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CONVERSION O F URANIUM DIOXIDE 
TO URANIUM CARBIDE IN AN 

INDUCTION P L A S M A TORCH R E A C T O R 

by 

D. R a m a s w a m i , J . P a v l i k , 
and A. A, J o n k e 

A B S T R A C T 

E x p l o r a t o r y s t u d i e s w e r e conduc t ed to d e t e r m i n e the 
f ea s ib i l i t y of u s i n g an induc t ion p l a s m a t o r c h r e a c t o r for 
c o n v e r t i n g u r a n i u m d i o x i d e - g r a p h i t e p o w d e r a g g l o m e r a t e s 
to u r a n i u m c a r b i d e s p h e r e s . T h e a g g l o m e r a t e s w e r e fed 
con t inuous ly into the t a i l f l a m e of a 25 -kW (4-MHz) induc t ion 
p l a s m a t o r c h po in ted d o w n w a r d . T h e so l id p a r t i c l e s w e r e 
e n t r a i n e d by the t a i l f l a m e and w e r e d i r e c t e d in to a p r o d u c t 
r e c e i v e r , w h e r e they w e r e s e p a r a t e d f r o m the gas s t r e a m . 

About 20% of the p a r t i c l e s in the p r o d u c t w e r e sh iny 
(with m e t a l l i c l u s t e r ) b l a c k s p h e r e s of 2 5 - 5 0 / i m . The r e -
mia inde ro f the p a r t i c l e s had s h a p e s s i m i l a r to t h o s e of feed 
p a r t i c l e s , w i th s o m e round ing off of s h a r p c o r n e r s . 

B e t w e e n 7 4 and 82% of the c a r b o n in the feed a g g l o m 
e r a t e s was c o n v e r t e d to g a s e o u s and so l id p r o d u c t s (CO, UC, 
and a lpha -UC2) . T h e p e r c e n t c a r b o n u t i l i z a t i o n w a s a l m o s t 
c o n s t a n t , a l though t h e C / u a t o m r a t i o in the feed w a s v a r i e d 
b e t w e e n 1.4 and 3,2, the a v e r a g e p a r t i c l e s i z e of t h e feed b e 
t w e e n 58 and 107/ im, and the so l id feed r a t e b e t w e e n 0.06 and 
0.9 k g / h r . 

The r e s u l t s of th i s e x p l o r a t o r y s tudy i n d i c a t e tha t the 
m e t h o d m i g h t be s u i t a b l e for con t inuous l a r g e - s c a l e p r o d u c 
t ion , u n d e r c r i t i c a l l y - s a f e c o n d i t i o n s , of (U,Pu)C fuel for fas t 
b r e e d e r r e a c t o r s . 



I. SUMMARY 

The u s e of an induc t ion p l a s m a t o r c h r e a c t o r for c o n v e r t i n g (U,Pu)02 
to r e a c t o r - g r a d e c a r b i d e s p h e r e s in high y ie ld w a s e x p l o r e d , A 25 -kW 
(4-MHz) induc t ion p l a s m a t o r c h was u s e d to c o n v e r t UO2 and c a r b o n to UC 
u n d e r v a r i o u s o p e r a t i n g cond i t i ons , to e x a m i n e the effects of v a r i a b l e s on 
p r o d u c t c h a r a c t e r i s t i c s , and to p r o v i d e a b a s i s for p r o c e s s eva lua t ion . 
Al though the e x p e r i m e n t a l w o r k w a s devoted to the c o n v e r s i o n of u ran iunn 
d i o x i d e - g r a p h i t e p o w d e r a g g l o m e r a t e s to u r a n i u m m o n o c a r b i d e , t he p r o -
c e s s i s e x p e c t e d to be a p p l i c a b l e to the p r o d u c t i o n of (U,Pu)C in e q u i p m e n t 
i n s t a l l e d in an a l p h a - t i g h t e n c l o s u r e . 

The m e t h o d invo lves m a k i n g c o m p o s i t e p a r t i c l e s of u r a n i u m d iox ide 
and g r a p h i t e and r e a c t i n g the c o m p o s i t e p a r t i c l e s by p a s s i n g t h e m t h r o u g h 
and c o c u r r e n t l y wi th the t a i l f l a m e (pointed downward) of h y d r o g e n - a r g o n 
p l a s m a in a 1 .5- in . - ID q u a r t z t ube . Back r e a c t i o n i s p r e v e n t e d by r a p i d 
quench ing of the p r o d u c t s and by r a p i d s e p a r a t i o n of t h e g a s e o u s p r o d u c t 
f r o m the so l id . T h e p r o d u c t , in the f o r m of s m a l l , f r e e - f l o w i n g s p h e r e s of 
c a r b i d e , i s c o l l e c t e d a long with u n r e a c t e d o x i d e - g r a p h i t e a g g l o m e r a t e s in 
a p r o d u c t r e c e i v e r at the b o t t o m of the r e a c t o r . T h e CO r e a c t i o n p r o d u c t 
l e a v e s the r e a c t i o n c h a m b e r wi th the i n e r t p l a s m a g a s . 

About 2 0% of the p a r t i c l e s in the p r o d u c t w e r e shiny (with m e t a l l i c 
l u s t e r ) b l a c k s p h e r e s of 2 5 - 5 0 / im. T h e s h a p e s of the r e m a i n d e r of the p a r 
t i c l e s w e r e s i m i l a r to t h o s e of the feed p a r t i c l e s , excep t for s o m e r o u n d 
ing off of s h a r p c o r n e r s . T h e a v e r a g e p a r t i c l e s i z e for the p r o d u c t w a s 
l o w e r than tha t for the feed b e c a u s e of (1) r e a c t i o n and s p h e r o i d i z a t i o n in 
the f o r i n a t i o n of the c a r b i d e s p h e r e s , (2) d e n s i f i c a t i o n a c c o m p a n y i n g s i n 
t e r i n g of the p a r t i c l e s , and (3) b r e a k a g e of p a r t i c l e s due to r a p i d evo lu t ion 
of the g a s e o u s p r o d u c t (CO). 

B e t w e e n 74 and 82% of the c a r b o n in the feed a g g l o m e r a t e s w a s con 
v e r t e d to g a s e o u s and so l id p r o d u c t s (CO, UC, and a lpha-UC2) in a s i n g l e 
p a s s t h r o u g h the t o r c h in r u n s wi th a r g o n in the r e a c t i o n c h a m b e r . T h e s e 
v a l u e s for the c a r b o n u t i l i z a t i o n a r e s a t i s f a c t o r y for the 25-kW induc t ion 
p l a s m a t o r c h u s e d . Al though r e a c t i o n of the g r a p h i t e w a s i n c o m p l e t e in 
t h e s e r u n s , the oxide could p r o b a b l y be c o m p l e t e l y c o n v e r t e d to c a r b i d e by 
p a s s i n g the so l id p r o d u c t f r o m a t o r c h t h r o u g h a s e c o n d t o r c h o r , if only 
one t o r c h was a v a i l a b l e , by r e c y c l i n g the so l id p r o d u c t . 

T h e c a r b o n u t i l i z a t i o n w a s a l m o s t c o n s t a n t , a l though the so l id feed 
cond i t ions w e r e v a r i e d - - i . e . , the so l id feed r a t e w a s v a r i e d b e t w e e n 0.06 and 
0.9 k g / h r , the a v e r a g e p a r t i c l e s i z e be tween 58 and 107 / im, and the C / U 
a t o m r a t i o in the feed b e t w e e n 1.4 and 3,2, S i m i l a r l y , in a p r e l i m i n a r y 
s e r i e s of r u n s wi th g r a n u l a r a l u m i n a , the p e r c e n t a g e of p a r t i c l e s c o n v e r t e d 
to s p h e r e s was a l m o s t c o n s t a n t , a l though the p o w d e r feed r a t e was v a r i e d 
b e t w e e n 0.6 and 1,2 k g / h r . A p p a r e n t l y , t he u p p e r l i m i t for the so l id feed 



r a t e ( w h e r e the so l id s s t a r t cool ing the p l a s m a f lame) has not b e e n r e a c h e d 
in the c u r r e n t r u n s and feed r a t e s m u c h h i g h e r t h a n t h o s e t e s t e d m a y be 
p r a c t i c a l . A s s u m i n g tha t the p o t e n t i a l i t i e s for h i g h e r so l id feed r a t e s and 
m o r e eff icient o p e r a t i o n a c h i e v e d t h r o u g h the u s e of m e t a l - w a l l e d p lasnaa 
c o n t a i n m e n t tube c o m p e n s a t e for the n u m b e r of p a s s e s r e q u i r e d for c o m 
p l e t e c o n v e r s i o n , c a r b i d e p r o d u c t i o n r a t e s of at l e a s t 0.12 Ib /kWh m a y be 
e x p e c t e d . 

In the c o n v e r s i o n of a g g l o m e r a t e s to p r o d u c t , c a r b o n and oxygen 
c o n c e n t r a t i o n s d e c r e a s e d in the s a m e p r o p o r t i o n ; i . e . , t he v a l u e of the r a t i o , 
d e c r e a s e in g - a t o m s of c a r b o n p e r g - a t o m of u r a n i u m / d e c r e a s e in g - a t o m s 
of oxygen p e r g - a t o m of u r a n i u m , w a s ~1 ,0 ; th i s i n d i c a t e s t ha t the g a s e o u s 
p r o d u c t of the U 0 2 - g r a p h i t e r e a c t i o n in an a r g o n - 3 , 2 vol % h y d r o g e n p l a s m a 
flanae i s CO. X - r a y d i f f r ac t ion a n a l y s i s of the s o l i d - p r o d u c t s a m p l e s i n 
d i c a t e d tha t u r a n i u m m o n o c a r b i d e and a l p h a - u r a n i u m d i c a r b i d e w e r e p r e s e n t 
a long with u n r e a c t e d u r a n i u m d i o x i d e . T h e c o n c e n t r a t i o n of d i c a r b i d e m i g h t 
be l o w e r e d to t h e d e s i r e d l e v e l by a p u r i f i c a t i o n s t e p , s u c h a s r e d u c t i o n in 
a h y d r o g e n a t m o s p h e r e o r r e a c t i o n wi th u r a n i u m d iox ide , to f o r m u r a n i u m 
m o n o c a r b i d e . 

T h e c u r r e n t e x p l o r a t o r y s tudy i n d i c a t e s t ha t t he i nduc t ion p l a s m a 
t o r c h m e t h o d is w o r t h y of f u r t h e r c o n s i d e r a t i o n for d e v e l o p m e n t to a ful l -
s c a l e fac i l i ty tha t i s c r i t i c a l l y sa fe for con t inuous c o n v e r s i o n of (U,Pu)02 
to c a r b i d e s p h e r e s . H o w e v e r , the p e r f o r m a n c e of e q u i p m e n t c o m p o n e n t s 
d u r i n g the 38 r u n s wi th the 2 5 - k W induc t ion p l a s m a t o r c h i n d i c a t e d tha t 
t he d e s i g n s of the p l a s m a c o n t a i n m e n t t u b e , the s o l i d s feed o r i f i c e s , the 
s o l i d s guide tube , and o t h e r c o m p o n e n t s would have to be i m p r o v e d for 
f u r t h e r d e v e l o p m e n t o r s c a l e - u p of the c o n v e r s i o n p r o c e s s . 

II. INTRODUCTION 

C o n v e r s i o n of f a s t - b r e e d e r - r e a c t o r ox ide to r e a c t o r - g r a d e c a r b i d e 
fuel in an induc t ion p l a s m a t o r c h r e a c t o r h a s the p o t e n t i a l for c o n v e r t i n g 
the o x i d e - g r a p h i t e p a r t i c l e s to c a r b i d e s p h e r e s in c r i t i c a l l y sa fe e q u i p m e n t 
tha t can be con t inuous ly o p e r a t e d , C r i t i c a l i t y sa fe ty and con t inuous o p e r a 
t ion a r e d e s i r a b l e f e a t u r e s for c o m m e r c i a l p r o d u c t i o n of n u c l e a r f u e l s . 
H o w e v e r , the f ea s ib i l i t y of the p r o d u c t i o n of c a r b i d e s p h e r e s f r o m ox ide 
in an induc t ion p l a s m a t o r c h r e a c t o r h a s not b e e n r e p o r t e d in the l i t e r a t u r e . 

T h e ob jec t ive of the c u r r e n t s tudy w a s to d e t e r m i n e the f e a s i b i l i t y 
of the p r o d u c t i o n of the c a r b i d e s p h e r e s u s i n g an induc t ion p l a s m a t o r c h 
r e a c t o r . T h e e x p e r i m e n t a l w o r k w a s l i m i t e d to the c o n v e r s i o n of u r a n i u m 
d iox ide and g r a p h i t e p o w d e r a g g l o m e r a t e s to u r a n i u m m o n o c a r b i d e , but the 
p r o c e s s i s e x p e c t e d to be a p p l i c a b l e to the p r o d u c t i o n of (U,Pu)C (which 
would have to be done in e q u i p m e n t i n s t a l l e d in an a l p h a - t i g h t e n c l o s u r e ) . 
The o b j e c t i v e of the e x p e r i m e n t a l w o r k w a s to d e t e r m i n e the o p e r a t i n g c o n 
d i t ions r e q u i r e d to p r o d u c e high y i e l d s of r e a c t o r - g r a d e u r a n i u m m o n o c a r b i d e . 



A schematic flowsheet for the conversion of (U,Pu)02 to (U,Pu)C 
spheres using an induction p lasma torch reac tor is shown in Fig. 1. The 
method includes (l) p repar ing 100-/im composite par t ic les of (U,Pu)02 and 
carbon, (2) react ing the composites by passing them through and cocurrent ly 
with the plasnna flame of an inductively coupled p lasma torch pointed down
ward, (3) separat ing (U,Pu)C product spheres from the nonspheres and un
reacted par t ic les , (4) separat ing the CO react ion product from the p lasma 
gas, and (5) recycling the unreacted pa r t i c l es , nonspheres , and the p lasma 
gas to the reac to r . 
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Fig. 1. Conversion of (U,Pu)02 to Carbide Spheres in an Induction Plasma Torch Reactor 

Of the m e t h o d s d e s c r i b e d in the l i t e r a t u r e for p r e p a r i n g c o m p o s i t e 
p a r t i c l e s of (U,Pu)02 and c a r b o n , the b e t t e r - d e v e l o p e d one '^ c o n s i s t s of 
m i x i n g 1- to Z~\ixn p a r t i c l e s of (U,Pu)02 and g r a p h i t e in a V - b l e n d e r t o 
g e t h e r wi th a s m a l l a m o u n t of b i n d e r s u c h as polyvinyl a l c o h o l . Af te r the 
d r y p o w d e r is m i x e d , a s m a l l a m o u n t of w a t e r i s added and mix ing is c o n 
t inued un t i l the a g g l o m e r a t e s f o r m and f inal ly r e a c h the d e s i r e d s i z e . The 
a g g l o m e r a t e s a r e d r i e d at 50°C. O t h e r ways of p r e p a r i n g i n t i m a t e m i x t u r e s 
of (U,Pu)02 and c a r b o n a r e f r o m a n i t r a t e so lu t ion con ta in ing s u g a r ' o r 
p e r h a p s f r o m a m i x t u r e of the ox ides and s u g a r so lu t ion . Any of t h e s e 
m e t h o d s can be adap ted to the p r e p a r a t i o n of the feed r e q u i r e d for the 
p l a s m a t o r c h m e t h o d . 

In the induc t ion p l a s m a t o r c h r e a c t o r , t he c o m p o s i t e p a r t i c l e s of 
(U,Pu)02 and g r a p h i t e a r e p a s s e d t h r o u g h and c o c u r r e n t l y wi th the p l a s m a 
f l ame at high v e l o c i t i e s in the f o r m of a t u b u l a r c o l u m n . T h e r e s i d e n c e 
t i m e s of p a r t i c l e s in the f l a m e a r e of the o r d e r of a few m i l l i s e c o n d s . 
P a r t i c l e hea t ing o c c u r s by s e v e r a l m e c h a n i s m s , inc lud ing t h e r m a l c o n d u c 
t ion t h r o u g h the b o u n d a r y l a y e r s u r r o u n d i n g the p a r t i c l e , r a d i a t i o n , e l e c t r o n 



b o m b a r d m e n t , and e l e c t r o n r e c o m b i n a t i o n on the p a r t i c l e s u r f a c e . T h e 
ex ten t of c o n v e r s i o n of the oxide to the c a r b i d e d e p e n d s on the t i m e / 
t e m p e r a t u r e h i s t o r y of the p a r t i c l e s . B a c k r e a c t i o n i s p r e v e n t e d by r ap id 
quench ing of the p r o d u c t s and r a p i d s e p a r a t i o n of the g a s e o u s p r o d u c t f r o m 
the so l id . 

T h e so l id p r o d u c t , in the f o r m of s m a l l , f r e e - f l o w i n g s p h e r e s of 
c a r b i d e a c c o m p a n i e d by u n r e a c t e d o x i d e - g r a p h i t e p a r t i c l e s , is c o l l e c t e d in 
a p r o d u c t r e c e i v e r a t the b o t t o m of the r e a c t o r (a l though a d i f f e ren t e x p e r i 
m e n t a l s e t u p m i g h t p r o v i d e for con t inuous t r a n s p o r t of the p r o d u c t to t h e 
nex t p r o c e s s s t e p ) . C o m m e r c i a l l y a v a i l a b l e e q u i p m e n t could be u s e d to 
s e p a r a t e h i g h - d e n s i t y c a r b i d e s p h e r e s f r o m n o n s p h e r e s and l o w - d e n s i t y 
u n r e a c t e d a g g l o m e r a t e s . I n c o m p l e t e l y r e a c t e d m a t e r i a l would be r e c i r 
c u l a t e d to the r e a c t o r o r to an a g g l o m e r a t o r s y s t e m , depend ing on p a r t i c l e 
s i z e . T h e d e n s e s p h e r e s of c a r b i d e would be f a b r i c a t e d in to fuel e l e m e n t s . 

T h e g a s e o u s r e a c t i o n p r o d u c t , CO, l e a v e s the r e a c t i o n c h a m b e r wi th 
the i n e r t p l a s m a g a s , a r g o n (or h y d r o g e n - a r g o n m i x t u r e ) . The c a r b o n 
m o n o x i d e is s e p a r a t e d f r o m the p l a s m a gas by w e l l - k n o w n c o m m e r c i a l 
methods,^" '^ and t h e p l a s m a gas is r e c y c l e d to the t o r c h . 

III. L I T E R A T U R E REVIEW 

S p h e r o i d i z a t i o n of v a r i o u s p o w d e r s u s i n g induc t ion p l a s m a t o r c h e s 
has been r e p o r t e d in the l i t e r a t u r e , a s we l l a s s y n t h e s i s and s p h e r o i d i z a t i o n 
of u r a n i u m c a r b i d e s wi th d c - a r c p l a s m a j e t s . W o r k r e l a t e d to the e x p e c t e d 
p e r f o r m a n c e of an induc t ion p l a s m a t o r c h r e a c t o r for the c o n v e r s i o n of 
u r a n i u m d i o x i d e - g r a p h i t e a g g l o m e r a t e s to u r a n i u m c a r b i d e s p h e r e s i s r e 
v i ewed h e r e . 

A. S p h e r o i d i z a t i o n S tud ie s Us ing Induc t ion P l a s m a T o r c h e s 

An induc t ion p l a s m a t o r c h (10 kW, 5 MHz) e n c l o s e d in an a lpha box 
was u s e d by J o n e s _et a l . ^ ' ' for p r o d u c i n g t h e r m a l l y and chemiical ly s t a b l e 
m i c r o s p h e r e s of p l u t o n i u m d iox ide . The m i c r o s p h e r e s w e r e 10-250 /im in 
d i a m e t e r , t he m a j o r i t y w e r e d e n s e , so l id , c r y s t a l l i n e p a r t i c u l a t e s , and a 
s m a l l p e r c e n t a g e had i n t e r n a l v o i d s . T h e d e n s i t y of the p r o d u c t was 96% of 
the t h e o r e t i c a l c r y s t a l l i n e d e n s i t y . 

B r o w n e and L a t t a ° r e p o r t e d s p h e r o i d i z a t i o n of UO2, Th02 , and Z r 0 2 
p a r t i c l e s wi th a 7 .5 -kW (5-MHz) induc t ion p l a s m a t o r c h . 

H e d g e r and Hall^^ s t u d i e d s p h e r o i d i z a t i o n of the p o w d e r s of c h r o m i u m , 
m o l y b d e n u m , t a n t a l u m , t u n g s t e n , a l u m i n a , m a g n e s i a , and s e v e r a l c o m p o u n d s 
of u r a n i u m u s i n g a 2 5 - k W induc t ion p l a s m a t o r c h . The s t u d i e s w e r e m a i n l y 



confined to 100- to 150- / im p a r t i c l e s , and p o w d e r feed r a t e s of 0.06 to 
0.3 k g / h r w e r e u s e d . Yie lds of 50 to 7 0% s p h e r o i d i z a t i o n (in a s i n g l e p a s s 
t h r o u g h a p l a s m a t o r c h ) w e r e ob ta ined . 

Tremper '^^ u s e d a 10-kW induc t ion p l a s m a t o r c h for the s p h e r o i d 
i z a t i o n of c e r a m i c p o w d e r s . He found tha t the f r equency r a n g e of 4 - 6 MHz 
was b e s t for s p h e r o i d i z a t i o n , a l m o s t e n t i r e l y b e c a u s e in th i s r a n g e p l a s m a 
was the m o s t s t a b l e . F o r m o s t of the work , the h i g h - f r e q u e n c y p o w e r w a s 
f u r n i s h e d t h rough a f o u r - t u r n c y l i n d r i c a l coi l ( m a d e of 3 / l 6 - i n , c o p p e r 
tubing) at a f r equency of 4 MHz. A s o l i d s feed n o z z l e t ha t gave l a m i n a r flow 
of the p o w d e r p r o v i d e d a m u c h h i g h e r d e g r e e of s p h e r o i d i z a t i o n than any 
o t h e r nozz l e t r i e d by h i m . P o w d e r feed r a t e w a s 0.06 k g / h r . F o r a s i ng l e 
p a s s of 4 3 - to 6 l - / i m s i l i c a p o w d e r t h r o u g h t h e p l a s m a t o r c h , the p o w d e r 
was a p p r o x i m a t e l y 75% s p h e r o i d i z e d ; two p a s s e s of the p o w d e r t h r o u g h the 
t o r c h gave about 90% s p h e r o i d i z a t i o n . The r e s u l t i n g s i l i c a s p h e r e s w e r e 
a l l n e a r l y 100% d e n s e , wi th only a few s m a l l bubb le s in t h e m . The s p h e r o i d 
i za t ion of AO-jira a l u m i n a upon one p a s s t h r o u g h the induc t ion p l a s m a t o r c h 
was about 65%, upon two p a s s e s 80%, and upon t h r e e p a s s e s 90%, About 
half of t h e a l u m i n a s p h e r e s p r o d u c e d had n e a r l y t h e o r e t i c a l d e n s i t y , 

B. S y n t h e s i s and S p h e r o i d i z a t i o n of U r a n i u m C a r b i d e s 

A d c - a r c p l a s m a j e t m e t h o d of m a k i n g s p h e r i c a l a c t i n i d e c a r b i d e 
was p a t e n t e d by Whi te and O 'Rourke .^^ In t h i s m e t h o d , a g g l o m e r a t e s (70 to 
150 /im) of UO2 and c a r b o n fed to a d c - a r c p l a s m a a r e e n t r a i n e d by the j e t . 
T h e a c t i n i d e c a r b i d e p r o d u c t f lowing f r o m the t ip of the j e t c o n s i s t s of 
c o m p l e t e l y r e a c t e d , s p h e r i c a l (50 to 125 /im) p a r t i c l e s . A s m a l l a m o u n t 
of h y d r o g e n , l e s s t han 1 vol %, added to t h e i n e r t p l a s m a g a s , a c t e d a s a 
p romio te r tha t he lped d r i v e to c o m p l e t i o n the r e a c t i o n of the UO2 and c a r b o n , 

G i b s o n and W e i d m a n u s e d a c o n s u m a b l e h o m o g e n e o u s anode of 
UO2 and c a r b o n to p r o d u c e a u r a n i u m - c a r b o n p l a s m a . T h e t e n n p e r a t u r e at 
the t ip of the anode i s r a i s e d to 3700-4700°C in a c h a m b e r a t a p r e s s u r e of 
0 .1 -5 m m Hg. The v e r y high t e m p e r a t u r e i n i t i a t e s the e x t r e m e l y r a p i d 
r e a c t i o n 

U02(s) + 3C(s) -^ UC(s) + 2CO(g) , 

and the so l id p r o d u c t f o r m e d quick ly m e l t s . T h e m o l t e n u ran iuna c a r b i d e 
on the anode face b e c o m e s a zone tha t is h e a t e d to the bo i l ing po in t of t h e 
s y s t e m . The l iquid p r o d u c t tha t d r i p s f r o m the r e a c t i o n zone is c o m p l e t e l y 
o u t g a s s e d of l o w e r - b o i l i n g - p o i n t i m p u r i t i e s , and a h i g h - d e n s i t y , h i g h - p u r i t y 
so l id p r o d u c t is c o l l e c t e d . The d e n s i t y of u r a n i u m c a r b i d e s p h e r e s p r o 
duced in th i s m a n n e r w a s 97 to 99+% of t h e o r e t i c a l , t he p u r i t y w a s 99,95%, 
and the d i a m e t e r s w e r e 44 to 6OOO / i m . T h e p r o d u c t i o n r a t e was about 
0.18 lb of UC p e r kWh of dc input . 



S y n t h e s i s of u r a n i u m c a r b i d e by the g a s - p h a s e r e a c t i o n of UF^ wi th 
m e t h a n e and h y d r o g e n w a s i n v e s t i g a t e d by Helton,'^^ who u s e d a d c - a r c 
p l a s m a j e t . Some u r a n i u m c a r b i d e was f o r m e d when f inely d iv ided SiC 
w a s p r e m i x e d wi th the g a s e o u s m i x t u r e and then i n t r o d u c e d into the p l a s m a 
j e t . A n a l y s i s of the p r o d u c t by X - r a y d i f f r ac t ion showed tha t s m a l l q u a n 
t i t i e s of u r a n i u m d i c a r b i d e and u ran iuna m o n o c a r b i d e w e r e p r e s e n t . How
e v e r , y i e ld s w e r e n e v e r g r e a t e r t h a n 1%. 

S y n t h e s i s of u r a n i u m c a r b i d e f r o m a m i x t u r e of u r a n i u m t e t r a f l u o r i d 
and s i l i c o n c a r b i d e was e x p l o r e d by Hel ton , who u s e d an induc t ion p l a s m a 
t o r c h , A m i x t u r e of p o w d e r e d u r a n i u m t e t r a f l u o r i d e and s i l i c o n c a r b i d e w a s 
fed to the t o r c h at a r a t e of 0 ,06-0 .12 k g / h r . T h e s o l i d s (p roduc t ) ob ta ined 
f r o m the r e a c t i o n v / e r e a n a l y z e d by X - r a y d i f f r ac t ion , A t r a c e of u r a n i u m 
m o n o c a r b i d e w a s p r e s e n t . Q u a n t i t a t i v e y i e ld s w e r e n e v e r g r e a t e r t han ~ 1 % . 

J e t s of p l a s m a g e n e r a t e d by p a s s i n g a gas t h r o u g h a dc a r c w e r e 
e x t e n s i v e l y u s e d in e a r l y i n v e s t i g a t i o n s on s p h e r o i d i z a t i o n of c a r b i d e 
p a r t i c l e s . S t u r g e and Smyth ' ^ i n v e s t i g a t e d the s p h e r o i d i z a t i o n of (U,Th)C2 
wi th a 20 -kW d c - a r c a r g o n p l a s m a j e t . F o r 500- / im a g g l o m e r a t e s fed a t 
0.2 k g / h r , s p h e r o i d i z a t i o n was b e t t e r t h a n 99%. T h r o u g h p u t s g r e a t e r t h a n 
0,2 k g / h r t ended to p r o d u c e o v o i d s . F o r 2 5 0 - to 353-jUm a g g l o m e r a t e s of 
U Z r C wi th 24~kW input dc , s p h e r o i d i z a t i o n r a t e s of 0.2 k g / h r w e r e r e p o r t e d 
by J a c q u e s and Sturge .^^ B i l d s t e i n ^ ' r e p o r t e d an i n v e s t i g a t i o n u s i n g a d c -
a r c p l a s m a j e t in •which (U,Th)C2 and UC2 p a r t i c l e s up to 500 / im, and 
U Z r C p a r t i c l e s up to 350 / im, w e r e s p h e r o i d i z e d in one p a s s to the ex ten t 
of 98%. 

C, E x p e c t e d P e r f o r m a n c e of P l a s m a T o r c h 

F r o m the above l i t e r a t u r e r e v i e w , f a c t o r s af fec t ing the c o n v e r s i o n 
of u r a n i u m d iox ide to u r a n i u m c a r b i d e w e r e i n f e r r e d a s s u m i n g tha t ( l ) the 
y i e ld s of s p h e r o i d i z e d p a r t i c l e s d e s c r i b e d above r e p r e s e n t the quant i ty of 
h e a t t r a n s f e r r e d f r o m a p l a s m a to p a r t i c l e s , (2) the r e a c t i o n k i n e t i c s do 
not l i m i t t he ex ten t of r e a c t i o n , and h e n c e (3) the y i e l d s i n d i c a t e the ex ten t 
of e n d o t h e r m i c r e a c t i o n to be e x p e c t e d wi th an induc t ion p l a s m a t o r c h . 
C o n v e r s i o n of u r a n i u m d iox ide to u r a n i u m c a r b i d e w a s e x p e c t e d to be 
a f fec ted by o p e r a t i n g cond i t ions in the fol lowing m a n n e r : 

1, With p o w d e r feed r a t e s of 0 . 0 6 - 0 . 3 k g / h r to a 2 5-kW induc t ion 
p l a s m a t o r c h , p r o d u c t y i e l d s shou ld be 50-70% in a s i ng l e p a s s of 100~/imi 
p a r t i c l e s , s i n c e in o t h e r i n v e s t i g a t i o n s s p h e r o i d i z a t i o n y i e ld s w e r e in th i s 
r a n g e for t h e s e o p e r a t i n g c o n d i t i o n s . 

2, T h e p r o d u c t y ie ld should i n c r e a s e wi th an i n c r e a s e d n u m b e r of 
p a s s e s t h r o u g h the p l a s m a t o r c h . 

3 , Yie ld shou ld i n c r e a s e if a d i a t o m i c gas s u c h as h y d r o g e n is 
added to the p l a s m a g a s . 



4. Yie lds should be h i g h e r wi th a so l id s feed n o z z l e tha t g ives 
l a m i n a r flow of the powde r than with o t h e r t y p e s of n o z z l e s . 

5. P r o d u c t s p h e r e s should have n e a r - t h e o r e t i c a l d e n s i t y . 

6. T o r c h o p e r a t i o n in an a l p h a - t i g h t e n c l o s u r e should be f e a s i b l e . 

IV. E Q U I P M E N T AND O P E R A T I N G P R O C E D U R E 

A. E q u i p m e n t 

T h e e q u i p m e n t for s tudy of the c o n v e r s i o n of u r a n i u m d ioxide to 
u r a n i u m c a r b i d e c o n s i s t s of an induc t ion p l a s m a t o r c h , an rf p o w e r supp ly , 
a w a t e r - c o o l e d r e a c t i o n c h a m b e r , a p r o d u c t r e c e i v e r a s s e m b l y , a p o w d e r 
f e e d e r , a gas supply s y s t e m , and a s s o c i a t e d i n s t r u m e n t a t i o n . A s c h e m a t i c 
d i a g r a m of the p l a s m a - t o r c h i n s t a l l a t i o n i s shown in F i g . 2 . 
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Fig. 2. Installation of Plasma Torch for Studying Conversion 
of Uranium Dioxide to Uranium Carbide 

T h e i n d u c t i o n p l a s m a t o r c h i s h e l d o n a q u a r t z p l a t e i n s u l a t o r o n 
t h e t o p f l a n g e of t h e w a t e r - c o o l e d r e a c t i o n c h a m b e r ( s e e F i g . 3 ) . T h e 
p l a s m a t o r c h ( T A F A * M o d e l 56) c o n s i s t s of a 1 . 5 - i n . - I D q u a r t z t u b e s u r 
r o u n d e d b y a n i n d u c t i o n c o i l i m m e r s e d i n c o o l i n g w a t e r . A b o u t 3 i n . of 
t h e t u b e l e n g t h i s c o v e r e d b y t h e i n d u c t i o n c o i l ; a p l a s t i c c a s i n g e n c l o s i n g 
t h e t u b e a n d c o i l s i s s u p p l i e d w i t h c o o l i n g w a t e r by p a s s a g e s t h a t a l s o c a r r y 
t h e r f p o w e r l e a d s . T h e t o r c h i s d e s i g n e d s o t h a t p l a s m a g e n e r a t i o n o c c u r s 
o n l y w i t h i n t h e w a t e r - c o o l e d q u a r t z t u b e . T h e rf c o i l i s e n e r g i z e d by a 
L e p e l M o d e l T - 2 5 v a c u u m - t u b e h i g h - f r e q u e n c y g e n e r a t o r r a t e d f o r 2 5 k W . * * 

TAFA Division, Humphreys Corporation, Concord, N. H. 
**Lepel High Frequency Laboratories, Inc., Queens, N. Y. 



T h e p o w e r is d e l i v e r e d to the t o r c h at a f r equency of 4 MHz. Addi t iona l 
d e t a i l s on the d e s i g n of the t o r c h m a y be found in t h e m a n u f a c t u r e r ' s 
l i t e r a t u r e . ° T h e b a s i c p r i n c i p l e s of rf p l a s m a f o r m a t i o n a r e d i s c u s s e d in 
d e t a i l by B a d d o u r and T i m m i n s , ^ ^ 

Double Flange / Thermocouple 
Quartz Plate Insulator 

Fig. 3. Plasma Torch Mounted on Top Flange of Reaction Chamber. ANL Neg. No. 308-2115. 

T h e p l a s m a g a s , a r g o n (or h y d r o g e n - a r g o n m i x t u r e ) , is fed in a 
c o n t r o l l e d p a t t e r n to the q u a r t z tube t h r o u g h i n l e t s l o c a t e d in the g a s -
i n j e c t o r r e t a i n e r a t the top of the tube . T h e gas m a y be i n t r o d u c e d r a d i a l l y , 
t a n g e n t i a l l y , o r ax ia l ly into the tube to e s t a b l i s h the d e s i r e d flow p a t t e r n . 
A r g o n and h y d r o g e n a r e supp l i ed f r o m a c y l i n d e r man i fo ld at the d e s i r e d 
flow r a t e s . C o n t r o l s p r e v e n t s t a r t u p of the t o r c h wi thou t a d e q u a t e flow of 
the g a s e s . The flow r a t e s a r e m e t e r e d with r o t a m e t e r s . 

T h e a g g l o m e r a t e d u r a n i u m d i o x i d e - g r a p h i t e powde r is fed to the 
p l a s m a t o r c h by a Mode l 104 p o w e r f e e d e r supp l i ed by T A F A . The p o w d e r 
f e e d e r o p e r a t e s on a v i b r a t i n g feed p r i n c i p l e . Up to 0.5 kg of p o w d e r i s 
l oaded in to a bowl, and the v i b r a t i o n i n t e n s i t y of the bowl i s c o n t r o l l e d wi th 
a r h e o s t a t . T h e p o w d e r d r o p s into a c o l l e c t i n g tube and is t r a n s p o r t e d by 



the c a r r i e r gas (a rgon) to the p l a s m a t o r c h . T h e a g g l o m e r a t e s a r e fed in to 
the f l ame d o w n s t r e a m f r o m the p l a s m a - g e n e r a t i o n zone . T h e p o w d e r in l e t 
i s l o c a t e d in the n o z z l e a t the b o t t o m of t h e p l a s m a c o n t a i n m e n t (qua r t z ) 
t u b e . 

A b r a s s double f lange ho lds the t o r c h and the q u a r t z p l a t e i n s u l a t o r 
tha t s u p p o r t s the t o r c h . The m a x i m u m p e r m i s s i b l e o p e r a t i n g t e m p e r a t u r e 
for the b r a s s double f lange is 400°C. The q u a r t z p l a t e * (0.75 in . t h i c k wi th 
a 4 .625 in . ID and a 10 in. OD), in add i t ion to s u p p o r t i n g t h e t o r c h , s e r v e s 
as a t h e r m a l and e l e c t r i c a l i n s u l a t o r b e t w e e n the p l a s m a t o r c h and the top 
f lange of the w a t e r - c o o l e d r e a c t i o n c h a m b e r . F o u r t h e r m o c o u p l e s a r e 
affixed on the t op f l ange . T e m p e r a t u r e r e c o r d s ob ta ined with the four 
t h e r m o c o u p l e s a r e u s e d as an index of t h e r m a l e q u i l i b r i u m a t t a i n e d in the 
r e a c t i o n c h a m b e r . 

T h e r e a c t i o n c h a m b e r i s a 2 8 - i n . - I D s p h e r i c a l s e c t i o n , m o u n t e d on 
the top of an 1 8 - i n . - I D , 4 0 - i n . - d e e p c y l i n d r o c o n i c a l s e c t i o n ( s ee F i g . 2). 
The e n t i r e r e a c t i o n c h a m b e r i s m a d e of T y p e 304 s t a i n l e s s s t e e l . The two 
s e c t i o n s of the r e a c t i o n c h a m b e r a r e d o u b l e - w a l l e d wi th cool ing w a t e r 
flowing t h r o u g h the annu lus b e t w e e n the two w a l l s . The c o o l i n g - w a t e r flow 
r a t e s for the two s e c t i o n s a r e c o n t r o l l e d and m e t e r e d i n d e p e n d e n t l y of e a c h 
o t h e r . 

A m u l l i t e gu ide tube (5.6 in . ID, 6.1 in . OD, 27 in . long) is c e n t r a l l y 
l o c a t e d be low the t o r c h to con ta in the t a i l f l a m e and to d i r e c t t he p a r t i c l e s 
into the p r o d u c t r e c e i v e r . T h e c h a m b e r p r e s s u r e i s r e c o r d e d by a p r e s s u r e 
t r a n s m i t t e r and r e c o r d e r a s s e m b l y . T h e induc t ion p l a s m a t o r c h r e a c t o r 
a s s e m b l y is shown in F i g . 4. The r e a c t o r a s s e m b l y is l o c a t e d i n s i d e a 
v e n t i l a t e d hood. The v e n t i l a t i o n - a i r flow r a t e t h r o u g h the hood is about 
1500 cfm. 

T h e p r o d u c t r e c e i v e r a s s e m b l y ( s ee F i g . 5) c o n s i s t s of a p r i m a r y 
r e c e i v e r (4 in . ID and 7.5 in . high) for the p r o d u c t , a s e c o n d a r y r e c e i v e r 
con ta in ing a b a y o n e t - t y p e s i n t e r e d - n i c k e l f i l t e r (1.75 in. wide , 6 in . long) , 
and a b y p a s s l i n e tha t con t a in s a n i c k e l - w o o l f i l t e r . T h i s type of p r o d u c t 
r e c e i v e r a s s e m b l y is d e s i g n e d to s e p a r a t e the s o l i d s f r o m the gas s t r e a m 
whi le s t e ady flow p a t t e r n s and p r e s s u r e a r e m a i n t a i n e d i n s i d e the p l a s m a 
t o r c h . The l a r g e p a r t i c l e s (the m a j o r f r a c t i o n of the so l i d s ) a r e s e p a r a t e d 
f r o m the gas s t r e a m in the p r i m a r y r e c e i v e r . The fine p a r t i c l e s e n t r a i n e d 
in the gas s t r e a m a r e r e t a i n e d on the s i n t e r e d - n i c k e l f i l t e r in the s e c o n d a r y 
r e c e i v e r . If the p r e s s u r e in the r e a c t i o n c h a m b e r t ends to bui ld up r a p i d l y , 
the b y p a s s l ine con ta in ing the n i c k e l - w o o l f i l t e r can be opened to e x h a u s t 
the g a s e s and r e l i e v e the p r e s s u r e . The of f -gas (con ta in ing the g a s e o u s 
r e a c t i o n p r o d u c t , CO) i s e x h a u s t e d f r o m the p r o d u c t r e c e i v e r a s s e m b l y by 
two D u o - S e a l v a c u u m p u m p s ( f r e e - a i r p u m p i n g r a t e s of 800 and 3 00 ft / h r ) 
o p e r a t i n g in p a r a l l e l . 

'Manufactured by the Amersil Corp.; cut, polished, and examined under polarized light by Optical Shops 
(Central Shops, ANL). 
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B , O p e r a t i n g P r o c e d u r e 

T h e o p e r a t i n g p r o c e d u r e i n c l u d e s ( l ) m a k i n g c o m p o s i t e p a r t i c l e s of 
u r a n i u m d i o x i d e a n d g r a p h i t e , (2) p a s s i n g t h e m t h r o u g h a n d c o c u r r e n t l y w i t h 
t h e p l a s m a f l a m e of t h e i n d u c t i o n p l a s m a t o r c h , (3) c o l l e c t i n g t h e c a r b i d e 
p r o d u c t i n a r e c e i v e r a t t h e b o t t o m of t h e r e a c t o r , a n d (4) s a m p l i n g t h e 
s o l i d p r o d u c t f o r s u b s e q u e n t a n a l y s i s t o d e t e r m i n e t h e e x t e n t of c o n v e r s i o n 
of t h e o x i d e t o c a r b i d e . 

UO2 p o w d e r * ( 0 . 5 - 1 / i m ) , g r a p h i t e p o w d e r * * (~3 jim), a n d a s m a l l 
a m o u n t of p o l y v i n y l a l c o h o l b i n d e r + a r e d r y - m i x e d i n a P a t t e r s o n - K e l l y 
t w i n - s h e l l b l e n d e r f o r a t l e a s t 16 h r . D i s t i l l e d w a t e r i s a d d e d i n c r e m e n t a l l y 
t o t h e t u m b l i n g m i x t u r e i n t h e b l e n d e r u n t i l s m a l l a g g l o m e r a t e s a r e f o r m e d . 
T u m b l i n g i s c o n t i n u e d u n t i l t h e s i z e of t h e a g g l o m e r a t e s i n c r e a s e s t o t h e 
d e s i r e d v a l u e . T h e a g g l o m e r a t e s a r e d r i e d a t 50°C f o r a t l e a s t 16 h r a n d 
s e p a r a t e d b y s i e v i n g . T h e r e s u l t i n g p a r t i c l e s (107 / i m ) h a v e a b u l k d e n s i t y 
of a b o u t 2 . 8 g / m l a n d a p a r t i c l e d e n s i t y of a b o u t 4 . 6 g / m l . T h e m e t h o d of 
p r e p a r i n g t h e c o n a p o s i t e p a r t i c l e s of u r a n i u m d i o x i d e a n d g r a p h i t e i s a d a p t e d 
f r o m t h a t r e p o r t e d b y S t r a u s b e r g . ' ' T h e p o l y v i n y l a l c o h o l i s r e p o r t e d b y 
S t r a u s b e r g t o c o n t r i b u t e 10% of i t s i n i t i a l w e i g h t a s c a r b o n , w h i c h i s a v a i l 
a b l e a s a r e a c t a n t ; t h e r e m a i n d e r of t h i s c o m p o u n d i s v o l a t i l i z e d d u r i n g t h e 
r e a c t i o n . 

T h e p o w d e r f e e d e r i s l o a d e d w i t h a s p e c i f i e d q u a n t i t y (up t o 0 .5 kg ) 
of t h e U 0 2 - c a r b o n a g g l o m e r a t e s of s p e c i f i e d s t o i c h i o m e t r y a n d s i z e . T o 
d i s p l a c e t h e a m b i e n t a i r c o m p l e t e l y f r o m t h e p o w d e r f e e d e r , t h e r e a c t i o n 
c h a m b e r , a n d t h e p r o d u c t r e c e i v e r a s s e m b l y ( s e e F i g s . 4 a n d 5) , t h e y a r e 
e v a c u a t e d ( to 70 / i m Hg) a n d f i l l e d w i t h a r g o n , c y c l i c a l l y s i x t i m e s . 

T h e d e s i r e d f l o w r a t e s f o r p l a s m a g a s a n d c o o l i n g w a t e r ( to t h e t o r c h 
a n d to t h e r e a c t i o n c h a m b e r ) a r e e s t a b l i s h e d . T h e rf c o i l i s e n e r g i z e d a n d 
t h e i n p u t c u r r e n t i s i n c r e a s e d i n c r e m e n t a l l y u n t i l t h e t o r c h i s l i t a t a b o u t 
8 k W . T h e g a s f low r a t e s a n d t h e i n p u t c u r r e n t a r e t h e n i n c r e a s e d t o p r e 
d e t e r m i n e d v a l u e s . T h e t e m p e r a t u r e of t h e t o p f l a n g e of t h e w a t e r - c o o l e d 
r e a c t i o n c h a m b e r g r a d u a l l y i n c r e a s e s , s t a r t i n g w h e n t h e t o r c h i s l i g h t e d , 
a n d r e a c h e s a s t e a d y v a l u e ( a b o u t 85°C) i n 1 h r , w h e n t h e a p p a r a t u s h a s 
r e a c h e d t h e r m a l a n d e l e c t r i c a l e q u i l i b r i u n n . 

A f t e r t h e i n d u c t i o n p l a s m a t o r c h r e a c t o r a t t a i n s e l e c t r i c a l a n d 
t h e r m a l e q u i l i b r i u m , p o w d e r f e e d i n g i s s t a r t e d a n d c o n t i n u e d f o r t h e p r e 
d e t e r m i n e d f e e d p e r i o d . T h e n t h e t o r c h i s t u r n e d off b y r e d u c i n g t h e i n p u t 
c u r r e n t t o z e r o , a n d t h e p r o d u c t r e c e i v e r s a r e i s o l a t e d . A f t e r p o w e r i s 
c u t off, g a s a n d w a t e r f l o w s a r e c o n t i n u e d f o r a f e w h o u r s t o c o o l t h e 
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induc t ion p l a s m a t o r c h r e a c t o r . T h e p r o c e d u r e s ou t l ined in the T A F A i n 
s t r u c t i o n m a n u a l for p r e v e n t i n g p o s s i b l e h a z a r d s a r e fol lowed whi l e the 
p l a s m a t o r c h i s be ing o p e r a t e d . 

T h e i s o l a t e d p r o d u c t r e c e i v e r s a r e t r a n s f e r r e d to a g lovebox hav ing 
a h e l i u m a t m o s p h e r e to avoid e x p o s u r e of the so l id p r o d u c t to oxygen in 
the a m b i e n t a i r and to p r e v e n t p o s s i b l e ox ida t ion . T h e p r o d u c t is s a m p l e d 
for i den t i f i c a t i on of i t s c o m p o n e n t s by X - r a y d i f f r ac t ion a n a l y s i s and for the 
d e t e r m i n a t i o n of f r e e c a r b o n , t o t a l c a r b o n , and oxygen c o n t e n t s . 

V. R E S U L T S AND DISCUSSION 

T h i r t y - e i g h t r u n s w e r e m a d e in the c u r r e n t e x p l o r a t o r y s tudy on the 
c o n v e r s i o n of u r a n i u m d iox ide to u r a n i u m c a r b i d e in an induc t ion p l a s m a 
t o r c h r e a c t o r . T h e i n i t i a l 21 s p h e r o i d i z a t i o n r u n s ( d i s c u s s e d in Append ix A) 
w e r e m a d e to d e t e r m i n e the o p e r a t i n g c h a r a c t e r i s t i c s of the p l a s m a t o r c h . 
G r a n u l a r a l u m i n a w a s u s e d as the so l id feed in the i n i t i a l 21 r u n s b e c a u s e 
of e a s e in r e a c t o r o p e r a t i o n with a l u m i n a feed. A g g l o m e r a t e s of UO2 and 
g r a p h i t e p o w d e r w e r e u s e d as the so l id feed in the r enaa in ing 17 r u n s . T h e 
d e t a i l e d o p e r a t i n g cond i t ions and d a t a for a l l 38 r u n s a r e t a b u l a t e d in 
A p p e n d i x e s A and B . 

T h e r a n g e s of o p e r a t i n g cond i t ions t e s t e d for the c o n v e r s i o n of 
u r a n i u m d i o x i d e - g r a p h i t e a g g l o m e r a t e s to u r a n i u m c a r b i d e a r e g iven in 
T a b l e I. T h e s e r a n g e s of o p e r a t i n g cond i t ions w e r e s e l e c t e d b a s e d on the 
r e s u l t s of t h e i n i t i a l r u n s . F o r m a t i o n of c a r b i d e s p h e r e s , u t i l i z a t i o n of 
c a r b o n in c h e m i c a l r e a c t i o n s , p r o d u c t i o n r a t e s of c a r b i d e s , i den t i f i ca t i on 
o f ' g a s e o u s and so l id p r o d u c t s , and p r o c e s s s c a l e - u p c o n s i d e r a t i o n s a r e 
d i s c u s s e d be low. 

T A B L E I. R a n g e s of Cond i t ions T e s t e d for 
C o n v e r s i o n of U r a n i u m D i o x i d e - G r a p h i t e A g g l o m e r a t e s 
to U r a n i u m C a r b i d e in Induc t ion P l a s m a T o r c h R e a c t o r 

C / u atona r a t i o in the feed 
P a r t i c l e s i z e of the feed a g g l o m e r a t e s , / im 
F e e d r a t e , k g / h r 
F e e d d u r a t i o n , m i n 
P o w e r input to the o s c i l l a t o r , kW 
P l a s n a a gas flow r a t e , scfh 
C o n c e n t r a t i o n of h y d r o g e n in p l a s m a gas 
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A . F o r m a t i o n of C a r b i d e S p h e r e s 

S o m e s p h e r i c a l , s h i n y ( w i t h m e t a l l i c l u s t e r ) b l a c k p a r t i c l e s of 
2 5 - 5 0 / im w e r e o b s e r v e d i n p r o d u c t s a m p l e s . T y p i c a l u r a n i u m c a r b i d e 
s p h e r e s p r o d u c e d i n t h e i n d u c t i o n p l a s m a t o r c h r e a c t o r a r e s h o w n i n 
F i g . 6 . T h e s e s p h e r e s a p p a r e n t l y a r e v e r y d e n s e . 

Fig. 6. Typical Uranium Carbide Spheres Produced in 
Induction Plasma Torch Reactor. Mag. 500X. 

A b o u t 2 0 % of t h e p r o d u c t p a r t i c l e s w e r e s p h e r e s . T h e r e m a i n d e r of 
t h e p a r t i c l e s h a d s h a p e s s i m i l a r t o t h o s e i n t h e f e e d , w i t h s o m e r o u n d i n g off 
of s h a r p c o r n e r s . F i g u r e 7 s h o w s t h e u r a n i u m d i o x i d e a n d g r a p h i t e a g g l o m 
e r a t e f e e d p o w d e r a n d t h e c a r b i d e p r o d u c t of R u n 1 8 . T h e p r o d u c t i s t y p i c a l 
of t h a t o b t a i n e d i n o n e p a s s of t h e a g g l o m e r a t e s t h r o u g h t h e i n d u c t i o n p l a s m a 
t o r c h . F i g u r e 6 i s a m a g n i f i e d v i e w of t h e s p h e r e s a t t h e c e n t e r of F i g , 7 b . 

T h e a v e r a g e p a r t i c l e s i z e w a s l o w e r f o r t h e p r o d u c t t h a n f o r t h e 
f e e d b e c a u s e ( l ) r e a c t i o n a n d s p h e r o i d i z a t i o n h a d o c c u r r e d , (2) d e n s i f i c a t i o n 
a c c o m p a n i e d s i n t e r i n g of t h e p a r t i c l e s , a n d (3) b r e a k a g e a c c o m p a n i e d t h e 
r a p i d e v o l u t i o n of g a s e o u s p r o d u c t ( C O ) . M e t h o d s a r e c o m m e r c i a l l y a v a i l 
a b l e f o r s e p a r a t i n g s p h e r e s f r o m n o n s p h e r e s . H e n c e , i n t h e p r e s e n t e x 
p l o r a t o r y s t u d y , n o a t t e m p t w a s m a d e t o d e m o n s t r a t e t h e f e a s i b i l i t y of 
s e p a r a t i n g c a r b i d e s p h e r e s f r o m n o n s p h e r e s i n t h e p r o d u c t . 

T h e o p e r a t i n g c o n d i t i o n s a n d t h e c h a r a c t e r i s t i c s of t h e i n d u c t i o n 
p l a s m a t o r c h s y s t e m i n f l u e n c e t h e d e g r e e of s p h e r o i d i z a t i o n a n d t h e p e r 
c e n t a g e of c a r b i d e s p h e r e s in t h e s o l i d p r o d u c t . D e t e r m i n a t i o n of t h e e f f e c t s 
of t h e s e f a c t o r s o n t h e y i e l d of c a r b i d e s p h e r e s w a s b e y o n d t h e s c o p e of 
t h e p r e s e n t s t u d y . 



;•?•,.-

a. Uranium Dioxide and Graphite Agglomerates. Mag. 200X. 
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b. Carbide Product after One Pass of the Agglomerates 
through the Induction Plasma Torch. Mag. 200X. 

Fig. 7. Typical Uranium Dioxide-Graphite Agglomerates and Carbide Product (Run 18) 

B . U t i l i z a t i o n of C a r b o n in C h e m i c a l R e a c t i o n and P r o d u c t i o n R a t e s of 
C a r b i d e 

C o m p o s i t e p a r t i c l e s of UO2 and c a r b o n a t r o o m t e m p e r a t u r e a r e fed 
to the p l a snaa f l a m e , which is po in ted d o w n w a r d i n s i d e the induc t ion p l a s m a 



torch r eac to r . As the par t ic les pass through the var ious t empera tu re zones 
of the p lasma flame, par t ic le heating occurs by severa l m e c h a n i s m s , in
cluding thermal conduction through the boundary layer surrounding a p a r 
t icle , radiat ion, e lec t ron bombardment , and atom recombinat ion on the 
par t ic le surface. The par t ic les falling through the hot cent ra l zone of the 
flame reach the highest t e m p e r a t u r e s , g rea te r than 2500°C (the melt ing 
point of UC); those falling through the cooler per iphera l zone of the flame 
reach lower t empe ra tu r e s . The average t empera tu re of the par t ic les in
c r e a s e s rapidly, then falls to room tempera tu re as the par t ic les a re 
quenched and collected in the product r ece ive r . 

The react ions of UO2 and carbon^^'^^ begin at 1150-1200°C, and the 
react ion ra t e s are dependent on the t empera tu re s attained by thfe composite 
pa r t i c l e s . The percentage of carbon util ized in the react ions is the m e a s u r e 
of performance of the plas3aaa torch, just as the percentage of par t ic les 
mel ted is the performance c r i t e r ion in investigations of spheroidization of 
granular m a t e r i a l s (see Section III.A.). The percentage of carbon in the feed 
converted to gaseous and solid products is de termined from the total carbon 
in the feed agglomerates and from the total carbon and free carbon in the 
solid product thus: 

(g atoms of C per g atom of U"l JUnreacted g atoms of C per g\ 
t in the feed agglomerates J l a t o m of U in the solid product / 

Utilization of carbon = 
g atom of C per g atom of Ul 
in the feed agglomerates J 

The utilization of carbon was 74-82% (see Table II). These data 
suggest that at leas t 74-82% of the pa r t i c l e s , which were at room t e m p e r 
a ture when fed into the p lasma flame, might have reached t empera tu re s 
above 1200°C. 

TABLE II. Utilization of Carbon in Chemical Reactions 

Plasma gas flow rate: 132 scfh 
Power input to oscillator: 15.9 kW 
Powder feed: Tail flame of the plasma torch 

Run 

15 
16 
17 
18 

Composition of 
Uranium Dioxide-

Carbon Agglomerate 

U, wt % C, wt % 

79.2 
79.2 
8L3 
74.7 

8.7 
8.7 
5.7 

12.1 

0, wt % 

12.1 
12.1 
13.0 
13.2 

C/U Atom 
Ratio in 
the Feed 

2.2 
2.2 
1.4 
3.2 

Nominal 
Feed Rate 

of Agglomerates, 
kg/hr 

0.9 
0.9 
0.9 
0.06 

Duration of 
Feeding, min 

10 
10 
60 
60 

Average 
Particle 
Size of 

Agglomerates, 
pm 

107 
107 
107 
58 

Utilization 
of Carbon, 
% carbon 
in feed 

82 
82 
80 
74 

The values of carbon util ization achieved in the cu r ren t work a re 
slightly higher than the percentages of par t ic les mel ted (50-70%) by m a k 
ing a single pass of granular m a t e r i a l s through a 25-kW induction p lasma 
torch at other s i tes (see Section III.A.). Resul ts for the runs with agglom
era tes may also be compared with those from the initial runs of the cu r r en t 



work, in which granular alumina was fed into the p lasma zone and 89% of 
the alumina granules mel ted under operating conditions somewhat s imi la r 
to conditions for runs with agg lomera tes . The carbon-containing agglom
era tes have less favorable einissivi ty and the rmal conductivity compared 
to alumina granules , and the carbon-containing agglomera tes a re more 
difficult to heat than alumina g ranu les . Hence, the value of uti l ization of 
carbon repor ted above appears to be the max imum l imit for this sys tem 
with par t ic le injection into the tail flame of the p lasma torch . These r e 
sults indicate that to attain complete conversion of the oxide to the carb ide , 
ei ther the solid product from the torch has to be passed through a second 
torch or (if only one torch is available) the product has to be recycled . 

The carbon uti l ization was a lmos t constant (within exper imenta l 
e r r o r ) although the solid feed conditions were v a r i e d - - i . e . , the solid feed 
ra te was var ied between 0.06 and 0.9 kg /h r , the average par t ic le size 
between 58 and 107 /im, and the C / u atom rat io in the feed between 1.4 
and 3.2 (see Table II). S imilar ly , in the initial s e r i e s of runs with alumina, 
the percentage of par t ic les converted to spheres was a lmost constant a l 
though the powder feed ra te was var ied between 0.6 and 1.2 k g / h r . Appar 
ently, feed r a t e s for u ran ium dioxide-graphi te agg lomera tes higher than 
0.9 kg /hr or 0.12 Ib/kWh would not reduce uti l ization of the r eac t an t s , and 
the upper l imit for feed r a t e s (where the solids s t a r t to cool the p lasma 
flame) was not reached in the cu r r en t runs . 

Operating conditions for the cu r r en t runs included low-enthalpy 
argon-3 .2 vol % hydrogen p lasma flame, at low power inputs (15.9 kW) to 
the osc i l l a to r . To opera te the torch with high-enthalpy p lasma f lame, it 
may be neces sa ry to instal l a p lasma containment tube protected by a 
meta l shield in place of the quartz tube. With this modification, higher 
overa l l carbide production ra t e s may be obtained than with the p resen t 
equipment. Another modification suggested is an improved design of 
sol ids- inject ion or i f ices to effect higher solids introduction r a t e s than in 
the cu r ren t study, which may resu l t in higher carbide production r a t e s . 
Pe r fo rmance of equipment components is d i scussed in Appendix C. 

On the bas i s of c u r r e n t r e s u l t s , carbide production r a t e s of at l eas t 
0.12 Ib/kWh can be expected, if it is assumed that the potential for higher 
feed r a t e s and m o r e efficient operat ion re la ted to the use of a meta l -wal led 
p lasma containment tube is offset by the need for seve ra l pas ses for com
plete conversion. This production ra te can be compared with that (0.18 lb 
of UC per kWh) achieved by Gibson and Weidman,'''* who used an anode of 
UO2 and carbon forming a d c - a r c p lasma. 

C. Identification of Gaseous and Solid Products 

Information on gaseous and solid products of the react ion between 
UO2 and carbon at the high t empe ra tu r e s (about 2500°C) attained by p a r 
t ic les in the induction p lasma torch is useful for p roces s design and 



sca le -up considerat ions . The gaseous product was identified from the r e 
sults of analyses of the solid product for uranium, carbon, and oxygen. 
Solid products were identified by X-ray diffraction analysis . 

The rat io of dec rease s in carbon and oxygen upon conversion of the 
feed to product (g-atoms of carbon dec rease per g-a tom of u r an ium/g -a toms 
of oxygen dec rease per g-atom of uranium) was ~1.0 for Runs 15, 16, and 18. 
This value for the ratio indicates that the gaseous product of the react ion 
between UO2 and graphite in an argon-3.2 vol % hydrogen p lasma flame is CO. 

X- ray diffraction analysis of the sol id-product samples indicates 
that uranium monocarbide and a lpha-uranium dicarbide were presen t , along 
with unreacted uranium dioxide (see Table VI la ter for detailed resu l t s ) . 
Poss ibly , alpha-UC2 was produced in the hot zone of the p lasma flame, 
and quenching of the product par t ic les in the react ion chamber prevented 
its decomposition to UC and C.^ The following react ions probably occurred: 

UO2 + 3C - UC + 2CO; (l) 

UO2 + 4C ^ alpha-UC2 + 2CO. (2) 

Almost identical X-ray diffraction pat terns resul ted for product 
samples from Runs 16 and 18. In these runs , agglomera tes with different 
carbon contents (8.7 and 12.1 wt % carbon) were fed to the p lasma torch at 
ra tes 0.9 and O.O6 kg /h r , respect ive ly . The resu l t s suggest that the r e l a 
tive r a t e s of monocarbide and dicarbide formation a re independent of feed 
composition, feed ra te , and feed par t ic le size (in the range of 58-107 /ina). 
The extent of conversion of uranium dioxide to u ran ium carbides appears 
to be governed by the t empera tu re level attained by the individual pa r t i c l e s . 

In a final purification step, the concentrat ion of the uran ium di
carbide may be lowered to the des i red level by reducing the hypers to ichio
me t r i c carbide in a hydrogen atmosphere^^ or by converting the dicarbide 
to monocarbide by react ion with uran ium dioxide.^ The p resence of la rge 
amounts of the dicarbide along with the naonocarbide may be undesi rable in 
a fuel for a sodium-cooled reac tor , because the hypers to ich iometr ic carbide 
is decarbur ized by the s ta in less s teel cladding, and the fuel- to-cladding 
sodium bond facil i tates decarburization.^' ' ' 

D. P r o c e s s Scale-up Considerat ions 

In the induction p lasma torch method, since the solids and gas a r e 
continuously moving as a dilute suspension at very high veloci t ies , solids 
do not build up in any port ion of the equipment and l a r g e - s c a l e equipment 
can be designed to be cr i t ical ly safe. 



The design cha rac t e r i s t i c s and operating conditions of the induction 
p lasma torch sys tem influence the conversion of oxide to carbide as well 
as the percentage of carbide spheres in the solid product; probably, yields 
of carbide spheres will be higher in large units than in smal l uni t s . P r o 
duction ra tes of at leas t 0.12 Ib/kWh can probably be achieved with m o r e 
efficient, l a rge r p lasma torches than the one used in the p resen t study. 
A discussion of the economics of plasnaa torch operat ion by Dundas and 
Thorpe indicates that a l a r g e - s c a l e unit may possibly be operated 
economically. 



A P P E N D I X A 

P r e l i m i n a r y Runs Us ing G r a n u l a r A l u m i n a 

In a s e r i e s of p r e l i m i n a r y r u n s , g r a n u l a r a l u m i n a (44-149 /im) w a s 
fed to the induc t ion p l a s m a t o r c h to d e t e r n a i n e the o p e r a t i n g c h a r a c t e r i s t i c s 
of the p l a s m a t o r c h f r o m i t s ab i l i ty to s p h e r o i d i z e a l u m i n a p a r t i c l e s . T h e 
g r a n u l a r a l u m i n a was u s e d as a s t a n d - i n for c o m p o s i t e p a r t i c l e s of u r a n i u m 
dioxide and g r a p h i t e . 

T h e independen t v a r i a b l e s i n v e s t i g a t e d in t h e s e p r e l i m i n a r y r u n s 
inc luded a l u m i n a feed r a t e , p o w e r input to the o s c i l l a t o r , gas c o m p o s i t i o n , 
and gas flow r a t e . T h e o p e r a t i n g cond i t ions and r e s u l t s for 21 r u n s wi th 
g r a n u l a r a l u m i n a a r e l i s t e d in T a b l e III. G r a n u l a r a l u m i n a w a s i n t r o d u c e d 
frona the top of the q u a r t z tube in to the p l a s m a zone in a l l r u n s excep t 
Run I B - 4 , in which a l u m i n a was i n t r o d u c e d 1 in. d e e p e r in to the p l a s m a zone . 
T y p i c a l g r a n u l a r a l u m i n a and t y p i c a l a lunaina a f t e r one p a s s t h r o u g h the 
induc t ion p l a s m a t o r c h in Run I IC-3 a r e shown in F i g . 8. 

A l u m i n a feed r a t e s b e t w e e n 0.6 and 1.2 k g / h r had l i t t l e effect on 
the p e r c e n t a g e of m e l t e d p a r t i c l e s (e .g . , c o m p a r e the p e r c e n t m e l t e d for 
Runs I IA-2 and I IA-3 o r for Runs I IA-1 and I B - l ) , i nd i ca t ing tha t m u c h 
h i g h e r feed r a t e s m a y be p r a c t i c a l and tha t t h e u p p e r l i m i t for feed r a t e s 
of so l i d s (whe re the so l ids s t a r t to cool the p l a s m a f lame) had not b e e n 
r e a c h e d . When p o w e r input to the o s c i l l a t o r w a s i n c r e a s e d f r o m 13.5 to 
21 kW whi le the o t h e r o p e r a t i n g cond i t ions w e r e m a i n t a i n e d cons t an t , the 
p e r c e n t a g e of a l u m i n a p a r t i c l e s m e l t e d i n c r e a s e d f r o m 13 in Run I IA-1 to 
57 in Run IIA-2 and 49 in Run I IA-2R. 

TABLE ML Operating Conditions and Results of Preliminary Plasma Torch Runs with Granular Alumina 

Run 

IA-1 
IA-2 
IA-3 
IB- l 
IB-2 
IB-2R 
IB-3 
IB-4C 

IIA-1 
IIA-2 
IIA-2R 
ilA-3 
IIB-ltl 
IIB-2tl 
IIC-1 
llC-2 
IIC-3 
l l l - l 
III-2 
III-3 
III-4 

Power 
Input to 

Oscillator, 
kW 

13.0 
12.9 
13.1 
14.0 
13.3 
13.3 
14.0 
13.2 
13.5 
21.0 
210 
2L0 
13.0 
2L0 
14.2 
15.2 
14.3 
13.0 
13.0 
13.0 
13.0 

Alumina 
Feed Rate,3 

kg/hr 

0.6 
0.6 
0.6 
0,6 
0.6 
0.6 
0.6 
0.6 
126 
1.26 
1.26 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 

Axial 
Nozzle 

74 

59 

Feed Rate of Gas, scfh, 

Tangential 
Nozzle B 

59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 
59 

Tangential 
Nozzle C 

74 

through 

Radial 
Nozzle 

74 
74 
74 
74 
74 
74 
74 
74 
74 
74 
74 
74 
74 
74 
74 
74 
74 
93 

74 
74 

Alumina 
Feeder 

6.8 
6.5 
6.5 
6.5 
6.5 
6.5 
8.8 
6.5 
6.5 
6.5 
65 
6.5 
6.5 
6.5 
6.5 
6.5 
65 
6.5 
6.5 
6.5 
6.5 

Plasma Gas Composition, 
vol % 

Argon 

100 

m 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
96 
92 
96 

100 
100 
100 
100 

Nitrogen Hydrogen 

4 
8 

4 

Reaction 
Chamber 

Pressure,!' 

psig 

-6.4 
-5.4 
-5.4 
-5.6 
-2.5 
-0.5 
-5.6 
-5.4 
-5.6 
-5.6 
-5.6 
-5.4 
-5.4 
-5.6 
-6.4 
-6.4 
-3.4 
-4.9 
-49 
-49 
-4.9 

Percent 
of Alumina 

Particles 
Melted 

21 
3 
3 

16 
15 
52 
15 
1 

13 
57 
49 
51 
1 
2 

21 
29 
89 
23 
42 
7 

27 

^Duration of alumina feed for each run was 3 min. 
bReaction chamber contained air. 
•-The powder injection point was 1 in. below the normal location. 
''Red granular alumina was fed in these two runs, whereas white granular alumina was fed in all other runs. 
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a. Granular Alumina Feed. Mag. 200X. 

b. Spheroidized Alumina after One Pass through 
the Induction Plasma Torch. Mag. 200X. 

Fig. 8. Typical Granular and Spheroidized Alumina (Run IIC-3) 

T h e e f f e c t of g a s c o m p o s i t i o n o n s p h e r o i d i z a t i o n of a l u m i n a i s s h 
i n T a b l e I V . T h e p e r c e n t a g e of m e l t e d p a r t i c l e s i n c r e a s e d f r o m 16 f o r 
p u r e a r g o n p l a s m a ( R u n I B - l ) t o 21 f o r 4 v o l % n i t r o g e n - a r g o n p l a s m a 
( R u n I I C - 1 ) , a n d 89 f o r 4 v o l % h y d r o g e n - a r g o n p l a s m a ( R u n I I C - 3 ) . 



Spheroidization was fairly uniform for all s izes of the par t ic les (53-137jUm 
with the hydrogen-argon p lasma. With the other two types of p lasma, a 
l a rge r percentage of the sma l l e r par t ic les melted. 

TABLE IV. Effect of Dia tomic Gas in Argon P l a s m a 
on Spheroidizat ion of G r a n u l a r Alumina 

Solid feed ra t e : 10 g /min 

R u n 

IB-1 

I IC- l 

l ie -3 

Diatomic Gas 
Concent 

in 

G a s 

-

N2 

Hz 

A r 
ra t ion 
gon 

Vol % 

-

4 

4 

137 |Um 

0 

0 

90 

l l S j U m 

0 

2 

90 

P a r t i c l e s Melted, % 

96.5 ^m 75 ^ m 

2 

50 

100 

33 

60 

95 

53 jum 

50 

60 

90 

Total 

16 

21 

89 

Increasing the p lasma gas flow ra te from 140 scfh in Run IA-3 to 
159 scfh in Run III- l increased the percentage of alumina par t ic les melted 
from 3 to 23, but a further inc rease to 210 scfh in Run III-3 decreased the 
percentage melted to 7. Changing the gas flow pat te rns in the p lasma had 
significant effects on the percentage of melted pa r t i c l e s . Fo r a constant 
gas flow ra te , using the axial and tangential gas flow pat terns in Run III-2 
gave the highest percentage melted, 42, with the pure argon p lasma flame 
at constant power input to osci l la tor , but the flame was unstable when 
t h e r e was any significant axial flow. 



APPENDIX B 

Runs with U02-Graphite Agglomerates 

Agglomerated par t ic les of UO2 and graphi te were fed into the tail 
flame of p lasma in 1 7 runs . The operating conditions a r e l is ted in Table V, 
and the resu l t s of analyses of product samples a r e presented in Table VI. 

During the f irs t 11 runs , the react ion chamber contained air . Some 
graphite was burned. It was observed that the carbon content of the solid 
product dec reased at higher power inputs (20 kW), lower gas flow ra te s 
(132 scfh), and higher hydrogen concentrat ions in the p lasma gas (6 vol %). 
The effects of these operating conditions on low^ering the carbon content of 
the agglomera tes was analogous to their effects on the percentage of 
mel ted granular alumina pa r t i c l e s . As was expected, the oxygen content 
of the product was near ly the same as the oxygen content of the feed, indi
cating that the hot par t ic les emanating from the torch had reacted with 
a tmospher ic oxygen in the react ion chamber . 

In the final set , six runs , uranium dioxide and graphite agglomer
ates were fed into the tail flame formed from argon-3.2 vol % hydrogen 
p lasma in an i ne r t - a rgon a tmosphere . The resu l t s of the final set of runs 
were d iscussed in the main body of this repor t . 

TABLE V. Operating Conditions for the Conversion of Uranium Dioxide-Graphite Agglomerates in the Induction Plasma Torch Reactor 

Feed point for powder: Tail flame 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
14 
15 
16 
17 
18 

Power 
Input to 

Oscillator, 
kW 

15.2 
' 15.9 

15.9 
15.7 
16.8 
15.7 
15.0 
15.4 
20.0 
15.7 
15.8 
15.9 
15.9 
15.9 
15.9 
15.9 
15.9 

Duration, 
min 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

10 
10 
60 
60 

Concentra-
itnn >..̂  or. 
n u l l , 

c 

8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
8.7 
5.7 

12.1 

VVl /O 

0 

12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
12.1 
13.0 
13.2 

Average 
Particle 

Size, Mm 

107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
107 
58 

Nominal 
Feed Rate, 

kg/hr 

0.9 
0.9 
0.9 
0.6 
0.9 
0.9 
0.9 
0.9 
0.9 
1.2 
0.9 
0.9 
0.9 
0.9 
0.9 
0.9 
0.06 

Feed Rate of Gas, 

Through 
Tangential 

Nozzles 

57 
57 
57 
57 
57 
57 
55 
57 
57 
57 
57 
57 
57 
57 
57 
57 
57 

Through 
Radial 

Nozzles 

67 
67 
67 
67 
67 
67 
67 
93 
93 
67 
67 
67 
67 
67 
67 
67 
67 

scfh 

Through 
Solid 

Feeder 

8 
7 

10 
8 
8 
8 
8 
8 
8 
8 
8 

Hydrogen 
in Plasma, 

vol % 

3.2 
3.2 
3.2 
3.2 
0.0 
1.5 
6.0 
3.1 
3.0 
3.1 
3.1 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 

Reaction 

Atmosphere 

Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 

Argon 
Argon 
Argon 
Argon 
Argon 
Argon 

Chamber 

Pressure, 
psig 

-2.5 to 0 
-2.5 to 1 

0 
0 

-2.5 to 0 
0 
1.0 
0 
1.0 

-1.0 
1.0 

0 to 2.5 
-1.5 to 2.5 

1.0 
0.5 to 1.0 
0.4 to 1.8 
0.3 to 1.1 

During Run No. 13, a porcelain insulator supporting a choke coil in the Lepel high-frequency generator broke, causing rf arcs. The run was 
prematurely terminated, and hence the operating conditions are not tabulated above. 
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TABLE VI. Analysis of Product Samples 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
14 
15 
16 
17 
18 

Carbon,^ 
wt % 

Totalb 

6.3 
6.5 
6.2 
5.0 
5.5 
5.3 
5.0 
5.6 
4.9 
5.3 
5.8 

6.2 
5.7 
5.7 
3.4 
8.4 

F r e e 

1 
1 
1 
3 

7 
7 
2 
6 

Oxygen,^ 
wt % 

10.7 

12.1 

12.4 

10.5 

9.6 
8,2 
7.9 

11.0 
7.4 

X-

UO2 

Major 
Major 
Major 
Major 
Major 
Major 

ray Diffraction 

UC 

In termedia te 
In te rmedia te 

Minor 
In termedia te 

Minor 
In termedia te 

Analysis^ 

Alpha-UC2 

In termedia te 
In te rmedia te 

Minor 
In termedia te 

Minor 
In te rmedia te 

^Average of two analyses . 
Total carbon (determined by LEGO combustion method) in the s a m 
ple, including free carbon (determined by a g rav ime t r i c irtethod, 
which includes dissolution of the sample in dilute n i t r ic acid) and 
the carbon in UC and UC2. The total carbon value for the sample 
is used in the analysis for oxygen content by combustion at 925°C 
of the sample. 

Est imated concentration ranges : Major = ~ 50 wt %; in termediate = 50 
to 30 wt %; minor = 30 to 10 wt %. The compounds presen t a r e identi
fied by the X-ray diffraction pat terns generated by a sample of about 
100 jUg held in a capil lary tube. The presence or absence of a compound 
is decided by visual inspection, and by comparison of the pat terns gen
erated with standard pat terns of these compounds. Since the re la t ive 
concentrations of these compounds a r e es t imated by assess ing the inten
sity of the pat terns present , the values for the concentrations a r e only 
•qualitative es t imates . 



APPENDIX C 

Pe r fo rmance of Equipment Components 

Equipment component performance pert inent to the further devel
opment of the induction p lasma torch reac tor for the conversion of uranium 
dioxide to uranium carbide and to the development of l a r g e - s c a l e units is 
summar ized in the following discussion. 

1. Induction P l a s m a Torch Pe r fo rmance 

During the p re l iminary s e r i e s of runs , granular alumina was in t ro 
duced from the top of the quartz tube direct ly into the p lasma zone. The 
quartz tube and the hot gas exit nozzle at the bottom, of the tube became 
coated with alumina par t ic les in about 12-15 min of operat ion (four to 
five runs , each of 3-min duration). The p resence of any foreign par t ic les 
on the tube wall promotes arcing of the rf current to the tube, causing the 
tube to break . Hence, it was neces sa ry to clean the tube after every fourth 
or fifth run. 

In the f i rs t run to convert UO2 to UC (not repor ted in Table V), ag
g lomera tes of UO2 and graphite powder were fed di rect ly (like the alumina) 
into the p lasma a r c of argon with 3 vol % hydrogen. The power input to the 
osci l la tor was relat ively low (13 kW). The gas flow ra t e s and flow pat terns 
w e r e such that a stable p lasma was formed. However, soon after the flow 
of solids was s ta r ted , the quartz tube cracked. A possible explanation is 
that this breakage might have been caused by localized overheating due to 
inc rease in heat t r a n s f e r r e d to the quartz tube when the agglomera tes were 
present . The inc rease in the heat t ransfe r may be at t r ibutable to the higher 
emiss ivi ty of the p lasma when it contains the agglomerates than when it con
tains the granular alumina or no sol ids . 

During the subsequent runs , the uranium dioxide-graphi te agglomer
ates were fed into the tai l flame downst ream from the p lasma zone (through 
orifices in the exit nozzle below the p lasma-forming region). The absence 
of bulk of solids in the p lasma zone allowed longer-dura t ion runs to be 
made , although the solids were exposed to the high t e m p e r a t u r e s for shor te r 
t imes than when they were fed direct ly into the p lasma zone. 

As the U02-graphite agglomerates were fed, a thin coating of fine 
powder formed on the inside of the b r a s s double flange that holds the p lasma 
torch and the quar tz -p la te insulator . Typical coating is shown in Fig. 9. The 
fines might have been generated by.breakage of l a rge agglomera tes due to 
rapid evolution of CO product during conversion, and coating might have 
occur red due to e lec t ros ta t ic phenomena and /o r t he rma l phenomena near 
the flange. 
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a. Torch Assembly before Run 
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b. Torch Assembly after Run 

Fig. 9. Coating of Fines on Double Flange Holding Plasma Torch 
and Quartz Plate Insulator during a Run 



T h e p e r f o r m a n c e of t h e i n d u c t i o n p l a s m a t o r c h i n d i c a t e s t h a t t h e 
d e s i g n s of t h e p l a s m a c o n t a i n m e n t t u b e , t h e s o l i d s - f e e d o r i f i c e s , a n d t h e 
a u x i l i a r y f l a n g e s s h o u l d b e i m p r o v e d f o r f u r t h e r d e v e l o p m e n t o r s c a l e - u p 
of t h e c o n v e r s i o n p r o c e s s . 

2 . M u l l i t e G u i d e T u b e 

A m u l l i t e g u i d e t u b e (5 .6 in . I D , 6 .1 in , O D , 27 i n . l o n g ) w a s i n 
s t a l l e d b e l o w t h e p l a s m a t o r c h t o c o n t a i n t h e t a i l f l a m e a n d g u i d e t h e p a r 
t i c l e s i n t o t h e p r o d u c t r e c e i v e r . I n t h e a b s e n c e of t h e g u i d e t u b e , p o w d e r 
fed i n t o t h e p l a s m a ( b o t h a x i a l l y a n d r a d i a l l y ) d i d n o t f a l l t h r o u g h t h e c e n t e r 
of t h e t a i l f l a m e . I n s t e a d , m o s t of t h e p o w d e r w a s h e l d u p o n h o r i z o n t a l 
l e d g e s in t h e r e a c t i o n c h a m b e r , a n d o n l y a m i n o r a m o u n t r e a c h e d t h e 
p r o d u c t r e c e i v e r . 

T h e t o p of t h e m u l l i t e g u i d e t u b e b r o k e o c c a s i o n a l l y . T y p i c a l b r e a k 
a g e of t h e t o p p o r t i o n of t h e m u l l i t e t u b e i s s h o w n i n F i g . 10 . T h i s b r e a k a g e 
m i g h t h a v e b e e n c a u s e d b y l o c a l i z e d o v e r h e a t i n g of t h e g u i d e t u b e . 

Fig. 10. Top Portion of Mullite Tube, Showing Breakage due to Overheating 

T o d e t e r n a i n e t h e a p p r o x i m a t e t e m p e r a t u r e s r e a c h e d b y t h e m u l l i t e 
t u b e d u r i n g a r u n , m a r k s w e r e m a d e l o n g i t u d i n a l l y o n o u t s i d e w a l l of t h e 
t u b e w i t h h e a t - s e n s i t i v e p e n c i l s ( T e m p i l s t i k s * ) b e f o r e a r u n . T h e t u b e w a s 
i n s p e c t e d a f t e r a r u n . T h e d i s c o l o r a t i o n s of t h e T e m p i l s t i k m a r k i n g s i n d i 
c a t e d t h a t t h e t o p 1 8 , 5 i n . of t h e g u i d e t u b e h a d r e a c h e d t e m p e r a t u r e s 

*Manufactured by Tempil Corporation, Nev̂  York, N. Y. 



grea te r than 500°F (255°C) and that the top 21 in. had reached t empe ra tu r e s 
g r ea t e r than 300°F (149°C). An approximate value of the maximum t e m p e r a 
ture of the tube was calculated by assuming that the net heat gain (the differ
ence between heat gained by radiat ion and forced convection from the p lasma 
flame to the tube and heat lost by radiation and natural convection fromi the 
tube to the react ion chamber) resul ted in a l inear t empera tu re profile along 
the length of the tube. The t empera tu re gradient was calculated to be 
80°F/in. , and the highest t empera tu re (at the top of the pipe) to be 1480°F 
(804°C). Fur the r design would have to be done for a guide tube operated 
at these t empera tu re s for further development or for sca le-up of the con
ve r s ion p roces s . 
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