
n i t r o g e n  j a c k e t  d u r i n g  p r e s s u r i z a t i o n  a n d  d e p r e s s u r i z a t i o n  d e f o r m e d  and 
c r a c k e d  a s t a i n l e s s - s t e e l  e x p a n s i o n  b e l l o w s  on  t h e  s t e a m - w a t e r  l i n e  f r o m  
the  w a t e r  j a c k e t .  T h i s  b e l l o w s ,  c o n t r a r y  to  t h e  u n d e r s t a n d i n g  of HYGAS 
p e r s o n n e l ,  h a d  b e e n  d e s i g n e d  f o r  1 5 0 - p s i  i n t e r n a l  p r e s s u r e  and  only  f o r  
40 to  50 ps i  e x t e r n a l  p r e s s u r e .  T h e  p r e s s u r i z i n g  p r o c e d u r e  w a s  m o d i f i e d  
to  p r e v e n t  a s i m i l a r  o c c u r r e n c e .  

T h e  r e f r a c t o r y  g r i d  in t h e  s e c o n d  s t a g e  w a s  in  good  c o n d i t i o n ,  e x c e p t  
t h a t  t h e  c e n t e r  p l u g  h a d  f a l l e n  t h r o u g h  to  t h e  l o w e r  h e a t - e x c h a n g e  bed  s o m e -  
t i m e  d u r i n g  the  c o o l d o w n  p e r i o d .  T h e  c e n t e r  p lug  s h o w e d  no s ign  of c o r r o -  
s ion  o r  e r o s i o n ,  The  o p e n i n g  in  t h e  g r i d  i n to  w h i c h  t h e  c e n t e r  p lug f i t s  
w a s  m e a s u r e d  and  i t  w a s  l e a r n e d  t h a t  a p o o r  f i t t i n g  job  h a d  p r o b a b l y  c a u s e d  
i t  to  f a l l  out .  /k r e f r a c t o r y  i n s t a l l e r  r e f i t t e d  t h e  o u t e r  c o u r s e  of  t he  r e -  
f r a c t o r y  deck ;  h o w e v e r ,  t h e  n e w  c e n t e r  o p e n i n g  f o r  t h e  p lug  h a d  no t a p e r .  
R a t h e r  t h a n  r i s k  t h e  l o s s  of a n o t h e r  c e n t e r  p lug ,  a t a p e r  w a s  g r o u n d  in 
t he  h o l e .  T h i s  w o r k  p r o c e e d e d  s l o w l y  b e c a u s e  t h e  g r i d  w a s  m a d e  of v e r y  
h a r d ,  h i g h - a l u m i n a  r e f r a c t o r y .  A f t e r  t h e  p lug  f o r  t he  r e f r a c t o r y  g r i d  w a s  
f i t t e d ,  the  p a t c h i n g  in t h e  s p a l l e d  s e c t i o n  a b o v e  the  r e f r a c t o r y  g r i d  w a s  
a l s o  c o m p l e t e d .  The  r e f r a c t o r y  in  the  h y d r o g a s i f i e r  v e s s e l  w a s  c u r e d  at 
6 0 0 ° F  f o r  2 d a y s ,  a f t e r  w h i c h  a s t a r t i n g  bed  to  the  r e a c t o r  w a s  c h a r g e d  and  
the  t e m p e r a t u r e  of  the  r e a c t o r  w a s  b r o u g h t  up w i t h  the  s t a r t - u p  r i n g  b u r n e r .  
The  s p a l l i n g  on  the  w a l l  a l l  o c c u r r e d  in  t he  a r e a  of t he  f l u i d i z e d  bed ,  w h , : r e  
c o a l  a n d  s a n d  f i l l  a n y  c r a c k s  t h a t  a r e  f o r m e d  d u r i n g  t h e  h e a t i n g  and  c o o l i n g .  
T h e  p a t c h  r e f r a c t o r y  u s e d  w a s  a r a m m i n g  m i x  w h i c h  h a s  good  w e a r  and  h e a t  
q u a l i t i e s .  T h e  f r e e b o a r d  a r e a  of the  f l u i d  bed  w a s  in good c o n d i t i o n .  

Al l  of  t he  v a l v e  s e a t s  on t h e  W i l s o n - S n y d e r  p u m p s  b e c a m e  s w o l l e n  w h e n  
in  c o n t a c t  w i t h  t o l u e n e .  T h e  p o l y u r e t h a n e  a n d  B u n a - N  s e a t s  w e r e  n o t  a b l e  
to  w i t h s t a n d  c o n t i n u o u s  o p e r a t i o n .  B o t h  T e f l o n  a n d  V i ton  s e a t s  w e r e  t e s t e d ;  
t h e  l a t t e r  w a s  b e l i e v e d  to  be  d u r a b l e  e v e n  w h e n  in  c o n t a c t  w i t h  t o l u e n e .  T h e  
s e a l  r i n g s  on t h e  s l u r r y  c i r c u l a t i o n  p u m p s  w e r e  a l s o  s w o l l e n ,  and  w e r e  r e -  
p l a c e d .  T h e  i m p e l l e r  on the  c i r c u l a t i o n  p u m p  w a s  e r o d e d ,  a l t h o u g h  i t  had  b e e ,  
c o a t e d  w i t h  an  e r o s i o n - r e s i s t a n t  N o r o c  c o a t i n g ,  w h i c h  h a d  b e e n  u s e d  s u c c e s s -  
f u l l y  i n  s l u r r y  p u m p s  f o r  c i r c u l a t i n g  o i l - c a t a l y s t  m i x t u r e s  in  m a n y  r e f i n e r i e s .  

I n g e r s o l l - R a n d  f e l t  t h a t  t he  f a i l u r e  of t h e  N o r o c  c o a t i n g  h a d  m o s t  l i k e l y  
b e e n  c a u s e d  by an  i n a d e q u a t e  a p p l i c a t i o n  of t h e  c o a t i n g  to t h e  b a s e  m a t e r i a l .  
T h e y  s u g g e s t e d  two  w e t  e n d s :  One  w o u l d  be  c o a t e d  w i t h  t u n g s t e n  c a r b i d e  
a n d  t h e  o t h e r  w i t h  an  i m p r o v e d  c e r a m i c  m a t e r i a l .  M e a n w h i l e ,  a s l u r r y  
c i r c u l a t i n g  p u m p  w a s  r e a s s e m b l e d  to p e r f o r m  w e a r  t e s t s  on t h e  W i l s o n -  
S n y d e r  p u m p s .  One  of  t h e  W i l s o n - S n y d e r  p u m p s  h a d  b e e n  i n s t a l l e d  wi th  
a s e t  of  V i ton  s e a t s ;  t he  o t h e r  p u m p  h a d  a s e t  of h a r d e n e d  T y p e - 4 1 0  s t a i n -  
l e s s - s t e e l  s e a t s .  A f t e r  i n s t a l l i n g  two  l e t d o w n  c h o k e s  in  t he  d i s c h a r g e  l i n e  
f r o m  t h e  p u m p  b a c k  to  t h e  s u c t i o n ,  c i r c u l a t i n g  t e s t s  w e r e  r u n  to s e e  if t h e s e  
two m a t e r i a l s  c o u l d  s o l v e  the  w e a r  p r o b l e m .  

T h e  n e w  t u n g s t e n - c a r b i d e - c o a t e d  w e t  e n d  w a s  i n s t a l l e d  on a s l u r r y  
c i r c u l a t i n g  p u m p .  T h i s  p u m p  w a s  o p e n e d  a f t e r  5 . 5  d a y s  of  o p e r a t i o n .  
i m p e l l e r  w a s  w o r n  but  s o m e w h a t  l e s s  t h a n  the  N o r o c - c o a t e d  i m p e l l e r ;  
h o w e v e r ,  t h e r e  w a s  s t i l l  t oo  m u c h  w e a r  to be a c c e p t a b l e .  A l so ,  t he  
stuffing box extension and the part of the casing that fits over it were 
g o u g e d  a s  in  t h e  p r e v i o u s  p u m p  p r o b l e m .  It  a p p e a r e d  t h a t  p u t t i n g  on 
h a r d  s u r f a c e  c o a t i n g s  w a s  no t  t h e  r i g h t  a n s w e r  to  t h e  e r o s i o n  p r o b l e m .  
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T h i s  p r o b l e m  w a s  d i s c u s s e d  w i t h  m a n y  c o m p a n i e s ,  a m o n g  t h e m  t h e  
B l a c k  M e s a  l ? i p e l i n e  C o m p a n y ,  C o n s o l i d a t i o n  C o a l ' s  p i p e l i n e  s t a f f  a n d  i t s  
C r e s a p  s t a f f ,  t h e  C. F .  B r a u n  a n d  C o m p a n y  p u m p  p - e r s o n n e l ,  a n d ,  of  c o u r s e ,  
I n g e r s o l l - R a n d .  T h r o u g h  t h e s e  c o n t a c t s  a n u m b e r  of  m a n u f a c t u r e r s  of 
l o w - p r e s s u r , ~ ,  s a n d - a n d - g r a v e l  s l u r r y  p u m p s  w e r e  c o n s u l t e d ,  i n c l u d i n g  t h e  
W i l f l e y  C o m p a n y ;  B a r r e t t ,  H a e n t j e n s  a n d  C o m p a n y ;  a n d  W i l s o n - S n y d e r  
C o m p a n y .  T h e  c o n s e n s u s  w a s  t h a t ,  a l t h o u g h  h i g h - s p e e d  p u m p s ,  s u c h  a s  t h e  
3500 r p m  p u m p  t h e n  u s e d  a t  t h e  p i l o t  p l a n t ,  c o u l d  be m a d e  to  w o r k  on  s l u r r y ,  
i t  w o u l d  be  m u c h  b e t t e r  to  t r y  to  o p e r a t e  s l u r r y  p u m p s  a t  l o w e r  s p e e d s .  
A l l  o t h e r  f a c t o r s  b e i n g  e q u a l ,  w e a r  i n c r e a s e s  r a p i d l y  w i t h  s p e e d .  S p e e d s  
w i t h i n  t h e  r a n g e  of 1150 to  1750 r p m  w e r e  t h e n  s u g g e s t e d .  

T w o  1 7 5 0 - r p m  m o t o r s  w e r e  i n s t a l l e d  on  t h e  s l u r r y  c i r c u l a t i n g  p u m p ,  
one  in  t h e  l o w - p r e s s u r e  c o a l - t o l u e n e  s l u r r y  s y s t e m  a n d  t he  o t h e r  i n  t h e  
h i g h - p r e s s u r e  c h a r - w a t e r  s l u r r y  s y s t e m .  T h e  r e d u c e d  p r e s s u r e  h e a d  f r o m  
1 7 5 0 - r p m  o p e r a t i o n  a p p e a r e d  to  be t o l e r a b l e  in  t he  c h a r - w a t e r  s l u r r y  s y s -  
t e r n .  Eng im~,e r s  a g r e e d  t h a t ,  if  t h e  w e a r  at  r e d u c e d  s p e e d  w e r e  a c c e p t a b l e  
f o l l o w i n g  t e s t  No.  5, H Y G A S  p e r s o n n e l  w o u l d  c o n s i d e r  t h i s  a p e r m a n e n t  
s o l u t i o n ,  b e c a u s e  t h e r e  w e r e  no s l u r r y - p u m p  m a n u f a c t u r e r s  w h o  c o u l d  
s u p p l y  a p u m p  f o r  h i g h - p r e s s u r e  o p e r a t i o n .  I n g e r s o l l - R a n d  r e t u r n e d  a 
t u n g s t e n - c a r b i d e - c o a t e d  h i g h - p r e s s u r e  s l u r r y  p u m p  w h i c h  w a s  i n s t a l l e d  
to  r e p l a c e  t h e  p u m p  w i t h  t h e  w o r n  N o r o c  c o a t i n g .  

On the low-pressure system, the reduced head probably was marginal 
for operation. Slurry circulation could be maintained by removing the choke 
on the pump discharge and by using the largest allowable impeller. At the 
same time, quotes were reviewed for a slurry pump of different m~ke. For 
back-up purposes, the speed of the steam-turbine-driven slurry pumps was 
reduced to 1750 rpm, If the only problem with the Ingersoll Rand pumps was 
their high speed, it was reasoned that -- by reducing the speed-- the pumps 
might be use.d for future tests without further modifications. 

T h e  Ty]z,e-410 s t a i n l e s s - s t e e l  v a l v e s  a n d  s e a t s  on  one  of  t h e  W i l s o n -  
S n y d e r  m u d  ' .pumps w e r e  e x a m i n e d  a f t e r  60 h o u r s  of o p e r a t i o n .  T h e  s e a t s  

w e r e  s l i g h t l y  p i t t e d ,  bu t  n o t  by  an  i n o r d i n a t e  a m o u n t .  A n e w  w a s h e r  w a s  
w e l d e d  to  t h e s e  v a l v e s  to  i m p r o v e  v a l v e  c e n t e r i n g .  One  of t h e  t h r e e  c y -  
l i n d e r s  w a s  n o t  p u m p i n g  d u r i n g  t h e  t e s t ,  a n d  i t  w a s  s u s p e c t e d  t h a t  t h e  v a l v e  
g o t  c a u g h t  it, i t s  t r a v e l  and  d id  n o t  s e a t  p r o p e r l y .  V i t o n  s e a t s  w e r e  a l s o  
e x a m i n e d  a f t e r  48 h o u r s  o f  t e s t i n g .  T h e y  w e r e  o n l y  s l i g h l y  s w o l l e n  by t h e  
t o l u e n e  a t  1 4 5 ° F  a n d  w e r e  in  m u c h  b e t t e r  s h a p e  t h a n  t h e  p r e v i o u s  e l a s t o m e r  
s e a t s .  T h i s  p u m p  o p e r a t e d  s a t i s f a c t o r i l y  t h r o u g h o u t  t h e  t e s t .  W i l s o n -  
S n y d e r  e x a m i n e d  t h e  v a l v e  s e a t s  a n d  m o l d e d  o t h e r  s e t s  of  V i t o n  s e a t s  w h i c h  
w e r e  h a r d e r  t h a n  t h e  o n e s  u s e d  to  t h a t  t i m e .  

For slurry feed, the Wilson-Snyder high-pressure mud pump was now 
used with Type-410 stainless-steel valves. Up to this time, operators had 
been able to run the plant without any loss in pressure or flow. 

W h e n  t h e  d i s c h a r g e  s l u r r y  p u m p  w a s  o p e n e d ,  e x c e s s i v e  s p a l l i n g  a n d  
w e a r  w e r e  f o u n d  in  t h e  N o r o c  c o a t i n g  o n  t h e  i m p e l l e r  a n d  t h e  c a s i n g .  A 
s p a r e  p u m p  was  s h i p p e d  to h a v e  i t  c o a t e d  w i t h  t u n g s t e n  c a r b i d e .  T h e  q u e n c h  
w a t e r  c i r c u l a t i n g  p u m p  i m p e l l e r  w a s  f o u n d  to  be  b a d l y  c o r r o d e d .  D u r i n g  
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the  t e s t ,  e f f o r t s  h a d  b e e n  m a d e  to m a i n t a i n  a pH of  8 in  the  q u e n c h  w a t e r  
by a d d i n g  an  a m m o n i a - w a t e r  s o l u t i o n  t h r o u g h  a m e t e r i n g  p u m p .  The  p ip ing  
w a s  n o w  c h a n g e d  to i n j e c t  a n h y d r o u s  a m m o n i a  d i r e c t l y .  

T h e  n e w  c o n t r o l  on  the  c o a l  m i l l  o p e r a t e d  s a t i s f a c t o r i l y ;  t h e  d u s t  c o l l e c -  
t o r  c o u l d  n o w  be h e a t e d  to o v e r  Z 0 0 ° F  b e f o r e  c r u s h i n g  began .  B a s e d  on  e x -  
p e r i e n c e  g a i n e d  by  the  Rap id  C i t y  g r o u p ,  t h r e e  of t he  s ix  j o u r n a l s  in the  m i l l  
w e r e  r e m o v e d  in an  e f f o r t  to  o b t a i n  a b e t t e r  s i z e  d i s t r i b u t i o n .  

T h e  h y d r o g e n  c o m p r e s s o r  w a s  d i s a s s e m b l e d .  On one d i s c h a r g e  v a l v e ,  
a v a l v e  gu ide  m a d e  of h i g h e r  n i c k e l - c o n t e n t  s t e e l  h a d  c r a c k e d .  T h e  t h i r d -  
s t a g e  r i n g s  w e r e  a l s o  found  to be b a d l y  w o r n  and  l e a k i n g .  T h e  r i n g s  and  
t h e  r o d  w e r e  r e p l a c e d  b e f o r e  t h e  n e x t  t e s t .  G r a p h i t e - f i l l e d  T e f l o n  r i n g s ,  
w h i c h  h a d  w o r k e d  w e l l  in the  f i r s t  two s t a g e s ,  w e r e  u s e d  in  p l a c e  of the  
b r o n z e - f i l l e d  T e f l o n  r i n g s .  T h e  f i l t e r  a r r a n g e m e n t  on the  s u c t i o n  of the  
c o m p r e s s o r  w a s  a l s o  i m p r o v e d .  

Nex t ,  t h e  h y d r o g e n  c o m p r e s s o r  d e v e l o p e d  a s e r i o u s  f l aw:  T h e  l i n e r  
i n s i d e  t h e  t h i r d - s t a g e  c y l i n d e r  w a s  b o w e d  0 . 0 2 - i n c h  in  d i a m e t e r ,  w h i l e  t he  
t o l e r a n c e  w a s  o n l y  0. 002 i n c h .  As  a r e s u l t ,  t he  p i s t o n  w o u l d  n o t  s l i d e  f r e e l y  
e v e n  w h e n  c o l d ,  and  c e r t a i n l y  w o u l d  no t  s l i d e  f r e e l y  w h e n  h e a t e d .  T h e  t h i r d  
s t a g e  w a s  c o m p l e t e l y  d i s m a n t l e d  and  s h i p p e d  to I n g e r s o l l - R a n d ' s  P a i n t e d  
P o s t  p l an t ,  w h e r e  t h e  f l a w e d  l i n e r  w a s  c u t  ou t  and  a n e w  one  i n s t a l l e d .  T h i s  
w a s  b e l i e v e d  to  h a v e  b e e n  the  r e a s o n  f o r  d i f f i c u l t i e s  w i t h  t h e  t h i r d  s t a g e  
s i n c e  s t a r t - u p  o p e r a t i o n s  h a d  b e e n  i n i t i a t e d .  

F i e l d  a l i g n m e n t  of  t h i s  c y l i n d e r  r e v e a l e d  t h a t  i t  w a s  f a r  ou t  of  l i ne .  
T h e  c y l i n d e r  c o n n e c t i o n s  to t h e  d i s t a n c e  p i e c e  and  f r o m  t h e  d i s t a n c e  p i e c e  
to  t h e  c r o s s - h e a d  s e c t i o n  h a d  b e e n  m a c h i n e d  w i t h  r a b b e t  f i t s ,  w h i c h  s h o u l d  
h a v e  b e e n  s e l f - a l i g n i n g .  E v e n  t h o u g h  t h i s  m a c h i n e  w a s  s u p p o s e d  to  h a v e  
b e e n  a l i g n e d  by  I n g e r s o l l - R a n d  in  1970,  and  a n y  s u b s e q u e n t  d i a s s e m b l 7  and  
r e a s s e m b l y  s h o u l d  no t  h a v e  d i s t u r b e d  t h e  a l i g n m e n t ,  t h e  f a c t  t h a t  the  m i s -  
a l i g n m e n t  h a d  b e c o m e  so g r e a t  s e e m e d  to i n d i c a t e  t h a t  t he  p r o b l e m  h a d  
o c c u r r e d  m u c h  e a r l i e r  t h a n  the  t i m e  i t  w a s  d e t e c t e d .  

T h e  t h i r d  s t a g e  w a s  a l i g n e d  by" M r .  H a r o l d  C l e v e l a n d  of I n g e r s o l l -  
R a n d ' s  P a i n t e d  P o s t  p l an t ,  an e x p e r t  on  w i r e  a l i g n m e n t .  T h e  n e w  l i n e r  
w a s  t r u e  a n d  in  a l i g n m e n t .  T h e  o v e r a l l  r e s u l t  w a s  t h a t  t h e  0. 0 4 6 - i n c h  s t e e l  
s h i m s ,  w h i c h  w e r e  i n s t a l l e d  b e t w e e n  t h e  c y l i n d e r  p e d e s t a l  and  a c o n c r e t e  
s u p p o r t  w h e n  t h e  m a c h i n e  w a s  o r i g i n a l l y  a s s e m b l e d  by P r o c o n ,  w e r e  r e -  
m o v e d .  In a n y  e v e n t ,  t h e  c y l i n d e r  w a s  a l i g n e d  w i t h o u t  n e e d  f o r  a n y  m a -  
c h i n i n g .  

A f t e r  the  a h g n m e n t  a n d  r e a s s e m b l y ,  t he  c o m p r e s s o r  w a s  r u n  f o r  75 
h o u r s  w h e n  the  f i r s t - s t a g e  d i s c h a r g e  v a l v e s  w e r e  f o u n d  to  be w o r n  on the  
e n d  c h a n n e l s .  I n g e r s o l l - R a n d  r e c o m m e n d e d  t h a t  s o m e  of t h e  m e t a l  be 
g r o u n d  off  t h e s e  e n d  c h a n n e l s  to  a v o i d  h a v i n g  t h e  c h a n n e l s  c o m e  in  c o n t a c t  
w i t h  t h e  m e t a l  b e f o r e  t h e  v a l v e s  a r e  f u l l y  s e a t e d .  T h i s  w a s  d o n e  on  a l l  
the  s u c t i o n  a n d  d i s c h a r g e  v a l v e s  f o r  t h e  f i r s t  and  s e c o n d  s t a g e s ,  and  the  
c o m p r e s s o r  w a s  p u t  b a c k  in  o p e r a t i o n .  Al l  o u t w a r d  i n d i c a t o r s  w e r e  w i t h i n  
d e s i g n  l i m i t s  a f t e r  t w o  d a y s  of o p e r a t i o n ,  i n c l u d i n g  d i s c h a r g e  p r e s s u r e ,  
t e m p e r a t u r e ,  a n d  t e m p e r a t u r e  r i s e  f r o m  t h e  c o o l a n t .  T h e  p e r f o r m a n c e  of 
t h i s  c o m p r e s s o r  w a s  w a t c h e d  c a r e f u l l y  in  h o p e s  t h a t  t h e  v a l v e  p r o b l e m s ,  
w h i c h  h a d  p l a g u e d  t h e  p l a n t ,  w e r e  s o l v e d .  
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A criterion was finally received from Ingersoll-Rand for controlling 
coolant flow through the third stage. The temperature rise in the coolant 
had to be maintained at a maximum of 10°F under any operating conditions 
to prevent excessive thermal stress on the compressor. 

M o r e  c r u s h i n g  t e s t s  w e r e  p e r f o r m e d  on the  c o a l  m i l l .  The  i n i t i a l  t e s t  
s h o w e d  t h a t  the  m o i s t u r e  cou ld  be r e d u c e d  f r o m  the  p r e v i o u s  l e v e l  of 184 
down to abou t  7 to 8 4 .  In add i t i on ,  the  coa l  p a r t i c l e  s i ze  d i s t r i b u t i o n  was  
m u c h  b e t t e r  t h a n  b e f o r e ,  wi th  a - 1 0 0  m e s h  f r a c t i o n  of  a r o u n d  12~ i n s t e a d  
of  the  p r e v i o u s  25 to 30~ .  M i n o r  a d j u s t m e n t s  w e r e  m a d e  on t h e  coa l  
m i l l ,  p a r t i c u l a r l y  to p r o v i d e  i n e r t  gas  p u r g i n g  w h e n  the  m i l l  shu t  off. T h i s  
w a s  to p r e v e n t  o x y g e n  b u i l d - u p  t h a t  c o u l d  c a u s e  b u r n i n g  in t he  d u s t  c o l l e c t o r .  
S o m e  of the  e a r l i e r  p r o b l e m s  e n c o u n t e r e d  in  s t a r t - u p  o p e r a t i o n s  w e r e  a t t r i -  
b u t e d  to a i r  1,eakage in to  the  coa l  m i l l  t h r o u g h  the  w i n d b o x  w h e r e  the  h e a t i n g  
c a u s e d  the  m,e ta l  to b u c k l e .  T h e s e  a r e a s  h a d  b e e n  p a t c h e d  and  the  c o n t r o l s  
w e r e  improw~:d.  

3 . 5 . 9  _Gasi f ica t ion T e s t  No. 5, A p r i l ,  1972 

The  f i f th  g a s i f i c a t i o n  t e s t  w a s  s t a r t e d  on A p r i l  19, and w a s  t e r m i n a t e d  
A p r i l  28, 10 d a y s  a f t e r  t he  s t a r t  of coa l  f e e d i n g  to the  r e a c t o r .  D u r i n g  
t h i s  p e r i o d ,  4-2 t o n s  of l i g n i t e  w e r e  a d d e d  at  a f e e d  r a t e  of a p p r o x i m a t e l y  
1 . 5  t ons  p e r  h o u r .  F e e d i n g  was  i n t e r m i t t e n t  b e c a u s e  of p r o b l e m s  e n -  
c o u n t e r e d  p r i m a r i l y  w i th  the  q u e n c h  s e p a r a t o r  s y s t e m  and  the  s l u r r y  d r y e r  
s t age  in the  r e a c t o r .  O p e r a t i o n  w a s  at  500 p s i .  

The  s l u r r y  d r y e r  m a l f u n c t i o n e d  a l m o s t  f r o m  the  b e g i n n i n g  of the  t e s t .  
The  r a d i a t i o n  gage  and  t h e  d i f f e r e n t i a l  p r e s s u r e  m e a s u r e m e n t  both  s h o w e d  
t h a t  the  bed  l e v e l  d id  not  r e s p o n d  to coa l  f e e d  as  i t  s h o u l d  h a v e .  A l t h o u g h  
coa l  c o u l d  be t r a n s f e r r e d  f r o m  the  s l u r r y  d r y e r  t h r o u g h  the  f i r s t  and  s e c o n d  
g a s i f i e r  s t a g e s ,  t h r o u g h  the  h e a t - e x c h a n g e  bed,  and  a l l  the  way ou t  to  the  
s l u r r y  d i s c h a r g e  s y s t e m ,  such  t r a n s f e r  c o u l d  no t  be m a i n t a i n e d  on a s t e a d y  
b a s i s  f o r  e x t e n d e d  p e r i o d s  of t i m e  b e c a u s e  s o l i d s  f l ow  cou ld  no t  be m a i n -  
t a i n e d  ou t  of ~'he s l u r r y  d r y e r  bed.  H o w e v e r ,  a u t o m a t i c  c o n t r o l  of s o l i d s  
f low w a s  a c h i e v e d  b e t w e e n  the  two s t a g e s  of t he  r e a c t o r .  

Because the slurry dryer was not functioning properly, large amounts 
of solids were carried over from the reactor into the quench system. Coal 
mixed with w;~ter and toluene created a suspension and perhaps an emulsion 
in the quench systems, which directly affected the operation of the interface 
controller in the quench separator. As a result, the proper interface could 
not be detected or maintained, and large quantities of toluene were lost from 
the system. The large amount of coal in the quench system clogged the 
filters and prevented the feeding of clean recycle toluene for seal flushes. 
This clogging, coupled with a hydrogen compressor problem discussed below, 
caused the termination of the test. During the test, hydrogen flow to the 
reactor was between 50,000 and 60,000 standard cubic feet per hour and 
steam flow was I000 pounds per hour. 

When the reactor was cooled and opened for inspection, the slurry dryer 
bed was packed with wet solids. Water had dripped in through two leaky valves 
upstream of a spray nozzle used for temperature control. The top reactor cover 
was removed and the wet solids were cleaned out of the slurry dryer bed. The 
leaky block valve and control valve for the spray nozzle were repaired. 
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T h e  s l u r r y  d r y e r  g r i d  w a s  in g o o d  c o n d i t i o n :  T h e  n e w  h i g h - t e m p e r a t u r e  
s e a l a n t  d e v e l o p e d  by  HYGAS r e s e a r c h e r s  a p p e a r e d  to h a v e  h e l d  w e l l  d u r i n g  
the  t e s t .  T h e r e  w a s  no  s i g n  of b y p a s s i n g  a r o u n d  the  g r i d  and  no e v i d e n c e  
of  e r o s i o n  c a u s e d  by  b y p a s s i n g  n e a r  t h e  g r i d  a r e a .  S e v e r a l  a r e a s  in t he  
s l u r r y  d r y e r  b e d  w e r e  m o d i f i e d  b e f o r e  b e g i n n i n g  the  n e x t  t e s t ;  f o r  e x a m p l e ,  
t h e  s l u r r y  i n l e t  n o z z l e  w a s  l o w e r e d  and  one m o r e  p r e s s u r e  t ap  and a s t i l l i n g  
w e l l  w e r e  a d d e d  on t h e  w i t h d r a w a l  p ipe .  

A r u p t u r e  w a s  d e t e c t e d  on t h e  i n t e r n a l  p ip ing  in  t h e  n i t r o g e n  j a c k e t  d u r i n g  
t h e  r e a c t o r  c o o l d o w n  p e r i o d .  The  e x p a n s i o n  j o i n t  on t h e  l i f t - l i n e  ~n the  
n i t r o g e n  j a c k e t  a r e a  w a s  r u p t u r e d  a t  a w e l d  m a d e  b e t w e e n  I n c o l o y  T y p e  800 
a n d  T y p e  446 s t a i n l e s s  s t e e l .  T h e  e x p a n s i o n  j o i n t  w a s  m a d e  w i t h  a O. 5 - i n c h  
f r e e  p l a y  in  the  e n d s  of the  t i e  r o d s  w h e n  the  l i f t  l i n e  w a s  co ld ;  w h e n  ho t ,  
t he  e x p a n s i o n  j o i n t  c o n t r a c t e d .  F r o m  the  i n w a r d  b e n d i n g  of the  two end  
p l a t e s  on t h e  e x p a n s i o n  j o in t ,  i t  w a s  a p p a r e n t  t h a t  p ipe  s h r i n k a g e  d u r i n g  
c o o l i n g  h a d  c r e a t e d  a s m a l l e r  p i p e  s i z e  t h a n  w h e n  it  h a d  b e e n  co ld ;  a s  a 
r e s u l t ,  t he  t i e  r o d s  w e r e  r e s t r a i n e d  b y  the  e n d  p l a t e s ,  c a u s i n g  the  e v e n t u a l  
r u p t u r e  a t  t he  w e l d .  A s p a r e  e x p a n s i o n  j o i n t  w a s  i n s t a l l e d  in p r e p a r a t i o n  
f o r  t he  n e x t  t e s t ,  

Whi le  r e a s s e m b l i n g  the  i n t e r n a l s ,  a s e c o n d  r u p t u r e  w a s  f o u n d  b e l o w  the  
e x p a n s i o n  j o i n t  of  t h e  f e e d  l i ne  to t h e  m i x i n g  p o t  of  t h e  f i r s t - s t a g e  l i f t  r e a c t o r .  
A g a i n ,  t h e  j o i n t  f a i l e d  f r o m  t e n s i o n  a n d  w a s  s e p a r a t e d  f r o m  i ts  o r i g i n a l  
p o s i t i o n  by a p p r o x i m a t e l y  1 inch .  T h e  r u p t u r e  w a s  in t he  p a r e n t  m e t a l ,  not  
in t h e  w e l d .  T h a t  s e c t i o n  w a s  r e p a i r e d  and  an  e x t r a  1 i n c h  of a l l o w a b l e  e x -  
p a n s i o n  w a s  a d d e d  in  t h e  b e l l o w s  to r e l i e v e  c o o l i n g  s t r e s s .  A l t h o u g h  t h e  
o r i g i n a l  a l l o w a n c e  w a s  0 . 5  inch ,  w h i c h  s h o u l d  h a v e  b e e n  m o r e  t h a n  a d e q u a t e ,  
1 . 5  i n c h e s  w a s  t h e n  a v a i l a b l e  to  a c c o m m o d a t e  e x p a n s i o n .  T h e  s e c o n d - s t a g e  
g a s i f i e r  w a s  t h e n  c l e a n e d .  In a d d i t i o n  to  c o a l ,  i t  c o n t a i n e d  a l a r g e  a m o u n t  
of  c l i n k e r s ,  w h i c h  a p p a r e n t l y  f o r m e d  f r o m  the  c o m b u s t i o n  of  h y d r o g e n  and  
t h e  h i g h - p r e s s u r e  a i r  u s e d  to m a i n t a i n  t he  t e m p e r a t u r e  d u r i n g  t h e  t e s t .  
T h e  g r i d  a n d  r e f r a c t o r y  b a l l s  u s e d  to  p r e v e n t  w e e p i n g  on  t h e  g r i d  w e r e  no t  
a t t a c k e d .  Al l  o f  t h e  c l i n k e r s  w e r e  a b o v e  the  a i r  i n j e c t i o n  po in t .  T h e  c l i n k e r s  
a n d  a s h  f r o m  t h e  l i g n i t e  bo th  s h o w e d  c o m p l e t e  f l u i d i t y  a t  2Z00 ° F  a n d  i n c i p i e n t  
f u s i o n  a t  a r o u n d  Z 0 0 0 ° F .  T h i s  is a l o w  a s h  f u s i o n  t e m p e r a t u r e ,  and  u n -  
d o u b t e d l y  w a s  t h e  c a u s e  of t h e  c l i n k e r  f o r m a t i o n  in  t h e  s e c o n d - s t a g e  g a s i f i e r .  
Wi th  t h i s  p a r t i c u l a r  l i g n i t e ,  c o m b u s t i o n  m u s t  o c c u r  b e l o w  the  s e c o n d - s t a g e  
r e f r a c t o r y  g r i d  to  a v o i d  a n y  h o t  s p o t s  in  the  b e d  t h a t  c o u l d  c a u s e  t he  l i g n i t e  
a s h  to s o f t e n  and  f u s e .  

P l a n s  w e r e  m a d e  to  i n j e c t  a i r  in to  the  t h e n  e x i s t i n g  n a t u r a l  g a s - a i r  b u r n e r  
r i n g ,  to  u s e  the  e x i s t i n g  s p a r k  i g n i t e r  f o r  i g n i t i o n ,  and  to  b u r n  a i r  w i t h  h y d r o -  
g e n  f o r  h e a t - u p  ( i n s t e a d  of n a t u r a l  g a s ) .  T h e  m o n i t o r i n g  w a s  d o n e  t h r o u g h  a 
t e l e v i s i o n  t r a n s m i t t e r  in  t h e  r e a c t o r .  V a r i o u s  h y d r o g e n  a n d  a i r  f low r a t e s  
w e r e  t r i e d  w i t h o u t  i n i t i a l  s u c c e s s .  A f t e r  s e v e r a l  m o d i f i c a t i o n s ,  c o m b u s t i o n  
c o u l d  be s u s t a i n e d  u n d e r  c e r t a i n  h y d r o g e n - t o - a i r  r a t i o s .  The  r a n g e  of c o m -  
b u s t i o n  w a s  b r o a d e n e d  to  p e r m i t  r e l i a n c e  on  the  h y d r o g e n - a i r  c o m b u s t i o n  
f o r  the  r e a c t o r  h e a t - u p .  T h e  d i f f i c u l t y  in  b u r n i n g  the  two g a s e s  r e s u l t e d  
f r o m  t h e  g r e a t  d i f f e r e n c e  in t h e i r  m o l e c u l a r  w e i g h t s :  T h e  a i r  m i x e s  too  
r a p i d l y  w i t h  t he  h y d r o g e n ,  r e s u l t i n g  in  a m i x t u r e  w h i c h  is a b o v e  the  u p p e r  
c o m b u s t i o n  l i m i t  o£ h y d r o g e n  in a i r .  S e v e r a l  m e a n s  w e r e  t e s t e d  to r e d u c e  
t h e  m i x i n g  and  to  a l l o w  the  a t t a c h m e n t  of t h e  f l a m e  to t h e  r e f r a c t o r y  wa l l ,  
w h i c h  w o u l d  e v e n t u a l l y  a c t  a s  an a n c h o r  fo r  t he  f l a m e .  
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f a c i l i t y  t o  p r o v i d e  h y d r o g e n - r i c h  g a s e s  f o r  u s e  in  t h e  H Y G A S  P r o c e s s .  

T h e  e m p h a s i s  o v e r  t h e  n e x t  y e a r  o r  t w o  w i l l  b e  on  t h e  u t i l i z a t i o n  of  t h e  

s t e a m - o x y g e n  s y s t e m ;  t h i s  s y s t e m  i s  u s e d  a s  a p o i n t  o f  d i s c u s s i o n .  

C h a r a c t e r i s t i c s  o f  t h e  H Y G A S  P r o c e s s  w i t h  t h e s e  h y d r o g e n - p r o d u c i n g  

p r o c e s s e s  a r e :  

H Y G A S  a n d  S t e a m - O x y g e n  G a s i f i c a t i o n  of  C h a r :  H e a t  s o u r c e  i s  t h e  

o x y g e n - c h a r  h e a t - o f - r e a c t i o n ;  u t i l i z a t i o n  o f  a n  o x y g e n  p l a n t  p r o v i d e s  a 

n i t r o g e n  b a r r i e r ;  t h e  g a s - s o l i d s  c o n t a c t  m o d e s  a r e  s u s p e n s i o n  a n d  

f l u i d i z e d  b e d ;  t h e  t e c h n i q u e  f s r  a s h  r e m o v a l -  t o  a s s u r e  h i g h  c a r b o n  

u t i l i z a t i o n  -- i s  a n  a g g l o m e r a t e d - a s h  b o t t o m .  

H Y G A S  a n d  S t e a m - I r o n  G a s i f i c a t i o n  of  C h a r :  H e a t  s o u r c e  i s  t h e  a i r  

a n d  c h a r  r e a c t i o n  i n  a p r o d u c e r  v e s s e l ;  i r o n  a n d  i r o n - o x i d e  

p r o v i d e  t h e  n i t r o g e n  b a r r i e r ;  c o n t a c t  m o d e s  a n d  a s h  r e m o v a l  a r e  t h e  s a m e  

a s  w i t h  t h e  s t e a m - o x y g e n  p r o c e s s .  

H Y G A S  a n d  E l e c t r o t h e r m a l  G a s i f i c a t i o n  of  C h a r :  H e a t  s o u r c e  i s  

e l e c t r i c a l  e n e r g y ;  t h e  n i t r o g e n  b a r r i e r  i s  e l e c t r i c i t y ;  h i g h  c a r b o n  u t i l i z a t i o n  

i s  g u a r a n t e e d  t h r o u g h  t h e  h e a t  v a l u e  o f  b y - p r o d u c t  c h a r ,  s u b s e q u e n t l y  u s e d  

f o r  f u e l ;  t h e  c o n t a c t  m o d e s  a r e  t h e  s a m e  a s  w i t h  t h e  s t e a m - o x y g e n  p r o c e s s .  

T h e  p r e s e n c e  of  s t e a m  a n d  h y d r o g e n  a t  h i g h  p r e s s u r e s  a n d  t e m p e r a t u r e s  

i n  t h i s  p r o c e s s  ( a s  i n  v i r t u a l l y  a l l  c o a l  g a s i f i c a t i o n  p r o c e s s e s )  c r e a t e s  

c h a l l e n g e s  in  t h e  p r e v e n t i o n  of  c o r r o s i o n ,  i n c l u d i n g  t h o s e  p r o b l e m s  t h a t  

r e s u l t  f r o m  h y d r o g e n  e m b r i t t l e m e n t .  E x t e n s i v e  d a t a  c o n c e r n i n g  c o r r o s i o n  

h a v e  b e e n  c o l l e c t e d  b y  I G T  in  i t s  t w o  y e a r s  of p i l o t  p l a n t  o p e r a t i o n s ,  a n d  

ty l~ ica l  c o r r o s i o n  d a t a  a r e  p r e s e n t e d .  
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THE HYGAS PROCESS 

The HYGAS Process (Figure I), developed by the Institute of Gas Technology 

(Chicago) for the U.S. Department of the Interior's Office of Coal Research, 

and the A m e r i c a n  Gas  A s s o c i a t i o n ,  has  r e a c h e d  the p i lo t  p lan t  s t age .  The 

p i lo t  p lan t  is  d e s i g n e d  to p r o c e s s  75 t o n s  of c o a l  and  p r o d u c e  1 .5  m i l l i o n  

cub ic  f ee t  of p i p e l i n e - q u a l i t y  gas  da i ly .  The p r o c e s s  can  o p e r a t e  w i th  any  

r a n k  or  type of coal .  The  p r o c e s s  is t a i l o r e d  fo r  m a x i m u m  t h e r m a l  e f f i -  

c i e n c y  by m ~ x i m i z i n g  the  d i r e c t  f o r m a t i o n  of m e t h a n e  in the r e a c t o r .  High  

t e m p e r a t u r e s  (1200 ° to 1400°F  in the f i r s t  s t age ,  and 1600 ° to 1800 °F in the  

s e c o n d  s t age )  g u a r a n t e e  r e a s o n a b l e  r e a c t i o n  r a t e s ,  and h igh  p r e s s u r e  (about  

1100 ps i  in both  s t a g e s )  i n c r e a s e s  e q u i l i b r i u m  m e t h a n e  y ie ld .  

The m o s t  a c t i v e  f r a c t i o n  of coa l  is h y d r o g a s i f i e d  to f o r m  m e t h a n e ,  w h i l e  

the l e s s  a c t i v e  f r a c t i o n  is u sed  to g e n e r a t e  h y d r o g e n  in s u p p o r t  of the 

r e a c t i o n s .  The  r a w  gas  f r o m  the h y d r o g a s i f i e r  c o n t a i n s  s u b s t a n t i a l  a m o u n t s  

of c a r b o n  m o n o x i d e  and h y d r o g e n .  T h e s e  a r e  c o n v e r t e d  i n d i r e c t l y  to m e t h a n e  

du r ing  c a t a l y t i c  c l e a n - u p  m e t h a n a t i o n ,  boos t ing  the hea t ing  v a l u e  of the gas ,  

and r e d u c i n g  c a r b o n  m o n o x i d e  con ten t  to be low 0. 1 ~ .  

B a s i c  p r o c e s s  s t e p s  i n c l u d e :  

Coa l  r e c e i v i n g  and  s t o r a g e .  

Coa l  p r o c e s s i n g  into the s i z e  r e q u i r e d  fo r  g a s i f i c a t i o n ,  
s l u r r y  fo r  c o n v e n i e n t  i n t r o d u c t i o n  into the coa l  g a s i f i c a t i o n  r e a c t o r .  

Coa l  gas~Lfication, w h e r e  gas  is g e n e r a t e d  a t  h igh  t e m p e r a t u r e  and 
p r e s s u r e .  The p r i n c i p a l  r e a c t i o n s  of i n t e r e s t  w i th in  the r e a c t o r  a r e :  

coa l  + H z --  C H  4 ( 1 )  

w h i c h  f o r m s  m e t h a n e  d i r e c t l y ,  and:  

coa l  + HzO -~ CO + H z (2) 

w h i c h  f o r m s  the c a r b o n  m o n o x i d e  and  h y d r o g e n  ( s y n t h e s i s  gas )  w h i c h  is 
l a t e r  c a t a l y t i c a l l y  c o n v e r t e d  to a d d i t i o n a l  m e t h a n e .  

Continuir ,  g the  l i s t  of b a s i c  s t eps  a r e :  

and into a c o a l - o i l  

• Gas scrubbing and cooling. 
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E l e c t r o t h e r m a l  G a s i f i c a t i o n  

Char  from. the HYGAS r e a c t o r  r e a c t s  with s t e a m  in a f l u i d i z e d - b e d  

e l e c t r o t h e r m a l  g a s i f i e r  to f o r m  a h y d r o g e n - r i c h  gas  which  is p a s s e d  d i r e c t l y  

into the h y d r o g a a t f i e r .  The s t e a m - c h a r  r e a c t i o n  is h ighly  e n d o t h e r m i c  

( r e q u i r e s  hea t ) ;  the r e q u i r e d  hea t  is f u r n i s h e d  by pas s ing  d i r e c t  c u r r e n t  

t h rough  the f lu ld i zed  bed of cha r .  Res idua l  cha r  f r o m  this  e l e c t r o t h e r m a l  

r e a c t o r  would  be u s e d  to p roduce  the e l e c t r i c  power  r e q u i r e d ,  a l though  at 

the HYGAS pi lot  plant ,  the e l e c t r i c a l  power  is p u r c h a s e d .  T e s t s  to date  at 

the HYGAS pi lot  p lant  ind ica te  that  this  p r o c e s s  is t e c h n i c a l l y  f e a s i b l e  and 

has m a n y  a t t r a c t i v e  f e a t u r e s .  H o w e v e r ,  the cos t  of e l e c t r i c a l  p o w e r  g e n -  

e r a t i o n  today,, c o m p a r e d  with the pe r iod  when th is  concep t  was  e n v i s i o n e d ,  

t ends  to m a k e  the two o the r  IGT h y d r o g e n - r i c h  gas  p r o d u c t i o n  s c h e m e s  

p r e s e n t l y  m o r e  a t t r a c t i v e .  

MATERIALS AND CORROSION 

D e s i g n e r ~  m u s t  g u a r d  a g a i n s t  p o s s i b l e  s e v e r e  c o r r o s i o n  f r o m  a wide  

r a n g e  of s u b s t a n c e s .  The p r i n c i p a l  t h r e a t  is  f r o m  h y d r o g e n ,  s t e am,  and 

h y d r o g e n  su l f ide  at h igh  t e m p e r a t u r e s  and  p r e s s u r e s ,  a t  v a r i o u s  po in t s  in  t he  

p r o c e s s .  O the r  p o t e n t i a l  c o r r o s i v e s  and  e r o s i v e s  i nc lude  h u m i c  ac ids ,  c h a r  

( c o r r o s i v e / e r o s i v e ) ,  aqueous  sc rubb ing  so lu t ions  and d i s s o l v e d  a c i d  g a s e s ,  

d i lu te  c a u s t i c s ,  wet  p r o d u c t  gas,  and s l u r r y  ( a b r a s i v e ) .  

P o t e n t i a l  c o r r o s i o n  a r e a s  in the  HYGAS p i lo t  p lan t  a r e  a n a l y z e d  in T a b l e  

1, by p l an t  s t r e a m  and  sec t ion ,  inc lud ing  p r e s s u r e  r ange ,  t e m p e r d t u r e  r a n g e ,  

s t r e a m  c o m p o s i t i o n ,  c o r r o s i v e / e r o s i v e  agen t s ,  and  m a t e r i a l s  of c o n s t r u c -  

t ion .  

Potential corrosion areas in the HYGAS Process with synthesis gas gen- 

erated by fluidized-bed oxygen-steam gasification of residual char are 

presented in detail in Table Z. 

Figure 6 is a flowsheet of a hypothetical HYGAS demonstration plant, 

w h e r e  p o t e n t i a l  p r o b l e m s  of c o r r o s i o n  and  e r o s i o n  a r e  at  l e a s t  as  s e v e r e  as 

in the  HYGAS pi lo t  p lan t .  The  p o t e n t i a l  c o r r o s i o n / e r o s i o n  a r e a s ,  and  a g e n t s ,  

t o g e t h e r  wi th  o the r  p e r t i n e n t  data ,  a r e  d e t a i l e d  i n ' T a b l e  3. 
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The  HYGAS p i lo t  p lant ,  c o m p l e t e d  in  the  s p r i n g  of 1971, is d e s i g n e d  to 
d e l i v e r  1. 5 m i l l i o n  SCF of SNG da i ly  f r o m  75 tons  of coa l  f eed .  In the  e a r l y  
s p r i n g  of 1973,' l a r g e - s c a l e  c o n v e r s i o n  of coa l  to p i p e L i n e - q u a l i t y  gas  was  
d e m o n s t r a t e d  fo r  t he  f i r s t  t i m e .  In the  sp r ing  of 19747"IGT c o m p l e t e d  a 
run d u r i n g  w h i c h  the  p lan t  w a s  in o p e r a t i o n  fo r  o v e r  Z.7 d a y s .  D u r i n g  th is  
run,  about  t w o - t h i r d s  of a l l  the  m e t h a n e  c r e a t e d  w a s  p r o d u c e d  d i r e c t l y  in 
the h y d r o g a s i f i e r ,  c o n f i r m i n g  p r e d i c t i o n s ;  r e a c t i o n  r a t e s  and  t h e r m a l  
e f fec t s  w e r e  a s  e x p e c t e d .  

P l a n t  m o d i f i c a t i o n s  w e r e  m a d e  du r ing  1974 to s tudy  the  i n t e g r a t i o n  into 
the b a s e  of the p i lo t  p lant  h y d r o g a s i f i e r  r e a c t o r  of a s t e a m - o x y g e n  g a s i f i e r  
for  the  p r o d u c t i o n  of h y d r o g e n - r i c h  gas  f r o m  h y d r o g a s i f i e d c o a l  c h a r .  De-  
s ign  and  c o n s t r u c t i o n  of a s t e a m - i r o n  s y s t e m  was  begun  by IGT u n d e r  a 
s e p a r a t e  OCR c o n t r a c t " H u r i n g  1973 at the  IGT p i lo t  p l an t  s i te .  The e l e c t r o -  
t h e r m a l  g a s i f i c a t i o n  of c h a r  w a s  s u c c e s s f u l l y  d e m o n s t r a t e d  in ba t ch  t e s t s ;  
that  p a r t  of the p i lo t  p l an t  was  t h e n  put  on s t andby .  Ut i l i z ing  a s ing le  SNG 
plant ,  the t h r e e  h y d r o g e n - r i c h  g a s - p r o d u c i n g  f a c i l i t i e s  could  p r o v i d e  a 
m e a n s  for  c l o s e  c o m p a r a t i v e  s tudy  of h y d r o g e n  supply  t e c h n i q u e s .  

4 . 0 .  1 H Y d r o g a s i f i e r  R e a c t o r  

In the  p i lo t  p l an t ,  the  h y d r o g a s i f i e r  r e a c t o r  v e s s e l ,  w i th  fou r  i n t e r n a l l y  
connected contact stages, is 135 feet high and has a 5.5-foot inside diameter. 
The slurry is sprayed into the top stage, a 2.5-foot-diameter, 10-foot-high 
fluidized drying bed. The sensible heat in  the gaseous reaction products 
from the later stages vaporized the oil. At this point, the dry coal is 
heated to about 600 °F. 

The coal flows by gravity from the drying bed into a 3-inch-diameter, 
vertical-lift-line reactor in which the hot gases (1700 °F) from the reaction 
section below provide the lifting force, the heat to raise the solids tempera- 
ture to IZ00°F, and hydrogen that reacts with about Z0~ of the coal to pro- 
duce methane. This is the first stage of hydrogasification. At the top of 
the lift line, the gas and coal disengage. The gas moves up to vaporize the 
oil in the slurry-drying stage. The partially reacted coal can be split into 
two streams. Part of it can be transferred to the base of the lift line to be 
mixed with the incoming fresh coal. By this means, it is expected to feed 
raw caking coal directly to the reactor without pretreatrnent. Eliminating 
pretreatment can reduce gas cost significantly. 

The remainder of the partially reacted coal flows by gravity to the 
second-stage hydrogasifer. Here the solids are heated in a fluidized bed 
to about 1700°F and further gasified by the steam and hydrogen-rich gas 
rising from the steam-oxygen gasification stage below. (Or, alternatively, 
the hydrogen-rich gas may flow from the steam-iron reactor or the electro- 
thermal generator.) The second-stage bed is Z. 5 feet in diameter, is lined 
with refractory, and is 15 feet deep. 

In th i s  s e c o n d  s t age  of the r e a c t o r ,  the e x o t h e r m i c  h y d r o g e n  r e a c t i o n  
p r o d u c e s  m e t h a n e ,  and  the e n d o t h e r m i c  s t e a m  r e a c t i o n  p r o d u c e s  c a r b o n  
m o n o x i d e  and h y d r o g e n .  If the  t e m p e r a t u r e  r i s e s ,  the s t e a m - c h a r  r e a c t i o n  
;.... 

OCR C o n t r a c t  No. 14 -32 -0001-1518 ;  now ERDA C o n t r a c t  No. E ( 4 9 - 1 8 ) 1 5 1 8 .  

Following the contract period reported here. 
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Success in using a synthesis gas-steam mixture for hydrogasification in 
place of a prepurified hydrogen-steam mixture encouraged re-investigation 
of the potential use of oxygen as a means to support the steam-carbon reaction. 
In this study, char was partially oxidized with oxygen in the presence of 
steam at temperatures of 1850 ° and 1650°F. The latter is as Iowa tempera- 6 

ture as investigators believe might ever prove practical; work at 1650°F was 
included to indicate the minimum oxygen requirement. 

A 4 - i n c h - d i a m e t e r  f l u i d i z e d - b e d  b a l a n c e d - p r e s s u r e  r e a c t o r  w a s  c h o s e n  f o r  
t h e  w o r k .  In t he  r e a c t o r ,  an  o x y g e n - s t e a m  m i x t u r e  is  u s e d  to f l u i d i z e  s p e n t  
c h a r  f r o m  the  h y d r o g a s i f i e r .  C h a r  c o m b u s t i o n  to  CO a n d  CO z a n d  m e t h a n e  
f o r m a t i o n  s u p p l y  t h e  h e a t  f o r  t h e  s t e a m - c h a r  r e a c t i o n  t h a t  p r o d u c e s  H 2 a n d  
CO.  M e t h a n e  f o r m a t i o n  w a s  a s s u m e d  to  o c c u r  in  an  a m o u n t  t h a t  w o u l d  b e  
p r o d u c e d  a t  e q u i l i b r i u m .  H e a t  g e n e r a t e d  by  t h i s  m e t h a n e  f o r m a t i o n  is  
e x t r e m e l y  i m p o r t a n t  in  m i n i m i z i n g  o x y g e n  r e q u i r e m e n t s .  E x p e r i m e n t s  h a d  
i n d i c a t e d  t h a t  a m o u n t s  in e x c e s s  of  g a s - p h a s e  e q u i l i b r i u m  c a n  o c c u r  u n d e r  
s o m e  c i r c u m s t a n c e s .  

E c o n o m i c s  a n d  t h e  c o n s e r v a t i o n  of r e s o u r c e s  by  h i g h  u t i l i z a t i o n  a r e  t h e  
p r i n c i p a l  f a c t o r s  in u l t i m a t e l y  d e c i d i n g  w h e t h e r  an  e l e c t r o t h e r m a l ,  o x y g e n  o r  
s t e a m - i r o n  s y s t e m  w i l l  b e  u s e d  to g e n e r a t e  t h e  h y d r o g e n - r i c h  g a s  r e q u i r e d  
f o r  t h e  HYG/kS o r  o t h e r  h y d r o g a s i f i c a t i o n  p r o c e s s e s .  B e c a u s e  o x y g e n  a d d i -  
t i o n  r e s u l t s  in  h i g h e r  c a r b o n  o x i d e  l e v e l s ,  t h e  h y d r o g a s i f i e r  r e a c t o r  v o l u m e  
w i l l  b e  s o m e w h a t  l a r g e r  t h a n  n e e d e d  w i t h  t h e  u s e  of a n  e l e c t r o t h e r m a l  g a s i -  
f i e r  a t  an  e q u i v a l e n t  o p e r a t i n g  p r e s s u r e ,  f o r  e q u a l - v o l u m e  p r o d u c t i o n  of SNG.  
A l a r g e r  s c r u b b i n g  s y s t e m  -- a g a i n ,  on an  e q u i v a l e n t - p r o d u c t i o n  b a s i s  -- 
w o u l d  a l s o  be  r e q u i r e d  w i t h  a n  o x y g e n  s y s t e m  to r e m o v e  the  a d d i t i o n a l  c a r b o n  
o x i d e s  f o r m e d .  T h e  i n c r e m e n t a l  i n c r e a s e s  in v e s s e l  s i z e s  a n d  s y s t e m  d u t i e s  
r e q u i r e d  f o r  o x y g e n  a n d  e l e c t r o t h e r m a l  s y s t e m s ,  h o w e v e r ,  m a y  b e  m o r e  
t h a n  o f f s e t  by  t h e  s a v i n g s  g a i n e d  b y  u s i n g  o x y g e n .  A l t h o u g h  a p r o c e s s  m a y  b e  
d e v e l o p e d  f o r  c o m p l e t e  c o n s u m p t i o n  of  t h e  c a r b o n  in t h e  g a s i f i e r ,  i t  m a y  b e  
d e s i r a b l e  to u n d e r t a k e  o n l y  p a r t i a l  c o n v e r s i o n  of t h e  c h a r .  T h e  r e s i d u a l  c h a r  
w o u l d  t h e n  be  u s e d  as  a f u e l  f o r  s t e a m  g e n e r a t i o n .  

A major task was the investigation of a specific temperature range that 
must be used in the gasifier to enable the reactions to proceed at reasonable 
rates yet allow for maximum methane formation. IGT investigators believe 
that 1 650°F may be too low a temperature to allow practical-sized equipment 
when using bituminous coal, although 1650°F may be a realistic temperature 
with lignite or subbituminous coal. An 1850°F gaslfier temperature should 
be quite practical from a kinetic standpoint, although --as the gasifier 
temperature is increased -- the potential increases for problems associated 
with ash softening. However, in a properly designed system, a temperature 
of 1850°F should not present problems with most coals. 

The basic questions to be resolved in the steam-oxygen program are -- 

• What is the necessary size of the oxygen-steam gasification reactor? 

• What is the necessary size of the ~ydrogasifier when using synthesis 
gas produced in the oxygen-based gasifier? 

o 









The steam-iron section provides orientation concerning how the steam-iron 
process would supplement a hydrogasification process. In 1974, as this 
report is prepared, the steam-iron process is under active development for 
application in hydrogaslfication, under the 1973 OCR Contract No. 14- 3Z-0001 - 
1518 (now ERDA Contract No. E(49-18)-1518). Details of the steam-iron 
system now under development at IGT will be presented in full at the appro- 
priate time when the development is more advanced, in accordance with ERDA 
r equir ement s. 

Details of all steam-iron contract work to date -- including process flow 
sheets- may be found in the U.S. Department of the Interior, Office of 
Coal Research, R&D Report No. 95, Interim Report No. l, Developmcnt 
of the Steam-lron System for Production of Hydrogen for the HYGAS Process, 
Washington, D.C. 1974. 

6 

IGT has been working since 1961 on various approaches to steam-iron 
gasification for use in the direct synthesis of SNG. The earlier IGT work 
was sponsored by Fuel Gas Associates (Consolidated Natural Gas Service 
Company, Inc., Texas Eastern Transmission Corp., and Consolidation 
Coal Company). More recently the work has been sponsored by the 
American Gas Association and OCR. 

Various steam-iron process patents included here as Appendix 4c-A 
illustrate the scope of the early, private steam-iron R&D work at IGT and 
the platform of expertise upon which the IGT-OCR contract cited above is 
based. All of the patents of Appendix 4c-A are assigned to Consolidation 
Coal Co., a member of the sponsoring Fuel Gas Associates* (FGA). 

The three hydrogen-rich gas producing processes briefly described in 
this summary are discussed in detail in the body of Part IV of this report. 

In subsequent OCR negotiations after the period reported here (but prior 
to the establishment of ERDA), FGA -- through the American Gas Association - 
entered into an agreement with OCR assigning limited rights to cectain 
FGA steam-iron patents for the sole purpose of hydrogen-rich gas production 
to convert coal to SNG. This limitation remains in effect in mid-1975 
as this report goes to press. 
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4a.1 8 4 Carbon Gasified 

B o t h  r e a c t o r  t e m p e r a t u r e  a n d  t h e  s t e a m - t o - c h a r  f e e d  r a t i o  h a v e  p r o n o u r / c e d  
e f f e c t s  on t h e  c a r b o n  g a s i f i c a t i o n  r a t e .  A t  1800 to  1 9 0 0 ° F  a s t e a m - t o - c h a r  
f e e d  r a t i o  of C: 8 to  1. 5 p o u n d  p e r  p o u n d ,  40 p e r c e n t  o r  m o r e  o f  t h e  c a r b o n  
c a n  b e  ga.~if ied in a b o u t  10 m i n u t e s  u s i n g  h y d r o g a s i f i e d  b i t u m i n o u s  c h a r s .  

In  m o s *  m s t a n c e s ,  t h e  F M C  b i t u n a i n o u s  c h a r  s h o w e d  s o m e w h a t  h i g h e r  
c a r b o n  g a s i f i c a t i o n  u n d e r  s i m i l a r  c o n d i t i o n s .  T h e  h y d r o g a s i f i e d  l i g n i t e  
c h a r s ,  h o w e v e r ,  r e q u i r e d  a b e d  t e m p e r a t u r e  o f  l e s s  t h a n  1 7 0 0 ° F  to  o b t a i n  
50% c a r b o n  g a s i f i c a t i o n  a t  s t e a m / c h a r  f e e d  r a t i o s  of  0 . 8 / 1 . 5  p o u n d  p e r  p o u n d ,  
a n d  a t  r e s i d e n c e  t i m e s  of  10 to  1 5 m i n u t e s .  

4a .  1.8 . 5 S y n t h e s i s - G a s  Y i e l d s  

I n t h e  t e s t s  c o n d u c t e d  a t  1000 p o u n d s  p e r  s q u a r e  i n c h  ( g a g e ) ,  t h e  y i e l d  of  
e q u i v a l e n t  h y d r o g e n  - i .  e . ,  h y d r o g e n  p l u s  c a r b o n  m o n o x i d e  in  t h e  p r o d u c t  g a s  - 
r a n g e d  f r o m  1 ;'. to  20 s t - - ~ d a r d  c u b i c  f e e t  p e r  p o u n d  of  c h a r  f e d  a t  t h e  v a r i o u s  
r u n  c o n d i t i o n s .  

O n c e  t h e  i n i t i a l  tes t"  c o n d i t i o n s  of  t h e  HYGAS p l a n t  h a d  b e e n  se t ,  t h e  
e l e c t r o t h e r m a l  g a s i f i c a t i o n  s t u d y  w a s  d i r e c t e d  t o w a r d  o b t a i n i n g  s y n t h e s i s - g a s  
y i e l d s  t h a t  w o u l d  s u p p l y  t h e  r e q u i r e d  f e e d  g a s  to  t h e  HYGAS r e a c t o r  w h i l e  
u t i l i z i n g  t h e  e= i~ec ted  c h a r  d i s c h a r g e  r a t e  f r o m  t h e  r e a c t o r .  A m a t e r i a l  
b a l a n c e  s c a l e d  f r o m  d a t a  o b t a i n e d  in  t e s t  E . G .  -48  ( F i g u r e  4a .  1 - 1 6 ) ,  r e f l e c t s  
t h e  r e q u i r e m e n t s  of  t h e  h y d r o g a s i f i c a t i o n  s e c t i o n  of  t h e  HYGAS p l a n t  a t  r u n  
c o n d i t i o n s  c a l l i n g  f o r  t h e  p r e d i c t e d  m a x i m u m  s y n t h e s i s  g a s  f e e d .  A s  c a n  b e  
s e e n ,  a b e d  t e m p e r a t u r e  of  1 9 0 0 ° F ,  c h a r  r e s i d e n c e  t i m e  of 10 m i n u t e s  a n d  a 
s t e a m - t o - c h a r  f e e d  r a t i o  of  1 . 4 6  p o u n d  p e r  p o u n d  r e s u l t e d  in  a h y d r o g e n  p l u s  
c a r b o n  m o n o x i d e  y i e l d  of  20 s t a n d a r d  c u b i c  f e e t  p e r  p o u n d  of c h a r  f e d .  T h e s e  
r e s u l t s  s a t i s f y  t h e  HYGAS r e q u i r e m e n t s .  A p o w e r  i n p u t  o f  67 k i l o w a t t s  w a s  
a p p l i e d  d u r i n g  t h e  t e s t ,  i n c l u d i n g  h e a t  l o s s e s ,  w h i c h  e x t r a p o l a t e s  t o  2100 
k i l o w a t t s  a t  t h e  s c a l e  of  t h e  HYGAS p l a n t  f e e d i n g  3 t o n s  p e r  h o u r  o f  b i t u m i n o u s  
c o a l .  T h i s  s y n t h e s i s  g a s  r e q u i r e m e n t  i s  t h e  h i g h e s t  a n t i c i p a t e d  f o r  e i t h e r  
b i t u m i n o u s  o r  l i g n i t e  c h a r s  i n  t h e  HYGAS p l a n t .  

4a. I. 9 Electrical Characteristics 

4a. I .9. 1 Voltage-Current llelationshlp 

As was discussed earlier, the electrothermal gasifier is a nonlinear 
resistive load; because of bed fluctuations, the load is unstable, varying in 
resistance over wide ranges and thus - in the case of a constant voltage source -- 
causing the current to vary in the same T,:anner. To obtain definitive input data 
relative to the electrothermal gasifier bed, the voltage and current were 
monitored during tests. Oscillograph traces were obtained at various time 
intervals to record the instantaneous changes in the voltage and current. A 
typical oscillograph trace of the voltage and current appears in Figure 4a. 1-17. 

4a. 1-25 
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T h e  n o n - s i n u s o i d a l  c h a r a c t e r  o f  t h e  c u r r e n t  i s  r e a d i l y  a p p a r e n t ;  t h e  e x t r e m e  
i n  t h e  r a t i o  o f  m a x i m u m  t o  m i n i m u m  v a l u e s  o f  c u r r e n t ' i s  4 .  In  c o n t r a s t  
t o  t h e  a r c  f u r n a c e  o p e r a t i o n ,  t h e  c u r r e n t  t r a c e  i s  c o n t i n u o u s  a n d  a r c s  a r e  
n o t  p r e s e n t  o n  a c o n t i n u o u s  b a s i s .  T h i s  a b s e n c e  o f  c o n t i n u o u s  s h o r t - c i r c u i t  
o p e r a t i o n  m a k e s  t h e  l o a d  m o r e  a t t r a c t i v e  f r o m  t h e  v i e w p o i n t  o f  l e s s  i n t e r -  
f e r e n c e  wlth the main supply source, and with other loads connected to the 
m a i n  load s o u r c e .  

D a t a  f r o m  t e s t s  i n  t h e  6 - i n c h  e l e c t r o t h e r m a l  g a s i f i e r  b e d  w e r e  u s e d  to  
develop techniques for obtaining an empirical relationship from voltage- 
current characteristics, and to obtain scaling factors applicable to larger 
systems of the same configuration. In the concentric electrode configuration 
(Figure 4a. 1-18) the resistivity of an electrothermal gasifier varies 
according to- 

p = k 3  n ( 4 )  

neglecting end effects, the electric field intensity in the bed is -- 
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