  las t  phase of t h i s  program. 
program l ead ing  t o  t h i s  demonstration p l a n t  w i l l  proceed i n  phases.  The 
l o g i c  of t h e  development program phases f o r  t h e  HTGR Recycle Demonstration 
F a c i l i t y  (HRDF) i s  shown i n  Fig.  4 .  The terms "cold" and "hot" r e f e r  t o  
t h e  absence o r  presence of s i g n i f i c a n t  amounts of r a d i o a c t i v i t y .  
o b j e c t i v e  of t h e  cold and h o t  l abora to ry  development i s  t o  prove process  
f e a s i b i l i t y .  
waste and s c r a p  p rocesses ,  e s s e n t i a l l y  a l l  t h i s  work has  been completed. 
The o b j e c t i v e  of cold and h o t  engineer ing development i s  t o  e s t a b l i s h  
t h e  space envelope f o r  t he  i n - c e l l  process  equipment. The p rocesses  
and equipment desc r ibed  i n  t h i s  paper are g e n e r a l l y  i n  cold engineer ing 
development. Hot engineer ing tests f o r  k e r n e l  manufacture,  ca rbon iza t ion ,  
and c o a t i n g  are now being planned. Cold p ro to type  development i s  
necessary t o  e s t a b l i s h  t h e  i n - c e l l  equipment conf igu ra t ion .  This work, 
which w i l l  b e  done on f u l l - s c a l e  equipment, is  j u s t  beginning. Procedure 
development w i l l  u t i l i z e  cold p ro to type  equipment and w i l l  develop t h e  
ope ra t ing  and maintenance procedures necessary f o r  t h e  s t a r t - u p  of t h e  
HRDF . 

The 

The 

I n  r e f a b r i c a t i o n  development, w i th  t h e  except ion of some 

KERNELS 

The f i r s t  s t e p  i n  r e f a b r i c a t i o n  is  k e r n e l  manufacture. Most "cold" 
f u e l  k e r n e l s  t h a t  have been prepared f o r  HTGR a p p l i c a t i o n s  have been made 
by powder agglomeration techniques (7 ) .  The problems of remote handl ing 
of dry powders were d rama t i ca l ly  i l l u s t r a t e d  i n  the  f a i l u r e  of t h e  
General Electr ic  Morris ,  I l l i n o i s ,  r ep rocess ing  p l a n t  (9) , and i t  is  
u n i v e r s a l l y  agreed t h a t  a s o l u t i o n  chemistry process  is the  much pre- 
f e r r e d  r o u t e  f o r  remote f u e l  k e r n e l  p r e p a r a t i o n .  A number of so l -ge l  
type processes  have been developed over t h e  l a s t  15 o r  so y e a r s  and 
appear t o  b e  s u i t a b l e  f o r  HTGR a p p l i c a t i o n s  ( 2 0 ) .  

uranyl  n i t r a t e  on i o n  exchange r e s i n .  
r e s i n  r o u t e  i s  t h a t  t he  k e r n e l  shape can b e  prepared and upgraded b e f o r e  
t h e  i n t r o d u c t i o n  of uranium, thus e l i m i n a t i n g  t h e  forming s t e p  from t h e  
ho t  cel ls .  Resin k e r n e l s  a t  v a r i o u s  s t a g e s  of manufacture are shown i n  
Fig.  5. 
i n  t h e  chemical processing i n d u s t r y .  

then carbonized t o  form a U0,-C f u e l  k e r n e l .  
t h e  k e r n e l  t o  a f i n a l  c a r b i d e  o r  oxycarbide f u e l  form. The chemical 

Recently,  t h e  U.S .  adopted a k e r n e l  p r e p a r a t i o n  technique of l oad ing  
The p r i n c i p a l  advantage of t h e  

The r e s i n  i s  a commercially a v a i l a b l e  i o n  exchange r e s i n  used 

The r e s i n  i s  loaded w i t h  uranium and d r i e d  a t  about 110°C. It is  
Subsequent h e a t i n g  converts  
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HOT ENGINEERING 
DEVELOPMENT 

COLD AND HOT COLD 
LABORATORY ENGINEERING PROCEDURE 
DEVELOPMENT DEVELOPMENT- DEVELOPMENT 

COLD PROTOTYPE 
DEVELOPMENT 

HRDF DESIGN AND OPERATIOIV 
CONSTRUCTION HRDF PRELIMINARY DESIGN 

Fig. 4 .  Logic of Development Program Phases f o r  t h e  Design, 
Construct ion,  and Operation of an  HRDF. 

s t e p s  involved i n  load ing  uranium on i o n  exchange r e s i n  are shown i n  
Fig. 6 .  
hydrogen-form r e s i n  releases hydrogen i o n .  The release of t h i s  hydrogen 
i o n  tends t o  d r i v e  t h e  r e a c t i o n  t o  t h e  l e f t ,  and t h i s  limits t h e  uranium 
loading.  The r e a c t i o n  can b e  d r iven  t o  t h e  r i g h t  by p r e p a r a t i o n  of an  
"acid d e f i c i e n t "  u rany l  n i t r a t e  f eed  shown as t h e  ac id  removal s t e p .  
The a c i d  i s  removed by an amine i n  an o rgan ic  phase.  The o v e r a l l  l oad ing  
r e a c t i o n  i s  i n d i c a t e d  i n  t h e  l as t  l i n e  of  t h e  f i g u r e .  A s i m p l i f i e d  
r e s in - load ing  equipment f lowsheet  i s  shown i n  Fig.  7 .  The a c t u a l  r e s i n  
loading column i s  shown on t h e  l e f t ;  t h e  middle p o r t i o n  shows t h e  n i t r a t e  
e x t r a c t i o n  arrangement. The process  on t h e  r i g h t  is  f o r  r egene ra t ion  of 
t h e  s o l v e n t .  

20 kg of uranium p e r  day by t h e  flowsheet i s  now i n  o p e r a t i o n  a t  t h e  
Oak Ridge Na t iona l  Laboratory.  

I n  t h e  chemical equ i l ib r ium,  t h e  loading of the U022+ on t h e  

Engineer ing-scale  r e s i n  load ing  equipment capable  of loading about 
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CHEMICAL EQU I LIBR I UM : 

2 RESIN ( H )  + U02+2 ---t RESIN2(U02) + 2H+ 

Ac ID REMOVAL : 

U02(M03)2 + 'I2 H2° ORGANIF~PHASE AM UO2 ( O H ) ,  5(NO3) 1,s + 1/2 HN03 
HYDROLYSIS "AC ID-DEF IC I ENT" AMINE NITRATE 

LOAD I NG REACT I ON : 

Fig. 6. Simplified Chemical Steps Involved in the Uranium Loading 
of Weak-Acid Resins Using Amine Extraction of Nitrate. 

Fig. 7 .  Resin Loading Equipment Flowsheet. 
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MICROSPHERE COATING 

A c r o s s  s e c t i o n  of a t y p i c a l  coated p a r t i c l e  i s  shown i n  Fig.  8. 
This i s  r e p r e s e n t a t i v e  of a Triso-coated f i s s i l e  p a r t i c l e  showing t h e  
va r ious  PyC and S i c  l a y e r s .  

Fig.  9 .  A f t e r  k e r n e l  formation,  t h e  k e r n e l s  are upgraded t o  e l i m i n a t e  
t h e  ove r s i zed ,  undersized,  and misshaped p a r t i c l e s .  The k e r n e l  upgrading 
s t e p  should b e  minimal, p a r t i c u l a r l y  f o r  t h e  r e s i n  process .  The k e r n e l  
i s  then  ca l c ined  o r  carbonized, depending upon t h e  k e r n e l  formation 
r o u t e .  A f t e r  ca rbon iza t ion  o r  c a l c i n a t i o n ,  t he  conversion of t he  
k e r n e l s  t o  an oxycarbide and t h e  va r ious  c o a t i n g  ope ra t ions  w i T l  be  
c a r r i e d  o u t  s e q u e n t i a l l y  i n  a ba tch  f a s h i o n  i n  a s i n g l e  coa t ing  furnace.  
This i s  i n d i c a t e d  by t h e  dashed l i n e s  around these  process  s t e p s .  A f t e r  
t h e  c o a t i n g  and conversion s t e p s ,  t h e  coated material w i l l  b e  s i z e -  
c l a s s i f i e d  t o  remove ove r s i zed  and undersized material, and then a 
number of coated batches w i l l  be  blended t o  form a l a r g e  homogeneous 
l o t  of material. The coa t ing  o p e r a t i o n  p r e s e n t s  some unique problems 
f o r  remote a p p l i c a t i o n  as t h e  coa t ing  processes  are very complex and 
r e q u i r e  p r e c i s e  c o n t r o l  of a number of process  parameters t o  make an 
accep tab le  product .  The coa t ing  appa ra tus ,  which o p e r a t e s  a t  high 
temperature,  must b e  s e r v i c e d  a f t e r  almost every coa t ing  run because of 
t he  bui ldup of s o o t  and o t h e r  d e p o s i t s  i n  t h e  coa t ing  chamber. I n  
a d d i t i o n ,  t h e  wastes produced during coa t ing  inc lude  H 2 ,  H C 1 ,  and s o l i d  
wastes g r e a t e r  i n  q u a n t i t y  than  t h e  c o a t i n g  product .  A schematic of a 
5-in.-diam (0.13-m) engineer ing-scale  coa t ing  furnace i s  shown i n  
Fig. 10.  The coa t ing  fu rnace  uses a g r a p h i t e  r e s i s t a n c e  h e a t i n g  element 
and i s  designed wi th  a low thermal m a s s  t o  accommodate the batch coa t ing  
process  wi th  a minimum delay between ba tches .  

Coating is  a very expensive s t e p  i n  r e f a b r i c a t i o n ,  and t h e  u n i t  
c o s t  depends l a r g e l y  upon t h e  s i z e  of t h e  c o a t i n g  appa ra tus .  Because o f  
c r i t i c a l i t y  c o n s i d e r a t i o n s ,  a 5-in. coa t ing  chamber has  been t h e  accepted 
s i z e  f o r  f i s s i l e  p a r t i c l e  c o a t e r s .  Recently a f i s s i l e  p a r t i c l e  c o a t e r  
10 i n .  (0.25 m) i n  diameter has been shown t o  be accep tab le  i f  a l l  
moderating m a t e r i a l  i s  e l imina ted ,  and t h i s  c o a t e r  i s  c u r r e n t l y  t h e  
r e fe rence  s i z e  f o r  t h e  r e f a b r i c a t i o n  development e f f o r t .  Typ ica l ly ,  a 
s i n g l e  10-in. c o a t e r  can coa t  product con ta in ing  about 7 kg U p e r  24-hr 
day. I n  a commercial-scale r e f a b r i c a t i o n  p l a n t ,  ten t o  twelve 10-in. 
c o a t e r s  w i l l  b e  r equ i r ed .  

coa t ing  a key s t e p  i n  HTGR r e f a b r i c a t i o n ,  and b o t h  c o u n t r i e s  have a c t i v e  
programs i n  this  area. I n  t h e  U.S., cons ide rab le  p rogres s  has been made 
over t h e  l as t  several yea r s  i n  t h e  implementation o f  t h e  5-in. 
engineer ing-scale  c o a t e r  f o r  remote a p p l i c a t i o n s .  Most of t h e  appa ra tus  
necessary t o  remotely o p e r a t e  and maintain t h i s  c o a t e r  has  been designed 
and f a b r i c a t e d .  I n s t a l l a t i o n  of t h e  equipment is  expected t o  b e  com- 
p l e t e d  by June 1976. 
(0.25-m) remote coa t ing  equipment. 

The o v e r a l l  microsphere conversion and coa t ing  process  is  shown i n  

Both t h e  U.S. and the Fede ra l  Republic of Germany cons ide r  remote 

Work has  begun on t h e  design of p r o t o t y p i c  10-in. 
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FUEL ROD FABRICATION 

I n  rod f a b r i c a t i o n  and i n  the  subsequent element assembly s t e p ,  
coated microspheres are handled,  and the -contamination levels should b e  
considerably less.  Because of t h i s ,  several s t u d i e s  have assumed t h a t  
t h e  i n - c e l l  p rocess  equipment f o r  rod f a b r i c a t i o n  and element assembly 
could b e  maintained by con tac t  means a f t e r  a p p r o p r i a t e  decontamination. 
However, i n  a commercial p l a n t  designed f o r  con tac t  maintenance, t h e  
product ion schedule  could b e  s i g n i f i c a n t l y  encumbered by decontamination 
o p e r a t i o n s .  This is  i n  a d d i t i o n  t o  t h e  design problem f o r  t h e  r equ i r ed  
l i f e - s u p p o r t  systems and i s o l a t i o n  needed f o r  personnel  e n t r y  i n t o  a 
h o t  c e l l  complex. It is  now g e n e r a l l y  accepted t h a t  t h e  rod f a b r i c a t i o n  
and element assembly equipment must be designed f o r  remote maintenance 
because of t h e  u n c e r t a i n t y  of accumulative e f f e c t s  and upse t  cond i t ions  
t h a t  may occur  ove r  t h e  15- t o  20-year p l a n t  l i f e t i m e .  

A t y p i c a l  HTGR f u e l  rod,  shown i n  Fig.  11, is a r i g h t  c i r c u l a r  
c y l i n d e r  about  1 / 2  i n .  by 2 i n .  (13 by 50 mm) and i s  composed of a close-  
packed a r r a y  of coated f e r t i l e ,  f i s s i l e ,  and g r a p h i t e  shim p a r t i c l e s  
bonded by a matrix t h a t  is i n j e c t e d  i n t o  t h e  i n t e r s t i t i a l  spaces. The 
matrix i s  composed of a mixture  of g r a p h i t e  f l o u r  and a the rmop las t i c  
petroleum p i t c h .  The s t e p s  i n  t h e  f u e l  rod f a b r i c a t i o n  process  are  
shown i n  Fig.  12 .  A f u e l  rod molding machine performs t h e  s t e p s  i n d i -  
c a t e d  by t h e  d o t t e d  b lock  on t h e  f i g u r e .  They inc lude :  (1) d i spens ing  
an a p p r o p r i a t e  q u a n t i t y  of t he  t h r e e  p a r t i c l e  types f o r  each i n d i v i d u a l  
f u e l  rod,  (2) b l end ing  t h e  p a r t i c l e s ,  ( 3 )  l oad ing  them i n t o  a c y l i n d r i c a l  
s tee l  mold, ( 4 )  i n t r o d u c i n g  t h e  matrix i n t o  the mold on top of t h e  
p a r t i c l e  bed as a s o l i d  s l u g  o r  p e l l e t ,  (5) h e a t i n g  t h e  mold to  about 
1 8 O o C ,  ( 6 )  applying p r e s s u r e  t o  inject  t h e  m a t r i x  material  i n t o  t h e  
p a r t i c l e  bed, (7) coo l ing  the mold, and (8) e j e c t i n g  t h e  s o l i d  f u e l  rod 
from t h e  mold. Other s t e p s  i n  rod f a b r i c a t i o n  i n c l u d e  n o n d e s t r u c t i v e  
i n s p e c t i o n  f o r  dimensions, homogeneity of  t he  p a r t i c l e  d i s t r i b u t i o n ,  and 
uranium assay .  A l a b o r a t o r y  device f o r  f u e l  rod molding, shown i n  
Fig.  1 3 ,  i s  capable  of f a b r i c a t i n g  about 4,000 rods p e r  day and has  been 
i n  o p e r a t i o n  a t  ORNL f o r  several y e a r s .  This machine is  similar i n  
design t o  those used i n  automatic  assembly p l a n t s  and c o n s i s t s  of 
o p e r a t i n g  s t a t i o n s  p o s i t i o n e d  around a r o t a r y  index t a b l e .  The u n i t  
product ion rate of t h i s  t ype  of machine i s  l i m i t e d  by t h e  l o n g e s t  s t e p  
i n  t h e  sequence. I n  f u e l  rod molding, i n j e c t i o n  is  t h e  l o n g e s t  s t e p  
and r e q u i r e s  about  20 s e c  t o  complete. 

i s  shown i n  F ig .  14 .  This dev ice  carries t h e  f u e l  rod molds as f r e e  
members between v a r i o u s  o p e r a t i n g  s t a t i o n s  and i s  analogous t o  equipment 
used f o r  b o t t l i n g  and canning. The dev ice  has a designed product ion 
rate of about  40,000 f u e l  rods p e r  day. I n  a commercial p l a n t ,  two o r  
t h r e e  such u n i t s  w i l l  b e  r equ i r ed  t o  meet t h e  product ion requirements .  

Engineer ing-scale  equipment f o r  most of t he  s t e p s  i n  f u e l  rod 
f a b r i c a t i o n  has been designed and i s  i n  va r ious  s t a g e s  of development. 
The design of t h e  product ion-scale  f u e l  rod forming machine i s  i n  t h e  
p re l imina ry  s t a g e .  

A conceptual  design of a product ion-scale  f u e l  rod molding machine 
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Fig. 12 .  Fuel  Rod 
Fabr i ca t ion  Process .  

Fig. 13. Laboratory Fuel Rod Machine i n  Operation a t  ORNL. 
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-J HEIGHT CHECK 

Fig.  14. Conceptual Layout 
Machine. 

INCHES 

TO RECYCLE 

of a Production-Scale Fuel  Rod Forming 

ELEMENT ASSEMBLY 

The major process  s t e p s  i n  f u e l  element assembly are shown i n  
Fig.  15.  I n  element assembly, t h e  molded f u e l  rods are placed i n t o  t h e  
machined h o l e s  i n  t h e  g r a p h i t e  b lock ,  and t h e  e n t i r e  assembly is  heated 
t o  180OOC t o  cure t h e  matrix. 
f o r  shipment t o  t h e  r e a c t o r .  

design of a furnace t o  h e a t  t h e  l a r g e  f u e l  element t o  18OO0C. The c y c l e  
t i m e  r equ i r ed  t o  h e a t  and coo l  t he  f u e l  element d i c t a t e s ,  f o r  economic 
reasons,  t h a t  some type of continuous fu rnace  b e  employed. A v e r t i c a l  
furnace conf igu ra t ion  w a s  s e l e c t e d  f o r  remote a p p l i c a t i o n  p r imar i ly  
because of i t s  s m a l l  f l o o r  space  requirement and t h e  relative ease of 
v e r t i c a l  assembly and disassembly. A schematic diagram of t h e  fu rnace  
designed f o r  p rocess ing  HTGR f u e l  elements i s  shown i n  Fig.  16 .  This 
fu rnace ,  which can process  16 f u e l  elements p e r  day, i s  about 
6 by 6 by 25 f t  h igh  (1.8 by 1.8 by 7.6 m) . I n  a commercial r e f a b r i c a -  
t i o n  p l a n t ,  two t o  t h r e e  of t hese  furnaces  w i l l  be r equ i r ed .  The fu rnace  

The cured element is  cleaned and packaged 

I n  r e f a b r i c a t i o n ,  t h e  p r i n c i p a l  problem i n  element assembly i s  t h e  
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Fig .  15. Element Assembly Process .  

F ig .  16. Schematic of Engineering-Scale Cure-in-Place Furnace.  
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is  designed as a three-module, v e r t i c a l l y  s t acked  u n i t .  Fuel  elements 
are loaded a t  t h e  top and are cont inuously passed down through t h e  
furnace.  A i r  l ocks  are provided a t  each end t o  p r o t e c t  t h e  fu rnace  i n e r t  
atmosphere during load ing  and unloading. The furnace uses  metall ic 
r e s i s t a n c e  h e a t e r s  i n  t h e  low-temperature zones and g r a p h i t e  r e s i s t a n c e  
h e a t e r s  i n  t h e  high-temperature zones. Design of t h i s  furnace i s  now 
nearing completion, and f a b r i c a t i o n  and i n s t a l l a t i o n  are expected t o  
begin w i t h i n  the  nex t  several months. 

SAMPLE INSPECTION 

I n  t e r m s  of t h e  impact on t h e  design and o p e r a t i o n  of a r e f a b r i c a -  
t i o n  p l a n t ,  sample i n s p e c t i o n  is  as important as any one of t h e  major 
process  s t e p s .  I n  t h e  f a b r i c a t i o n  of nuc lea r  f u e l ,  q u a l i t y  c o n t r o l  and 
assurance i n s p e c t i o n s  are a l a r g e  c o s t  segment of  t he  t o t a l  c o s t  of  
f a b r i c a t i o n .  Typical ly  i n  t h e  nuc lea r  i n d u s t r y ,  30 t o  40% of t h e  c o s t  
of f a b r i c a t i o n  i s  d i r e c t l y  a t t r i b u t a b l e  t o  i n s p e c t i o n  c o s t s .  

Sample  i n s p e c t i o n  requirements f o r  t h e  r e f a b r i c a t i o n  of HTGR f u e l  
are i n d i c a t e d  i n  Fig.  17. It is  a n t i c i p a t e d  t h a t  most of t h e  a n a l y s i s  
can b e  done semiremotely behind s h i e l d  th i cknesses  equ iva len t  t o  2 t o  
4 i n .  (50-100 m) of l ead .  Techniques f o r  most o f  t hese  i n s p e c t i o n s  are 
a v a i l a b l e ,  and t h e  a p p l i c a t i o n  of any one of t hese  ana lyses  t o  r e f a b r i c a -  
t i o n  does n o t  appear formidable:  t h e  major problem lies i n  t h e  i n t e g r a -  
t i o n  of t h e  va r ious  a n a l y t i c a l  u n i t s  i n t o  an  e f f i c i e n t  i n s p e c t i o n  l i n e .  
This i n t e g r a t i o n  w i l l  r e l y  heav i ly  on the  development of e f f i c i e n t  
sampling and sample t r a n s f e r r i n g  techniques.  Microspheres are consider-  
ab ly  easier than powder t o  sample and o f f e r  t he  p o t e n t i a l  of unencapsu- 
l a t e d  pneumatic t r a n s f e r .  
demonstrated i n  t h e  l a b o r a t o r y .  Techniques f o r  pneumatic t r a n s f e r r i n g  
of r abb i t - type  capsules  have a l s o  been developed on a l abora to ry  scale .  

The f e a s i b i l i t y  of such a process  has  been 

WASTE AND SCRAP HANDLING 

Waste and s c r a p  handl ing w i l l  have a l a r g e  impact on t h e  design of 
a commercial r e c y c l e  f a c i l i t y ,  as t h e  space and equipment necessary f o r  
t hese  ope ra t ions  w i l l  r e p r e s e n t  a s i g n i f i c a n t  f r a c t i o n  of t h e  t o t a l  
requirements f o r  r e f a b r i c a t i o n .  The s c r a p  requirements f o r  HTGR r e f a b r i -  
c a t i o n  are i l l u s t r a t e d  i n  Table 1. For every kilogram of uranium l eav ing  
t h e  p l a n t  i n  a f u e l  element,  0.43 kg U must be processed as s c r a p .  These 
r e j e c t i o n  rates are based on conse rva t ive  engineer ing estimates and, 
hope fu l ly ,  rates w i l l  b e  somewhat less i n  a c t u a l  o p e r a t i o n s .  

i s  shown i n  Fig.  18. Other systems - such as l i q u i d  waste t r ea tmen t ,  
nonburnable contaminated waste t r ea tmen t ,  and off-gas cleanup - are 
common t o  r ep rocess ing  development. I n  the  "perc" recovery system, i t  
i s  a n t i c i p a t e d  t h a t  t h e  perchloroethylene t h a t  i s  used i n  t r e a t i n g  o f f -  
gas from t h e  ca rbon iza t ion ,  coa t ing ,  and cure-in-place furnaces  w i l l  b e  
recovered by d i s t i l l a t i o n  and t h a t  t he  s t i l l  bottoms w i l l  be  i n c i n e r a t e d .  

The w a s t e  and s c r a p  system, which i s  unique t o  HTGR r e f a b r i c a t i o n ,  
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F ig .  1 7 .  Process ing  Operat ions and Qua l i ty  Cont ro l  Requirement f o r  
F a b r i c a t i o n  of Recycle HTGR Fuel .  

Table  1. E s t i m a t e  of t h e  HTGR Refab r i ca t ion  
Process  and Scrap Requirements 

Process  S tep  
Rejec ted  
p e r  S tep  Un i t s  Required p e r  

Un i t  of Product  (X) 

Kernel  P r e p a r a t i o n  7.0 1 .43  

Kernel  Carboniza t ion  6.0 1 .3  

Kernel  Conversion and Coating 1 7 . 4  1 . 2  

Fue l  Rod F a b r i c a t i o n  2.0 1.03 

Fue 1 Element A s s  emb l y  1 . 0  1.01 

Fue l  Element S torage  0 1 .0  
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Fig .  18.  Schematic Flowsheet of  Scrap and Waste Systems Unique t o  
HTGR Ref ab r ica  t i o n .  

For s c r a p  recovery,  i t  i s  planned t h a t  r e j e c t  f i s s i l e  material w i l l  b e  
crushed, burned, leached w i t h  HNO3, and r e tu rned  t o  t h e  reprocess ing  
f a c i l i t y  as uranyl  n i t r a t e  s o l u t i o n .  Development work i n  w a s t e  and 
sc rap  handl ing  i s  c u r r e n t l y  i n  t h e  cold l abora to ry  phase.  

PROCESS INTEGRATION AND CONTROL 

The HTGR r e f a b r i c a t i o n  process  i s  p r imar i ly  composed of a series of 
r e l a t i v e l y  complex mechanical manufacturing ope ra t ions .  Experience w i t h  
t h e s e  types of ope ra t ions  i n  a completely remotely opera ted  and maintained 
f a c i l i t y  i s  very l i m i t e d  and on a commercial scale i s  nonexis ten t .  With- 
o u t  a doubt,  t he  l e v e l  of automation of a r e f a b r i c a t i o n  p l a n t  w i l l  equa l  
o r  exceed t h a t  of t h e  most modern au tomat ic  product ion l i n e s .  I n  a d d i t i o n ,  
the material a c c o u n t a b i l i t y  and the q u a l i t y  assurance  requirements g r e a t l y  
exceed those  of most product ion ope ra t ions .  To m e e t  these  requirements ,  
i t  i s  envis ioned  that computer-based in s t rumen ta t ion  w i l l  be  used through- 
o u t  t h e  p l a n t .  
a d d i t i o n  of appropr i a t e  s u r g e  c a p a c i t i e s  between them. To preserve  t h e  
ga ins  i n  process  decoupling, each process  system w i l l  be  supported by a 
dedica ted  u n i t  c o n t r o l l e r .  

The i n t e g r a t i o n  of a l l  t h e  systems i n t o  an ope ra t ing  product ion  
l i n e  is  one of t h e  most c r u c i a l  i s s u e s  f a c i n g  t h e  s u c c e s s f u l  ope ra t ion  
of an  HTGR r e f a b r i c a t i o n  p l a n t ,  and t h e  success  w i l l  r e l y  h e a v i l y  on 
the  implementation of  t h e  ins t rumenta t ion  and d a t a  handl ing.  

The i n d i v i d u a l  process  s t e p s  w i l l  b e  decoupled by t h e  
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SUMMARY AND CONCLUSIONS 

The f e a s i b i l i t y  of  e s s e n t i a l l y  a l l  p rocesses  f o r  remote r e fab r i ca -  
t i o n  of  HTGR f u e l  has  been proven by co ld  and h o t  l a b o r a t o r y  development. 
The p r i n c i p a l  excep t ion  is  i n  the area of w a s t e  and s c r a p  handl ing;  
however, l a b o r a t o r y  work i n  these  areas i s  now showing good p rogres s .  
I n  t e r m s  of equipment development, cold engineer ing  equipment has' been 
designed f o r  e s s e n t i a l l y  a l l  major equipment i t e m s ,  and most o f  t h i s  
equipment i s  e i t h e r  i n  t h e  f a b r i c a t i o n  o r  t e s t i n g  phase.  Major 
engineer ing-sca le  equipment i t e m s  c u r r e n t l y  be ing  t e s t e d  i n c l u d e  f u l l -  
scale r e s i n  loading  and ca rbon iza t ion  equipment, and a 5-in.-diam 
(0.13-m) c o a t e r .  P lans  f o r  h o t  eng inee r ing  t e s t i n g  of t h e  r e f a b r i c a t i o n  
processes  are now be ing  formulated.  Design o f  t he  equipment f o r  co ld  
p ro to type  t e s t i n g  i s  j u s t  beginning .  

of des ign ,  c o n s t r u c t i o n ,  and ope ra t ion  exac tness  f a r  g r e a t e r  than  has  
been r e q u i r e d  i n  any previous  high-volume manufactur ing o p e r a t i o n  f o r  
r e a c t o r  f u e l .  This  exac tness  w i l l  r e q u i r e  a s i g n i f i c a n t  development 
program t o  i r o n  o u t  t h e  many d e t a i l s  t h a t  w i l l  s p e l l  t h e  d i f f e r e n c e  
between success  and f a i l u r e  of such a n  ope ra t ion .  W e  have come a long  
way i n  development of r e f a b r i c a t i o n  processes  and equipment, b u t  much 
work s t i l l  remains - n o t  s o  much i n  terms o f  process  f e a s i b i l i t y  and 
major equipment conf igu ra t ion ,  b u t  i n  t e r m s  of  d e t a i l s  necessary  t o  
a s s u r e  r e l i a b i l i t y .  

Remote f a b r i c a t i o n  on a commercial scale  w i l l  r e q u i r e  i n  a l l  phases 
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