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Z. 0 S u m m a r y  of H y d r o g a s i f i c a t i o n  in the  4 - I n c h  P D U  

D u r i n g  t h e  c o n t r a c t  p e r i o d  r e p o r t e d  in t h i s  d o c u m e n t ,  s t a r t i n g  in 1964 
a n d  e n d i n g  in 197Z, m o r e  t h a n  250 c o a l  h y d r o g a s i f i c a t i o n  t e s t s  w e r e  p e r f o r m e d  
u n d e r  a v a r i e t y  of c o n d i t i o n s  a n d  u t i l i z i n g  m a n y  t y p e s  of  c o a l  in c o m b i n a t i o n  
wi th  a v a r i e t y  of g a s e o u s  f e e d s .  

T h e  w o r k  w a s  p e r f o r m e d  in a 4 - i n c h - d i a m e t e r  r e a c t o r  t e r m e d  t h e  h y d r o -  
g a s i f i c a t i o n  p r o c e s s  d e v e l o p m e n t  un i t  ( P D U ) , w h i c h  i s  d e s c r i b e d  in i t s  
v a r i o u s  c o n f i g , a r a t i o n s  h e r e i n .  T h e  r e s u l t s  of  t h i s  P D U  h y d r o g a s i f i c a t i o n  
w o r k  h e l p e d  to  c o n f i r m  e a r l y  HYGAS c o n c e p t s  a n d  p l a y e d  a s i g n i f i c a n t  r o l e  
in s h a p i n g  c r i t e r i a  f o r  d e s i g n  of t h e  HYGAS p i l o t  p l a n t  r e a c t o r s .  

In t h e  e a r l y  p h a s e s  of o p e r a t i o n  a n d  s h a k e d o w n  of t h e  d e m o n s t r a t i o n  uni t ,  
a l o w - t e m p e r a t u r e  b i t u m i n o u s  c o a l  c h a r  of u n i f o r m  c o m p o s i t i o n  w a s  u s e d .  
D u r i n g  the  i n v e s t i g a t i v e  p h a s e  of t he  h y d r o g a s i f i c a t i o n  p r o g r a m ,  14 d i f f e r e n t  
c o a l s  w e r e  e v a l u a t e d  f o r  t he  e f f e c t  of p r e t r e a t m e n t  o p e r a t i o n s  a n d / o r  c h a r  
c o m p o s i t i o n  o n t h e  h y d r o g a s i f i c a t i o n  r e s u l t s .  T h e  c o a l s  w e r e  s e l e c t e d  to g ive  
a r a n g e  in r a n k  f r o m  a l i g n i t e  to a l o w - v o l a t i l e  b i t u m i n o u s  as  w e l l  a s  f o r  t h r e e  
d i f f e r e n t  h i g h - v o l a t i l e  b i t u m i n o u s  c o a l s  to  d e t e r m i n e  v a r i a t i o n  in p e r f o r m a n c e  
of c o a l s  due  to  o r i g i n .  F M C  C o r p o r a t i o n  P r o j e c t  COED c h a r  w a s  a l s o  i n -  
v e s t i g a t e d  f o r  c o m p a r i s o n .  

E a r l y  m o v i n g - b e d  e x p e r i m e n t s  w e r e  c o n d u c t e d  w i t h - 3 5 + 8 0  USS m e s h  
c h a r  f o r  low t h r o u g h p u t s  and--10~-40 USS m e s h  f o r  h igh  t h r o u g h p u t s  of c o a l  
a n d  g a s  f e e d s .  T h e  c o a r s e r  f e e d  a l l o w e d  h i g h e r  gas  v e l o c i t i e s  w i t h o u t  
f l u i d i z i n g  t h e  c h a r  b e d .  F o r  f lu id  b e d  t e s t s ,  t h e  p a r t i c l e  s i z e  w a s  e x t e n d e d  
to c o v e r  t he  w h o l e r a n g e  of c h a r  f e e d .  T h e - - 1 0 ~ 8 0  m e s h  s i z e  w a s  u s e d  f o r  
a l l  f l u i d i z e d - b e d  t e s t s .  

I n i t i a l l y ,  t h e  h y d r o g a s i f i c a t i o n  p r o g r a m  u t i l i z e d  a m o v i n g - b e d  c o n f i g u r a t i o n  
w h i c h  o f f e r s  a n u m b e r  of a d v a n t a g e s .  At t h e  top,  h i g h l y  r e a c t i v e  f r e s h  c o a l  
is in c o n t a c t  w i th  t h e  p r o d u c t  g a s  w h i c h  r e s u l t s  in h igh  m e t h a n e  e q u i l i b r i u m  
c o n c e n t r a t i o n s  in t h e  p r o d u c t  g a s .  L e s s  r e a c t i v e  p a r t i a l l y  g a s i f i e d  c h a r  is  
in c o n t a c t  w i t h  h y d r o g e n - r i c h  f e e d  g a s  a t  t h e  b o t t o m  of t h e  b e d  w h i c h  p r o m o t e s  
t h e  r a t e s  of bo th  the  c a r b o n - h y d r o g e n  and  c a r b o n - s t e a m  r e a c t i o n s .  

T y p i c a l l y ,  h y d r o g a s i f i c a t i o n  of l i g h t l y  p r e t r e a t e d  I r e l a n d  M i n e  b i t un~ inous  
c o a l  w i t h  h y d r o g e n  a n d  s t e a m  in a m o v i n g  b e d  r e s u l t e d  in up to 3 8 . 5 %  c a r b o n  
g a s i f i c a t i o n  a n d  a p r o d u c t  g a s  of 495 Btu p e r  s t a n d a r d  c u b i c  foo t .  R e s u l t s  
wi th  M o n t o u r  No. 4 m i n e  p r e t r e a t e d  c o a l  a n d  a N o r t h  D a k o t a  l i g n i t e  a r e  28% 
a n d  57% c a r b o n  g a s i f i e d  a n d  576 and  511 Btu p e r  s t a n d a r d  cub i c  foo t  of 
p r o d u c t  gas ,  r e s p e c t i v e l y .  

It w a s  found ,  u s i n g  v o l a t i l e  m a t t e r  c o n t e n t  a s  an  i n d e x  of p r e t r e a t m e n t  
s e v e r i t y ,  t h a t  p r e t r e a t e d  c o a l  w i th  b e t w e e n  24 a n d  26~o v o l a t i l e  m a t t e r  c a n  
be  p r o c e s s e d  "without a g g l o m e r a t i o n  in  a 4 - i n c h  d i a m e t e r  r e a c t o r .  It m a y  
be  p o s s i b l e  to  f e e d  c o a l s  w i t h  l e s s  p r e t r e a t m e n t  -- o r  e v e n  r a w  c o a l  -- in a 
l a r g e r  d i a m e t e r  r e a c t o r .  
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E x p e r i e n c e  w a s  g a i n e d  f r o m  t h e s e  t e s t s  in  a d j u s t m e n t  o f  f e e d  t u b e  s i z e ,  
l e n g t h  a n d  l o c a t i o n ;  t h e  a m o u n t  o f  n i t r o g e n  p u r g e - g a s  r e q u i r e d  t o  p a s s  t h r o u g h  
t h e  t u b e ; a n d  t h e  s t a r t - u p  s e q u e n c e  n e c e s s a r y  f o r  a s u c c e s s f u l  o p e r a t i o n .  

T w o - s t a g e  h y d r o g a s i f i c a t i o n  w a s  s i m u l a t e d  in  s e q u e n c e ,  by  f e e d i n g  t h e  
p r e t r e a t e d  c o a l  in  t h e  l o w - t e m p e r a t u r e  s t a g e  a n d  p a r t i a l l y  g a s i f i e d  c o a l  f r o m  
t h e  l o w - t e m p e r a t u r e  s t a g e  to  t h e  h i g h - t e m p e r a t u r e  s t a g e .  T h i s  i s  r e a l i s t i c  
e x c e p t  t h a t  t h e  p a r t i a l l y  g a s i f i e d  c o a l  w a s  f e d  to  t h e  s e c o n d  ( h l g h - t e m p e r a t u r e )  
s t a g e  a t  a m b i e n t  t e m p e r a t u r e  i n s t e a d  of  a t  t e m p e r a t u r e s  b e t w e e n  1200 ° a n d  
1 4 0 0 ° F .  A l l  t h e  t e s t s  w e r e  c o n d u c t e d  a t  m i n i m u m  h y d r o g e n / c o a l  r a t i o  to  
y i e l d  a b o u t  50% c a r b o n  g a s i f i c a t i o n ,  w h i c h  p r o v i d e s  s u f f i c i e n t  r e s i d u a l  
c a r b o n  f o r  h y d r o g e n  g e n e r a t i o n  in  a s u b s e q u e n t  o p e r a t i o n .  

B e c a u s e  of  t h e  low t e m p e r a t u r e  in  t h e  f i r s t  s t a g e ,  s t e a m - c a r b o n  r e a c t i o n  
i s  n o t  e x p e c t e d  in  t h e  f i r s t  s t a g e .  T h e  c a r b o n - o x i d e s  f o r m e d  in t h i s  s t a g e  
c o m e  f r o m  t h e  o r g a n i c  o x y g e n  in  t h e  c o a l .  H o w e v e r ,  s t e a m  d o e s  p l a y  an  
a c t i v e  r o t e  in  l o w - t e m p e r a t u r e  g a s i f i c a t i o n .  E x p e r i m e n t a l  r e s u l t s  i n d i c a t e  
t h a t  s t e a m  s e e m s  t o  s u p p r e s s  t h e  r e l e a s e  o f  o x y g e n  f r o m  c o a l  a s  w a t e r  a n d  
f o r c e s  i t  t~ l e a v e  a s  c a r b o n  o x i d e s .  T h i s  i s  d e s i r a b l e  b e c a u s e  i t  r e d u c e s  
h y d r o g e n  t o s s  a n d  c a r b o n  o x i d e s  c a n  be  f u r t h e r  c o n v e r t e d  to  m e t h a n e  by 
c a t a l y t i c  m e t h a n a t i o n .  

I t  h a s  b e e n  w e l l  e s t a b l i s h e d  t h a t  t h e  h y d r o g e n a t i o n  o f  t h e  v o l a t i l e  m a t t e r  in 
c o a l  p r o c e e d s  v e r y  r a p i d l y  a n d  y i e l d s  m e t h a n e  c o n c e n t r a t i o n s  h i g h e r  t h a n  
t h e  e q u i l i b r i u m  v a l u e  in  a f l - g r a p h i t e - h y d r o g e n  s y s t e m .  T h e  f i r s t - s t a g e  
h y d r o g a s i f i c a t i o n  d e m o n s t r a t e d  t h i s  t y p e  o f  r e a c t i o n  a s  s h o w n  by  t h e  o b s e r v e d  
r a p i d  r a t e  o f  r e a c t i o n  a n d  l a c k  of  e q u i l i b r i u m  h i n d r a n c e  to  m e t h a n e  f o r m a t i o n  
in  t h i s  s t a g e .  T h e  p a r t i a l l y  g a s i f i e d  c o a l  ( i n  t h e  h i g h - t e m p e r a t u r e  s t a g e )  w a s  
l e s s  r e a c t i v e  a t  t e m p e r a t u r e s  f r o m  1700 ° t o  1 9 0 0 ° F .  

O n  c o m p a r i n g  t h e  i n t e g r a l  m e t h a n e  f o r m a t i o n  r a t e s  w i t h  t h o s e  r e p o r t e d  by 
o t h e r s ,  i t  w a s  f o u n d  t h a t  1) t h e  r a t e  o f  m e t h a n e  f o r m a t i o n  f o r  p r e t r e a t e d  
P i t t s b u r g h  c o a l  i s  n o t  s l o w e d  b y  t h e  p r e s e n c e  of  m e t h a n e  i n  t h e  f e e d  g a s ;  
Z) t h e  p r e t r e a t e d  c o a l  i s  q u i t e  r e a c t i v e ,  p r o b a b l y  d u e  to  i t s  h i g h  v o l a t i l e  
m a t t e r  c o n t e n t  a s  c o m p a r e d  to  o t h e r s ; a n d  3) in  t h e  h i g h - t e m p e r a t u r e  s t a g e ,  
p a r t i a l l y  g a s i f i e d  c o a l  g a v e  r a t e  c o n s t a n t s  q u i t e  s i m i l a r  t o  t h o s e  o b t a i n e d  
w i t h  D i s c o  c h a r  a n d  r e s i d u a l  A u s t r a l i a n  b r o w n  c o a l ,  b o t h  o f  w h i c h  h a d  v e r y  
l i t t l e  v o l a t i l e  m a t t e r .  

T h e  c a r b o n - s t e a m  r e a c t i o n  w a s  s i g n i f i c a n t  o n l y  a t  t e m p e r a t u r e s  a b o v e  
1 7 0 0 ° F ,  a n d  r e a c t i o n  r a t e  w a s  f o u n d  to  i n c r e a s e  w i t h  t e m p e r a t u r e .  At  t h e  
h y d r o g a s i f i c a t i o n  t e m p e r a t u r e  u t i l i z e d ,  t h i s  r e a c t i o n  i s  e x p e c t e d  to b e  s u b -  
s t a n t i a l l y  r e m o v e d  f r o m  e q u i l i b r i u m .  T h e  c a r b o n - s t e a m  r e a c t i o n  i s  
i m p o r t a n t  no t  o n l y  a s  a s o u r c e  o f  g e n e r a t i n g  in  s i t u  h y d r o g e n ,  b u t  a l s o  a s  
a b u i l t - i n  t e m p e r a t u r e  c o n t r o l l e r  s i n c e  i t  a b s o r b s  t h e  h e a t  g e n e r a t e d  b y  
e x o t h e r m i c  c a r b o n - h y d r o g e n  r e a c t i o n .  

G a s  s a m p l e s  c o l l e c t e d  a t  d i f f e r e n t  l e v e l s  i n d i c a t e d  t h a t  i n  t h e  h i g h -  
t e m p e r a t u r e  t e s t  t h e  r e a c t i o n  w a s  p r a c t i c a l l y  c o m p l e t e  in  t h e  l o w e r  h a l f  
of  t h e  b e d ,  w h e r e a s  in  t h e  l o w - t e m p e r a f u r e  t e s t  t h e  b u l k  o f  t h e  r e a c t i o n  
t o o k  p l a c e  in  t h e  f r e e - f a l l  z o n e  a n d  a t  t h e  t o p  of  t h e  b e d .  T h i s  i s  to  b e  
e x p e c t e d  b e c a u s e  t h e  h i g h - t e m p e r a t u r e  r e a c t i o n  i s  e q u i l i b r i u m - l i m i t e d  a n d  
a p p a r e n t l y  a t t a i n s  i t s  l i m i t  in  a r e l a t i v e l y  s h o r t  c o n t a c t  t i m e ,  a n d  t h e  t o w -  
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t e m p e r a t u r e  r e a c t i o n  is e x t r e m e l y  r a p i d ,  r e q u i r i n g  o n l y  a m a t t e r  of s e c o n d s  
f o r  c o m p l e t i o n  ( t h e  r e s i d u a l  c a r b o n  b e i n g  l e s s  r e a c t i v e  a t  the  low t e m p e r a t u r e ) .  
In  v i e w  of thi:; ,  a l i k e l y  h y d r o g a s i f i e r  c o n f i g u r a t i o n  w o u l d  i n c o r p o r a t e  a l o w -  
t e m p e r a t u r e  z o n e  f o r  t h e  r a p i d  r e a c t i o n s  f o l l o w e d  b y  a h i g h - t e m p e r a t u r e  z o n e  
f o r  t h e  s l o w e r  r e a c t i o n s .  

F r e e - f a l l  t e s t s  w e r e  c o n d u c t e d  to s tudy  c o a l  c o n v e r s i o n s  a t  s h o r t  r e s i d e n c e  
t i m e s .  T h e  c o a l  r e s i d e n c e  t i m e s  v a r i e d  f r o m  8 s e c o n d s  f o r  60 m e s h  to 
41 s e c o n d s  f o r  200 m e s h  p a r t i c l e s .  T h e  c o a l  f e e d s  i n c l u d e d  m e d i u m  and  l o w -  
v o l a t i l e - c o n t e n t  b i t u m i n o u s  c o a l s ,  a s u b b i t u m i n o u s  c o a l  a n d  two d i f f e r e n t  
l i g n i t e s .  T h e  t e s t s  i n d i c a t e d :  

1. M o s t  of the: s t e a m  r e a c t s  w i th  c h a r  r a t h e r  t h a n  g a s e o u s  h y d r o c a r b o n s ,  a n d  
h e n c e  t h e  s t e a m  d e c o m p o s i t i o n  is d e p e n d e n t  on the  c h a r  r e s i d e n c e  t i m e .  

2. It i s  p o s s i b l e  to h y d r o g a s i f y  a h i g h l y  c a k i n g  c o a l  ( P o c a h o n t a s  No. 4 S e a m )  
in f r e e - f a l l  w i t h o u t  a g g l o m e r a t i o n .  

q. It is feasible to convert lignite (up to 37~) at high pressures by pyrolysis 
in a free-fall. 

A major operational restriction to moving-bed operation was the limit it 
set on coal and gas feed rates'. Fluidized-bed operation would overcome this 
and increase the hydrogasification capacity significantly. Fluidized-bed 
operation, with its solids backmixing, would also eliminate the reaction 
gradient and yield uniform temperature and composition for the char bed. 

F l u i d i z e d - b e d  t e s t s  w e r e  c o n d u c t e d  a t  s e l e c t e d  c o n d i t i o n s  on e igh t  b i t u m i n o u s  
c o i l s ,  t h r e e  ~ u b b i t u m i n o u s  c o a l s  a n d  two l i g n i t e s .  T w o - s t a g e  h y d r o g a s i f i c a t i o n  
w a s  a l s o  s i m u l a t e d  in  two s e q u e n t i a l  t e s t s ,  a s  in t h e  p r e v i o u s  m o v i n g - b e d  
t e s t s .  T h e  f e e d  gas  w a s  v a r i e d  f r o m  h y d r o g e n - s t e a m  m i x t u r e s  to s y n t h e s i s  
g a s  p l u s  s t e a m ,  m i x t u r e s  of h y d r o g e n ,  m e t h a n e  and  s t e a m ,  a n d  m i x t u r e s  of  
s y n t h e s i s  gas ,  m e t h a n e  a n d  s t e a m  to s i m u l a t e  t he  t w o - s t a g e  h y d r o g a s i f i e r .  

T h e  f o l l o w i n g  c o n c l u s i o n s  c a n  b e  d r a w n  f r o m  t h e  f l u i d i z e d - b e d  t e s t s  in  
the  4 - i n c h - d i a m e t e r  r e a c t o r :  

1. As  s h o w n  in t h e  f r e e - f a l l  t e s t s ,  h i g h - ,  m e d i u m - ,  a n d  l o w - v o l a t i l e  
b i t u m i n o u s  c o a l s  can  b e  s u c c e s s f u l l y  h y d r o g a s i f i e d  in  a l e a n - p h a s e  m o d e  
b e f o r e  d i r e c t  i n j e c t i o n  in to  a f l u i d i z e d  b e d .  T h i s  i n d i c a t e s  t h a t  p r e t r e a t m e n t  
of t h e s e  c o a l s  m a y  be  e l i m i n a t e d  by  a t w o - s t e p  l e a n - p h a s e  p r o c e s s  f o l l o w e d  
b y  d e n s e - p h a s e  f l u i d i z a t i o n .  L i g n i t e  a n d  s u b b i t u m i n o u s  c o a l s  g e n e r a l l y  n e e d  
no p r e t r e a t m e n t ;  one  s u b b i t u m i n o u s  c o a l  ( C o l o r a d o  L a r a m i e  No. 3 s e a m  
s u b b i t u m i n o u s )  p e r f o r m e d  m a r g i n a l l y  w i t h o u t  a p r e t r e a t m e n t .  T h e r e  is  no 
significant difference in hydrogasification results for medium and high-volatile- 
content bituminous coals. 

2. S u b b i t u m i n o u s  c o a l s  a r e  m o r e  r e a c t i v e  t h a n  p r e t r e a t e d  b i t u m i n o u s  c o a l s  
bu t  s o m e w h a t  l e s s  a c t i v e  t h a n  the  l i g n i t e s .  F o r  b o t h  t he  s u b b i t u m i n o u s  c o a l  
a n d  t h e  l i g n i t e  f e e d s ,  h y d r o c a r b o n  y i e l d s  w e r e  s i m i l a r .  T h e  i n c r e a s e d  
c a r b o n  g a s i f i c a t i o n  w i t h  l i g n i t e  w a s  due  m a i n l y  to  t h e  i n c r e a s e d  y i e l d  of 
c a r b o n  o x i d e s  a n d  oi l  p r o d u c t s .  
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3. H y d r o g a s i f i c a t i o n  of FIV[C C o r p o r a t i o n ' s  P r o j e c t  COED c h a r  showed tha t  
t h i s  c h a r  h a s  a l o w e r  r e a c t i v i t y  than  p r e t r e a t e d  o r  p a r t i a l l y - g a s i f i e d  b i t u m i n o u s  
coa t  f r o m  P i t t s b u r g h N o .  8 s e a m ,  I r e l a n d  M i n e .  

T h e  u s e  of s y n t h e s i s  gas i n s t e a d  of h y d r o g e n  in the feed  gas to the  h y d r o -  
g a s i f i e r  is  of i n t e r e s t  a s  it wou ld  e l i m i n a t e  the  need  for  c a r b o n  m o n o x i d e  
sh i f t ing  and  c a r b o n  d iox ide  r e m o v a l  fo l lowing the  h y d r o g e n  p r o d u c t i o n  s tep.  
R e s u l t s  of the t e s t s  us ing  s y n t h e s i s  g a s - s t e a m  m i x t u r e s  show tha t  for  
b i t u m i n o u s  c o a l s  t h e  r e a c t i o n  r a t e s  a r e  qu i te  s e n s i t i v e  to the  h y d r o g e n  
p a r t i a l - p r e s s u r e  in the  s y s t e m .  The  u s e  of s y n t h e s i s  gas  in p l a c e  of h y d r o g e n  
r e q u i r e s  o p e r a t i n g  a d j u s t m e n t s  in o r d e r  to m a i n t a i n  the  n e c e s s a r y  c o n v e r s i o n  
l e v e l s  of c a r b o n  and  s t e a m .  T h e s e  a d j u s t m e n t s  m a y  c o n s i s t  of 1) l o n g e r  
r e s i d e n c e  t i m e ,  2) h i g h e r  s t e a m  c o n c e n t r a t i o n  to i n c r e a s e  w a t e r - g a s  shift  
r e a c t i o n ,  3) h i g h e r  s y n t h e s i s  g a s - t o - c o a l  ra t io ,  4) h i g h e r  s y s t e m  p r e s s u r e  
to i n c r e a s e  h y d r o g e n  p a r t i a l  p r e s s u r e ,  a n d / o r  5) m u l t i s t a g e  con t ac t i ng  to 
i m p r o v e  c o u n t e r c u r r e n c y ,  o r  c o m b i n a t i o n s  t h e r e o f .  H o w e v e r ,  with l igni te ,  
the  full  b e n e f i t  of h y d r o g a s i f y i n g  wi th  a s y n t h e s i s  gas  i n s t e a d  of h y d r o g e n  
can  be r e a l i z e d  wi thou t  any o f f se t t i ng  p e n a l t y .  A b e n e f i c i a l  e f fec t  of us ing  
s y n t h e s i s  gas  fo r  l i gn i t e  h y d r o g a s i f i c a t i o n  is  the  a p p a r e n t  s u p p r e s s i o n  of 
oi l  p r o d u c t i o n .  

The reaction of subbituminous coal to hydrogasification with synthesis 
gas  is  s i m i l a r  to t h a t  exh ib i t ed  by b i t u m i n o u s  c o a l s .  In a n o t h e r  t e s t ,  FMC c h a r  
a l s o  y i e l d e d  l o w e r  c a r b o n  g a s i f i c a t i o n  wi th  s y n t h e s i s  gas  than  tha t  wi th  h y d r o g e n .  

The principal advantages of operation at a lower pressure are reduced 
capital investment and easier solids handling. These have to outweigh %he 
reduced methane production and carbon conversion to be expected at lower 
pressure. Tests with high-volatile bituminous coal at 500 psig indicate 
that the product gas does indeed have lower methane concentration at lower 
pressure (27.5~0 versus 36.9%) for similar carbon conversions. For lignite 
the hydrocarbon yield at 500 psig was only 86~ of that at 1000 psig, while the 
carbon oxides yield was II 5~0 of that at higher pressure. Sixty-four percent 
less carbon in lignite was converted to oil at 500 psig. The use of synthesis 
gas instead of hydrogen did not unduly affect the carbon conversion at lower 
pressure for lignite. 

For subbituminous coal, the carbon gasification, hydrocarbon yield and 
product gas heating values were significantly greater at I000 psig than at 
500 psig. The carbon gasified at 500 psig compares favorably with that at 
1000 psig when synthesis gas and steam are used as feed gas. 

2.0. ~ Product Gas Composition and Trace Components 

The major constituents of the product gases produced by the hydrogasification 
of coal and lignite with hydrogen and steam in the PDU tests discussed are: 
methane, carbon oxides (carbon monoxide and carbon dioxide), and hydrogen. 
Methane yield is determined by the degree of coal conversion and 
may also be controlled by the reactor temperature that sets the equilibrium 
composition of the product gas. The amount of carbon oxides formed is 
dependent on the oxygen content of the coal feeds and the steam-to-coal 
ratio. Feeds high in oxygen content such as subbituminous coal and lignite, 
when gasified, produce more carbon oxides than bituminous coals produce at 
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s i m i l a r  cond i t i ons .  In add i t ion ,  the  h i g h e r  the  s t e a m - t o - c o a l  ra t io ,  the 
g r e a t e r  wi l l  be  the  c a r b o n  ox ides  p r o d u c t i o n ,  o t h e r  cond i t i ons  be ing  equa l .  
The  r a t i o  of c a r b o n  m o n o x i d e  to c a r b o n  d iox ide  is  s e t  by the  w a t e r - g a s  
shift  r e a c t i o n ,  w h i c h  is t e m p e r a t u r e  c o n t r o l l e d .  The  h y d r o g e n  con ten t  of 
the  p r o d u c t  gets is  d e t e r m i n e d  l a r g e l y  by the quan t i t y  of u n r e a c t e d  h y d r o g e n  
r e m a i n i n g  a f t e r  the r e a c t i o n .  The  c o n c e n t r a t i o n  of h y d r o g e n  is r e l a t e d  
d i r e c t l y ,  but  not l i n e a r l y ,  to the  f eed  h y d r o g e n - t o - c o a l  r a t i o .  As the  
s t o i c h i o m e t r i c  h y d r o g e n - t o - c o a l  r a t io  is i n c r e a s e d ,  h y d r o g e n  c o n c e n t r a t i o n  
in the p r o d u c t  gas  t ends  to i n c r e a s e  a t  a g r e a t e r  r a t e .  

In add i t i on  to m e t h a n e ,  s m a l l  q u a n t i t i e s  of o t h e r  s a t u r a t e d  h y d r o c a r b o n  
a r e  p r o d u c e d .  T y p i c a l  c o n c e n t r a t i o n s  of t h e s e  c o m p o n e n t s  a r e ,  e thane ,  
1. 5%; p r o p a n e ,  0 . 5 % ;  and  bu tane ,  0 . 2 % .  The  p r i n c i p a l  a ~ o m a t i c  in the 
p r o d u c t  gas,  g e n e r a l l y  l e s s  than 1%, is b e n z e n e .  

A p o r t i o n  of the n i t r o g e n  in the coa l  is  g a s i f i e d  and a s u b s t a n t i a l  p a r t ,  
if not  all ,  of it  a p p e a r s  in the r e a c t o r  p r o d u c t  gas  as  a m m o n i a ,  w h i c h  h y d r o l y z e ~  
in the  w a t e r  c o n d e n s a t e .  

Whi le  t h e r e  i s  c o n s i d e r a b l e  s c a t t e r  in the  da ta ,  i t  is  e v i d e n t  tha t  su l fu r  
g a s i f i c a t i o n  t e n d s  to i n c r e a s e  as g a s i f i c a t i o n  p r o c e e d s  and t ha t  the  su l fu r  
is  p r e f e r e n t i a l l y  g a s i f i e d ,  i . e .  the  p e r c e n t  c o n v e r s i o n  of f eed  su l fu r  is  
a l w a y s  h i g h e r  than  p e r c e n t  c o n v e r s i o n  of coa l  on a m o i s t u r e -  and a s h - f r e e  
b a s i s .  Mos t  of the  s u l f u r  a p p e a r s  i.n the r e a c t o r  p r o d u c t  gas  as  h y d r o g e n  
su l f ide ,  a cconnpan ied  by s m a l l  a m o u n t s  ( p robab ly  l e s s  t han  200 ppm) oE 
c a r b o n y l  sul f ide  (COS) and t r a c e s  of o r g a n i c  su l fu r  c o m p o u n d s .  

2 . 0 .  Z C h a r  C o m p o s i t i o n s  

C h a r  r a t e s  and c o m p o s i t i o n s  r e f l e c t e d  the d e g r e e  of c o n v e r s i o n  of the 
f eeds  to g a s e o u s  and l iqu id  p r o d u c t s .  Vo la t i l e  m a t t e r  c o n t e n t s  of b i t u m i n o u s  
c o a l s  w e r e  g e n e r a l l y  r e d u c e d  to 3% o r  l e s s ,  and to l e s s  t han  7% for  
s u b b i t u m i n o u s  coa l  and fo r  l i gn i t e .  The  r e d u c t i o n  in h y d r o g e n  con t en t  t e n d e d  
to p a r a l l e l  the  r e d u c t i o n  in v o l a t i l e  m a t t e r  con ten t .  H y d r o g e n  c o n c e n t r a t i o n  
in the  r e s i d u e  w a s  r e d u c e d  to l e s s  than  1. 5% for  a l l  f e e d s .  G a s i f i c a t i o n  of 
the bituminous coals resulted in nearly complete consumption of the oxygen 
in the coal to produce carbon oxides and water. The residues produced 
from subbitun~inous coal and lignite gasification still contained from 3 to 6% 
oxygen by weight. In general, sulfur concentrations were reduced up to 
50% in bituminous coal chars, and more than 50% in subbituminous and 
lignite residues. Carbon concentration, in all cases, was significantly 
higher in the residue than in the feed. 

T h e r e  was  no o b s e r v a b l e  t r e n d  in the change  in s i z e  d i s t r i b u t i o n  of the  
coa l  f e e d s  a f t e r  h y d r o g a s i f i c a t i o n .  Any b r e a k d o w n  in p a r t i c l e  s i ze  due to 
a t t r i t i o n ,  o r  f r a c t u r e ,  i n d u c e d  by the  r e a c t i o n ,  a p p e a r e d  to be  b a l a n c e d  
by p a r t i c l e  g r o w t h  due to c o a l e s c e n c e .  

Gasification of the coals and lignite resulted in a sizeable reduction in the 
bulk density. Lightly pretreated bituminous coal bulk densities were reduced 
from a range of Z0 to Z5 pounds per cubic foot, to a range of 15 to 20 pounds 
per cubic foot. Bulk densities of dried, untreated subbituminous coal and 
lignite were of the order of 45 pounds per cubic foot. After gasification, the 
subbituminous coal bulk density was reduced to 28 pounds per cubic foot, 
while the lignite bulk density was reduced to 20 pounds per cubic foot. 
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2.0.3 Liquid Products 

C o n d e n s e d  l i q u i d s  r e s u l t i n g  f r o m  t h e  h y d r o g a s i f i c a t i o n  of  c o a l s  a n d  l i g n i t e  
c o n s i s t e d  m a i n l y  o f  w a t e r  a n d  a l i g h t  o i l  f r a c t i o n .  S m a l l  q u a n t i t i e s  o f  
a m m o n i a  a n d  u n i d e n t i f i e d  s u l f u r  c o m p o u n d s  w e r e  g e n e r a l l y  d i s s o l v e d  in  t h e  
l i q u i d s .  T h e  r e l a t i v e  q u a n t i t i e s  o f  w a t e r  a n d  o i l  w e r e  d e p e n d e n t  m a i n l y  
on  t h e  a m o u n t  of  s t e a m  f e d  a n d  s t e a m  d e c o m p o s e d ,  a n d  on  t h e  n a t u r e  of  t h e  
c o a l  f e e d .  F e e d s  h i g h  in  v o l a t i l e  m a t t e r  c o n t e n t ,  s u c h  a s  s u b b i t u m i n o u s  
c o a l  a n d  l i g n i t e ,  p r o d u c e d  m o r e  o i l s  t h a n  b i t u m i n o u s  c o a l s ,  o t h e r  c o n d i t i o n s  
b e i n g  e q u a l .  O i l  p r o d u c t i o n  w a s  a l s o  i n f l u e n c e d  b y  r e a c t o r  t e m p e r a t u r e ,  
b e i n g  h i g h e r  a t  l o w e r  t e m p e r a t u r e s  t h a n  a t  h i g h e r  t e m p e r a t u r e s .  

Specific gravity of the by-product oils was in the range of 1.001 to 1.010. 
Typically, the oil composition was 90 weight percent carbon and 6 weight 
percent hydrogen, the remainder being small quantities of oxygen, 
nitrogen, and sulfur. The principal compounds in the oil are benzene and 
toluene. 
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2 . 1  I n t r o d u c t i o n  

D u r i n g  t he  c o n t r a c t  p e r i o d s  r e p o r t e d  in  t h i s  d o c u m e n t ,  s t a r t i n g  in  1964  
and  e n d i n g  in  1972,  m o r e  t h a n  250 c o a l  h y d r o g a s i f i c a t i o n  t e s t s  w e r e  p e r f o r m e d  
u n d e r  a v a r i e t y  of  c o n d i t i o n s  a n d  u t i l i z i n g  m a n y  t y p e s  of  c o a l  in  c o m b i n a t i o n  
w i t h  a v a r i e t y  of  g a s e o u s  f e e d s .  

T h e  w o r k  w a s  p e r f o r m e d  in  a 4 - i n c h - d i a m e t e r  r e a c t o r  t e r m e d  t h e  H y d r o -  
g a s i f i c a t i o n  P r o c e s s  D e v e l o p m e n t  Un i t  (PDU)  w h i c h  i s  d e s c r i b e d  in  i t s  v a r i o u s  
c o n f i g u r a t i o n s  h e r e i n .  T h e  r e s u l t s  of  t h i s  P D U  h y d r o g a s i f i c a t i o n  w o r k  h e l p e d  
to  c o n f i r m  e a r l y  H Y G A S  c o n c e p t s  a n d  p l a y e d  a s i g n i f i c a n t  r o l e  i n  s h a p i n g  
c r i t e r i a  f o r  d e s i g n  of  t h e  H Y G A S  P i l o t  P l a n t  r e a c t o r s .  

2 . 2  D e s c r i p t i o n  of  H ~ r d r o ~ a s i f i c a f i o n  P r o c e s s  D e v e l o p m e n t  U n i t  (PDU)  

Design requirements of the hydrogasification process development unit 
were based on operational pressures up to 2000 psig and temperatures up 
to 2200 °F. [['he high temperatures and pressures were employed to promote 
the formation of methane. The reactor tube length was sized to provide ade- 
quate residence time for free-fall hydrogasification studies and the tube di- 
ameter was set by coal-bed fluidization velocity requirements at acceptable 
gas rates. From these design considerations, a balanced-pressure concept 
of reactor construction evolved. 

Z. 2.1 Design Features 

T h e  b a l a n c e d - p r e s s u r e  c o n c e p t  of  r e a c t o r  c o n s t r u c t i o n ,  i n v o l v i n g  t w o  
c o n c e n t r i c  w ~ s s e l s ,  w a s  d i c t a t e d  by  t h e  s t r e n g t h  of m a t e r i a l  a t  h i g h  t e r n -  
p e r a t u r e  a nd  p r e s s u r e  a n d b y t h e  s i z e  o f  t he  r e a c t o r .  F o r  s m a l l  r e a c t o r s ,  
a s i n g l e  v e s s e l  i s  s a t i s f a c t o r y  up  to  2 i n c h e s  i n s i d e  d i a m e t e r ,  T h e  w a l l  
c a n  be  m a d e  t h i c k  e n o u g h  to  w i t h s t a n d  t h e  p r e s s u r e  up to  1 7 0 0 ° F  e v e n  w i t h  
h e a t  b e i n g  d i r e c t l y  s u p p l i e d  t h r o u g h  t h e  w a l l .  F o r  l a r g e  u n i t s  a n d  a t  h i g h e r  
t e m p e r a t u r e s ,  h o w e v e r ,  t h e  w a l l  t h i c k n e s s  r e q u i r e d  f o r  a s i n g l e - t u b e  d e s i g n  
b e c o m e s ,  a t  b e s t ,  i m p r a c t i c a l l y  h i g h .  A s  a r e s u l t ,  a b a l a n c e d - p r e s s u r e  
r e a c t o r  desi&yn w a s  c h o s e n  i n v o l v i n g  a r e a c t o r  t u b e  w i t h  h e a t i n g  e l e m e n t s  
s u r r o u n d i n g  i t  a n d  a p r e s s u r e - c o n t a i n i n g  s h e l l  t h a t  e n c l o s e s  t h e  r e a c t o r -  
h e a t e r  a s s e m b l y .  T h e  s h e l l  i s  i n s u l a t e d  f r o m  t h e  h e a t i n g  e l e m e n t s  and  
h e n c e  i s  d e s i g n e d  a s  a l o w - t e m p e r a t u r e  p r e s s u r e  v e s s e l ;  t h e  r e a c t o r ,  n o t  
b e i n g  s u b j e c t e d  to  d i f f e r e n t i a l  p r e s s u r e  a c r o s s  i t s  w a l l s ,  n e e d  o n l y  be 
d e s i g n e d  to w i t h s t a n d  t h e  h i g h  t e m p e r a t u r e .  

T h e  b a l a n c e  of  p r e s s u r e  b e t w e e n  t h e  s h e l l  a n d  t h e  t u b e  i s  m a i n t a i n e d  
t h r o u g h  a d i f f e r e n t i a l  p r e s s u r e  c o n t r o l l e r  t h a t  c o n t r o l s  t h e  s h e l l  p r e s s u r e  
a s  a s l a v e  to  t h e  r e a c t o r  p r e s s u r e ,  a d m i t t i n g  g a s  to ,  o r  v e n t i n g  g a s  f r o m  t h e  
s h e l l  a s  r e q u i r e d .  G a s e s  f l o w i n g  to t h e  s h e l l  a n d  r e a c t o r  a r e  t h u s  s e p a r a t e ,  
w i t h  t h e  s h e l l  p r e s s u r i z e d  by n i t r o g e n  a n d  t h e  r e a c t o r  p r e s s u r i z e d  w i t h  
w h a t e v e r  g a s e o u s  r e a c t a n t s  a r e  b e i n g  u s e d .  Whi l e  m o r e  c o m p l e x  t h a n  a 
s i m p l e  p r e s s u r e - e q u a l i z a t i o n  l i n e  b e t w e e n  t h e  s h e l l  a n d  r e a c t o r ,  t h e  a r r a n g e -  
m e n t  d e s c r i b e d  p r e v e n t s  t h e  h o t ,  c o r r o s i v e ,  t a r - c o n t a i n i n g  r e a c t o r  g a s  f r o m  
c o n t a c t i n g  t h e  s h e l l  a n d  t h e  h e a t i n g  e l e m e n t .  

A t  t h e  p r e s s u r e  i n v o l v e d ,  g a s  d e n s i t y  b e c o m e s  h i g h ;  t h e r e f o r e ,  f r e e  c o n -  
v e c t i o n  in  t h e  i n s u l a t i o n  m u s t  be  m i n i m i z e d  to  e n h a n c e  t e m p e r a t u r e  c o n t r o l .  
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C o n s e q u e n t l y ,  the  a n n u l a r  s p a c e  b e t w e e n  the  h e a t i n g  e l e m e n t s  and the she l l  
is  t i gh t l y  p a c k e d  wi th  F i b e r f r a x  in su la t ing  f i b e r s .  

2 . 2 . 2  F l o w  Shee t  

A s c h e m a t i c  d i a g r a m  of the  whole  s y s t e m  is shown in F i g u r e  Z-1. Coal  
or  c h a r  feed  is p l a c e d  in the  f e e d  h o p p e r  be fo re  a r u n  s t a r t s  and is fed to the  
top of the  r e a c t o r  c o n t i n u o u s l y  by a v a r i a b l e - d r i v e  s c r e w  f e e d e r .  The p r o d u c t  
i s  d i s c h a r g e d  t h r o u g h  a s t a r  va lve  into a r e s i d u e  r e c e i v e r .  Within the l i m i -  
t a t ion  of the c a p a c i t y  of the f eed  h o p p e r  and r e s i d u e  r e c e i v e r ,  the  o p e r a t i o n  
is  c o n t i n u o u s .  

R e a c t a n t  g a s e s  e n t e r  the  r e a c t o r  at  the bo t tom,  c o u n t e r c u r r e n t  to the 
f low of so l ids ,  in  o r d e r  to ob ta in  the h i g h e s t  u t i l i z a t i o n  of the h y d r o g e n  and 
to d i r e c t l y  p r o d u c e  p i p e l i n e - q u a l i t y  h i g h - B t u  gas .  P r o c e s s  g a s e s  a r e  s t o r e d  
in four  banks  of h i g h - p r e s s u r e  s t o r a g e  t anks ,  e a c h  c o n s i s t i n g  of fou r  9 - i n c h  
d i a m e t e r  by 20 - foo t  long  c y l i n d e r s .  E a c h  c y l i n d e r  bank can  s t o r e  8800 s t a n -  
d a r d  cubic  f ee t  of gas  a t  3600 ps ig .  T h e s e  s t o r a g e  t a n k s  a r e  s e r v i c e d  by two 
3000 s t a n d a r d  cubic  f e e t - p e r - h o u r ,  3000 ps ig  I n g e r s o l l - R a n d  c o m p r e s s o r s .  

With the o r i g i n a l  a u x i l i a r y  e q u i p m e n t  fo r  m o v i n g - b e d  o p e r a t i o n ,  h y d r o g e n  
c o m e s  f r o m  h i g h - p r e s s u r e  s t o r a g e  t anks ,  is  m e t e r e d  t h r o u g h  an o r i f i c e ,  and 
p r e h e a t e d  in  a 1 3 - k i l o w a t t  e l e c t r i c  r e s i s t a n c e - h e a t i n g  f u r n a c e .  The  h y d r o g e n  
l ine  t h e n  jo in s  the  s t e a m  l ine  and  e n t e r s  the r e a c t o r .  The s t e a m  is  g e n e r a t e d  
and s u p e r h e a t e d  in a s e p a r a t e  1 3 - k i l o w a t t  e l e c t r i c  r e s i s t a n c e - h e a t i n g  f u r n a c e .  
With m o d i f i e d  e q u i p m e n t  for  f l u i d i z e d  bed  o p e r a t i o n  the  h y d r o g e n  is p r e -  
h e a t e d  in the  tube  co i l  of a n a t u r a l - g a s - f i r e d  f u r n a c e .  The s t e a m  is  g e n e r a t e d  
and s u p e r h e a t e d  in a d i f f e r e n t  co i l  in the s a m e  n a t u r a l  gas  f i r e d  f u r n a c e .  P r e -  
h e a t e d  h y d r o g e n  and s u p e r h e a t e d  s t e a m  a r e  t hen  p r e m i x e d  b e f o r e  f lowing to 
the r e a c t o r .  

The w a t e r  fo r  s t e a m  g e n e r a t i o n  is  w e i g h e d  and  p u m p e d  t h r o u g h  a h i g h -  
p r e s s u r e  pump .  I n s t e a d  of h y d r o g e n ,  p r e m i x e d  g a s e o u s  m i x t u r e s  of v a r i o u s  
c o m p o s i t i o n s  c a n  be b l e n d e d  in s t o r a g e  t anks  for  s i m u l a t i o n  t e s t s .  The g a s e s  
f low u p w a r d  t h r o u g h  the  r e a c t o r  and  l e a v e  at  the  top, t hen  p a s s  t h r o u g h  b a y o n e t  
f i l t e r s  w h i c h  r e m o v e  so l i d s  c a r r y o v e r  and  l iqu id  r e a c t i o n  p r o d u c t .  The g a s e s  
t h e n  p a s s  t h r o u g h  a w a t e r - c o o l e d  c o n d e n s e r  fo l l owed  by a k n o c k o u t  pot to r e -  
m o v e  m o i s t u r e ,  t a r ,  and oil .  A f t e r  u n d e r g o i n g  a f ina l  c l e a n u p  t h r o u g h  p a c k e d  
c a r t r i d g e  f i l t e r s ,  the g a s e s  a r e  r e l e a s e d  t h r o u g h  b a c k - p r e s s u r e  r e g u l a t i n g  
v a l v e s .  The l o w - p r e s s u r e  g a s e s  a r e  t hen  m e t e r e d  t h r o u g h  a gas  m e t e r ,  
s a m p l e d  in a g a s h o l d e r ,  a n a l y z e d  for  spec i f i c  g r a v i t y  and h e a t i n g  va lue ,  and  
f i na l l y  f l a r e d .  

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  a r e  r e c o r d e d  o r  i nd i ca t ed .  
A t h e r m o c o u p l e  at  the  c e n t e r  of e a c h  h e a t i n g  e l e m e n t  c o n t r o l s  the p o w e r  input  
to t ha t  zone.  Add i t i ona l  t h e r m o c o u p l e s  a long  the  l e n g t h  of the r e a c t o r  tube 
f u r n i s h  data  on the  t e m p e r a t u r e  p r o f i l e .  All  t h e r m o c o u p l e s  a r e  c h r o m e l -  
a l u m e l .  P r e s s u r e  t aps  a r e  l o c a t e d  as  shown in F i g u r e  2-1 .  The  d i f f e r e n t i a l -  
p r e s s u r e  c o n t r o l l e r  b e t w e e n  the  she l l  and the  tube  c o n t r o l s  s o l e n o i d  v a l v e s  
(on-off ,  n o r m a l l y  c lo sed )  fo r  e i t h e r  a d m i t t i n g  o r  ven t ing  n i t r o g e n  to and f r o m  
the she l l .  The t aps  l e a d i n g  to th i s  c o n t r o l l e r  a r e  not  p u r g e d  (desp i t e  the 
fac t  tha t  t a r r y  m a t e r i a l  m a y  a c c u m u l a t e  in the r e a c t o r  s ide)  in o r d e r  to 
avoid  hav ing  the  c o n t r o l l e r  s e n s e  the p u r g e  gas  p r e s s u r e  in the e v e n t  of 
b l o c k a g e  in e i t h e r  of the  t aps .  

P 
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T o  p r e v e n t  o v e r p r e s s u r i z a t i o n  on  t h e  s h e l l - s i d e ,  r u p t u r e  d i s k s  a r e  i n -  
s t a l l e d .  On t h e  r e a c t o r  s i d e ,  p a r a l l e l  b a c k - p r e s s u r e  r e g u l a t i n g  v a l v e s  a r e  
l o a d e d  to  the: d e s i r e d  o p e r a t i n g  p r e s s u r e .  T h e s e  v a l v e s  r e l e a s e  p r o d u c t  
g a s e s  w h e n  t h e  a c t u a l  p r e s s u r e  e x c e e d s  t h e  s e t  v a l u e .  

2 . 2 .  3 t~eac . to r  D 9 s c r i p t i o n  

T h e  f i r s t  r e a c t o r  w a s  a d o u b l e - w a l l e d  u n i t  c o n s i s t i n g  of  a 2 - i n c h  ID, 
0 . 2 5 - i n c h - t h i c k  m u l l i t e  t u b e  i n s i d e  a T y p e  310 s t a i n l e s s  s t e e l ,  S c h e d u l e  
40 p i p e .  T h e  a n n u l u s  b e t w e e n  t h e  m u l l i t e  t u b e  a n d  t h e  p i p e  w a s  p a c k e d  
w i t h  F i b e r f r a x .  T h e  r e f r a c t o r y  l i n e r  i s  i n t e n d e d  t o  p r o m o t e  a d i a b a t i c  
o p e r a t i o n  a l o n g  t h e  l e n g t h  a n d  to  p r e v e n t  f a i l u r e  of  t h e  4 - i n c h  r e a c t o r  t u b e  
in  t h e  e v e n t  of r u n a w a y  r e a c t i o n  t e m p e r a t u r e s ,  T h e  r e a c t o r  a s s e m b l y  i s  
Z5 f e e t  l o n g .  T h e  e n t i r e  a l l o w a n c e  f o r  e x p a n s i o n  i s  t a k e n  up  by  an  e x p a n s i o n  
b e l l o w s  a t  t h e  b o t t o m .  

H e a t  i s  s u p p l i e d  to  t h e  u n i t  t h r o u g h  s e v e n  z o n e s ,  e a c h  31 i n c h e s  l o n g .  
t h a t  u t i l i z e  e l e c t r i c a l  r e s i s t a n c e  h e a t e r s .  E a c h  z o n e  i s  c o n t r o l l e d  by  a 
t h e r m o c o u p l e  p e e n e d  to  t h e  o u t s i d e  w a l l  o f  t h e  r e a c t o r .  T h e  p o w e r  s u p p l y  
f o r  e a c h  of  t h e  two  t e r m i n a l  z o n e s  i s  r a t e d  a t  7 . 5  k i l o w a t t s ,  a n d  f o r  e a c h  
of t h e  f i v e  z o n e s  b e t w e e n  t h e  e n d s  a t  5 k i l o w a t t s  e a c h .  T h e  c o n t r o l  i s  of  
t h e  s a t u r a b l e  t r a n s f o r m e r  t y p e ,  w h i c h  e n a b l e s  h e a t i n g  a l o n g  t h e  r e a c t o r  
to  be  c o n t r o l l e d  to  w i t h i n  ~ 2 0 ° F .  

T o  m i n i m i z e  s t r e s s  to  t h e  r e a c t o r  t u b e  due  to  t h e r m a l  c y c l i n g  a t  t h e  
e n d  of  e a c h  r u n ,  t h e  h e a t e r s  a r e  n o t  t u r n e d  off  c o m p l e t e l y ,  b u t  a r e  m e r e l y  
c u t  b a c k  to  h o l d  t h e  s y s t e m  n e a r  1300 ° F .  T h e  d o u b l e - w a l l e d  r e a c t o r  t u b e  
f a i l e d  a f t e r  a b o u t  25 t e s t s .  T h e  i n n e r  r e f r a c t o r y  t u b e  c r a c k e d  a n d  s p a l l e d  
u n d e r  r e p e a t e d  t h e r m a l  s t r e s s i n g .  T h i s  a l l o w e d  c o a l  p a r t i c l e s  to  l o d g e  in  
t h e  a n n u l u s  b e t w e e n  t h e  r e f r a c t o r y  t u b e  a n d  t h e  m e t a l  t u b e .  W h e n  r e a c t e d  
w i t h  h y d r o g e n ,  t h e s e  c o a l  p a r t i c l e s  p r o d u c e d  e x c e s s i v e l y  h i g h  t e m p e r a t u r e s  
a t  t h e  m e t a l  t u b e  w a l l s  r e s u l t i n g  i n  t h e  t u b e  f a i l u r e .  

T h e  r e p l a c e m e n t  r e a c t o r  w a s  a 4 - i n c h  T y p e  446 a l l o y  s t e e l ,  S c h e d u l e  40 
t u b e  w i t h o u t  a n y  r e f r a c t o r y  l i n e r .  T h i s  l o w - n i c k e l  a l l o y  w a s  c h o s e n  f o r  i t s  
g r e a t e r  r e s J . s t a n c e  to  s u l f u r  a t t a c k  t h a n  t h e  h i g h - n i c k e l  T y p e  310 s t a i n l e s s  
s t e e l .  T h i s  u n i t  p e r f o r m e d  w e l l  f o r  a b o u t  30 r u n s ,  t h e n  w a s  r u p t u r e d  o v e r  
a w e e k e n d  by a p r e s s u r e  u p s e t .  

T h e  r e a c t o r  a s s e m b l y  i s  s h o w n  in F i g u r e s  2 - 2  a n d  2 - 3 .  T h e  r e a c t o r  
t u b e  i s  a 4-f, n c h - d i a m e t e r  S c h e d u l e  40,  T y p e  446 a l l o y  s t e e l  p i p e .  Of t h e  
2 1 - f o o t  l e n g t h ,  18 f e e t  a r e  in  t h e  h e a t e d  z o n e  a s  in  p r e v i o u s  a r r a n g e m e n t s .  
T h e r m o c o u p l e s  a r e  l o c a t e d  a b o u t  10 i n c h e s  a p a r t .  A 4 - i n c h - d i a m e t e r  e x -  
p a n s i o n  b e l l o w  is  w e l d e d  to  t h e  l o w e r  e n d  o f  t h e  t u b e .  G r a y l o c  f l a n g e s  of  
0 . 5  i n c h  o r  l a r g e r  a r e  u s e d  f o r  c o n n e c t i o n s .  T h e  f e e d  h o p p e r  and  r e s i d u e  
r e c e i v e r  c a p a c i t y  a r e  a p p r o x i m a t e l y  8 c u b i c  f e e t  e a c h .  B e c a u ' s e  p r o d u c t  
c h a r  t e n d e d  to  s t i c k  in  t h e  s t a r  v a l v e ,  b o t t o m  p r o d u c t  d i s c h a r g e  w a s  c o n -  
v e r t e d  to  a s c r e w ;  f e e d  n o w  is i n t r o d u c e d  a t  t h e  t o p  t h r o u g h  a 1 - i n c h  s c r e w  
f e e d e r .  A s s i s t e d  by  a c o n s t a n t  n i t r o g e n  p u r g e ,  t h e  s o l i d s  d r o p  t h r o u g h  a 
f e e d  t u b e  i n to  t h e  t o p  of  t h e  h e a t e d  s e c t i o n .  By a d j u s t i n g  t h e  d i s c h a r g e  r a t e  
r e l a t i v e  to  t h e  f e e d  r a t e ,  t h e  r e a c t o r  c a n  be  o p e r a t e d  a s  a f r e e - f a l l  r e a c t o r  
o r  a s  a m o v i n g , b e d  r e a c t o r .  T h e  e n t i r e  r e a c t o r  a s s e m b l y  i s  e n c l o s e d  in  
a s t e e l  b a r r i c a d e  f o r  s a f e t y .  
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T h e  p o s i t i o n  of  t h e  f e e d  g a s  i n l e t  w i t h i n  t h e  r e a c t o r  t u b e  i s  v a r i a b l e  and  
i s  s e t  by  t h e  l e n g t h  of  t h e  f e e d  g a s  t u b e  p r o j e c t i n g  f r o m  t h e  b o t t o m  of  t h e  
r e a c t o r  s h e l l .  O r d i n a r i l y ,  t h e  g a s  i n l e t  in  t h e  b o t t o m  o f  t h e  r e a c t o r  i s  a t  
t h e  l o w e s t  h e a t i n g  e l e m e n t  in  o r d e r  to  m i n i m i z e  t h e  p r o b l e m  of  c o n d e n s a t i o n  
w h e n  s t e a m  m i x t u r e s  a r e  u s e d ,  a n d  to m i n i m i z e  h e a t  l o s s e s .  

T h e  r e a c t o r - s h e l l  p r e s s u r e  b a l a n c e  c o n t r o l  s y s t e m  i s  s h o w n  in  F i g u r e  2 - 5 .  
A d u a l - b e l l o w s  d i f f e r e n t i a l  p r e s s u r e  u n i t  m e a s u r e s  t h e  p r e s s u r e  d i f f e r e n t i a l  
b e t w e e n  t h e  r e a c t o r  a n d  t h e  s h e l l  w h i c h  i s  t h e n  t r a n s m i t t e d  v i a  m e c h a n i c a l  
l i n k a g e s  to  a p n e u m a t i c  t r a n s m i t t e r .  T h i s  i n  t u r n  t r a n s m i t s  a p n e u m a t i c  
s i g n a l  of  f r o m  3 to  15 p s i  to  a b o u r d o n  t u b e  g a g e  w i t h  s i x  p h o t o e l e c t r i c  c o n t r o l  
s w i t c h e s  a c t i v a t e d  b y  t h e  p o s i t i o n  of  t h e  g a g e  p o i n t e r .  T h e  s i x  a c t i o n  p o i n t s  
a r e  s e t  in  t h i s  g a g e ,  a s  s h o w n .  V a l v e s  1 a n d  3 a r e  s m a l l  s o l e n o i d  v a l v e s  f o r  
f i n e  c o n t r o l .  V a l v e s  2, 4, 5, 6, 7 a n d  8 a r e  s h e a r - s e a l  s h u t - o f f  v a l v e s ,  
p n e u m a t i c a l l y  o p e r a t e d  a n d  s o l e n o i d  a c t u a t e d ,  a n d  a r e  m u c h  l a r g e r  t h a n  
v a l v e s  1 a n d  3. V a l v e s  1, Z, 3, 4 a n d  5 a r e  n o r m a l l y  c l o s e d ,  w h e r e a s  v a l v e s  
6, 7 a nd  8 a r e  n o r m a l l y  o p e n .  In t h e  e v e n t  of  f a i l u r e ,  h o w e v e r ,  a l l  v a l v e s  
c lose.  

T h e  c o n t r o l  s e q u e n c e  i s  a s  f o l l o w s :  W h e n  t h e  s h e l l  p r e s s u r e  i s  h i g h ,  
a s  d u r i n g  d e p r e s s u r i z a t i o n ,  t h e  c o n t r o l  g a g e  p o i n t e r  m o v e s  p a s t  t h e  f i r s t  
c o n t r o l  p o i n t  w h i c h  o p e n s  v a l v e  3 to  v e n t  n i t r o g e n  f r o m  t h e  s h e l l .  If t h i s  
v a l v e  i s  n o t  v e n t i n g  r a p i d l y  e n o u g h  to  b r i n g  t h e  d i f f e r e n t i a l  p r e s s u r e  b a c k  
to  z e r o ,  a n d  t h e  d i f f e r e n t i a l  p r e s s u r e  c o n t i n u e s  to  r i s e ,  t h e n  v a l v e  4 w o u l d  
o p e n  w h e n  t h e  p o i n t e r  m o v e s  p a s t  t h e  s e c o n d  c o n t r o l  p o i n t .  V a l v e  4 s h o u l d  
s e l d o m  be  r e q u i r e d  a n d  is  l a r g e  e n o u g h  to  e q u a l i z e  p r e s s u r e s  i n s t a n t a n e o u s l y .  
In t h e  e v e n t  of  a m a j o r  u p s e t ,  h o w e v e r ,  w h e r e  t h e  d i f f e r e n t i a l  p r e s s u r e  r i s e s  
b e y o n d  t h e  s e c o n d  c o n t r o l  p o i n t ,  w h e n  t h e  t h i r d  c o n t r o l  p o i n t  is  r e a c h e d ,  
v a l v e s  1, Z, 3, 4, 6, 7 a n d  8 a l l  c l o s e ,  s t o p p i n g  a l l  g a s  f l o w s  in  a n d  o u t  of  t h e  
s y s t e m .  Nex t ,  v a l v e  5 o p e n s ,  e q u a l i z i n g  t h e  p r e s s u r e  b e t w e e n  t h e  s h e l l  and  
r e a c t o r .  In a d d i t i o n ,  a 4 0 - p s i  r u p t u r e  d i s k  i s  i n s t a l l e d  in  p a r a l l e l  w i t h  v a l v e  
5 so  t h a t ,  s h o u l d  v a l v e  5 f a i l  t o  o p e n  w h e n  r e q u i r e d ,  t h e  r u p t u r e  d i s k  w o u l d  
b r e a k  a n d  e q u a l i z e  p r e s s u r e .  S i m i l a r  c o n t r o l  a c t i o n  t a k e s  p l a c e  w h e n  r e a c t o r  
p r e s s u r e  i s  h i g h ;  i n  t h i s  c a s e ,  i n s t e a d  of  v e n t i n g  n i t r o g e n  f r o m  t h e  s h e l l ,  n i t r o -  
g e n  i s  a d m i t t e d  i n t o  t h e  s h e l l .  A s  a f u r t h e r  a i d  i n  d e t e c t i n g  t h e  p r e s s u r e  
d i f f e r e n t i a l ,  a dual------bellows d i f f e r e n t i a l  p r e s s u r e  i n d i c a t o r  i s  m o u n t e d  in  t h e  
p a n e l  b o a r d  to  i n d i c a t e  t h e  t r u e  p r e s s u r e  d i f f e r e n t i a l  b e t w e e n  t h e  r e a c t o r  a n d  
t h e  s h e l l .  

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

T o  o b t a i n  d a t a  f o r  s t u d y i n g  t h e  k i n e t i c s  of  t h e  g a s i f i c a t i o n  r e a c t i o n s ,  i n -  
t e r n a l  g a s  s a m p l e  p r o b e s  a n d  t h e r m o c o u p l e s  h a v e  b e e n  i n s e r t e d  t h r o u g h  t h e  
t op .  T h e s e  p r o b e s  p r o v i d e  d a t a  f o r  e s t a b l i s h i n g  b o t h  a t e m p e r a t u r e  and  a c o n -  
v e r s i o n  p r o f i l e .  T h e  g a s  s a m p l e  p r o b e s  a r e  s t a i n l e s s  s t e e l  t u b i n g  of  0 . 1 Z 5 -  
i n c h  O D b y  0 . 0 6 2 5 - i n c h  ID; t h e  t h e r m o c o u p l e s  a r e  0 . 0 6 2 5 - i n c h  OD. T h e  e n -  
t i r e  b u n d l e  i s  p a s s e d  t h r o u g h  t h e  r e a c t o r  t o p  a n d  s e a l e d  by s p e c i a l  p a c k i n g  
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g l a n d s .  L i f e  of  t h e s e  i n t e r n a l  p r o b e s  is l i m i t e d  by  b e n d s  and  k inks ,  f o r m e d  
t h r o u g h  u s e ,  w h i c h  e v e n t u a l l y  c a u s e  t h e  p r o b e s  to e i t h e r  c r a c k  o r  m a k e  t h e i r  
p o s i t i o n s  u n c e r t a i n .  

A m o n g  p r o c e s s  v a r i a b l e s ,  file a c c u r a t e  m e a s u r e m e n t  of the  bed  l e v e l  in 
t he  r e a c t o r  is t he  m o s t  d i f f i c u l t  to r e c o r d .  At  t he  h i g h  p r e s s u r e s  of o p e r a t i o n  
t h a t  p r e v a i l ,  and  wi th  a l o w - d e n s i t y  bed  m a t e r i a l  s u c h  as  c o a l  o r  c h a r ,  c o n -  
v e n t i o n a l  m e a n s  f o r  m e a s u r i n g  bed  h e i g h t s  a r e  no t  s a t i s f a c t o r y .  D i f f e r e n t i a l  
p r e s s u r e  m e a , m r e m e n t  a c r o s s  t he  bed  f l u c t u a t e s  too m u c h  to be m e a n i n g f u l ,  
b e c a u s e  it r e p r e s e n t s  a s m a l l  d i f f e r e n c e  b e t w e e n  two l a r g e  p r e s s u r e s ,  e a c h  
of w h i c h  t e n d s  to f l u c t u a t e  i n d i v i d u a l l y .  D e v i c e s  s u c h  as  a c o n d u c t i v i t y  p r o b e ,  
w h i c h  s e n s e s  t h e  d i f f e r e n c e  in t h e r m a l  c o n d u c t i v i t y  b e t w e e n  a bed  of s o l i d s  
a n d  a gas  p h a s e ,  a r e  l i m i t e d  in  l i f e  u n d e r  t h e  s e v e r e  e n v i r o n m e n t a l  c o n d i -  
t i o n s .  A r a d i a t i o n - t y p e  s e n s o r  w a s  f o u n d  to be t h e  m o s t  r e l i a b l e  and  a c c u r a t e  
m e a n s  to s e n s e  and  i n d i c a t e  b e d  l e v e l .  T h e  s e n s o r  u t i l i z e d  in the  t e s t s  i s  
m a n u f a c t u r e d  by  N u c l e a r - C h i c a g o  Corp .  

T h e  s o u r c e  of r a d i a t i o n  i s  2 c u r i e s  of c e s i u m - 1 3 7 .  The  s o u r c e  and  the  
d e t e c t o r  a r e  m o u n t e d  e x t e r n a l l y ,  180 ° o p p o s e d ,  on a m o v a b l e  y o k e  o u t s i d e  
t h e  r e a c t o r  s h e l l .  T h e  d e n s i t y  of t h e  r e a c t o r  c o n t e n t s  is  r e l a t e d  to t h e  d e -  
g r e e  of b e a m  a t t e n u a t i o n  d u r i n g  b e a m  t r a n s i t  t h r o u g h  t h e  r e a c t o r .  In p r i n :  
c i p l e ,  t he  ces i ,~m s e n s o r  s h o u l d  i n d i c a t e  c h a n g e s  in  bed  d e n s i t y ;  a c t u a l l y ,  
t h e  u n i t  is m o r e  r e l i a b l y  u s e d  as  a b e d - l e v e l  s e n s o r .  It h a s  the  a d v a n t a g e  
of  b e i n g  e x t e r n a l  to  t h e  u n i t  and  t h u s  c a n  be l o c a t e d  a n y w h e r e  a l o n g  the  
r e a c t o r ;  h o w e v e r ,  the  u n i t  m u s t  be c a l i b r a t e d  a t  e a c h  l o c a t i o n  b e c a u s e  t h e  
m a t e r i a l  in  t he  p a t h  of t h e  b e a m  is no t  h o m o g e n e o u s .  

2.2.4 Operation Sequence 

B e f o r e  e a c h  run ,  t h e  s y s t e m  i s  f i r s t  p r e s s u r e  t e s t e d  to t h e  fu l l  o p e r a t i n g  
p r e s s u r e  w i t h  no s o l i d s  in  the  s y s t e m .  T h u s ,  w i t h o u t  h a v i n g  to  be c o n c e r n e d  
a b o u t  s o l i d s  be ing  d r a w n  in to  the  r e a c t o r  due  to  p r e s s u r e  s u r g e s ,  bo th  
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  c a n  p r o c e e d  r a p i d l y .  N i t r o g e n ,  u s e d  
f o r  the  p r e s s u r i z a t i o n ,  e n t e r s  t h r o u g h  e i t h e r  t he  top o r  b o t t o m  of t h e  r e a c t o r  
t ube ;  d e p r e s s u r i z a t i o n  i s  t h r o u g h  e i t h e r  t he  p r o d u c t  g a s  l i n e  o r  t h e  top  of  t he  
f e e d  h o p p e r .  W h e n  t h e  t e s t  is  s a t i s f a c t o r y ,  t he  u n i t  is d e p r e s s u r i z e d  a n d  c o a l  
feed is charged to the hopper. The system is again pressurized for operation 
and power [np~,t to the heaters is adjusted to give the desired operating tempera- 
thre. During the pressurizing, nitrogen is continusouly purged through the 
solids feed tube to keep it clear and reasonably cool. Hydrogen flow is then 
established to the reactor, and solids feeding begins. If steam is to be ad- 
mixed with the hydrogen, it is admitted to the reactor about a half hour after 
hydrogen flow is started. This procedure helps minimize the chances of 
condensation at cool spots. 

D e p e n d i n g  on w h e t h e r  t h e  o p e r a t i o n  is to be f r e e - f a l l  o r  w i th  a coa l  bed,  
t he  d i s c h a r g e  : sc rew r a t e  is a d j u s t e d  to  e i t h e r  r u n  the  bed  e m p t y  o r  p e r m i t  
the  bu i ldup  of a bed .  In m o v i n g - b e d  o r  f l u i d i z e d - b e d  o p e r a t i o n ,  the  r a d i a t i o n  
b e d - l e v e l  s e n s o r  wou ld  i n d i c a t e  t h a t  t h e  d e s i r e d  l e v e l  h a s  b e e n  r e a c h e d .  At  
t h i s  po in t ,  d i s c h a r g e  r a t e  i s  a d j u s t e d  to  m a i n t a i n  t h i s  bed l e v e l .  Gas  s a m p l e s  
a r e  t a k e n  r e g u l a r l y ,  a n d  a c o m p o s i t e  gas  s a m p l e  is  a c c u m u l a t e d  in  a g a s  
h o l d e r .  R e a c t a n t  and  p r o d u c t  g a s e s  a r e  bo th  m e t e r e d  f o r  m a t e r i a l  b a l a n c e .  
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A f t e r  t h e  r u n ,  s o l i d  s a m p l e s  a r e  t a k e n  f r o m  t h e  r e s i d u e  r e c e i v e r .  T e m -  
p e r a t u r e s ,  p r e s s u r e s ,  a n d  f l o w s  a r e  r e c o r d e d  o r  i n d i c a t e d  on  t h e  p a n e l  
b o a r d .  C o n d e n s a t e s  f r o m  t h e  p r o d u c t  g a s e s  a r e  d r a i n e d  p e r i o d i c a l l y  d u r i n g  
t h e  r u n ,  to be  w e i g h e d ,  s a m p l e d ,  a n d  a n a l y z e d .  

At  t h e  e n d  of  t h e  r u n ,  r e a c t a n t  g a s  a n d  s o l i d s  f e e d  a r e  t u r n e d  off,  a n d  
n i t r o g e n  is p a s s e d  t h r o u g h  t h e  s y s t e m  f o r  30 m i n u t e s  t o  p u r g e  t h e  c o m b u s t i b l e  
g a s e s .  T h e  s y s t e m  i s  t h e n  d e p r e s s u r i z e d ,  d i s a s s e m b l e d  a n d  c l e a n e d ,  p a r -  
t i c u l a r l y  t h e  p r o d u c t  g a s  l i n e  w h i c h  is  a l w a y s  c o a t e d  w i t h  t a r  a n d  o i l .  

2 . 2 . 5  E q u i p m e n t  M o d i f i c a t i o n .  a.n.d A d d i t i o n  D e t a i l s  

T h e  b r o a d  s c o p e  a n d  t h e  c o m p l e x i t y  of  t h e  p r o g r a m  f o r  t h e  s t u d y  of  t h e  
h y d r o g a s i f i c a t i o n  of  c o a l  m a d e  i t  n e c e s s a r y  t h a t  t h e  s y s t e m  f o r  t h i s  s t u d y  
be a d a p t a b l e  to  t h e  p r o c e s s i n g  c o n d i t i o n s  r e q u i r e d  by  t h e  p r o g r a m .  To 
m e e t  t h e  n e e d s  of  t h e  p r o c e s s i n g  c o n d i t i o n s ,  to  i n c o r p o r a t e  i m p r o v e m e n t s  
a s  t h e y  e v o l v e d ,  a n d  to  r e p l a c e  c o m p o n e n t s  t h a t  f a i l e d ,  t h e  h y d r o g a s i f i c a t i o n  
s y s t e m  w a s  m o d i f i e d  in  t h e  c o u r s e  o f  t h e  p r o g r a m .  A s  t h e s e  m o d i f i c a t i o n s  
h a v e  a b e a r i n g  on  t h e  i n t e r p r e t a t i o n  of  t h e  o p e r a t i n g  d a t a ,  d e t a i l s  of  s i g n i f i -  
c a n t  c h a n g e s ,  a d d i t i o n s ,  a n d  m o d i f i c a t i o n s  a r e  d i s c u s s e d .  T o  t h e  d e g r e e  
p o s s i b l e ,  t h e  t i m e  o f  t h e  m o d i f i c a t i o n s  i s  i n d i c a t e d  r e l a t i v e  to  t h e  r u n  n u m -  
b e r  of  t h e  h y d r o g a s i f i c a t i o n  t e s t  p r o g r a m .  

2.2. 5. 1 Reactor Tube 

In the early phase of the test program, when studies in the 4-inch di- 
ameter reactor tube had just begun, the expansion bellows attached to the 
bottom of the tube was damaged. The reactor expansion bellows was rup- 
tured by an overpressurization of the reactor tube that resulted from a 
sudden and uncontrolled drop in the shell pressure that normally should be 
in balance with the reactor pressure. The upset occurred at a pressure of 
250 psig when the reactor was being depressurized after run HT-43. 

The rupture in the bellows occurred at a seam and was 0.25 inch long; 
faulty material did not appear to be a factor. 

Following run HT-52, a routine pressure test of the pilot unit with nitro- 
gen was started in preparation for the next scheduled hydrogasification test. 
To facilitate the pressure testing, Z00-psig pressure was left unrelieved 
Jn the unit over the weekend, and the pressure-equalizing line between the 
reactor and the reactor shell remained open. During the weekend, however, 
an undetermined pressure disturbance caused the reactor- shell differential 
pressure controller to open the shell-pressurizing solenoid valve. However, 
a preferential flow of nitrogen to the reactor was caused by the higher resis- 
tance in flow to the shell as a result of piping and insu/ation. As a conse- 
quence, the reactor tube pressure rose above that in the shell and the tubes 
ruptured. The rupture occurred at the level of heating zone 5, as numbered 
from the top. The rupture damaged the heating elements in the lower section 
of the furnace. The heating elements in the upper section of the furnace were 
damaged in the process of removal of the ruptured reactor tube. The heating 
elements were replaced with new elements of similar design and construction 
as the original elements obtained from Marshall Products Company. A new 
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4 - i n c h  d i a m e t e r  r e a c t o r  t u b e  of t y p e  446 s t a i n l e s s  s t e e l ,  and  a n e w  4 - i n c h  d i -  
a m e t e r  e x p a n s i o n  b e l l o w s  w e r e  [ n s t a I l e d .  The  c h a n g e  to  t he  4 - i n c h  d i a m e t e r  
b e l l o w s  w a s  m a d e  to i m p r o v e  s o l i d s  o u t f l o w  f r o m  the  b o t t o m  of t h e  r e a c t o r  
by e l i m i n a t i n g  the  r e s t r i c t i o n  of the  s m a l l e r  d i a m e t e r  b e l l o w s ,  B e f o r e  i n -  
s t a l l a t i o n ,  the  r e a c t o r  tube  w.as w r a p p e d  wi th  a 0, 5 0 - i n c h - t h i c k  l a y e r  of 
F i b e r f r a x  i n s u l a t i o n  so t h a t  t e m p e r a t u r e  p r o f i l e s  c o u l d  be  c l e a r l y  d e f i n e d .  
The  l o w e r  31 i n c h e s  of t h e  r e a c t o r  w e r e  l e f t  u n i n s u l a t e d  to i m p r o v e  h e a t  
t r a n s f e r  to t h e  t ube  in t h i s  zone  w h e r e  t h e  h e a t  l o s s  i s  h igh ,  and  w h e r e  f i n a l  
p r e h e a t i n g  of the  s t e a m  and  h y d r o g e n  f e e d  is  a c c o m p l i s h e d .  

The  r e a c t o r  t ube  w a s  n e x t  r e p l a c e d  a f t e r  r u n  H T - 1 3 7 C .  D u r i n g  p o s t - r u n  
c l e a n - u p  of ~ te  un i t ,  i t  w a s  f o u n d  t h a t  the  top  of t h e  f e e d  t u b e  and  the  u p p e r  
p o r t i o n  of t h e  t h e r m o w e U  e x t e n d i n g  in to  the  s o l i d s  bed  h a d  f u s e d  to the  r e a c t o r  
t u b e .  A f t e r  t h e  f u s e d  s e c t i o n s  w e r e  r e m o v e d  a p r e s s u r e  t e s t  r e v e a l e d  a b r e a k  
in  t he  r e a c t o r  tube .  

The  r e a c t o r  h a d  b e e n  in s e r v i c e  f o r  a b o u t  80 r u n s  o v e r  18 m o n t h s .  In 
t h e  c o u r s e  of  t he  o p e r a t i o n s ,  the  t h e r m o c o u p l e s ,  p e e n e d  to t he  r e a c t o r  wa l l ,  
h a d  g r a d u a l l y  b u r n e d  out .  A c c u r a t e  m o n i t o r i n g  and  c o n t r o l  of t h e  w a l l  t e m -  
p e r a t u r e  cou Id  no t  be m a i n t a i n e d .  T h u s ,  f u s i o n  of  t h e  g a s  f e e d  t u b e  and  t h e  
t h e r m o w e l l  c o u l d  h a v e  r e s u l t e d  f r o m  u n d e t e c t e d  l o c a l  o v e r h e a t i n g .  A f u r -  
t h e r  c o n t r i b u t i n g  f a c t o r ,  h o w e v e r ,  w a s  o x i d a t i o n  of t h e  r e a c t o r  r e s i d u a l  l i g -  
n i t e  t h a t  h a d  a d h e r e d  to the  f e e d  tube  and  t h e r m o w e l l  in  t he  c o u r s e  of e m p t y -  
ing  the  r e a c t o r .  

T h e  4 - i n c h - d i a m e t e r  r e a c t o r  t u b e  Was r e p l a c e d .  L i k e  the  p r e v i o u s  t ube ,  
t h e  n e w  one  w a s  a t y p e  446 s t a i n l e s s  s t e e l .  S c h e d u l e  40 4 - i n c h  [D p ipe  (4. 50- 
i n c h  OD, 4. 02 .6 - inch  ID). A s e c t i o n  of t h e  r e a c t o r  t u b e  c o r r e s p o n d i n g  to  
h e a t i n g  z o n e s  3,4 and  5 w a s  i n s u l a t e d  w i t h  a 1 - i n c h - t h i c k  b l a n k e t  of F i b e r f r a x  
i n s u l a t i o n .  T h i s  i n s u l a t i o n  h e l p s  k e e p  a m o r e  n e a r l y  a d i a b a t i c  c o n d i t i o n  in 
t h e  r e g i o n  of the  c o a l  bed .  

2, 2. 5 .2  R e a c t o r  F u r n a c e  

Al l  s e v e n  of t h e  r e a c t o r  f u r n a c e  h e a t i n g  s e c t i o n s  h a d  to be r e p l a c e d  as  
a r e s u l t  of  t h e  r e a c t o r  t u b e  r u p t u r e  f o l l o w i n g  r u n  t t T - 5 2 .  T h e s e  s e c t i o n s  w e r e  
d a m a g e d  e i t h e r  by  t h e  tube  r u p t u r e ,  o r  in t h e  p r o c e s s  of r e m o v a l  of t he  r u p -  
t u r e d  t u b e  f r o m  the  s h e l l ,  T h e  r e p l a c e m e n t  h e a t i n g  s e c t i o n s  w e r e  of  t h e  s a m e  
s i z e  and  d e s i g n  as  t h e  o r i g i n a l  s e c t i o n s ,  and  c a m e  f r o m  the  s a m e  s u p p l i e r .  
T h e  s p a c e  b e t w e e n  t h e  o u t s i d e  of t h e  h e a t i n g  s e c t i o n s  a n d  the  i n s i d e  of t h e  
p r e s s u r e  s h e l l  w a s  a g a i n  p a c k e d  w i t h  F i b e r f r a x  i n s u l a t i o n .  

A f t e r  run. H T - 1 0 8 ,  r e a c t o r  f u r n a c e  h e a t i n g  s e c t i o n  of  zone  3 b e c a m e  
s h o r t e d .  It w a s  r e p a i r e d  by i n s t a l l i n g  n e w  in .~ula t ion on t h e  p o w e r  input  
e l e c t r o d e  at  t:he r e a c t o r  s h e l l  wa l l .  S i m i l a r  r e p a i r  w o r k  w a s  d o n e  on t h e  
e l e c t r o d e  of z o n e  6 f u r n a c e  s e c t i o n  f o l l o w i n g  r u n  H T - 1 1 0 ,  

Z o n e  7 f u . r n a c e  s e c t i o n ,  t h e  l o w e s t  s e c t i o n  in  t he  f u r n a c e ,  s t o p p e d  w o r k i n g  
a f t e r  r u n  H T - 1 5 8 .  The  h e a t i n g  e l e m e n t  a p p a r e n t l y  f a i l e d  b e c a u s e  of  t he  s e v e r e  
p o w e r  o u t p u t  d e m a n d s  a n d  h i g h  t e m p e r a t u r e s  a t  t he  l o w e r  p a r t  of t he  r e a c t o r ,  
It  w a s  not  p r a . c t i c a l  to  ge t  to t h i s  h e a t i n g  s e c t i o n  f o r  e i t h e r  r e p a i r  o r  r e p i a c e ' -  
m e n t ,  so t h a t  t e s t s  s u b s e q u e n t  to r u n  H T - 1 5 8  w e r e  m a d e  wi th  o n l y  s ix  h e a t i n g  
s e c t i o n s  o p e r  s t ing .  
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Z.Z.  5 .3  F e e d  Gas  T u b e  

F e e d  g a s e s ,  i n c l u d i n g  r e a c t a n t  s t e a m ,  w e r e  f e d  to t he  b o t t o m  of  t he  
r e a c t o r .  W i t h i n  t h e  r e a c t o r ,  t h e  l e v e l  a t  w h i c h  the  g a s e s  c o n t a c t e d  t he  
c o a l  b e d  w a s  d e t e r m i n e d  by t h e  l e n g t h  t h e  f e e d  g a s  t u b e  p r o j e c t e d  u p w a r d  
f r o m  t h e  b a s e  of t he  c h a r  d i s c h a r g e  h o u s i n g .  T h i s  l e v e l  s e t  the  b o t t o m  of 
t h e  c o a l  bed ,  f o r  c a l c u l a t i o n  p u r p o s e s ,  in  m o v i n g -  and  f l u i d - b e d  o p e r a t i o n s .  
To  m e e t  c h a n g i n g  o p e r a t i o n a l  n e e d s  t he  l e n g t h  of  t he  f e e d  g a s  t u b e  w a s  v a r i e d  
a s  w a s  the  c o n f i g u r a t i o n  a t  t he  end  of t h e  t u b e  s e t t i n g  t h e  g a s  d i s t r i b u t i o n  a t  
t h e  b o t t o m  of t h e  c o a l  bed .  

Up to  r u n  H T - 7 2 ,  d r y  f e e d  g a s  a n d  s t e a m  w e r e  f e d  to  t h e  r e a c t o r  t h r o u g h  
s e p a r a t e  t u b e s ,  E a c h  f e e d  t u b e  w a s  a 0. 3 7 5 - i n c h ,  S c h e d u l e  40 p ipe  c a p p e d  
w i t h  a s i n t e r e d  m e t a l  d i s k  c o n t a c t i n g  t h e  c o a l  b e d  i t  t h e  b o t t o m  l e v e l  of  t he  
r e a c t o r  f u r n a c e .  

F o r  r u n  H T - 7 Z ,  in o r d e r  to  m a i n t a i n  a m o r e  u n i f o r m  c o a l - b e d  t e n m p e r a -  
t u r e  d i s t r i b u t i o n ,  a p o r o u s  g a s - d i s t r i b u t i o n  d i s k  w a s  p o s i t i o n e d  1 0 8 . 5  i n c h e s  
a b o v e  t h e  b o t t o m  of t h e  r e a c t o r  f u r n a c e .  The  b o t t o m  of t h e  c o a l  b e d  w a s  a t  
t he  d i s t r i b u t i n g  d i s k .  The  m o d i f i c a t i o n  d e s c r i b e d  e s s e n t i a l l y  e l i m i n a t e d  t h e  
e f f e c t  of  h e a t  l o s s e s  a t  t he  e n d  of  t h e  t u b e .  As  a r e s u l t ,  a u n i f o r m  t e m p e r a -  
t u r e  w a s  m a i n t a i n e d  a l o n g  t h e  e n t i r e  l e n g t h  of t h e  r e a c t i o n  bed .  T h e  f e e d  
g a s  d i s t r i b u t o r ,  a l s o  i n s t a l l e d  f o r  e v e n t u a l  f l u i d - b e d  o p e r a t i o n s ,  w a s  a 3 - i n c h -  
d i a m e t e r ,  0. l a B - i n c h - t h i c k  p o r o u s ,  s t a i n l e s s  s t e e l  d i s k ,  p o s i t i o n e d  n e a r  t h e  
m i d p o i n t  of the  r e a c t o r  t u b e .  T h e  d i s k  i s  s u p p o r t e d  b 7 a s e c t i o n a l  p ipe  c o l u m n  
w h i c h  r e s t s  on t h e  b o t t o m  r e a c t o r  c l o s u r e .  T w o  0. 3 7 5 - i n c h - O D  by 0° 277-  
i n c h - I D  g a s  f e e d  t u b e s  e x t e n d  up t h r o u g h  t h e  s u p p o r t  c o l u m n  and  t e r m i n a t e  in 
a c o n i c a l  s e c t i o n  j u s t  b e l o w  the  p o r o u s  d i s k .  T h e  g a s  d i s t r i b u t o r  d i s k  a l s o  
a c t s  a s  a c o a l - b e d  s u p p o r t  p l a t e  to k e e p  t h e  b o t t o m  of  t h e  c o a l  bed  w e l l  w i t h i n  
t he  h e a t e d  s e c t i o n  of  t h e  r e a c t o r  t ube .  C o a l  i s  d i s c h a r g e d  f r o m  t h e  bed  by 
g r a v i t y ,  t h r o u g h  t h e  a n n u l u s  b e t w e e n  the  g a s  d i s t r i b u t o r  d i s k  and  t h e  r e a c t o r  
wa l l ,  t h e n  i s  s c r e w  f e d  f r o m  the  b o t t o m  of t h e  r e a c t o r  t u b e  to  t he  r e s i d u e  
r e c e i v e r .  

C o a l  d i s c h a r g e  d i f f i c u l t i e s  w e r e  e n c o u n t e r e d  r e p e a t e d l y  in  t e s t s  f o l l o w i n g  
r u n  H T - 7 Z ,  b e c a u s e  c o a l  p a r t i c l e s  l o d g e d  in  t h e  a n n u l u s  b e t w e e n  t h e  gas  d i s -  
t r i b u t o r  d i s k  a n d  the  r e a c t o r  w a l l s .  F o r  r u n  H T - 7 6 ,  t h e  f e e d  g a s  d i s t r i b u t o r  
d i s k  w a s  r e m o v e d  a n d  the  p r e v i o u s l y  u s e d  f e e d  g a s  t u b e  w a s  r e i n s t a l l e d .  T h i s  
i s  a 0. 3 7 5 - i n c h  p ipe  t h a t  e x t e n d s  to on ly  1 6 . 5  i n c h e s  a b o v e  the  b o t t o m  of the  
r e a c t o r  f u r n a c e .  

F o r  r u n  H T - 7 9 ,  t he  g a s  d i s t r i b u t o r  d i s k  w a s  a g a i n  i n s t a l l e d ,  bu t  o n l y  f o r  
a l i m i t e d  n u m b e r  of t e s t s ,  B e c a u s e  of d i f f i c u l t y  in  d i s c h a r g i n g  c o a l  f r o m  t h e  
r e a c t o r  t h r o u g h  t h e  a n n u l u s  b e t w e e n  the  d i s k  a n d  the  r e a c t o r  w a l l s  in  s u b s e -  
q u e n t  t e s t s ,  t he  3 - i n c h - d i a m e t e r  f e e d  g a s  d i s t r i b u t o r  w a s  r e m o v e d  and  a 0. 375-  
i n c h  p i p e  f e e d - t u b e  e x t e n d i n g  to 1 6 . 5  i n c h e s  a b o v e  the  b o t t o m  of  t h e  r e a c t o r  
f u r n a c c  w a s  i n s t a l l e d  f o r  r u n  H T - e R .  T h e  f e e d  g a s  t u b e  w a s  a g a i n  e x t e n d e d  
to  1 0 8 . 5  i n c h e s  a b o v e  the  b o t t o m  of the  r e a c t o r  f o r  r u n  H T - 8 6 .  T h e  g a s  d i s -  
t r i b u t o r  a t  the  e n d  of t he  t u b e  w a s  a 3 . 5 - i n c h  d i a m e t e r  " R i g i m e s h "  p o r o u s  
d i sk .  A f t e r  r u n  H T - 8 8  i t  a p p e a r e d  t h a t  p o o r  c o a l  f l o w  t h r o u g h  t h e  a n n u l u s  
b e t w e e n  the  f e e d - g a s  d i s t r i b u t o r  d i s k  a n d  t h e  r e a c t o r  t u b e  w a l l s  w a s  r e s p o n s i -  
b le  f o r  c o a l  b a c k u p  e x p e r i e n c e d  in  t h i s  r u n .  To  i m p r o v e  the  f low of c o a l  a t  
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t h i s  p o i n t ,  t h e  a n n u l a r  a r e a  w a s  i n c r e a s e d  f o r  r u n  H T - 8 9  by r e d u c i n g  t h e  
d i a m e t e r  of  t h e  f e e d - g a s  d i s t r i b u t o r  d i s k  f r o m  3 . 5  to  3. 3125 i n c h e s .  C o a l  
f l o w  p a s t  t h e  d i s t r i b u t o r  d i s k  r e m a i n e d  e r r a t i c  i n  s u b s e q u e n t  t e s t s .  T e m -  
p o r a r i l y ,  i n  o r d e r  to  a v o i d  c o a l  d i s c h a r g i n g  p r o b l e m s ,  t h e  3. 3 1 2 5 - i n c h - d i -  
a m e t e r  f e e d  g a s  d i s t r i b u t o r  d i s k  w a s  c h a n g e d  to  a 0 . 5 - i n c h  t u b e  w i t h  i t s  e n d  
c a p p e d  by  a p o r o u s  d i s k  p r i o r  to  r u n  H T - 9 5 .  

F o r  r u n  I : [T-96,  a 2 . 8 8 - i n c h - d i a m e t e r  f e e d  g a s  d i s t r i b u t o r  d i s k  w a s  i n -  
s t a l l e d .  T h i s  d i s k  p r o v i d e d  a r e a s o n a b l y  l a r g e  a n n u l a r  c r o s s - s e c t i o n  f o r  
c o a l  d i s c h a r g i n g .  

To  o b t a i n  h i g h e r  c o a l  b e d  t e m p e r a t u r e s  w h e n  h y d r o g a s i f y i n g  a t  f l u i d i -  
z a t i o n  t h r o u g h p u t  r a t e s ,  a d d i t i o n a l  h e a t  t r a n s f e r  a r e a  w a s  p r o v i d e d  b e t w e e n  
r e a c t e d  c o a l  f l o w i n g  d o w n w a r d  f r o m  t h e  r e a c t i o n  z o n e  a n d  t h e  f e e d  g a s  f l o w i n g  
up  to t h e  g a s  d i s t r i b u t o r .  T h i s  w a s  a c h i e v e d  by i n s t a l l i n g  a 0. 3 7 5 - i n c h -  
d i a m e t e r  U - t u b e ,  108 i n c h e s  l o n g ,  i n  t h e  ~ e e d - g a s  l i n e  b e t w e e n  t h e  b a s e  of  
t h e  r e a c t o r  a n d  t h e  g a s  d i s t r i b u t i o n  d i s k .  T h i s  c h a n g e  w a s  m a d e  f o r  r u n  
H T - 1 0 0 .  

F o r  t h e  n e x t  t e s t ,  r u n  H T - 1 0 1 ,  a n  a n n u l a r  f e e d - g a s  d i s t r i b u t o r  d i s k  of  
3 . 5 - i n c h  OD a n d  1 . 7 5 - i n c h  ID w a s  i n s t a l l e d  to  i m p r o v e  s o l i d s  f l o w  p a s t  t h e  
d i s k .  W i t h  t h i s  r i n g - t y p e  d i s t r i b u t o r ,  c o a l  c o u l d  f l o w  a r o u n d  t h e  o u t e r  e d g e s  
o f  t he  d i s k  a n d  t h r o u g h  t h e  c o r e  of  t h e  d i s k .  

To  i n c r e a s e  t h e  f r e e - f a U  d i s t a n c e  in  t h e  r e a c t o r  and  t h e r e b y  p r o v i d e  f o r  
a h i g h e r  r a t e  of  c o a l  h y d r o g a s i f i c a t i o n  in  s u s p e n s i o n ,  t h e  a n n u l a r  f e e d  g a s  
d i s t r i b u t o r  dL~k f o r  r u n  H T - 1 0 2  w a s  l o w e r e d  f r o m  1 0 8 . 5  i n c h e s  t o  62 i n c h e s  
a b o v e  t h e  b o t t o m  of  t h e  f u r n a c e .  

To  m i n i m i z e  d i s c h a r g e  p r o b l e m s  a r o u n d  t h e  d i s t r i b u t o r  f o r  r u n  H T - 1 0 3 ,  
t h e  a n n u l a r  g a s  d i s t r i b u t o r  d i s k  w a s  r e p l a c e d  by  a c a p p e d  0. 3 7 5 - i n c h  p i p e  w i t h  
t w e l v e  o n e - s i x t e e n t h  i n c h  d i a m e t e r  p o r t s  t h r o u g h  t h e  w a l l s  i n  t h e  u p p e r  1 i n c h  
of  t h e  t u b e .  To  i n c r e a s e  t h e  f r e e  c r o s s - s e c t i o n a l  a r e a  of  t h e  r e a c t o r  b e l o w  
t h e  e n d  of  t h e  f e e d  g a s  t u b e ,  t h e  i n t e r n a l  U - b e n d  h e a t  e x c h a n g e  t u b e  f o r  f e e d  
g a s  s u p e r h e a t  ( i n s t a l l e d  f o r  r u n  H T - 1 0 0 }  w a s  r e m o v e d .  

F o r  r u n  H T - 1 6 4 ,  to  l e n g t h e n  t h e  f r e e - f a l l  r e a c t i o n  t i m e  b e f o r e  t h e  c o a l  
r e a c h e d  t h e  c o a l  bed ,  t h e  t o p  of  t h e  h y d r o g e n - s t e a m  f e e d  t u b e  w a s  l o w e r e d  
by  31 i n c h e s  so  t h a t  f e e d  g a s  c o n t a c t e d  t h e  c o a l  b e d  31 i n c h e s  a b o v e  t h e  b o t t o m  
o f  t h e  f u r n a c e .  

T h e  f e e d  g a s  d i s t r i b u t o r  w a s  r e t u r n e d  to  i t s  p o s i t i o n  62 i n c h e s  a b o v e  t h e  
b o t t o m  of t h e  f u r n a c e  f o r  r u n  H T - 1 6 9 .  

F o r  r u n  H T - 1 7 9  we  a g a i n  l o w e r e d  t h e  h y d r o g e n  f e e d  t u b e  d i s t r i b u t o r  by  
31 i n c h e s  f r o m  i t s  n o r m a l  p o s i t i o n  to o b t a i n  a l o n g e r  e f f e c t i v e  f r e e - f a l l  r e a c t o r  
l e n g t h .  

2 . 2 . 5 . 4  C o a l  F e e d  T u b e  

N o r m a l l y ,  c o a l  w a s  i n t r o d u c e d  i n t o  t h e  r e a c t o r  t u b e  t h r o u g h  a n  i n j e c t i o n  
t u b e  e x t e n d i n g  i n to  t h e  h e a t e d  s e c t i o n  of t h e  r e a c t o r  t u b e .  F o r  r e p o r t e d  t e s t s ,  

2 - 1 5  



up to  run H T - 5 6 C ,  t h e  c o a l  i n j e c t i o n  t u b e  w a s  a 1 - i n c h  OD tube  wi th  a 0. 0 4 9 -  
i n c h  wa l l ,  d i s c h a r g i n g  a t  a l e v e l  36 i n c h e s  b e l o w  the  t op  of t he  r e a c t o r  f u r n a c e .  
T h e  t u b e  w a s  a t t a c h e d  to  an  i n s e r t  in  t h e  head_o f  the  r e a c t o r .  

F o r  r u n  H T - 5 6 C ,  the  c o a l  f e e d  t u b e  w a s  r e m o v e d  to a l l o w  c o a l  f e e d  
d i r e c t l y  in to  t h e  4 - i n c h - d i a m e t e r  r e a c t o r  t ube .  T h e  c o a l  f e e d  t u b e  t h a t  w a s  
r e m o v e d  f o r  r u n  H T - 5 6 C  w a s  r e i n s t a l l e d  f o l l o w i n g  t h a t  t e s t ,  but  w i t h  m o d i f i -  
c a t i o n s  so t h a t  t h e  c o a l  c o u l d  be i n j e c t e d  into t h e  h e a t e d  s e c t i o n  of the  r e a c t o r  
t ube .  T h e  t u b e  h a s  an  i n s i d e  d i a m e t e r  of  1. 380 i n c h e s  and  e x t e n d s  6 i n c h e s  
b e l o w  the  top  o f  t h e  f u r n a c e  l e v e l .  

F o l l o w i n g  r u n  H T - 8 7 ,  w h e n  e q u i p m e n t  m o d i f i c a t i o n s  f o r  f l u i d - b e d  o p e r a -  
t i o n  w e r e  m a d e ,  a m o d i f i e d  r e a c t o r  h e a d  i n s e r t  w i th  a 1 - i n c h - O D  c o a l  f e e d  
t u b e  w a s  i n s t a l l e d .  T h e  end  of  t he  f e e d  t u b e  e x t e n d e d  6 i n c h e s  b e l o w  t h e  t op  
of the furnace. 

P u r g e  n i t r o g e n  w a s  n o r m a l l y  f e d  to  t h e  top of t h e  i n s e r t .  To p r o m o t e  
t h e  f l o w  of c o a l  t h r o u g h  the  t ube ,  f o r  r u n  H T - 9 4 ,  t h e  n i t r o g e n  w a s  i n j e c t e d  
d i r e c t l y  in to  t he  c o a l  f e e d  t u b e  t h r o u g h  a 0. 125 i n c h . d i a m e t e r  n o z z l e .  

To  i m p r o v e  c o a l  f l ow t h r o u g h  t h e  top o f  t h e  r e a c t o r  a t  h i g h  c o a l  f e e d  
r a t e s ,  t he  1 - i n c h - d i a m e t e r  c o a l  i n j e c t i o n  t u b e  w a s  r e m o v e d  b e f o r e  r u n  
H T - 1 0 7  so t h a t  t h e  f e e d  s c r e w  w o u l d  d i s c h a r g e  c o a l  d i r e c t l y  in to  t h e  r e a c t o r .  

T h e  c o a l  i n j e c t i o n  t u b e  w a s  r e i n s t a l l e d  f o r  r u n  H T - 1 0 9 .  

F o r  r u n  H T - 1 2 0 ,  a m o t o r - d r i v e n  m a g n e t i c a l l y  c o u p l e d  s t i r r e r  w a s  i n -  
s t a l l e d  in  t he  c o a l  i n j e c t i o n  t u b e  to  p r o m o t e  t h e  f l o w  of  c o a l  by  b r e a k i n g  up 
a n y  b u i l d u p  in  t h e  t u b e .  T h e  s t i r r e r ,  d r i v e n  a t  b e t w e e n  5 and  10 r p m ,  e x -  
t e n d s  t he  fu l l  l e n g t h  of t he  t u b e  a n d  a b o u t  1 i n c h  b e y o n d .  It i s  a 0. 1 2 5 - i n c h  
s t a i n l e s s  s t e e l  r o d  f o r m e d  in to  a 0 . 7 5 - i n c h  s p i r a l  w i th  a 3 - i n c h  p i t c h .  

F o r  r u n  H T - 1 4 4 ,  a m o d i f i e d  d r i v e  f o r  t h e  s t i r r e r  i n  t he  c o a l  t u b e  w a s  
i n s t a l l e d  i n c r e a s i n g  the  s t i r r e r  r o t a t i o n  to  t h e  r a n g e  of  50 to  60 r p m .  A 
t a c h o m e t e r  i n d i c a t e d  t h e  m o v e m e n t  of  t h e  s t i r r e r  a n d  a n y  s t o p p a g e  due  to  
b i n d i n g .  

T o w a r d  t h e  e n d  of t he  h y d r o g a s i f i c a t i o n  d e v e l o p m e n t  t e s t  p r o g r a m ,  t h e  
u p p e r m o s t  r e a c t o r  h e a t i n g  s e c t i o n ,  Z o n e  No. 1, b e c a m e  i n o p e r a t i v e  so t h a t  
no h e a t  w a s  b e i n g  s u p p l i e d  to  t he  t op  of  t he  r e a c t o r .  F o r  h y d r o g a s i f i c a t i o n  
t e s t s  w i t h  u n t r e a t e d  N e w  M e x i c o  s u b b i t u m i n o u s  coa l ,  l o s s  of Z o n e  1 h e a t i n g  
w a s  c o m p e n s a t e d  f o r  by  p r o v i d i n g  a m o r e  r a p i d  h e a t - u p  of t h e  c o a l  a s  i t  
e n t e r e d  t h e  r e a c t o r .  The  f a s t e r  h e a t - u p  w a s  a c h i e v e d  by  l e n g t h e n i n g  the  
1 - i n c h - d i a m e t e r  c o a l  f e e d  t u b e  by  30 i n c h e s  f o r  r u n  H T - 2 5 2 .  With  t h e  
l o n g e r  f e e d  t ube ,  t h e  c o a l  e n t e r e d  t h e  r e a c t o r  a t  t he  t op  of h e a t i n g  Z o n e  
No. 2, i n s t e a d  of a t  i t s  f o r m e r  e n t r y  po in t  in  Z o n e  No. 1. 

2 . 2 . 5 . 5  C o a l  F e e d  and  D i s c h a r g e  

F o l l o w i n g  r u n  H T - S Z ,  t h e  o r i g i n a l  s t a r  f e e d e r  u s e d  f o r  d i s c h a r g i n g  
r e a c t e d  c o a l  f r o m  t h e  r e a c t o r  to  t h e  r e s i d u e  r e c e i v e r  w a s  r e p l a c e d  w i t h  a 
s c r e w  d i s c h a r g e r  in  o r d e r  to 1) i m p r o v e  the  r a t e  and  the  r e l i a b i l i t y  of c h a r  

J .  

Z-16  



" r  

d i s c h a r g e ,  and  2) i n c r e a s e  t h e  d i s c h a r g e  r a t e  in p r o p o r t i o n  to the  p r o g r a m m e d  
i n c r e a s e  in the  c o a l - f e e d  r a t e .  D i m e n s i o n s  of t h e  d i s c h a r g e  s c r e w  w e r e :  
f l i g h t  d i a m e t e r ,  Z i n c h e s ;  sha f t  d i a m e t e r ,  0 . 7 5  inch ;  f l i g h t  p i t ch ,  1 inch .  

M o d i f i c a t i o n s  f o r  f l u i d - b e d  o p e r a t i o n  m a d e  f o l l o w i n g  r u n  H T - 8 7  i n c l u d e d  
t h e  i n s t a l l a t i o n  of  a 1. 8 7 5 - i n c h - d i a m e t e r  c o a l - f e e d  s c r e w ,  r e p l a c i n g  the  o r i g i -  
n a l  0. 8 7 5 - i n c . h - d i a m e t e r  f e e d e r .  

C o a l - f e e d  s c r e w  j a m m i n g  in r u n  H T - 1 3 7 B  w a s  c a u s e d  e i t h e r  by  b i n d i n g  
of  t h e  s c r e w  in the  h o u s i n g  o r  by b i t ing  of t h e  f l i g h t s  in to  t h e  h o u s i n g  o r  
h o u s i n g  c o n n e c t o r .  To c o r r e c t  t he  p r o b l e m  d e s c r i b e d ,  t he  f r o n t  e d g e s  of 
t h e  f l i g h t s  w e r e  t a p e r e d  b a c k  to r e m o v e  the  s h a r p  c o r n e r s  o v e r  t he  f i r s t  
18 i n c h e s  of the  s c r e w .  In a d d i t i o n ,  t he  o u t s i d e  d i a m e t e r  of two f l i g h t s  a t  
t h e  h o u s i n g  c o n n e c t o r  w a s  r e d u c e d  t y  0. 125 i n c h  to  i n c r e a s e  t he  s c r e w  
clearance. 

Z. 2. 5.6 Product Gas Offtake Line 

P r o d u c t  g a s e s  w e r e  w i t h d r a w n  f r o m  t h e  r e a c t o r  t h r o u g h  a 0 . 2 5 - i n c h  
OD x 1 6 - g a g e  o p e n - e n d  t u b e .  T h e  e n t r y  to t h i s  t u b e  f o r  r e p o r t e d  t e s t s  up 
to  r u n  H T - 5 7  w a s  2 7 . 7 5  i n c h e s  a b o v e  t h e  o u t l e t  of t h e  c o a l  i n j e c t i o n  tube .  
To m i n i m i z e  p o s s i b l e  i n t e r f e r e n c e  of p r o d u c t  g a s  o u t f l o w  w i t h  c o a l  i n j e c -  
t ion ,  t h e  p r o d u c t  gas  o f f t a k e  t u b e  w a s  e x t e n d e d  2 f e e t  b e l o w  the  end  of  the  
c o a l  f e e d  tube  f o r  r u n  H T - 5 7 .  B e c a u s e  of  p a r t i a l  p l u g g i n g  of  t h e  p r o d u c t  
g a s  o f f t a k e  t ube ,  f o r  the  nex t  t e s t ,  r u n  H T - 5 8 ,  t h e  0 . 2 5 - i n c h  d i a m e t e r  p r o -  
d u c t  g a s  o f f t a k e  tube  w a s  r e p l a c e d  w i t h  a 0 . 5 - i n c h  d i a m e t e r  t ube ,  a n d  w a s  
m a d e  6 i n c h e s  s h o r t e r  t h a n  the  c o a l  f e e d  t ube .  

When  the  u n i t  w a s  m o d i f i e d  f o r  f l u i d - b e d  o p e r a t i o n  f o l l o w i n g  r u n  H T -  87, 
an  i n t e r n a l  c y c l o n e  w a s  i n s t a l l e d  to s e p a r a t e  c o a l  d u s t  f r o m  the  p r o d u c t  gas .  

P r i o r  to r u n  H T - 9 9  the  p r o d u c t  ga s  c y c l o n e  a t  t h e  top  of t he  r e a c t o r  w a s  
r e m o v e d ,  and  two  1 8 - i n c h - l o n g  s i n t e r e d  m e t a l  b a y o n e t  f i l t e r s  w e r e  i n s t a l l e d  
i n s i d e  t he  r e a c t o r  tube  j u s t  a b o v e  the  h e a t e d  zone .  T h e  p r e v i o u s l y  u s e d  b a y o -  
n e t  f i l t e r s  o u t s i d e  t he  r e a c t o r  w e r e  b y p a s s e d ;  t h e  p r o d u c t  g a s  w a s  p i p e d  
d i r e c t l y  to t h e  c o n d e n s e r  f r o m  t h e  top  of  t he  r e a c t o r .  

F o r  r u n  H T - 1 0 8  t h e  u p p e r  of the  two p o r o u s  m e t a l  p r o d u c t  g a s  f i l t e r s  
w a s  r e m o v e d  to m i n i m i z e  h e a t  e x c h a n g e  b e t w e e n  the  p r o d u c t  g a s e s  and  the  
c o a l  f e e d .  

D u r i n g  I n n  H T - 1 1 4 ,  the  b a y o n e t  f i l t e r  f a i l e d .  T h e r m a l  s t r e s s e s  h a d  
c r a c k e d  the  J[ilter f a c e ,  a l l o w i n g  c o a l  d u s t  to  be c a r r i e d  in to  the  p r o d u c t  ga s  
l i n e  and  t h e  c o n d e n s e r ,  a n d  p l u g g i n g  t h e  p r o d u c t  g a s  o f f t a k e  s y s t e m .  T h e  
d a m a g e d  b a y o n e t  f i l t e r  w a s  r e p l a c e d .  

N e w  p r o d u c t - g a s  b a y o n e t  f i l t e r s  w e r e  i n s t a l l e d  f o r  r u n s  H T - 1 5 4  and  H T -  
160, r e p l a c i n g  t h o s e  t h a t  had  b e c o m e  p l u g g e d  and  c o u l d  not  be c l e a n e d .  

Z.Z.5.7 Product Gas Sample Probes 

P r o d u c t  g a s  s a m p l e  p r o b e s  f o r  s a m p l i n g  g a s e s  w i t h i n  t h e  c o a l  bed  c o n -  
s i s t e d  of 0. I 2 5 - i n c h - O D  x 0. 0 6 2 5 - i n c h - I D  s t a i n l e s s - s t e e l  o p e n - e n d  t u b i n g  
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p r o j e c t i n g  in to  t he  c o a l  bed .  T h r e e  p r o b e s  w e r e  i n s t a l l e d  f o r  r u n  H T - 5 Z  to  
s a m p l e  g a s e s  4, 6 and  7 f e e t  a b o v e  the  b o t t o m  of  t he  c o a l  bed .  P r i o r  to t h i s  
r u n ,  one  g a s  s a m p l e  p r o b e  w a s  u s e d  f o r  s a m p l i n g  a t  t h e  top of a 7 - f o o t  coa l  
bed .  F o l l o w i n g  r u n  H T - 5 2 ,  t he  n u m b e r  of g a s  s a m p l e  p r o b e s  in the  bed  w a s  
i n c r e a s e d  to  s ix to b e t t e r  e s t a b l i s h  t he  g a s e o u s  c o n c e n t r a t i o n  p r o f i l e s  in 
t h e  bed.  Gas  s a m p l i n g  p o i n t s  w e r e  a t  t h e  0, 2 - ,  5 - ,  7 - ,  10- ,  and  1Z- foo t  
l e v e l s ,  a s  m e a s u r e d  f r o m  t h e  b o t t o m  of the  r e a c t o r .  

T h e s e  p r o b e s  w e r e  r e m o v e d  f o r  run  H T - 5 7 .  T h r e e  p r o b e s  w e r e  i n s t a l l e d  
f o r  r u n  H T - 8 6  to s a m p l e  g a s e s  f r o m  p o i n t s  6, 18 and  30 i n c h e s  b e l o w  the  top  
of  3 . 5 - f o o t  c o a l  b e d s .  T h e s e  w e r e  u s e d  t i l l  r u n  H T - 1 0 Z  w h e n  t h r e e  n e w  
p r o b e s  w e r e  i n s t a l l e d  a s  t he  p o s i t i o n  of t he  b o t t o m  of  the  c o a l  bed  w a s  c h a n g e d  
f r o m  1 0 8 . 5  i n c h e s  to  6Z i n c h e s  a b o v e  t h e  b o t t o m  of t he  c o a l  bed .  T h e s e  
p r o b e s  w e r e  r e m o v e d  f o r  r u n  H T - 1 0 7  and  w e r e  not  r e p l a c e d  un t i l  r u n  H T - 1 1 1 .  
in t e s t s  f o l l o w i n g  r u n  H T - 1 3 7 ,  no g a s  s a m p l e  p r o b e s  w e r e  u s e d .  

2 . 2 . 5 . 8  Coa l  F e e d  H o p p e r  and  R e s i d u e  R e c e i v e r  

A 7 . 7 - c u b i c  f o o t  r e s i d u e  r e c e i v e r  w a s  i n s t a l l e d  f o l l o w i n g  c o m p l e t i o n  of 
r u n  H T - 5 2 .  T h i s  l a r g e r  c a p a c i t y  r e c e i v e r  r e p l a c e d  t h e  o r i g i n a l  5 . 1 - c u b i c  
foo t  r e c e i v e r .  It  w a s  u s e d  u n t i l  a c o a l  r e s i d u e  r e c e i v e r / o f  1 4 . 7 - c u b i c  foo t  
v o l u m e  w a s  i n s t a l l e d  in the  h y d r o g a s i f i c a t i o n  P D U  as  p a r t  of  the  m o d i f i c a t i o n  
p r o g r a m  f o r  h a n d l i n g  l a r g e r  t h r o u g h p u t  r a t e s  in f l u i d i z e d - b e d  o p e r a t i o n .  D e -  
s i g n  d e t a i l s  of t h e  Z 4 - i n c h - O D  r e c e i v e r  a r e  s h o w n  in  F i g u r e  2 - 4 .  

At  t he  s a m e  t i m e ,  t h e  o r i g i n a l  c o a l - f e e d  h o p p e r  of  8 . 3 - c u b i c  foo t  c a p a c i t y  
w a s  r e p l a c e d  w i t h  a 1 7 . 5 . - c u b i c  f o o t  c a p a c i t y  h o p p e r .  

Z. 2 . 5 . 9  D i f f e r e n t i a l  P r e s s . u r e  C o n t r o l  ' S y s t e m  

F o l l o w i n g  t h e  r e a c t o r  t u b e  r u p t u r e  a f t e r  r u n  H T - 5 Z ,  an  i m p r o v e d  r e a c t o r -  
s h e l l  d i f f e r e n t i a l  p r e s s u r e  c o n t r o l  s y s t e m  w a s  i n s t a l l e d  to  m a i n t a i n  p r e s s u r e  
b a l a n c e  a c r o s s  t h e  r e a c t o r  t u b e  a n d  to  r e d u c e  c h a n c e s  of t u b e  o v e r p r e s s u r i -  
z a t i o n .  Wi th  t h e  m o d i f i e d  c o n t r o l  s y s t e m  t h e  s h e l l  i s  p r e s s u r i z e d  and  v e n t e d  
b y  dua l  f l o w  l i n e s ,  t h e  s e c o n d a r y  l i n e s  to  be  o p e n e d  w h e n  t h e  d i f f e r e n t i a l  
p r e s s u r e  e x c e e d s  t h e  n o r m a l  c o n t r o l  d i f f e r e n t i a l .  T h i s  s h o r t e n s  t h e  t i m e  
l a g  f o r  b a l a n c i n g  the  r e a c t o r  t u b e  a n d  t h e  s h e l l .  A t  a t h i r d  c o n t r o l  p o i n t ,  
t h a t  i s  s e t  w e l l  b e l o w  the  c r i t i c a l  d i f f e r e n t i a l  p r e s s u r e  a t  w h i c h  d a m a g e  
to  t h e  t u b e  m i g h t  r e s u l t ,  a l l  i n l e t  a n d  o u t l e t  v a l v e s  to  b o t h  t he  r e a c t o r  t ube  
a n d  t h e  s h e l l  a r e  c l o s e d ,  a n d  the  e q u a l i z i n g  l i n e  b e t w e e n  t h e  r e a c t o r  t u b e  
a n d  t h e  s h e l l  i s  o p e n e d .  A s c h e m a t i c  d i a g r a m  of  t h i s  c o n t r o l  s y s t e m  i s  
s h o w n  i n  F i g u r e  2 - 5 -  

Z . 2 . 5 . 1 0  C o a l  B e d - L e v e l  S e n s o r s  

C o a l  b e d  l e v e l s  in t he  r e a c t o r  h a d  b e e n  s e n s e d  by  d i f f e r e n t i a l  p r e s s u r e  
r e a d i n g s  and  a l s o  by  a h e a t e d  t h e r m o c o u p l e .  T h e  h e a t e d  t h e r m o c o u p l e  d e -  
v i c e  s e n s e d  the  p o s i t i o n  of t h e  c o a l  b e d  by  a c h a n g e  in t e m p e r a t u r e  due  to a 
c h a n g e  in h e a t  c o n d u c t i o n  w h e n  i m m e r s e d  in  t h e  c o a l  bed .  B e c a u s e  of c o r r o s i o n  
by  h y d r o g e n  s u l f i d e  and  e x t r e m e  t e m p e r a t u r e ,  h o w e v e r ,  t he  l i f e  of  t he  r e l a t i v e l y  
s l e n d e r  t h e r m o c o u p l e  w a s  l i m i t e d .  An  a d d i t i o n a l  c o n s i d e r a t i o n  is t h a t  the  
h e a t e d  t h e r m o c o u p l e  is  e s s e n t i a l l y  a f i x e d - l e v e l  s e n s o r  b e c a u s e  of i n h e r e n t  
r e s t r i c t i o n s  in  i t s  m o u n t i n g .  To a l l o w  f l e x i b i l i t y  in  s e n s i n g  the  c h a r  bed  a l o n g  
t h e  e n t i r e  r e a c t o r ,  a n d  to  i m p r o v e  t h e  c l o s e n e s s  of s e n s i n g ,  a r a d i a t i o n - t y p e  
b e d - l e v e l  s e n s o r  w a s  p r o c u r e d .  
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Thi s  b e d - l e v e l  s e n s o r ,  e s s e n t i a l l y  a d e n s i t y  gage ,  w a s  o b t a i n e d  f r o m  
N u c l e a r - C h i c a g o  C o r p .  it c o n s i s t s  of  a l e a d - s h i e l d e d  r a d i o a c t i v e  c e s i u m  137 
s o u r c e  of 2 c u r i e s ,  and  a r a d i a t i o n  d e t e c t o r .  T h e  r a d i a t i o n  s o u r c e  and  the  
r a d i a t i o n  d e t e c t o r  a r e  m o u n t e d  180 ° o p p o s e d  on a m o v a b l e  y o k e ,  o u t s i d e  of 
t he  r e a c t o r  , ,hel l .  T h e  r a d i a t i o n  d e t e c t o r  is c o n n e c t e d  by  a w i r e  c a b l e  to  a 
r a d i a t i o n  i n d i c a t o r  m o u n t e d  on a p a n e l  b o a r d .  

F o l l o w i n g  a d j u s t m e n t s  and c a l i b r a t i o n ,  t h e  r a d i a t i o n - g a g e  b e d - l e v e l  
s e n s o r  w a s  put  in o p e r a t i o n  f o l l o w i n g  r u n  H T - 5 5 .  

2 . 2 . 5 .  11 T e m p e r a t u r e  S e n s i n g  

R e a c t o r  t u b e  t e m p e r a t u r e s  w e r e  s e n s e d  by c h r o m e l - a l u m e l  t h e r m o -  
c o u p l e s  p e e n e d  to t h e  o u t s i d e  wa l l  of  the  t u b e ,  T h e r m o c o u p l e  s p a c i n g  and  
l o c a t i o n s  on the  t u b e  b e f o r e  i ts  r u p t u r e  a f t e r  r u n  H T - 5 2  a r e  s h o w n  in F i g u r e  
2 - 6 .  T w e n t y - o n e  t h e r m o c o u p l e s  w e r e  a t t a c h e d  to t h e  t u b e  wa l l .  T h e  n u m b e r  
of t h e r m o c o u p l e s  on the  t u b e  w a s  i n c r e a s e d  to 31 a f t e r  r u n  H T - 5 2 .  T h e s e  
t h e r m o c o u p l e s  w e r e  a l s o  p e e n e d  to the  o u t s i d e  w a l l  of  t h e  tube .  T h e r m o -  
c o u p l e  l o c a t i o n s  and  s p a c i n g  in the  e x p a n d e d  a r r a y  a r e  s h o w n  in F i g u r e  2 - 7 .  

T h e r m o c o u p l e s  s e n s i n g  the  tube  w a l l  t e m p e r a t u r e s  b e c a m e  t o t a l l y  
i n o p e r a t i v e  a f t e r  r u n  H T - 1 3 0  and  c o u l d  no t  be r e p a i r e d  w i t h o u t  r e m o v i n g  
t h e  r e a c t o r  tube .  

R e a c t o r  t e m p e r a t u r e s  r e p o r t e d  f o r  r u n s  H T - 1 3 1 ,  H T - 1 3 2  and  H T - 1 3 5  
a r e  i n t e r n a l  c o a l - b e d  t e m p e r a t u r e s .  In t h e s e  t h r e e  t e s t s ,  t h e r m o c o u p l e s  
s e n s e d  t e m p e r a t u r e s  7 2 . 5 ,  84. 5 and  96. 5 i n c h e s  a b o v e  the  b o t t o m  of the  
r e a c t o r  f u r n a c e .  

A n e w  r e a c t o r  t u b e  and  t h e r m o c o u p l e s  w e r e  i n s t a l l e d  f o r  r u n  H T - 1 3 8 .  
To s e n s e  t u b e - w a l l  t e m p e r a t u r e s  f o r  p r e h e a t  and  o p e r a t i o n a l  c o n t r o l ,  a t o t a l  
of  32 t h e r m c ,  c o u p l e s  w e r e  p e e n e d  to t h e  o u t s i d e  tube  w a l l  a l o n g  the  l e n g t h  
of t h e  tube .  T h e  t h e r m o c o u p l e s  w e r e  c h r o m e l - a l u m e l  w i th  a 0. 1 2 5 - i n c h -  
d i a m e t e r  s h e a t h i n g .  P o s i t i o n s  of t he  t h e r m o c o u p l e s  on the  t u b e  a r e  s h o w n  in 
F i g u r e  2 -8 .  T h e r m o c o u p l e s  w e r e  s p a c e d  a t  a b o u t  5 - i n c h  i n t e r v a l s  a long  t h e  
l o w e r  8 f e e t  of the  r e a c t o r  t ube ,  and  a t  a b o u t  1 0 - i n c h  i n t e r v a l s  a b o v e  t h e  
g - f o o t  l e v e l .  T h e  c l o s e r  t h e r m o c o u p l e  s p a c i n g  at  t h e  l o w e r  end  of the  r e a c t o r  
t u b e  p r o v i d e d  m o r e  d e t a i l e d  t e m p e r a t u r e  s e n s i n g  in the  r e g i o n  of the  c o a l  bed  
and  in the  r e g i o n  of  t he  h i g h e s t  r e a c t o r - t u b e  t e m p e r a t u r e s .  A l s o ,  if s o m e  
of t h e  t h e r m o c o u p l e s  a t  the  l o w e r  end  of t h e  t u b e  s h o u l d  h a v e  f a i l e d ,  the  
d e n s e r  t h e r m o c o u p l e  s p a c i n g  w o u l d  s t i l l  h a v e  p r o v i d e d  a d e q u a t e  t e m p e r a t u r e  
s e n s i n g .  

2 . 2 .  5. 12 A u x i l i a r i e s  

M a j o r  m o d i f i c a t i o n s  of and a d d i t i o n s  to the  a u x i l i a r y  e q u i p m e n t  of the  
h y d r o g a s i f i c a t i o n  u n i t  w e r e  m a d e  w h e n  the  u n i t  w a s  a d a p t e d  f o r  h a n d l i n g  
l a r g e r  t h r o u g h p u t  r a t e s  in f l u i d i z e d - b e d  o p e r a t i o n .  

A l a r g e r  c a p a c i t y ,  n a t u r a l  g a s - f i r e d ,  s t e a m  g e n e r a t i n g  and  h y d r o g e n  
p r e h e a t  f u r n a c e  w a s  f a b r i c a t e d .  T h e  h e a t - t r a n s f e r  t u b e s  w e r e  f a b r i c a t e d  
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Figure 2-L FLOW AND INSTRUMENTATION FOR HIGH-TEMPERATURE 
BALANCED-PRESSURE COAL GASIFICATION PRO- 

CESS DEVELOPMENT UNIT (PDU) 
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F i g u r e  Z-Z. FOUR-INCH REACTOR TUBE AND SHELL, UPPER PORTION 
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Figure 2-4. COAL RESIDUE RECEIVER 
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RECORDER HEIGHT, 
NO. in. 

I 196 I/4 

? 186 

3 175 3/4 

4 165 u4 

5 155 

G 144 3/4 

7 134 I/4 

8 124 

9 113 3/4 

I0 103 I/4 

II 93 

12 82 3/4 

1.3 72 I/4 

14 62 

15 51.3/4 

16 41 I/4 

17 31 

18 20 3/4 

19 10 I/4 

2O 0 
T 

I0 u2 
21 __L 

Z-1 

Z-2 

;=-3 

;=-4 

;=-5 

;= -6  

;=-7 

CONSTRUCTION 

4 in. SCH 40  PIPE, TYPE 446  
19 ft  3in. LONG 

HEATED LENGTH " 18 ft l in. 

HEATING ELEMENTS 

I0 in. OD X 7 in. ID X 31 in. LONG (EACH } 

THERMOCOUPLE DESIGNATIONS 

• METAL TUBE, FURNACE ZONE 
BOTTOM 

& METAL TUBE, 101/4in. ABOVE 
AND 101/4 in. BELOW FURNACE 
ZONE BOTTOM 

• HEATING ELEMENTS, ZONE 
CENTER 

• OUTSIDE FIBERFRAX INSULATION, 
ZONE CENTER 

THERMOCOUPLE ORIENTATION 

120 ° APART 

I A - 7 4 - 1 2 9 0  

Figure 2-6. BALANCED-PRESSURE REACTOR 
THERMOCOUPLE LOCATIONS (From Run HT-ZZ through HT-52) 
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II 
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_t_. 

CONSTRUCTION 
4in. S~H 40 PIPE,TYPE 446 

21 ft I/2 in LONG 
HEATED LENGTH : 18 ft l in. 

Z- I  HEATING ELEMENTS 
I0 in. OD X 7' in. ID X 31in.LONG (EACH) 

E-2 

Z-3 

THERMOCOUPLE DESIGNATIONS 

l ,  a OUTSIDE WALL METAL TUBE 
24 PT RECORDER 

-e-,-&- OUTSIDE WALL METAL TUBE 
HT INDICATOR 

• OUTSIDE FIBERFRAX 
INSULATION, NEAR ZONE 
CENTER 
12 PT RECORDER 

I 

;-5 

~ 6  

Z-7 

THERMOCOUPLE ORIENTATION 

120 = APART 

END TUBE 
INSULATION 

A - 7 4 - 1 2 8 9  

Figure 2-7. BALANCED-PRESSURE REACTOR THERMOCOUPLE 
LOCATIONS (Runs HT-53 through HT-130) 
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12-PT RECORDER AND 
FURNACE ZONE CONTROLLER 
HIGH-TEMPERATURE 
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120 ° APART 

A-IZ61414 

BALANCED PRESSURE REACTOR THERMOCOUPLE LOCATION 
(After Run HT-138) 
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o f  t y p e  316 s t a i n l e s s  s t e e l  t u b i n g  a n d  w e r e  O. 5 - i n c h  OD by  O. 2 5 - i n c h  ID. E a c h  
s e t  of t u b e s  h a d  100 f e e t  of  t u b i n g  w i t h  a s t r a i g h t  r u n  o f  6 f e e t  b e t w e e n  t h e  r e -  
t u r n  b e n d s .  B o t h  s e t s  of  t u b e s  w e r e  t n s t a l l e d  in  a g a s - f i r e d  f u r n a c e .  

To  p r o v i d e  i n c r e a s e d  f e e d  g a s  s t o r a g e  c a p a c i t y ,  n e c e s s a r y  f o r  h i g h  h y d r o -  
g e n  f e e d  r a t e s  in f l u i d i z e d - b e d  h y d r o g a s i f i c a t i o n  t e s t s ,  s i x t e e n  h i g h - p r e s s u r e  
g a s  s t o r a g e  c y l i n d e r s  w e r e  m o u n t e d  in an  o u t d o o r  s u p p o r t  f r a m e .  E a c h  of  
t h e  c y l i n d e r s  w a s  21 f e e t  l o n g  w i t h  a n  o u t s i d e  d i a m e t e r  of  9. 625 i n c h e s .  T h e  
i n s i d e  f r e e  v o l u m e  of e a c h  c y l i n d e r  w a s  8, Z c u b i c  f e e t .  O t h e r  m o d i f i c a t i o n s  
d e s i g n e d  to  a l l o w  h y d r o g a s i f i c a t i o n  o p e r a t i o n s  a t  f e e d  g a s  a n d  s t e a m  t h r o u g h -  
p u t s  of  f r o m  3 to 5 t i m e s  t h e  r a t e s  u s e d  in  m o v i n g - b e d  t e s t s ,  w i t h  p r o p o r -  
t-ionai i n c r e a s e s  in  c o a l  f e e d  r a t e s ,  i n c l u d e d  a n e w  w a t e r - f e e d  p u m p  f o r  s t e a m  
g e n e r a t i o n ,  and  a l a r g e r  c a p a c i t y  p r o d u c t  g a s  m e t e r .  

A h i g h - c a p a c i t y ,  h i g h - p r e s s u r e  w a t e r - f e e d  p u m p  w i t h  a p o s i t i v e  d i s -  
p l a c e m e n t  p i s t o n  w a s  i n s t a l l e d .  T h e  p u m p  i s  c a p a b l e  of f e e d i n g  u p  to 80 
p o u n d s  p e r  h o u r  of  w a t e r  a t  p r e s s u r e s  up  to 3000 p s i g .  

A l a r g e - c a p a c i t y  d i a p h r a g m - t y p e  d r y - g a s  m e t e r  w i t h  p o s i t i v e  d i s p l a c e -  
m e n t  w a s  p r o c u r e d  a n d  i n s t a l l e d .  R a t e d  f o r  3000 c u b i c  f e e t  p e r  h o u r ,  i t  
m e t e r e d  p r o d u c t  g a s e s  l e a v i n g  t h e  h y d r o g a s i f i c a t i o n  P D U .  

2 . 2 . 6  E l e c t r i c a l  H e a t  I n p u t  t o  R e a c t o r  

D u r i n g  a h y d r o g a s i f i c a t i o n  t e s t ,  t h e  f u r n a c e  a r o u n d  t h e  r e a c t o r  t u b e  
s e r v e s  to  c o n t r o l  t h e  h e a t  l o s s e s  f r o m  t h e  r e a c t o r  t u b e  w a l l s  a n d  to  m a i n t a i n  
a r e a s o n a b l y  f i x e d  t e m p e r a t u r e  in  t h e  r e a c t o r .  T h e  e l e c t r i c a l  h e a t  i n p u t  to  
t h e  f u r n a c e  v a r i e s ,  d e p e n d e n t  u p o n  1) t h e  h e a t  r e l e a s e  d u e  to  t h e  h y d r o g a s i f i -  
c a t i o n  r e a c t i o n  in  t h e  r e a c t o r ,  2) t h e  c o n d u c t i v e  a n d  r a d i a t i v e  h e a t  l o s s e s  
f r o m  t h e  r e a c t o r  t u b e ,  t h r o u g h  t h e  i n s u l a t i o n  i n s i d e  t h e  o u t e r  p r e s s u r e  s h e l l ,  
a n d  3) t h e  c o n v e c t i v e  a n d  r a d i a t i v e  h e a t  l o s s e s  f r o m  t h e  o u t s i d e  of  the  p r e s s u r e  
s h e l l .  In  o r d e r  to  g a g e  t h e  l e v e l  o f  e l e c t r i c a l  h e a t  i n p u t  to  t h e  f u r n a c e  u n d e r  
b e t t e r  c o n t r o l l e d  c o n d i t i o n s  t h a n  a r e  p o s s i b l e  i n  a c o a l  h y d r o g a s i f i c a t i o n  t e s t ,  
a s p e c i a l  t e s t  w a s  p e r f o r m e d  in t h e  P D U .  

In t h i s  s p e c i a l  h e a t  i n p u t  t e s t ,  t e c h n i c i a n s  m e a s u r e d  t h e  e l e c t r i c a l  h e a t  
i n p u t  r e q u i r e d  to  m a i n t a i n  t h e  r e a c t o r  t u b e  a t  t y p i c a l  h y d r o g a s i f i c a t i o n  t e m -  
p e r a t u r e s  in  t h e  r a n g e  of  1300 ° to  1 7 0 0 ° F .  F o r  t h i s  t e s t ,  t h e  r e a c t o r  w a s  
p r e s s u r i z e d  w i t h  n i t r o g e n  to  1000 p s i g  a n d  h e l d  a t  t h a t  p r e s s u r e  w i t h  no  g a s  
f l o w  t h r o u g h  t h e  r e a c t o r .  T h e r e  w a s  n o  c o a l  b e d  in t h e  r e a c t o r ,  a n d  n o  c o a l  
w a s  f ed .  W a t t m e t e r  r e a d i n g s  m e a s u r i n g  t h e  e l e c t r i c  p o w e r  i n p u t  to  t h e  
r e a c t o r  f u r n a c e s  w e r e  t a k e n  o v e r  a 5 - h o u r  p e r i o d  a s  t h e  r e a c t o r  w a s  c o n -  
t r o l l e d  to  a n e a r l y  c o n s t a n t  t e m p e r a t u r e  p r o f i l e .  T h e  o b j e c t i v e  of  t h i s  t e s t  
w a s  to  e s t a b l i s h  t h e  l e v e l  o f  h e a t  l o s s  f r o m  t h e  r e a c t o r  s h e l l  f o r  u s e  in h e a t  
b a l a n c e  c a l c u l a t i o n s  o f  h y d r o g a s i f i c a t i o n  r u n s .  T h e  a v e r a g e  e l e c t r i c  p o w e r  
i n p u t  to  t h e  r e a c t o r  f u r n a c e s  f o r  t h e  n e a r l y  s t e a d y  t e m p e r a t u r e  l e v e l  w a s  10 
k i l o w a t t ,  c o r r e s p o n d i n g  to  a h e a t  i n p u t  of  3 4 , 0 0 0  B t u  p e r  h o u r .  T h i s  h e a t  
i n p u t  r e p r e s e n t s  t h e  h e a t  b o s s e s  to  t h e  a t m o s p h e r e  f r o m  t h e  p r e s s u r i z e d  s h e l l  
o f  t h e  r e a c t o r .  T h e  a v e r a g e  r o o m  t e m p e r a t u r e  n e a r  t h e  b o t t o m  of  t h e  r e a c t o r  
s h e l l  d u r i n g  t h e  t e s t  w a s  8 3 . 5 ° F .  T h e  t e m p e r a t u r e  p r o f i l e  a l o n g  t h e  o u t e r  
w a l l  of  t h e  r e a c t o r  t u b e  is  i n d i c a t e d  b y  t h e  t e m p e r a t u r e s  a t  d i f f e r e n t  l e v e l s  
in  T a b l e  2 - 1 .  T h e  l o w e s t  l e v e l  t e m p e r a t u r e  c o r r e s p o n d s  to  t h e  b o t t o m  of t h e  
c o a l  b e d  in  h y d r o g a s i f i c a t i o n  t e s t s .  
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Tab le  2-I. HEAT I N P U T  TEST IN HYDROGASIFICATION D E V E L O P M E N T  
UNIT B A L A N C E D -  P R E S S U R E  R E A C T O R  

Reactor Pre s sure : 

P r e  s s u r i z i n g  Gas:  

Inches  F r o m  Bo t tom 

62. 5 
67 .75  
73.0  
78 .25  
8 3 . 5  
89 .0  
9 4 . 5  

100.0  
104.0  
114.0  
124 .5  
135.0  
145.0  
155 .5  
166 .0  
176.0  
187. 5 
197.0  
207.0 
217.5 

A v e r a g e  : 

963 ps ig  

N i t r o g e n  

R e a c t o r  T e m p e r a t u r e ,  

635 
IZ60 
1580 
1710 
1800 

16zo 
1755 
1695 
1690 
1530 
1535 
1375 
1450 
1435 
1290 
1305 
1280 
1180 
I020 

o F 

A750 6 1 524 

2.3 Hydrogas . i f ic .a t ion  T e s t s  in P r o c e s s  D e v e l o p m e n t  Unit 

2 . 3 . 1  Coal  F e e d s t o c k s  

In the  e a r l y  p h a s e s  of the  o p e r a t i o n  of the b a l a n c e d - p r e s s u r e  h y d r o -  
g a s i f i c a t i o n  p r o c e s s  d e v e l o p m e n t  uni t  (PDU) the coa l  f e e d  was  a l o w - t e m p e r a -  
t u r e  b i t u m i n o u s  coal  c h a r  supp l i ed  by the  C o n s o l i d a t i o n  Coal  Company ,  Th i s  
c h a r  was  f i r s t  u s e d  in l a b o r a t o r y  and the  o r i g i n a l  con t i nuous  f low h y d r o g a s l f i -  
c a t i on  s tud ie s .  It was  u s e d  in the d e m o n s t r a t i o n  uni t  to f a c i l i t a t e  o p e r a t i o n  
du r ing  the un i t  s h a k e d o w n  p e r i o d  and the  p r o g r a m  de f in i t i on  phase .  B e c a u s e  
i t  was  a v a i l a b l e  [n a d e q u a t e  q u a n t i t i e s  wi th  a g e n e r a l l y  u n i f o r m  c o m p o s i t i o n ,  
h y d r o g a s i f i c a t i o n  t e s t s  in the  d e m o n s t r a t i o n  uni t  w e r e  not  d e p e n d e n t  on p r e -  
t r e a t m e n t  o p e r a t i o n s ,  o r  on d i f f e r e n c e s  i.n c h a r  c o m p o s i t i o n  due to v a r y i n g  
p r e t r e a t m e n t  cond i t i ons .  
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D u r i n g  the  i n v e s t i g a t i v e  p h a s e  of t h e  h y d r o g a s i f i c a t i o n  p r o g r a m ,  f o u r t e e n  
d i f f e r e n t  c o a l  f e e d s  w e r e  u s e d .  T h e s e  s e l e c t e d  c o a l s  w e r e  c h o s e n  1) to  g i v e  
a r a n g e  in r a n k  f r o m  a l o w - v o l a t i l e  c o n t e n t  b i t u m i n o u s  c o a l  to a l i g n i t i c - t y p e ,  
a n d  2) to e n a b l e  e v a l u a t i o n  of t h r e e  d i f f e r e n t  h i g h - v o l a t i l e  b i t u m i n o u s  c o a l s  
to d e t e r m i n e  v a r i a t i o n  in p e r f o r m a n c e  of  c o a l s  due  to  o r i g i n  a s  w e l l  a s  r ank .  

C o a l s  t e s t e d  a n d  t h e i r  o r i g i n  a r e  a s  f o l l o w s :  

H i g h - v o l a t i l e  
B i t u m i n o u s  

H i g h - v o l a t i l e  
B i t u m  i n o u  s 

H i g h  - v o l a t i l e  
B i t u m i n o u s  

H i g h  - v o l a t i l e  
B i t u m i n o u s  

H i g h - v o l a t i l e  
B i t u m i n o u s  

H i g h - v o l a t i l e  
B i t u m i n o u  s 

L o w - v o l a t i l e  
B i t u m i n o u s  

L o w - v o l a t i l e  
B i t u m  i n o u  s 

S u b b i t u m i n o u  s 

L i g n i t e  

S e a m  M i n e  

P i t t s b u r g h ,  M o n t o u r  No. 4 
No. 8 

P i t t  s b u r  gh,  I r e l a n d  
No. 8 

Ohio No. 6 B r o k e n  A r o  

I l l i n o i s  No.  6 C r o w n  

I n d i a n a -  Sixth 

V e i n  

No. 5 B l o c k  

S e w e l l  

P o c a h o n t a s  
No. 4 

L a r a m i e  No. 3 

M i n n e h a h a  

L o c h g e l l y  
No.  2 

Store  s b u r y  
No.  10 

E a g l e  

G l e n h a r o l d  

M e d i u m -  S e w e l l  S e w e l l  No. 1 
V o l a t i l e  
B i t u m i n o u s  

S u b b i t u m i n o u s  - - - Col  s t r i p  

Sub b i t u r n i n o u s  A - - - 

L i g n i t e  - - - S a v a g e  

L o c a t i o n  

L a w r e n c e ,  W a s h i n g t o n  
C o . ,  Pa .  

M o u n d s v i l l e ,  M a r  s h a l l  
C o . ,  W. Va.  

Co s h o c t o n ,  Co s h o c t o n  
C o . ,  Ohio  

F a r m e r  s v i l l e ,  M o n t -  
g o m e r y  C o . ,  I l l i n o i s  

Su l l i van ,  S u l l i v a n  C o . ,  
I n d i a n a  

K a n a w h a  C o . ,  W. Va.  

M o u n t  Hope ,  F a y e t t e  C o . .  
W. Va.  

H e l e n ,  R a l e i g h  C o . ,  
W. Va. 

E r i e ,  W e l d  C o . ,  C o l o r a d o  

S tan ton ,  M e r c e r  C o . ,  
No. D a k o t a  

N i c h o l a s  C o . ,  W. Va. 

R o s e b u d  C o . ,  M o n t a n a  

N a v a h o  I n d i a n  L e a s e ,  
F a r m i n g t o n ,  N e w  M e x i c o  

S a v a g e ,  M o n t a n a  

M o s t  of  t h e  h y d r o g a s i f i c a t i o n  t e s t s  w e r e  p e r f o r m e d  w i t h  P i t t s b u r g h  No. 8 
s e a m  b i t u m i n o u s  c o a l  f r o m  bhe I r e l a n d  m i n e .  T h e  of/her  c o a l s  w e r e  u s e d  in 
s e l e c t e d  t e s t s  to  e s t a b l i s h  h o w  c o a l  t y p e  a f f e c t e d  h y d r o g a s i f i c a t i o n  r e s u l t s .  
O n l y  one  t e s t  w a s  c o m p l e t e d  w i t h  P i t t s b u r g h  No. 8 s e a m  b i t u m i n o u s  c o a l  f r o m  
the  M o n t o u r  No, 4 m i n e  b e c a u s e  a d d i t i o n a l  s u p p l i e s  of  t h i s  c o a l  w e r e  no l o n g e r  
a v a i l a b l e  a t  the  t i m e  of the  p r o g r a m  r e p o r t e d  h e r e .  L i g h t  p r e t r e a t m e n t  of a l l  
the  b i t u m i n o u s  c o a l s ,  a n d  of  t h e  s u b b i t u m i n o u s  c o a l  w a s  n e c e s s a r y  to d e s t r o y  
a g g l o m e r a t i n g  t e n d e n c i e s  b e f o r e  t h e y  c o u l d  be u s e d  f o r  h y d r o g a s i f i c a t i o n  t e s t s .  
T h e  N o r t h  D a k o t a  and  M o n t a n a  l i g n i t e  s w e r e  h y d r o g a s i f i e d  w i t h o u t  p r e t r e a t -  
m e n t ,  bu t  r e q u i r e d  d r y i n g  to  i n s u r e  u n i f o r m  f e e d i n g .  A n a l y s e s  of the  c o a l  
f e e d s t o c k s  a r e  g i v e n  in t he  t a b u l a t i o n s  of c o a l  and  r e s i d u e  a n a l y s e s  of e a c h  run .  
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H Y G A S  r e s e a r c h e r s  a l s o  s t u d i e d  t he  r e a c t i v i t y  to h y d r o g a s i f i c a t i o n  of  a 
b i t u m i n o u s  c o a l  c h a r  p r o d u c e d  by  t h e  F M C  C o r p o r a t i o n  P r o j e c t  C O E D  ( C h a r  
Oil Energy Development). This char was .produced from an Illinois No. 6 
seam, Crown mine, high-volatile C bituminous coal. The COED process in- 
volves a multistage fluidized-bed pyrolysis of high-volatile bituminous coals 
to produce oil, gas, and char. 

2.3.2 Coal Particle Size 

C o a l  a n d  c h a r  f e e d s  f o r  a l l  h y d r o g a s i f i c a t i o n  t e s t s  w e r e  s c r e e n e d  to  a 
s p e c i f i c  s i z e  r a n g e .  T h r e e  d i f f e r e n t  p a r t i c l e  s i z e  d i s t r i b u t i o n  r a n g e s  w e r e  
u s e d  to  m e e t  t he  c h a n g i n g  o p e r a t i o n a l  n e e d s .  E a r l y  m o v i n g - b e d  t e s t s  w e r e  
c o n d u c t e d  w i t h - - 3 5 + 8 0  USS m e s h  c h a r .  T h i s  r a n g e  w a s  s a t i s f a c t o r y  f o r  
l o w  t h r o u g h p u t s  bu t  w a s  c h a n g e d  t o - 1 0 + 4 0  USS m e s h  s i z e  w h e n  c o a l  and  g a s  
f e e d  r a t e s  w e r e  i n c r e a s e d ~  T h e  p u r p o s e  of  s w i t c h i n g  to  t h i s  c o a r s e r  f e e d  
w a s  to  a l l o w  o p e r a t i o n  a t  h i g h  H n e a r  g a s  v e l o c i t i e s  w i t h o u t  f l u i d i z a t i o n  of  
t h e  c h a r ,  a n d  to e n a b l e  a m o r e  u n i f o r m  f l o w  of  g a s  t h r o u g h  t h e  c h a r  bed .  
W i t h  m o v i n g - b e d  t e s t s  s c h e d u l e d  a t  i n c r e a s i n g  h y d r o g e n / c h a r  r a t i o s ,  c o n -  
t i n u e d  u s e  o f - - 3 5 + 8 0  m e s h  p a r t i c l e  s i z e  w o u l d  l i m i t '  o p e r a t i o n s  to  a b o u t  50 
p e r c e n t  of  s t o i c h i o m e t r i c  a t  s o l i d s  f e e d  r a t e s  of  b e t w e e n  10 a n d  1 5 p o u n d s  
p e r  h o u r  in o r d e r  to p r e v e n t  t h e  b e d  f r o m  f l u i d i z i n g .  

W h e n  h y d r o g a s i f i c a t i o n  s t u d i e s  w e r e  e x t e n d e d  to  f l u i d i z e d - b e d  o p e r a t i o n  
t h e  f i n e  s i z e  of t h e  c o a l  p a r t i c l e s  w a s  e x t e n d e d  to  i n c l u d e  t h o s e  d o w n  to  +80 
m e s h  s i z e .  C o a r s e  p a r t i c l e s  w e r e  s t i l l  c o n t r o l l e d  to  no  l a r g e r  t h a n  10 m e s h  
s i z e .  T h e - 1 0 + 8 0  m e s h  s i e v e  r a n g e  w a s  u s e d  f o r  a l l  c o a l  f e e d s  in f l u i d i z e d -  
b e d  o p e r a t i o n .  

A t  t h e  h y d r o g a s i f i c a t i o n  c o n d i t i o n s  i n v e s t i g a t e d ,  t h e r e  w a s  no e v i d e n c e  
t h a t  c o a l  p a r t i c l e  s i z e  s i g n i f i c a n t l y  a f f e c t e d  t h e  h y d r o g a s i f i c a t i o n  r e s u l t s .  

Z. 3 . 3  _RResults of  O p e r a t i o n s  

2.3.3. 1 M p v i n  $ B e d  H y d r o ~ a s i f i c a t i o n  T.est.s 

T h e  f i r s t  p a r t  o f  t h e  h y d r o g a s i f i c a t i o n  i n v e s t i g a t i v e  p r o g r a m  in  t h e  
b a l a n c e d - p r e s s u r e  d e m o n s t r a t i o n  u n i t  u t i l i z e d  a m o v i n g  c o a l  b e d  c o n f i g u r a -  
t i o n .  Coa l ,  f e d  to  t h e  t o p  of  t h e  r e a c t o r ,  m o v e d  d o w n w a r d  in  p l u g  f low,  
b e i n g  c o n t a c t e d  w i t h  u p w a r d  f l o w i n g  f e e d  g a s  in c o u n t e r c u r r e n t  f a s h i o n .  
H i g h l y  r e a c t i v e  f r e s h  c o a l  w a s  c o n t a c t e d  in t h e  u p p e r  p a r t  of  t h e  b e d  w i t h  a 
r e a c t a n t  g a s - p r o d u c t  g a s  m i x t u r e  h a v i n g  a l o w  h y d r o g e n  c o n c e n t r a t i o n ,  w h i l e  
t h e  l e s s  r e a c t i v e  p a r t i a l l y  g a s i f i e d  c o a l  w a s  c o n t a c t e d  in  t h e  l o w e r  p a r t  of  
t h e  b e d  w i t h  u n d i l u t e d  f e e d  g a s .  P l u g  f l o w  of  t h e  c o a l  e n a b l e d  r e s e a r c h e r s  
to  m a i n t a i n  1') a t e m p e r a t u r e  g r a d i e n t  a c r o s s  t h e  c o a l  bed ,  2) h i g h  t e m p e r a -  
t u r e s  a t  t h e  b o t t o m  of  t h e  bed ,  to  p r o m o t e  t h e  r a t e  of  r e a c t i o n ,  a n d  3) a l o w e r  
t e m p e r a t u r e  a t  t h e  t o p  of  t h e  bed ,  f o r  h i g h  m e t h a n e  e q u i l i b r i u m -  c o n c e n t r a t i o n s ,  
M o v i n g  b e d  o ] ? e r a t i o n  a l s o  a l l o w e d  f l e x i b i l i t y  in" t h e  r a n g e  of c o a l  and  r e a c t a n t  
g a s  f e e d  r a t e s ,  i m p o r t a n t  b e c a u s e  o p e r a t i o n a l  e x p e r i e n c e  w a s  b e i n g  a c q u i r e d .  
A s  m i n i m u m  l i n e a r  g a s  v e l o c i t i e s  w e r e  n o t  an  o p e r a t i o n a l  f a c t o r ,  t e s t s  c o u l d  
be  c o n d u c t e d  a t  l o w  h y d r o g e n / c o a l  r a t i o s  in o r d e r  to  s t u d y  l i m i t e d  c o a l  c o n -  
versions, 
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F o r  t h e  m o s t  p a r t ,  t h e  m o v i n g - b e d  t e s t s  w e r e  c o n d u c t e d  w i t h  P i t t s b u r g h  
No.  8 s e a m  b i t u m i n o u s  c o a l  f r o m  t h e  I r e l a n d  m i n e .  W h e n  t w o - s t a g e  h y d r o -  
g a s i f i c a t i o n  o p e r a t i o n  w a s  s i m u l a t e d  in s e q u e n c e ,  p r e t r e a t e d  c o a l  w a s  t h e  
f e e d  in  t h e  l o w - t e m p e r a t u r e  s t a g e  s i m u l a t i o n ,  a n d  p a r t i a l l y  g a s i f i e d  c o a l  
f r o m  t h e  l o w - t e m p e r a t u r e  s t a g e  w a s  t he  f e e d  to  t h e  h i g h - t e m p e r a t u r e  s t a g e  
s i m u l a t i o n .  S e l e c t e d  m o v i n g  b e d  t e s t s  w e r e  a l s o  c o n d u c t e d  w i t h  C o n s o l i d a -  
t i o n  C o a l  C o m p a n y  l o w - t e m p e r a t u r e  b i t u m i n o u s  c o a l  c h a r ,  p r e t r e a t e d  lV[ontour 
No.  4 m i n e  b i t u m i n o u s  c o a l ,  p r e t r e a t e d  O h i o  No.  6 s e a m ,  B r o k e n  A r o  m i n e  
b i t u m i n o u s  c o a l ,  a n d  N o r t h  D a k o t a  l i g n i t e .  T h e  m o v i n g  b e d  w a s  o p e r a t e d  a t  
a h e i g h t  of  e i t h e r  7 o r  3 . 5  f e e t .  In  s o m e  t e s t s ,  w h e r e  b e d - l e v e l  s e n s i n g  w a s  
m a r g i n a l ,  t h e r e  w e r e  v a r i a t i o n s  f r o m  t h e s e  h e i g h t s .  

Z. 3 . 3 . 1 . 1  P r e t r e a t e d  B i t u m i n o u s  C o a l  R e s u l t s  

T y p i c a l  r e s u l t s  of  t h e  m o v i n g - b e d  h y d r o g a s i f i c a t i o n  t e s t s  c o n d u c t e d  w i t h  
M o n t o u r  No.  4 m i n e  a n d  I r e l a n d ,  b o t h  P i t t s b u r g h  s e a m s ,  a n d  B r o k e n  A r o  m i n e ,  
O h i o  s e a m ,  h i g h - v o l a t i l e  c o n t e n t  b i t u m i n o u s  c o a l s  a r e  s h o w n  in  t h e  a p p e n d e d  
T a b l e  Z - A 1 .  R e p o r t e d  c o a l  r e s i d e n c e  t i m e s  a r e  b a s e d  o n  m e a s u r e d  b u l k  
d e n s i t i e s  of  t h e  r e a c t o r  r e s i d u e s  a n d  t h e  c o a l - b e d  v o l u m e .  T i m e  i n  f r e e  
f a l l  w a s  n e g l i g i b l e  c o m p a r e d  to  t i m e  i n  t h e  b e d .  F e e d  g a s  r e s i d e n c e  t i m e s  
a r e  b a s e d  o n  t h e  f l o w  r a t e  a t  a v e r a g e  b e d  c o n d i t i o n s  a n d  c o a l  b e d  v o l u m e .  
T i m e  i n  t h e  f r e e - f a l l  s e c t i o n  i s  n o t  i n c l u d e d .  T y p i c a l l y ,  h y d r o g a s i f i c a t i o n  
of  l i g h t l y  p r e t r e a t e d  I r e l a n d  m i n e  b i t u m i n o u s  c o a l  w i t h  h y d r o g e n  a n d  s t e a m  
i n  a m o v i n g  b e d  r e s u l t e d  i n  up  t o  3 8 . 5 ~  c a r b o n  g a s i f i c a t i o n  a n d  a p r o d u c t  
g a s  of  495 B t u  p e r  s t a n d a r d  c u b i c  f o o t .  W h e n  p r o c e s s i n g  lV[ontour No.  4 m i n e  
p r e t r e a t e d  c o a l ,  28~  of  t h e  c a r b o n  w a s  g a s i f i e d  a s  a p r o d u c t  g a s  of  576 B t u  
p e r  s t a n d a r d  c u b i c  f o o t  w a s  p r o d u c e d .  

Z. 3.3. I. Z Coal P r e t r e a t m e n t  

T h e  p r o x i m a t e  a n d  u l t i m a t e  a n a l y s e s  of  t h e  t h r e e  p r e t r e a t e d  h i g h - v o l a t i l e  
c o n t e n t  b i t u m i n o u s  c o a l s  u s e d  i n  t h e  m o v i n g - b e d  t e s t s  a r e  s h o w n  i n  T a b l e  Z-AZ 
( a p p e n d i x ) .  T h e s e  c o a l s  w e r e  p r e t r e a t e d  to  v a r i o u s  e x t e n t s  a n d  t h e n  h y d r o -  
g a s i f i e d .  U s i n g  v o l a t i l e  m a t t e r  c o n t e n t  a s  a n  i n d e x  of  s e v e r i t y  of  p r e t r e a t m e n t ,  
H Y G A S  r e s e a r c h e r s  f o u n d  t h a t  p r e t r e a t e d  c o a l  w i t h  b e t w e e n  24 a n d  Z6~ v o l a t i l e  
m a t t e r  c a n  be  p r o c e s s e d  w i t h o u t  a g g l o m e r a t i o n .  R a w  c o a l  w a s  t e s t e d  b u t  
i t  s w e l l e d  b a d l y  d u r i n g  t h e  r e a c t i o n ,  s t u c k  to  t h e  r e a c t o r ,  a n d  c a u s e d  b r i d g i n g .  
I t  i s  e n t i r e l y  p o s s i b l e  t h a t  i n  l a r g e r  s i z e  r e a c t o r s  i n  w h i c h  t h e  c o a l  f e e d  w o u l d  
n o t  c o n t a c t  r e a c t o r  w a l l s  i m m e d i a t e l y ,  c o a l s  w i t h  l e s s  p r e t r e a t r n e n t  -- o r  e v e n  
r a w  c o a l  -- c o u l d  b e  f e d  s u c c e s s f u l l y .  H o w e v e r ,  t h e  c a p a b i l i t y  to  f e e d  p r e t r e a t e d  
c o a l  w i t h  a s  m u c h  a s  Z4 to  Z6~ v o l a t i l e  m a t t e r  i s  c o n s i d e r e d  a s i g n i f i c a n t  
a c h i e v e m e n t .  F a c t o r s  t h a t  w e r e  l e a r n e d  t h r o u g h  t h i s  e x p e r i e n c e  i n c l u d e d  
a d j u s t m e n t  o f  f e e d  t u b e  s i z e ,  l e n g t h ,  a n d  l o c a t i o n ;  t h e  a m o u n t  of  n i t r o g e n  
p u r g e - g a s  r e q u i r e d  to  p a s s  t h r o u g h  t h e  t u b e ;  a n d  t h e  s t a r t u p  s e q u e n c e .  

Z. 3.3. I. 3 North Dakota Lignite Results 

H y d r o g a s i f i c a t i o n  o f  a d r i e d  -- b u t  o t h e r w i s e  u n t r e a t e d  -- N o r t h  D a k o t a  
l i g n i t e  f r o m  t h e  G len_ha ro ld  m i n e  w a s  s u c c e s s f u l l y  c o n d u c t e d  in  a 3 . 5 - f o o t  
m o v i n g  b e d  ( r u n  H T - 1 3 5 ,  T a b l e  Z - A 1 ,  a p p e n d i x ) .  C a r b o n  c o n v e r s i o n s  w e r e  
c o m p a r a t i v e l y  h i g h ;  57~ of  c a r b o n  w a s  c o n v e r t e d  to  g a s e o u s  p r o d u c t s ,  and  
6 . 8 ~  of  c a r b o n  w a s  c o n v e r t e d  t o  l i q u i d  p r o d u c t s .  T h e  h e a t i n g  v a l u e  of t h e  
p r o d u c t  g a s  w a s  511 B t u  p e r  s t a n d a r d  c u b i c  f oo t .  
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2 .3 . .3 .  1 . 4  T w o - S t a g e  S i m u l a t i o n  

The  s t a g e - b y - s t a g e  s i m u l a t i o n  p r o c e d u r e  u s e d  i s  r e a l i s t i c  e x c e p t  t h a t  
t h e  p a r t i a l l y  g a s i f i e d  coa l  was  fed  to  the  s e c o n d  s t age  at  a m b i e n t  t e m p e r a t u r e  
i n s t e a d  of at  t e m p e r a t u r e s  b e t w e e n  1200 ° and  1 4 0 0 ° F .  B e c a u s e  h y d r o g e n  
r e p r e s e n t s  the; l a r g e s t  s h a r e  of t he  t o t a l  p i p e l i n e  gas  co s t ,  p r a c t i c a l l y  a l l  
t h e  r u n s  w e r e  c o n d u c t e d  at  the  m i n i m u m  h y d r o g e n / c o a l  r a t i o  t h a t  wou ld  p r o -  
d u c e  a t o t a l  c a r b o n  g a s i f i c a t i o n  of abou t  50~. At  t h i s  d e g r e e  of g a s i f i c a t i o n ,  
s u f f i c i e n t  r e s i d u a l  c a r b o n  wou ld  be a v a i l a b l e  f o r  g e n e r a t i n g  t he  n e c e s s a r y  
h y d r o g e n .  T h e s e  f i g u r e s  r e s u l t e d  f r o m  an o v e r a l l  s y s t e m  a n a l y s i s  b a s e d  
on e x i s t i n g  da'ta on e q u i l i b r i u m ,  k i n e t i c s  and h e a t  and  m a t e r i a l  b a l a n c e s .  

Key r e s u l t s  o b t a i n e d  in t w o - s t a g e  s i m u l a t i o n s  a r e  s u m m a r i z e d  in F i g u r e  
2 -9  wi th  p r e t r e a t e d  P i t t s b u r g h  s e a m  coal ,  and  in  F i g u r e  2 -10  w i t h  p r e t r e a t e d  
Ohio s e a m  coal .  P r o d u c t  gas  a n a l y s e s  w e r e  a d j u s t e d  to a n i t r o g e n - f r e e  b a s i s  
b e c a u s e  of the  h i g h  n i t r o g e n  p u r g e  r a t e s  a c t u a l l y  u s e d  in the  t e s t s .  The  p u r g e  
ga s  wa s  n e e d e d  to p r e v e n t  ho t  r e a c t o r  g a s e s  f r o m  e n t e r i n g  t h e  c o a l - f e e d  tube .  

High  c o n c e n t r a t i o n s  of u n r e a c t e d  h y d r o g e n  in the  p r o d u c t  gas  f r o m  the  
l o w - t e m p e r a t u r e  s t a g e s  l i m i t e d  the  h e a t i n g  v a l u e  to a b o u t  700 Btu  p e r  s t a n d a r d  
cub i c  foot .  To o b t a i n  a h i g h - B t u  ga s  (900 Btu  p e r  s t a n d a r d  cub i c  foot)  r e -  
q u i r e s  c a t a l y t i c  m e t h a n a t i o n  of the  c a r b o n  o x i d e s .  Note  the  a b s e n c e  of c a r -  
bon  o x i d e s  in the  f e e d  gas  in the  f i r s t  s t age .  B e c a u s e  of the  low t e m p e r a t u r e  
in  the  f i r s t  s t age ,  no  s t e a m - c a r b o n  r e a c t i o n  was  e x p e c t e d .  T h u s ,  c a r b o n  
m o n o x i d e  is  c o n s i d e r e d  an  i n e r t  i n s o f a r  as  m e t h a n e  f o r m a t i o n  is  c o n c e r n e d .  
T h e r e f o r e ,  to  s i m p l i f y  p r e p a r a t i o n  of the  s i m u l a t i o n  ga s  m i x t u r e ,  c a r b o n  
m o n o x i d e  was  no t  i n c l u d e d  in  t h i s  f e ed .  T h i s  a s s u m p t i o n  a p p e a r s  va l id ,  
j u d g i n g  f r o m  the  low c a r b o n  ox ide  c o n c e n t r a t i o n  in  t he  f i r s t - s t a g e  e f f l uen t ;  
t he  a m o u n t  m e a s u r e d  c a m e  f r o m  the  o r g a n i c  o x y g e n  in  the  coa l  r a t h e r  t h a n  
f r o m  the  s t e a m - c a r b o n  r e a c t i o n .  

A p p a r e n t l y ,  h o w e v e r ,  s t e a m  p l a y s  an  a c t i v e  r o l e  in  t he  l o w - t e m p e r a t u r e  
g a s i f i c a t i o n .  Two r u n s  w e r e  m a d e ,  one w i t h  a s t e a m - n a t u r a l  g a s - h y d r o g e n  
m i x t u r e  ( r u n  H T - 8 4 )  and  t he  o t h e r  w i th  a n i t r o g e n - n a t u r a l  g a s - h y d r o g e n  m i x -  
t u r e  ( r u n  H T - 8 5 ,  T a b l e  Z-A1,  a p p e n d i x ) .  S i g n i f i c a n t l y  g r e a t e r  a m o u n t s  of 
c a r b o n  o x i d e s  w e r e  f o r m e d  and s i g n i f i c a n t l y  l e s s  w a t e r  w a s  r e l e a s e d  f r o m  
the  coa l  w h e n  s t e a m  w a s  u s e d .  S t e a m ,  t hen ,  s e e m s  to  s u p p r e s s  the  r e l e a s e  
o f  o r g a n i c  o x y g e n  f r o m  coa l  as  w a t e r ,  but  f o r c e s  the  o x y g e n  to l e a v e  as  c a r b o n  
o x i d e s .  T h i s  p h e n o m e n o n  s e e m s  p l a u s i b l e  f r o m  the  m a s s - a c t i o n  s t a n d p o i n t .  
F r o m  a p r o c e s s  s t a n d p o i n t ,  t h e  r e l e a s e  of o r g a n i c  o x y g e n  in coa l  as  c a r b o n  
o x i d e s  i s  m o r e  d e s i r a b l e  t h a n  as  w a t e r .  In the  l a t t e r  c a s e ,  h y d r o g e n  ( e i t h e r  
f r o m  c o a l  or  f r o m  e x t e r n a l  s o u r c e s )  i s  l o s t  by b e i n g  c o m b i n e d  w i th  the  o x y g e n  
to f o r m  w a t e r .  In  c o n t r a s t ,  w h e n  the  o x y g e n  i s  r e l e a s e d  as  c a r b o n  o x i d e s ,  
t h e s e  c an  be c o n v e r t e d  to  m o r e  h y d r o c a r b o n  by s u b s e q u e n t  c a t a l y t i c  m e t h a n a t i o n .  

;:. 3.3, 1 . 5  M e t h a n e  F o r m a t i o n  

2.3.3. I. 5.1 Equilibrium 

i t  h a s  b e e n  w e l l  e s t a b l i s h e d  t h a t  the  h y d r o g e n a t i o n  of the  v o l a t i l e  m a t t e r  
in coa l  p r o c e e d s  v e r y  r a p i d l y  and y i e l d s  m e t h a n e  c o n c e n t r a t i o n s  h i g h e r  t h a n  
t he  e q u i l i b r i u m  v a l u e  in a ~ - g r a p h i t e - h y d r o g e n  s y s t e m .  T h i s  e x c e s s  i s  
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OVERALL CARBON GASIFIED = 45.5% 

PRODUCT GAS 
12.85SCF 

718 BTU/SCF (SAT.) 
56.3% CH 4 WATER 

1.5% CzHsO.317 LB 
0.5% C3He OIL 
0.2% CsH60-0123 LE 

32.8% H z 8 4 . 8 % C  
4.7% CO 6.57% H 
4.3% CO 2 

STEAM 
0.244 L8 

FEED GAS 
9.74 SCF 

617 BTU/SCF(SAT.) 
59.6% H z 
57.5% CH 4 

1.9% CzH s 
0.5% C3H 8 

. 0.2% C4HIo 
0.3% . ~  

COz I 
PRODUCT GAS 

12.57 SCF 
494 BTU/SCF(SAT.) 

27.4% CH 4 
56.2% H 2 
13.3% CO 
3.1% CO 2 

HYDROGEN 
9.06 SCF • 

A7506 1404 

HT-8~ 

I245=F 

1000 

PSIG I 

PRETREATED COAL 
I LB 
70.6 % C 

3.65% H 
3.65% S 
8.45% O 
1.04% N 

12.63% ASH 
FIRST STAGE 

CARBON GASIFIED 20.5% 

••-• 
RESIDUE 

0.630 LB 
76.0 % C 

1.37% H 
2.22% S 
0.0 % 0  
0.72% N 

20.06% ASH 

PARTIALLY 
L ~ ]  "-t w'-~----HYDROGAStFIED _ ~  COAL 

WATER ~ 0.630 LB 80.2 % C 
0.III LB 

HT-86 

1735"F 

1000 
PSIG 

STEAM 
0.219 LB 

t 

1.36% H 
2.03% S 
0.0 % 0  
0.74% N 

16.43% ASH 

SECOND STAGE 

CARBON GASIFIED 49.4% 

"•'•. CHAR 
0.46i L8 

6 8 . 1 % C  
0.58% H 
2.57% S 
0.0 % 0  
0.29% N 

30.50% ASH 

Figure 2-9. STAGE-BY-STAGE SIMULATION IN HYDROGASIFYING PRE- 
TREATED PITTSBURGH SEAM COAL 
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OVERALL CARSON GASIFIED = 43A% 

PRODUCT S 2.75 % S 
18.2 SCF WATE 0°532 LB 10.31% 0 

715 BTU/SCF (SAT) Of L HT-77 1.49 % N 
52,8% CH 4. 0.0492LB 8.16% ASH 
2'7%CZH6 86.4%C 1190°F 
0.1%C3He 6.51% H FIRST STAGE 
o. i % CsH's I000 

32.8% H z PSIG CARBON GASIFIED 17.3% 
3,4 % CO 
2.7 % CO z 

STEAM 0,466 LB 
t 

FEED GAS ~ _ _ = . .  RESIDUE 
16.8 SCF 0,724 LB 
638 BTU/SCF(SAT) 85.2 %C 
58.6% H z 2.05% H 
37,5 % CH 4 1,57% S 

2.6 % CzH s 0.42% 0 
0,8% C3H 8 1,29% N 
0.3 % C4HIo I 1,27% ASH 
0,2 % C02 

I ~  -~ ~ PARTIALLY REACTEDCOAL0.724 LB 

PRODUCT GAS - 81,2 % C 
12.4 SCF WATER 1,88% H 

515 BTU/SCF {SAT) 0.112 LB HT-8I  1.82% S 
50.6% CH4 0.42% 0 
52.4% H2 17lOaF I.I 4% N 
13.3% CO 13.54% ASH 
3.7% CO 2 I000 

PSIG SECOND STAGE 
! 

CARBON GASIFIED 32.7% 

STEAM 
0,237 LB 

HYDROGEN l 
I0.0 SCF 

A7506 1405 

- - ~  RESIDUE 
0.502 LB 
78.5 % C 
0.50% H 
1.86% S 
0.40% N 
19.51% ASH 

F i g u r e  2-10 .  S T A G E - B Y - S T A G E  SIMULATION IN HYDROGASIFYING 
P R E T R E A T E D  OHIO SEAM COAL 
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c o n v e n i e n t l y  a t t r i b u t e d  t o  a g r e a t e r - t h a n - u n i t y  c o a l  a c t i v i t y  in  r e f e r e n c e  
t o / 3  - g r a p h i t e  a c t i v i t y .  In  f a c t ,  t h e  h y d r o g e n a t i o n  of  t h e  r e a c t i v e  c a r b o n  
g r o u p s  p r o c e e d s  b y  s p l i t t i n g  of f  t h e  c a r b o n  c h a i n s  a n d  f u n c t i o n a l  g r o u p s  
r a t h e r  t h a n  by  r e a c t i n g  w i t h  g r a p h i t i c  c a r b o n .  S u c h  r e a c t i o n s  l e a d  to  m e t h a n e  
f o r m a t i o n  b e c a u s e  m e t h a n e  i s  t h e  p r e d o m i n a n t  s t a b l e  h y d r o c a r b o n  a t  t h e  t e r n -  
p e r a t u r e  a n d  p r e s s u r e  i n  q u e s t i o n .  T h e  f i r s t - s t a g e  h y d r o g a s i f i c a t i o n  d e m o n -  
s t r a t e s  t h i s  t y p e  o f  r e a c t i o n  a s  s h o w n ,  f o r  e x a m p l e ,  by  t h e  p r e d o m i n a n c e  of  
m e t h a n e  v e r s u s  o t h e r  h y d r o c a r b o n s  o r  c a r b o n  o x i d e s  in  t h e  e f f l u e n t  g a s  
(Figure 2-9). 

Figure 2-II presents the calculated "equilibrium ratio", obtained from 
the PDU tests, as a function of the maximum bed temperatures. The curve 
represents true equilibrium ratio for the reaction: 

C ( E - g r a p h i t e )  + 2 H  z = CH 4 

N o t e  t h e  m a n y  r u n s  y i e l d i n g  e q u i l i b r i u m  r a t i o s  h i g h e r  t h a n  t h e  c u r v e .  T h e  
g r o u p  o f  p o i n t s  b e l o w  t h e  c u r v e  b e t w e e n  1450 ° a n d  1 5 5 0 ° F  c a m e  f r o m  r u n s  
in  w h i c h  a h i g h  h y d r o g e n / c o a l  r a t i o  w a s  u s e d ,  r e s u l t i n g  in l o w  m e t h a n e  c o n -  
c e n t r a t i o n .  

I n i t i a l  g a s i f i c a t i o n  w a s  f o u n d  to  be r a p i d .  T h e r e  a p p e a r s  to  be  l i t t l e  
e q u i l i b r i u m  h i n d r a n c e  i n  v i e w  of  t h e  m e c h a n i s m  of  m e t h a n e  f o r m a t i o n  d i s -  
c u s s e d  a b o v e .  O n c e  t h e  r e a c t i v e  c a r b o n  i s  g o n e ,  h o w e v e r ,  t h e  r e m a i n i n g  
f i x e d  c a r b o n  r e a c t s  m u c h  m o r e  s l o w l y  in  t h e  s e c o n d  s t a g e .  H e r e  we  c h e c k  
t h e  a p p r o a c h  to  E - g r a p h i t e  e q u i l i b r i u m  to s e e  i f  t h e  c o a l ,  a f t e r  t h e  f i r s t  
s t a g e ,  s t i l l  h a s  s u f f i c i e n t  r e a c t i v e  c a r b o n  l e f t  to  s h o w  a c t i v i t y  g r e a t e r  t h a n  
u n i t y .  B e c a u s e  m e t h a n e  f o r m a t i o n  i s  e x o t h e r m i c ,  f r o m  t h e  p r o c e s s  s t a n d -  
p o i n t ,  t h e  m o r e  m e t h a n e  t h a t  i s  f o r m e d  in  t h e  s e c o n d  s t a g e ,  t h e  m o r e  h e a t  
t h e r e  w o u l d  be  a v a i l a b l e  t o  f u r n i s h  t h e  e n d o t h e r m i c  h e a t  f o r  t h e  s t e a m -  
c a r b o n  r e a c t i o n ;  t h e  s t e a m - c a r b o n  r e a c t i o n ,  i n  t u r n ,  w o u l d  p r o d u c e  h y d r o g e n  
in  s i t u  a n d  r e d u c e  t h e  e x t e r n a l  h y d r o g e n  r e q u i r e m e n t .  W i t h  p a r t i a l l y  g a s i -  
f i e d  P i t t s b u r g h  N o. 8 s e a m  c o a l ,  t h e  c a r b o n  a c t i v i t y  o b s e r v e d  r a n g e d  b e -  
t w e e n  1 a n d  2 a t  f r o m  1700 ° t o  1 9 5 0 ° F .  

2 . 3 . 3 . 1 . 5 .  Z Reaction Rate 

T h e  i n t e g r a l  m e t h a n e  f o r m a t i o n  r a t e s  f r o m  P D U  t e s t s  w e r e  c o m p a r e d  
w i t h  t h o s e  r e p o r t e d  by  o t h e r s .  In  o r d e r  t o  p e r f o r m  t h e  c o m p a r i s o n s ,  t h e  
r e a c t i o n  r a t e  w a s  c o n s i d e r e d  to  be  p s e u d o - f i r s t  o r d e r  w i t h  r e s p e c t  to  t h e  
h y d r o g e n  p a r t i a l  p r e s s u r e .  T h e  c a l c u l a t e d  r e a c t i o n  r a t e  c o n s t a n t  f o r  e a c h  
r u n  i s  p l o t t e d  a g a i n s t  c a r b o n  g a s i f i c a t i o n  in  F i g u r e  2 - 1 2 .  S e v e r a l  o b s e r -  
v a t i o n s  c a n  be  m a d e :  

1) T h e  r a t e  of  m e t h a n e  f o r m a t i o n  f o r  p r e t r e a t e d  P i t T s b u r g h  c o a l  i s  n o t  
s l o w e d  by  t h e  p r e s e n c e  of  m e t h a n e  in  t h e  f e e d  g a s .  T h i s  i s  in  a g r e e m e n t  w i t h  
Z i e l k e  a n d  G o r i n  i n  t h e i r  s t u d y  of  h y d r o g a s i f i c a t i o n  of  D i s c o  c h a r .  

2) T h e  p r e t r e a t e d  c o a l  i s  q u i t e  r e a c t i v e .  F o r  e x a m p l e ,  a t  b e t w e e n  25 
a n d  30~  c a r b o n  g a s i f i c a t i o n  w i t h  s t e a m - h y d r o g e n  m i x t u r e s ,  t h e  r a t e  c o n s t a n t  
is m o r e  t h a n  t w i c e  t h a t  r e p o r t e d  by  F e l d k i r c h n e r  a n d  L i n d e n  in r e a c t i n g  l o w -  
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t e m p e r a t u r e  b i t u m i n o u s  c h a r  w i t h  h y d r o g e n .  T h e  g r e a t e r  r e a c t i v i t y  is m o s t  
l i k e l y  a t t r i b u t a b l e  to  t h e  h i g h e r  v o l a t i l e  c o n t e n t  of t h e  p r e t r e a t e d  c o a l  u t i l i z e d  
(24 to  26,~ t h a n  t h a t  of  t h e i r  c h a r  ('17%). 

3) P a r t i a l l y  h y d r o g a s i f i e d  coa l ,  u p o n  f u r t h e r  r e a c t i o n  in  t h e  h i g h - t e m -  
p e r a t u r e  s e c o n d  s t a g e ,  g a v e  r a t e  c o n s t a n t s  q u i t e  s i m i l a r  to  t h o s e  o b t a i n e d  
w i t h  D i s c o  c h a r  a n d  r e s i d u a l  A u s t r a l i a n  b r o w n  coa l ,  b o t h  c o n t a i n i n g  v e r y  
l i t t l e  v o l a t i l e  m a t t e r .  

2 . 3 . 3 . 1 . 6  S t e a m - C a r b o n  R e a c t i o n  

T h e  r e a c t i o n  

C + HzO ~ CO + ~H 2 

w a s  s i g n i f i c a n t  o n l y  a t  t e m p e r a t u r e s  a b o v e  1 7 0 0 ° F ,  a n d  w a s  f o u n d  to  i n c r e a s e  
w i t h  t e m p e r a t u r e .  F o r  e x a m p l e ,  a t  1 6 9 5 ° F  ( r u n  H T - 8 0 ) ,  5 0 ~  of  t h e  f e e d  
s t e a m  d e c o m p o s e d ,  b u t  a t  1 8 Z 5 ° F  ( r u n  H T - Y 2 ) ,  70% w a s  d e c o m p o s e d  ( T a b l e  Z-A1 ,  
a p p e n d i x ) .  C a r b o n  o x i d e s  f o r m a t i o n  w a s  r e l a t e d  d i r e c t l y  to t h e  s t e a m  f e d  a n d  
to  t h e  s t e a m  d e c o m p o s i t i o n .  A s  m u c h  a s  5 . 5  s t a n d a r d  c u b i c  f e e t  of c a r b o n  
o x i d e s  p e r  p o u n d  of  c o a l  w e r e  p r o d u c e d  a t  t h e  m a x i m u m  70% s t e a m  d e c o m -  
p o s i t i o n .  W i t h  l i t t l e  o r  no  f e e d  s t e a m  d e c o m p o s i t i o n ,  c a r b o n  o x i d e s  f o r m a -  
t i o n  w a s  a b o u t  1 s t a n d a r d  c u b i c  f oo t ,  o r  l e s s ,  p e r  p o u n d  of  c o a l .  In t he  l o w -  
t e m p e r a t u r e  f i r s t  s t a g e ,  t h e  p r e s e n c e  of s t e a m  in  t h e  f e e d  g a s  i s  r e s p o n s i b l e ,  
t h r o u g h  t h e  l a w s  o f  m a s s  a c t i o n ,  f o r  " c o n v e r t i n g  a m a j o r  f r a c t i o n  of  t h e  o x y g e n  
i n  c o a l  to  c a r b o n  o x i d e s .  T h i s  o x y g e n  i s  c o n v e r t e d  to  w a t e r  w h e n  s t e a m  i s  
o m i t t e d  f r o m  t h e  f e e d ;  i n  o t h e r  w o r d s ,  w h e n  o n l y  h y d r o g e n  i s  f ed .  

T h e  r a t e  a t  w h i c h  t h e  s t e a m - c a r b o n  r e a c t i o n  p r o c e e d s  is  h i g h l y  t e m p e r a -  
t u r e - d e p e n d e n t ,  r e q u i r i n g  h e a t  a b o v e  2000 ° F  to a p p r o a c h  e q u i l i b r i u m .  B e -  
c a u s e  h y d r o g a s i f i c a t i o n  t e s t s  a r e  c o n d u c t e d  a t  l e s s  t h a n  2 0 0 0 ° F ,  in o r d e r  to 
p r e s e r v e  t h e  m e t h a n e  f o r m e d ,  t h e  c a r b o n - s t e a m  r e a c t i o n  is  e x p e c t e d  to  be  
s u b s t a n t i a l l y  r e m o v e d  f r o m  e q u i l i b r i u m .  T h i s  f a c t  i s  s h o w n  in  F i g u r e  2 - 1 3  
w h e r e  c a l c u l a t e d  " e q u i l i b r i u m  r a t i o s "  a r e  p l o t t e d  a g a i n s t  m a x i m u m  b e d  
t e m p e r a t u r e .  T h e  c u r v e  r e p r e s e n t s  t r u e  e q u i l i b r i u m  f o r  c o m p a r i s o n .  

T h e  c a r b o n - s t e a m  r e a c t i o n  i s  i m p o r t a n t  f r o m  t h e  p r o c e s s  s t a n d p o i n t  
n o t  o n l y  a s  a s o u r c e  o f  g e n e r a t i n g  in s i t u  h y d r o g e n ,  b u t  a l s o  a s  a t e m p e r a t u r e  
c o n t r o l l e r .  W h e n  p u r e  h y d r o g e n  is  t h e  g a s i f y i n g  m e d i u m ,  t h e  s t r o n g  h e a t  
r e l e a s e  b y  the: m e t h a n e - f o r m i n g  r e a c t i o n  c a u s e s  r u n a w a y  t e m p e r a t u r e s .  In  
a h y d r o g e n - s t e a m  m i x t u r e ,  t h i s  r e l e a s e d  h e a t  is  a b s o r b e d  b y  t h e  c a r b o n -  
s t e a m  r e a c t i o n ,  t h e r e b y  s t a b i l i z i n g  t e m p e r a t u r e s .  

2.3. :3.2 R e a c t i o n  Profile-Gas S a m p l e  Probes 

To  g a i n  s o m e  i n s i g h t  in to  t he  p a t h  of  r e a c t i o n  in f r e e - f a l l  o r  m o v i n g - b e d  
z o n e s ,  g a s  s a m p l e  p r o b e s  w e r e  l o c a t e d  a t  s e v e r a l  l e v e l s  in  t h e  bed .  In  
T a b l e  2 - 2 ,  c o m p a r e  t h e  p r o b e  g a s  a n a l y s e s  f r o m  l o w - t e m p e r a t u r e  r u n  H T - 6 7  
w i t h  t h o s e  f r o m  h i g h - t e m p e r a t u r e  r u n  H T - 7 2 .  B o t h  r u n s  w e r e  m a d e  w i t h  a 7 -  
f o o t - d e e p  m o v i n g  bed .  N o t e  t h a t ,  in t h e  h i g h - t e m p e r a t u r e  t e s t ,  t h e  r e a c t i o n  
w a s  p r a c t i c a l l y  c o m p l e t e  i n  t h e  l o w e r  h a l f  of  t h e  bed ,  w i t h  v e r y  l i t t l e  r e a c t i o n  
in  t h e  u p p e r  h a l f  o f  t h e  b e d  a n d  in  t h e  f r e e - f a l l  z o n e  a b o v e  t h e  b e d .  On t h e  
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o t h e r  h a n d ,  in  t h e  l o w - t e m p e r a t u r e  t e s t ,  t h e  r e v e r s e  i s  t r u e :  T h e  b u l k  of  t h e  
r e a c t i o n  t o o k  p l a c e  in  t h e  f r e e - f a l l  z o n e  a n d  a t  t h e  t o p  of  t h e  bed ,  w i t h  v e r y  
l i t t l e  r e a c t i o n  i n  t h e  r e s t  o f  t h e  b e d .  I t  f o l l o w s ,  t h e n ,  t h a t  a t  b o t h  t e m p e r a -  
t u r e s  t h e  b e d  h e i g h t  c o u l d  be  r e d u c e d  to  3 . 5  f e e t  w i t h o u t  a n y  l o s s  of  g a s i f i -  
c a t i o n .  T h i s  i s  in  f a c t  t h e  c a s e  a s  s h o w n  i n  T a b l e  2-Z by  t h e  p r o b e  s a m p l e s  
f r o m  H T - 8 6 ,  a h i g h - t e m p e r a t u r e  r u n  u s i n g  a 3 . 5 - f o o t - d e e p  b e d .  

T h e  h i g h - t e m p e r a t u r e  r e a c t i o n  i s  a p p a r e n t l y  e q u i l i b r i u m - l i m i t e d ;  i t  
a t t a i n s  i t s  l i m i t  i n  a r e l a t i v e l y  s h o r t  c o n t a c t  t i m e ,  in  a s h o r t  b e d .  T h e  l o w -  
t e m p e r a t u r e  r e a c t i o n  i s  e x t r e m e l y  r a p i d ,  r e q u i r i n g  o n l y  a m a t t e r  o f  s e c o n d s  
to  c o m p l e t e .  T h e  r e a c t i v e  p o r t i o n  of c o a l  i s  q u i c k l y  g a s i f i e d ,  a f t e r  w h i c h  t h e  
r e m a i n d e r  of  t h e  c a r b o n  i s  n o t  r e a c t i v e  a t  t h e  l o w  t e m p e r a t u r e .  In  v i e w  of  
t h e s e  f a c t s ,  a l i k e l y  h y d r o g a s i f i e r  c o n f i g u r a t i o n  w o u l d  i n c o r p o r a t e  a l o w -  
t e m p e r a t u r e  f r e e - f a l l  z o n e  f o l l o w e d  by  a s h a l l o w  h i g h - t e m p e r a t u r e  s t a g e .  

2.3.3.3 Free-Fall Tests 

H y d r o g a s i f i c a t i o n  t e s t s  w i t h  c o a l  in  f r e e  f a l l  w e r e  p e r f o r m e d  to s t u d y  
c o n v e r s i o n s  of  t h e  c o a l  a t  s h o r t  r e s i d e n c e  t i m e s .  T h e  c o a l  w a s  g a s i f i e d  a s  
i t  f e l l  t h r o u g h  t h e  1 8 . 0 Z - f o o t  h e a t e d  p o r t i o n  of t h e  r e a c t o r  t u b e ,  w i t h  r e a c t a n t  
g a s e s  f l o w i n g  u p w a r d .  T h e  g a s i f i e d  c o a l  r e s i d u e  w a s  i m m e d i a t e l y  r e m o v e d  
f r o m  t h e  b o t t o m  of  t h e  r e a c t o r  t u b e ,  p r e v e n t i n g  b e d  b u i l d u p  a n y w h e r e  in t h e  
r e a c t o r .  R e s i d e n c e  t i m e  of  t h e  c o a l  w a s  d e t e r m i n e d  b y  t h e  l e n g t h  of  t h e  
r e a c t o r  a n d  t h e  se%tding v e l o c i t y  of  t h e  c o a l  p a r t i c l e s .  T h e  s e t t l i n g  v e l o c i t y  
of  t h e  c o a l  p a r t i c l e s  i s  a f u n c t i o n  of  t h e  p a r t i c l e  s i z e ,  a n d  t h e  l i n e a r  v e l o c i t y ,  
d e n s i t y ,  a n d  v i s c o s i t y  o f  t h e  r e a c t a n t  g a s e s .  A t  t y p i c a l  t e s t  c o n d i t i o n s ,  a n d  
a t  n o r m a l  c o a l  a n d  r e a c t a n t  g a s  f e e d  r a t e s ,  c o a l  r e s i d e n c e  t i m e s  c o u l d  v a r y  
f r o m  8 s e c o n d s  f o r  6 0 - m e s h  c o a l  p a r t i c l e s ,  to  41 s e c o n d s  f o r  Z 0 0 - m e s h  c o a l  
p a r t i c l e  s .  

T h e  t y p e s  o f  c o a l  u s e d  i n  t h e  f r e e - f a l l  g a s i f i c a t i o n  t e s t s  i n c l u d e d  m e d i u m -  
a n d  l o w - v o l a t i l e  c o n t e n t  b i t u m i n o u s  c o a l s ,  a s u b b i t u r n i n o u s  c o a l ,  a n d  t w o  
d i f f e r e n t  l i g n i t e s .  O p e r a t i n g  r e s u l t s  of a l l  of  t h e  f r e e - f a l l  t e s t s  a r e  g i v e n  in  
T a b l e  2 - A 4  in  t h e  a p p e n d i x .  C h e m i c a l  a n d  s c r e e n  a n a l y s e s  o f  t h e  f e e d s  a n d  
r e s i d u e s  of  t h e s e  t e s t s  a r e  a p p e n d e d  in  T a b l e  2 - A 5 .  C o m p o s i t i o n  of  t h e  
l i q u i d  p r o d u c t s  f r o m  t h e s e  t e s t s  a r e  a p p e n d e d  i n  T a h l e  Z - A 6 .  

Bituminous coal and char conversion in free fall was studied in two tests. 
In run HT-48 the feed was the low-temperature bituminous coal char from 
the Consolidation Coal Company pilot plant, and in run HT-60 the feed was a 
lightly pretreated bituminous coal from the Ireland mine. A short char resi- 
dence time of from 4.8 to 16.7 seconds was obtained in run HT-48; the resi- 
dence time affect on hydrogasification results is shown in the table below, 
where key operating conditions and results of the test are summarized: 
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Run No. 

A v e r a g e  R e a c t o r  T e m p e r a t u r e ,  °F 
Bed Height ,  ft 
Cha r  F e e d  Rate ,  l b / h r  
Char Bed Residence Time, s 
Steam Kate, ib/hr 
Hydrogen/Char Ratio, % of stoichiometric 
Steam in Feed Gas, mole % 
Steam De composition: 

% of steam fed 
Ib/ib 
ib/Ib char 

MAF C h a r  Gas i f i ed ,  
M e a s u r e d  C a r b o n  Gas i f i ed ,  % 
H y d r o c a r b o n  Yield,  S C F / l b  
C a r b o n  Oxides  Yield,  S C F / l b  

HT-48  

1645 
free -fall 

10.16 
.4.8-16.7 

7.16 
77.7 
30.9 

nil  

20.6 
24.8 
4. 69 
0.87 

The char residue time of HT-48 is based on the terminal settling velocities 
of char particles in the range of 40 to I00 mesh, and a heated reactor tube 
length of 18.02 feet. 

The low c a r b o n  ox ides  y i e ld  of r u n  HT-48  r e f l e c t s  the low s t e a m  d e c o m -  
p o s i t i o n  in  th is  t e s t ;  th i s  is  an i n d i c a t i o n  tha t  m o s t  of the r e a c t e d  s t e a m  
r e a c t s  wi th  c h a r  r a t h e r  than  wi th  g a s e o u s  h y d r o c a r b o n s ,  and t h e r e f o r e  is  
c o n t r o l l e d  by the so l ids  r e s i d e n c e  t i m e .  

In r u n  H'r-60 (Tab le  2-A4,  appendix) ,  an  a d d i t i o n a l  o b j e c t i v e  was  to e s -  
t a b l i s h  the  f e a s i b i l i t y  of o p e r a t i o n  wi th  l i gh t ly  pretreated coa l s .  Only h y d r o -  
g e n  was  u s e d  for  f e e d  gas  in th i s  t e s t .  S t e a m  was  not  u s e d  in o r d e r  to avo id  
the  p o s s i b i l i t y  of c o n d e n s i n g  s t e a m  i n t e r f e r i n g  wi th  coa l  d i s c h a r g e .  The  
h y d r o g a s i f i e d  coa l  r e s i d u e  was  as  f r e e - f l o w i n g  as  the  feed .  This  t e s t  e s -  
t a b l i s h e d  the f e a s i b i l i t y  of d i s c h a r g i n g  h y d r o g a s i f i e d  p r e t r e a t e d  coa l  f r o m  
the bo t tom of the r e a c t o r .  

Run HT-60 ,  c o n d u c t e d  wi th  c o a l  in  f r e e - f a l l ,  w a s  the f i r s t  c o m p l e t e l y  
s u c c e s s f u l  a t t e m p t  to h y d r o g a s i f y  a l i gh t ly  p r e t r e a t e d  coa l .  B e c a u s e  of the  
r e l a t i v e l y  s h o r t  4 - s e c o n d  coa l  r e s i d e n c e  t i m e ,  the  c a r b o n  c o n v e r s i o n  to 
gas  was  only 20.0%. 

Free-fal[ tests were also performed with two low-volatile content bi- 
tuminous coals, a West Virginia, Sewell seam coal from the Lochgelly No. 2 
mine, and a Pocahontas No. 4 seam coal from the Stotesbury No. I0 mine. 

Run HT-165 ,  (Table  2-A4,  appendix) ,  wi th  Wes t  V i r g i n i a  Sewel l  s e a m  
b i t u m i n o u s  c o a l  was  c o n d u c t e d  for  about  1 h o u r  wi th  the  coa l  g a s i f i c a t i o n  in  
f r e e  fal l  ( P a r t  A), and  t hen  fo r  o v e r  2 h o u r s  w i th  the coa l  g a s i f i c a t i o n  in a 
2 - foo t  f l u i d i z e d  bed ( P a r t  B), The f r e e - f a l l  and f l u i d i z e d - b e d  c o m b i n a t i o n  
u s e d  p r e v e n t e d  the r e c u r r e n c e  of a g g l o m e r a t i o n  e n c o u n t e r e d  in p r e v i o u s  
t e s t s .  The r e s u l t s  show tha t  the c a r b o n  g a s i f i e d  i n c r e a s e d  f r o m  15 to 23% 
when  the  o p e r a t i o n  wa.s changed  f r o m  f r e e - f a l l  to a 2 - foo t  f l u i d i z e d  bed.  
The 8% i n c r e a s e  was  due p r i m a r i l y  to the  i n c r e a s e  in m e t h a n e  p r o d u c t i o n ,  
as  shown by the p r o d u c t  gas  c o m p o s i t i o n  and the p r o d u c t  gas  r a t e .  
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R u n  H T - 1 6 7 ,  ( T a b l e  2 - A 4 ,  a p p e n d i x ) ,  w i t h  l o w - v o l a t i l e - c o n t e n t  P o c a h o n t a s  
No. 4 s e a m  b i t u m i n o u s  c o a l ,  r e p r e s e n t s  t h e  o n l y  s u c c e s s f u l  h y d r o g a s i f i c a t i o n  
of  t h i s  h i g h l y  c a k i n g  c o a l  in  t h e  h y d r o g a s i f i c a t i o n  PDU.  G a s i f i c a t i o n  of t h e  
c o a l ,  w i t h o u t  a g g l o m e r a t i o n ,  w a s  a c c o m p l i s h c d  w i t h  t h e  c o a l  in  f r e e - f a l l .  
W h e n  t h e  o p e r a t i o n  w a s  c h a n g e d  to  a f l u i d i z e d  c o a l  b e d ,  t h e  c o a l  a g g l o m e r a t e d  
i n  t h e  r e a c t o r .  In  g e n e r a l ,  r e s u l t s  o f  t h i s  t e s t  a r e  s i m i l a r  t o  t h o s e  of  t h e  
f r e e - f a l l  o p e r a t i o n  of  r u n  H T - 1 6 4 ,  i n d i c a t i n g  o n l y  m i n o r  d i f f e r e n c e s  in  t he  
p e r f o r m a n c e  of  t h e  P o c a h o n t a s  a n d  t h e  S e w e l l  s e a m  c o a l s .  

U n t r e a t e d  C o l o r a d o  s u b b i t u n u i n o u s  c o a l  w a s  p r o c e s s e d  w i t h  o n l y  p a r t i a l  
s u c c e s s  i n  a f l u i d i z e d  b e d .  C o m p l e t e l y  s u c c e s s f u l  h y d r o g a s i f i c a t i o n  w a s  
o b t a i n e d  in  r u n  H T - 1 7 9 ,  ( T a b l e  2 - A 4 ,  a p p e n d i x ) ,  w h e n  t h e  c o a l  w a s  h y d r o -  
g a s i f i e d  e n t i r e l y  i n  f r e e  f a l l .  No  a g g l o m e r a t i o n  of  t he  u n t r e a t e d  c o a l  o c c u r r e d  
a n y w h e r e  in  t h e  r e a c t o r .  T w o  s t e a d y - s t a t e  o p e r a t i n g  c o n d i t i o n s ,  a t  c o a l  f e e d  
r a t e s  of  29 and  55 p o u n d s  p e r  h o u r ,  w e r e  a c h i e v e d  in  t h i s  t e s t .  Wi th  t h e  in -  
c r e a s e  i n  c o a l  f e e d  r a t e s ,  t h e  h y d r o g e n / c o a l  r a t i o  w a s  r e d u c e d  f r o m  47 to 
35% of  s t o i c h i o m e t r i c .  T h e r e  w a s  o n l y  a s m a l l  d e c r e a s e  in  c a r b o n  g a s i f i e d  
w i t h  t h e  i n c r e a s e  in  c o a l  f e e d  r a t e  -- f r o m  2 9 . 3  to  27 .7%.  

To  s t u d y  t h e  f e a s i b i l i t y  of  l i m i t e d  l i g n i t e  c o n v e r s i o n  a t  h i g h  p r e s s u r e s  
b y  t h e r m a l  t r e a t m e n t  w i t h  n o  r e a c t a n t  g a s ,  r u n  H T - 2 2 9  ( T a b l e  2 - A 4 ,  a p p e n d i x ) ,  
a h i g h - t e m p e r a t u r e  f r e e - f a l l  c a r b o n i z a t i o n  t e s t ,  u s i n g  a s  f e e d  a d r i e d  l i g n i t e  
f r o m  S a v a g e ,  M o n t a n a  w a s  p e r f o r m e d  in  t h e  P D U .  C o n v e r s i o n  of  t h e  l i g n i t e  
t o o k  p l a c e  d u r i n g  f r e e  f a l l  t h r o u g h  a 15. 5 - f o o t  h e a t e d  p o r t i o n  of  t he  r e a c t o r  
t u b e  w i t h  o n l y  a n i t r o g e n  s w e e p  g a s  f l o w i n g  c o u n t e r c u r r e n t  to  t h e  f a l l i n g  
l i g n i t e  p a r t i c l e s .  T h e  l i g n i t e  w a s  f e d  a t  a n o m i n a l  r a t e  of  20 p o u n d s  p e r  
h o u r  t o  t h e  t o p  o f  t h e  h y d r o g a s i f i c a t i o n  r e a c t o r ,  a l l o w i n g  t h e  l i g n i t e  to  be  
t h e r m a l l y  c o n v e r t e d  w h i l e  i n  f r e e - f a l l .  T h e  t op  7. 5 f e e t  of  t h e  r e a c t o r  t u b e  
w a s  h e a t e d  to  1300 ° F ;  t h e  l o w e r  s e c t i o n  of  t h e  1 5 . 5 - f o o t  h e a t e d  p o r t i o n  of  t h e  
r e a c t o r  w a s  c o n t r o l l e d  t o  a t e m p e r a t u r e  of  1 500 ° F .  N i t r o g e n  s w e e p  g a s  w a s  
f e d  to  t h e  b o t t o m  of  t h e  r e a c t o r  a t  a r a t e  of  250 s t a n d a r d  c u b i c  f e e t  p e r  h o u r .  
T h e  t e s t  l a s t e d  n e a r l y  5 h o u r s ;  4. 5 h o u r s  o f  t h i s  t i m e  w a s  a t  s t e a d y - s t a t e .  

T h e  r e s u l t s  of  t h i s  t e s t  s h o w  t h a t  37% of  t h e  l i g n i t e  w a s  c o n v e r t e d ,  b a s e d  
on  t h e  l i g n i t e  r e s i d u e  r e c o v e r y  o f  0. 628 p o u n d  p e r  p o u n d  of  l i g n i t e  f ed .  A b o u t  
134 of  t h e  l i g n i t e  w a s  c o n v e r t e d  t o  l i q u i d  p r o d u c t s  (0. 1293 p o u n d  l i q u i d s  p e r  
p o u n d  l i g n i t e  f ed ) .  T w e n t y - f o u r  p e r c e n t  of  t h e  l i g n i t e  f ed ,  w a s  c o n v e r t e d  to  
g a s e o u s  p r o d u c t s  b a s e d  on  t h e  m a s s  of  g a s  p r o d u c e d  a n d  a l s o  by  f e e d  w e i g h t  
l o s s .  C a r b o n  g a s i f i c a t i o n  w a s  l i m i t e d  to  15 .2% of  t h e  c a r b o n  in t h e  l i g n i t e .  
T h e  h y d r o c a r b o n  y i e l d  w a s  0. 923 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  l i g n i t e ,  
w h i l e  t h e  c a r b o n  o x i d e s  y i e l d  w a s  n e a r l y  t w i c e  a s  l a r g e  a t  1. 808 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  l i g n i t e .  T h e  l a r g e  c a r b o n  o x i d e s  y i e l d  r e f l e c t s ,  of  
c o u r s e ,  t h e  l a r g e  o x y g e n  c o n t e n t  ( 2 0 . 4 6 % )  o f  t h e  l i g n i t e  f e e d .  

A l i g n i t e  p a r t i c l e  r e s i d e n c e  t i m e  f o r  l O - m e s h  p a r t i c l e s ,  t h e  l a r g e s t  s i z e  
r a n g e  in  t h e  l i g n i t e  f e e d ,  w a s  c a l c u l a t e d  b a s e d  on  N e w t o n ' s  l a w  f o r  f r e e - f a l l i n g  
s o l i d  p a r t i c l e s  t h r o u g h  a f l u i d .  R e s i d e n c e  t i m e  f o r  t h e  l O - m e s h  p a r t i c l e s  w a s  
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2. 5 s e c o n d s .  Th i s  i s  fo r  a 1 5 . 5 - f o o t  r e a c t o r  length ,  c o r r e c t e d  fo r  the  u p w a r d  
v e l o c i t y  of the  n i t r o g e n  sweep  gas .  R e s i d e n c e  t i m e s  of p a r t i c l e s  s m a l l e r  
t han  10 m e s h  a r e ,  of c o u r s e ,  h i g h e r  b e c a u s e  of t h e i r  l o w e r  s e t t l i n g  v e l o c i t i e s .  

L i m i t e d  c o n v e r s i o n  of a d r i e d  N o r t h  Dakota l i gn i t e  f r o m  the  G l e n h a r o l d  
m i n e  was  s tud ied  in run  H T - 2 3 4  by t h e r m a l  t r e a t m e n t  of the  l i gn i t e  wh i l e  in 
f r e e - f a i l  t h r o u g h  the  r e a c t o r  tube wi th  no f e e d  gas  (Table  2-A4,  appendix) .  
O p e r a t i n g  cond i t i ons  for  t h i s  t e s t  w e r e  s i m i l a r  to t hose  of run  H T - 2 2 9 ,  p e r -  
f o r m e d  wi th  a Montana  l i gn i t e .  The l ign i t e  w a s  fed  at  a n o m i n a l  r a t e  of 20 
pounds  an h o u r  and  g a s i f i e d  in the  1 5 . 5 - f o o t  h e a t e d  s e c t i o n  of the  r e a c t o r  
tube .  To keep  the  l i gn i t e  f r o m  hang ing  up on the wa l l s  of the r e a c t o r  tube ,  
we fed  185 s t a n d a r d  cub ic  f e e t  p e r  h o u r  of sweep  n i t r o g e n  to the  bo t tom of 
the  r e a c t o r .  The t e s t  l a s t e d  j u s t  o v e r  3 .25  h o u r s .  Dur ing  th i s  p e r i o d ,  
l i gn i t e  f eed in~  was  i n t e r r u p t e d  four  t i m e s  by m i n o r  p lugs  at  the top of the 
r e a c t o r .  B e c a u s e  of t h e s e  l i gn i t e  f eed  s t oppages ,  the s t e a d y - s t a t e  o p e r a t i n g  
p e r i o d  was  l e s s  than  1 h o u r .  The t h e r m a l  t r e a t m e n t  of N o r t h  Dakota  l i gn i t e  

• in  f r e e - f a l l  du r ing  r u n  H T - 2 3 4  r e s u l t e d  in the  g a s i f i c a t i o n  of 24.5% of the  
l i gn i t e  on a m o i s t u r e -  and a s h - f r e e  b a s i s .  Only 13.7% of c a r b o n  in the  
l i gn i t e  was  ga s i f i ed ,  i n c l u d i n g  the  f o r m a t i o n  of h y d r o c a r b o n s  ( p r i m a r i l y  
m e t h a n e ) ,  c a r b o n  m o n o x i d e ,  and c a r b o n  d ioxide .  Add i t i ona l  l i gn i t e  was  
c o n v e r t e d  to l iqu id  p r o d u c t s  wi th  7.11% going into  the  f o r m a t i o n  o f  w a t e r  and 
1.91% p r o d u c i n g  o i l s .  The  c a r b o n  a p p e a r i n g  in the  oil  r e p r e s e n t s  2.41% of 
the  c a r b o n  in the  l ign i t e .  B a s e d  on an a s h  b a l a n c e ,  0. 728 lb of p a r t i a l l y  
g a s i f i e d  l i gn i t e  was  r e c o v e r e d  for  e a c h  pound of l i gn i t e  fed.  The v o l a t i l e  
m a t t e r  c o n t e n t  of the l i gn i t e  was  r e d u c e d  f r o m  40 .0  to 11 .9~ ,  w h i l e  the  a s h  
c o n t e n t  i n c r e a s e d  f r o m  7 .66  to 10.54~. as  a r e s u l t  of the c a r b o n i z a t i o n  
(Tab le  2 -A5,  appendix) .  The r e s u l t s  of th i s  t e s t  a r e  s i m i l a r  to t h o s e  ob-  
t a i n e d  in run  HT-229  p e r f o r m e d  wi th  a Mon tana  l i gn i t e  a t  s i m i l a r  c o n d i t i o n s ,  
but  at  a s y s t e m  p r e s s u r e  of 1004 ps ig .  

2.3.3.4 Fluidized Bed Tests 

The h y d r o g a s i f i c a t i o n  t e s t  p r o g r a m  in the  d e v e l o p m e n t  uni t  w a s  s t a r t e d  
wi th  m o v i n g  c o a l - b e d  o p e r a t i o n s .  A m a j o r  o p e r a t i o n a l  r e s t r i c t i o n  on m o v i n g - b e d  
o p e r a t i o n  was  the l imi~ it  se t  on coa l  and f e e d  gas  r a t e s .  Gas  r a t e s  cou ld  not  
e x c e e d  t h o s e  r e s u l t i n g  in f l u i d i z a t i o n  v e l o c i t i e s .  Coa l  r a t e ,  at  the  s a m e  t i m e ,  
w a s  l i m i t e d  so tha t  d e s i r e d  h y d r o g e n - t o - c o a l  r a t i o s  w e r e  m a i n t a i n e d .  F r o m  
a p r o c e s s i n g  s tandpoin t ,  the  plug f low of the m o v i n g  coa l  bed r e s u l t e d  in a 
r e a c t i o n  g r a d i e n t  and in a s t eep  t e m p e r a t u r e  p r o f i l e  c h a r a c t e r i z e d  by a t e m -  
p e r a t u r e  peak  n e a r  the  top of the coa l  bed. 

Fluidized..bed operation removed the limitation on coal and feed gas 
throughputs, significantly increasing the hydrogasification capacity of the 
unit. Solids backmixing, inherent in a fluidized bed, minimized the hydro- 
gasification reaction gradient and reduced the temperature profile peaks by 
a more uniform distribution of the heat of reaction. 

The e v a l u a t i o n  of c o a l s  of d i f f e r e n t  o r i g i n s  to h y d r o g a s i f i c a t i o n  was  p e r -  
f o r m e d  wi th  f l u i d i z e d  c o a l - b e d  o p e r a t i o n .  In t h e s e  e v a l u a t i o n s ,  t e s t s  w e r e  
c o n d u c t e d  at  s e l e c t e d  cond i t i ons  on e igh t  b i t u m i n o u s  c o a l s ,  t h r e e  subbi -  
t u m i n o u s  c o a l s ,  and two l i g n i t e s .  T e s t s  s i m u l a t i n g  t w 0 - s t a g e  h y d r o g a s i f i -  
ca t ion ,  s i m i l a r  to t h o s e  c o n d u c t e d  wi th  m o v i n g  coa l  beds ,  w e r e  a l s o  con-  
d u c t e d  wi th  two b i t u m i n o u s  coa l s  at  f l u i d i z e d  bed cond i t i ons .  Mos t  of the 
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f l u i d i z e d - b e d  t e s t s  w e r e  m a d e  a t  a s y s t e m  p r e s s u r e  of  1000 p s i g .  S e l e c t e d  
t e s t s  w e r e  p e r f o r m e d  a t  p r e s s u r e s  o f  1500 p s i g  a n d  500 p s i g .  O p e r a t i n g  r e -  
s u i t s  of  a l l  of t h e  f l u i d i z e d - b e d  h y d r o g a s i f i c a t i o n  t e s t s  a r e  g i v e n  in  T a b l e  2 - A 7  
in  t h e  a p p e n d i x .  C h e m i c a l  a n d  s c r e e n  a n a l y s e s  o f  t h e  f e e d s  a n d  r e s i d u e s  of  
t h e s e  t e s t s  a r e  a p p e n d e d  in  T a b l e  2 - A 8 .  C o m p o s i t i o n s  of  t h e  l i q u i d  p r o d u c t s  
f r o m  t h e s e  t e s t s  a r e  a p p e n d e d  in  T a b l e  2 - A 9 .  

2 . 3 . 3 . 4 . 1  P i t t s b u r g h  No.  8 S e a m  B i t u m i n o u s  C o a l  

I n i t i a l  g a s i f i c a t i o n  t e s t s  w i t h  P i t t s b u r g h  No.  8 c o a l  w e r e  p e r f o r m e d  
u s i n g  h y d r o g e n  p l u s  s t e a m  a s  t h e  g a s i f y i n g  m e d i u m .  In  a l a t e r  s e r i e s  of  
t e s t s ,  t h e  c o a l  w a s  g a s i f i e d  w i t h  a s y n t h e s i s  g a s  p l u s  s t e a m  f e e d  g a s .  T h e  
c o a l  w a s  a l s o  g a s i f i e d  in  t e s t s ,  a t  s e l e c t e d  c o n d i t i o n s ,  w i t h  m i x t u r e s  of  
h y d r o g e n ,  m e t h a n e  a n d  s t e a m ,  and  w i t h  m i x t u r e s  of  s y n t h e s i s  g a s ,  m e t h a n e ,  
a n d  s t e a m ,  t o  s i m u l a t e  a t w o - s t a g e  h y d r o g a s i f i e r .  

T h i s  I r e l a n d  m i n e  c o a l  w a s  g a s i f i e d ,  a f t e r  l i g h t  p r e t r e a t m e n t ,  in 7 . 0  
a n d  3 . 5 - f o o t  f l u i d i z e d  b e d s  w i t h  h y d r o g e n  a n d  s t e a m .  A c a r b o n  g a s i f i c a t i o n  
of  3 7 . 3 ~  w a s  o b t a i n e d  w i t h  a h y d r o g e n - t o - c o a l  r a t i o  of 5 2 . 1 ~  of  s t o i c h i o -  
m e t r i c  a n d  a s t e a m  c o n c e n t r a t i o n  o f  4 9 . 5  m o l e  p e r c e n t  w h i l e  p r o d u c i n g  a 
p r o d u c t  g a s  of  581 B t u  p e r  s t a n d a r d  c u b i c  f o o t  ( r u n  H T - I 2 9 ) .  T h e s e  r e s u l t s  
w e r e  o b t a i n e d  i n  a 3 . 5 - f o o t  b e d  a t  a n  a v e r a g e  c o a l  b e d  t e m p e r a t u r e  of 1 6 5 0 ° F ,  
a n d  a r e a c t o r  p r e s s u r e  of 1502 p s i g .  C a r b o n  c o n v e r s i o n s  i n  a 7 . 0 - f o o t  b e d  
w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h o s e ' i n  a 3 . 5 - f o o t  b e d  w h e n  c o n d u c t e d  
a t  s i m i l a r  c o n d i t i o n s .  

In  a t e s t  s i m u l a t i n g  t h e  u p p e r ,  l o w - t e m p e r a t u r e  z o n e  of  a t w o - t e m p e r a -  
t u r e  z o n e  h y d r o g a s i f i e r ,  2 0 . 5 ~  of  t h e  c a r b o n  i n  t h e  c o a l  w a s  g a s i f i e d  w i t h  a 
f e e d  g a s  c o n t a i n i n g  6 7 . 3 ~  h y d r o g e n  a n d  3 2 . 7 4  m e t h a n e ,  p l u s  h i g h e r  h y d r o -  
c a r b o n s ,  a n d  s t e a m  ( r u n  H T - 1 0 6 ) .  H y d r o g e n - t o - c o a l  r a t i o  w a s  2 7 . 9 ~ o f  
s t o i c h i o m e t r i c ,  a n d  s t e a m  c o n c e n t r a t i o n  in  t h e  f e e d  g a s  w a s  3 3 . 8  m o l e  p e r -  
c e n t .  A p r o d u c t  g a s  h a v i n g  a h e a t i n g  v a l u e  of 670 B t u  p e r  s t a n d a r d  c u b i c  
f e e t  w a s  p r o d u c e d  i n  t h e  3 . 5 - f o o t  f l u i d i z e d  b e d  a t  a n  a v e r a g e  t e m p e r a t u r e  
of  1 4 8 0 ° F  a n d  a r e a c t o r  p r e s s u r e  of  1009 p s i g .  

In  r u n  H T - 1 1 1 A ,  t h e  p a r t i a l l y  h y d r o g a s i f i e d  b i t u m i n o u s  c o a l  f r o m  t h e  
l o w - t e m p e r a t u r e  z o n e  t e s t  ( r u n  H T - 1 0 6 )  w a s  g a s i f i e d  w i t h  h y d r o g e n  a n d  
s t e a m .  T h e  t e s t  s i m u l a t e d  t h e  l o w e r ,  h i g h - t e m p e r a t u r e  z o n e  in  w h i c h  2 0 . 9 ~  
of  t h e  c a r b o n  r e m a i n i n g  in  t h e  c o a l  w a s  c o n v e r t e d  to  g a s e o u s  p r o d u c t s .  
H y d r o g e n - t o - c o a l  r a t i o  w a s  3 6 . 9 ~  of  s t o i c h i o m e t r i c ,  a n d  s t e a m  c o n c e n t r a t i o n  
i n  t h e  f e e d  g a s  Was  5 1 . 3  m o l e  p e r c e n t .  T e m p e r a t u r e  of  t h e  3 . 5 - f o o t  c o a l  
b e d  a v e r a g e d  1 7 1 5 ° F  w h i l e  p r o d u c i n g  a p r o d u c t  g a s  of 413 B t u  p e r  s t a n d a r d  
c u b i c  f o o t  h e a t i n g  v a l u e .  O v e r a l l  c a r b o n  g a s i f i c a t i o n  i n  t h e s e  t w o  t e s t s  w a s  
3 8 . 7 4  b a s e d  o n  t h e  o r i g i n a l  c a r b o n  c o n t e n t  "of t h e  c o a l .  

H y d r o g a s i f i c a t i o n  r e s u l t s  o f  P i t t s b u r g h  s e a m  b i t u m i n o u s  c o a l  w i t h  
s y n t h e s i s  g a s - s t e a m  f e e d  g a s ,  a n d  w i t h  s y n t h e s i s  g a s - m e t h a n e - s t e a m  m i x -  
t u r e s ,  a r e  d i s c u s s e d  in  a l a t e r  s e c t i o n  t h a t  p r e s e n t s  t h e  e f f e c t  of  s y n t h e s i s  
g a s  on  c o a l  g a s i f i c a t i o n .  R e s u l t s  o f  t h e  g a s i f i c a t i o n  of  t h e  c o a l  a t  a n o m i n a l  
p r e s s u r e  of  500 p s i g  a r e  d i s c u s s e d  in a l a t e r  s e c t i o n  t h a t  p r e s e n t s  t h e  e f f e c t  
of  t h i s  p r e s s u r e  o n  h y d r o g a s i f i c a t i o n  r e s u l t s .  
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2. 3. 3 . 4 .  Z O h i o  No. 6 S e a m  B i t u m i n o u s  C o a l  

C o a l  f r o m  t h e  B r o k e n  A r o  m i n e  w a s  g a s i f i e d  in  a 3 . 5 - f o o t  f l u i d i z e d  b e d  
w i t h  h y d r o g e n  a n d  s t e a m  a t  an  a v e r a g e  t e m p e r a t u r e  o f  1 6 8 5 ° F  to  y i e l d  a 
p r o d u c t  g a s  w i t h  a h e a t i n g  v a l u e  of  562 B t u  p e r  s t a n d a r d  c u b i c  f o o t  ( r u n  H T - 1 3 0 ) .  
T o  p r o d u c e  t h i s  g a s ,  2 9 . 7  of t h e  c a r b o n  in  t h e  c o a l  w a s  g a s i f i e d .  T h i s  c o n v e r -  
s i o n  w a s  o b t a i n e d  w i t h  a h y d r o g e n - t o - c o a l  r a t i o  of  1 9 . 8 %  of  s t o i c h i o m e t r i c  a n d  
a s t e a m  c o n c e n t r a t i o n  of  51, 7 m o l e  p e r c e n t  i n  t h e  f e e d  g a s .  

2 . 3 . 3 . 4 . 3  W e s t  V i r g i n i a  No.  5 B l o c k  S e a m  B i t u m i n o u s  C o a l  

T h e  b e s t  c a r b o n  c o n v e r s i o n  a n d  p r o d u c t  g a s  h e a t i n g  v a l u e  w e r e  o b t a i n e d  
w i t h  t h i s  c o a l  in r u n  H T - 1 4 7  w h e n  3 1 . 5 ~  of  t h e  c a r b o n  w a s  g a s i f i e d ,  and  a 
p r o d u c t  g a s  w i t h  h e a t i n g  v a l u e  of  572 B t u  p e r  s t a n d a r d  c u b i c  f o o t  w a s  p r o -  
d u c e d .  T h e s e  r e s u l t s  w e r e  o b t a i n e d  a t  1 7 0 0 ° F  w i t h  a h y d r o g e n - t o - c o a l  r a t i o  
o f  20.2~.  of  s t o i c h i o m e t r i c  a n d  a s t e a m  c o n c e n t r a t i o n  of  3 1 . 5  m o l e  p e r c e n t  
in  t h e  f e e d  g a s .  

2 . 3 . 3 . 4 . 4  P o c a h o n t a s  No. 4 S t e a m  L o w - V o l a t i l e  B i t u m i n o u s  C o a l  

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

T h e  e v a l u a t i o n  of t h e  h y d r o g a s i f i c a t i o n  p e r f o r m a n c e  of  P o c a h o n t a s  l o w -  
v o l a t i l e - c o n t e n t  b i t u m i n o u s  c o a l  w a s  m a d e  in two  t e s t s ,  In  r u n  H T - 1 5 0 ,  t h e  
l i g h t l y  p r e t r e a t e d  c o a l  w a s  r e a c t e d  a t  a n o m i n a l  f e e d  r a t e  of  46 p o u n d s  p e r  
h o u r  w i t h  530 s t a n d a r d  c u b i c  f e e t  p e r  h o u r  of  h y d r o g e n  a n d  25 p o u n d s  o f  
s t e a m  p e r  h o u r .  T h i s  r u n  w a s  t e r m i n a t e d  a f t e r  1 h o u r  b e c a u s e  of  e x c e s s i v e  
c o a l  a g g l o m e r a t i o n  in t h e  r e a c t o r  t u b e .  A g g l o m e r a t i o n  of t h e  c o a l  p r e v e n t e d  
f l o w  t h r o u g h  t h e  r e a c t o r  a n d  d i s c h a r g e  to  t h e  r e s i d u e  r e c e i v e r ,  T h e  r e a c t o r  
r e s i d u e  f r o m  t h i s  t e s t  w a s  s c r e e n e d  to  d e t e r m i n e  t h e  e x t e n t  o f  a g g l o m e r a t i o n .  
A p p r o x i m a t e l y  104 of  t h e  c o a l  w a s  of  4 m e s h  s i z e  (0. 187 i nch )  o r  l a r g e r .  T h e  
f e e d  s i z e  f o r  t h i s  t e s t ,  a s  in  a l l  f l u i d i z e d - b e d  t e s t s ,  w a s  10 to 80 m e s h .  
L a b o r a t o r y  e v a l u a t i o n s  of  t h e  p r e t r e a t e d  c o a l  f e e d  u s e d  s h o w e d  t h a t  i t  r e -  
r a n [ n e d  f r e e - f l o w i n g  a t  c o n d i t i o n s  s i m u l a t i n g  t h o s e  in  h y d r o g a s i f i c a t i o n .  

R u n  H T - 1 5 1 ,  c o n d u c t e d  a t  f l o w  c o n d i t i o n s  s i m i l a r  to  t h o s e  o f  r u n  H T - 1 5 0 ,  
l a s t e d  1 . 5  h o u r s  b e f o r e  c o a l  a g g l o m e r a t i o n  in  t h e  r e a c t o r  f o r c e d  a s h u t d o w n .  
T h i s  c o a l  w a s  p r o c e s s e d  s u c c e s s f u l l y  in  f r e e - f a l l ,  r u n  H T - 1 6 7 ,  a s  d i s c u s s e d  
e a r l i e r .  C a r b o n  g a s i f i c a t i o n  w a s  14.14- a s  a p r o d u c t  g a s  of 441 B t u  p e r  
s t a n d a r d  c u b i c  f o o t  w a s  p r o d u c e d .  

No  t a b u l a t e d  o p e r a t i n g  d a t a  f o r  r u n s  H T - 1 5 0  a n d  H T - 1 5 1  a r e  g i v e n  in  
T a b l e  2 - A 7  ( a p p e n d i x )  b e c a u s e  of  t h e  l i m i t e d  d u r a t i o n  of  t h e s e  t e s t s .  

2 . 3 .  3 . 4 .  5 I l l i n o i s  No,  6 S e a m  B i t u m i n o u s  C o a l  

T h e  t h r e e  t e s t s  w i t h  l i g h t l y  p r e t r e a t e d  I l l i n o i s  b i t u m i n o u s  c o a l -  r u n s  
H T - 1 5 5 ,  HT-1!56 ,  a n d  H T - 1 5 7  - e x h i b i t e d  a r a n g e  of  c a r b o n  g a s i f i c a t i o n s  
s i m i l a r  to  thos .e  o f  t h e  t e s t s  w i t h  W e s t  V i r g i n i a  b i t u m i n o u s  c o a l ,  w h i c h  w e r e  
c o n d u c t e d  a t  s i m i l a r  c o n d i t i o n s .  T h e  h i g h e s t  c a r b o n  g a s i f i c a t i o n  (34.4%) 
w a s  o b t a i n e d  w i t h  a h y d r o g e n / c o a l  r a t i o  of 25 .5% of  t-he s t o i c h i o m e t r i c  r a t i o  
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and a s t e a m  c o n c e n t r a t i o n  of 51.3%; the l o w e s t  c a r b o n  g a s i f i c a t i o n  (29.0~)  
w a s  ob ta ined  wi th  a h y d r o g e n / c o a l  r a t i o  of 17.5% of the  s t o i c h i o m e t r i c  r a t i o  
and a s t e a m  c o n c e n t r a t i o n  of 53.4%. When 3 4 . 4 ~  of the c a r b o n  was  ga s i f i ed ,  
a p r o d u c t  gas  wi th  h e a t i n g  v a l u e  of 551 Btu p e r  s t a n d a r d  dub[c foot  was  p r o -  
duced;  wi th  the l o w e r  c a r b o n  c o n v e r s i o n  of 29.0%, a p r o d u c t  gas  of 549 Btu 
p e r  s t a n d a r d  cubic  foot  was  g e n e r a t e d .  

2 . 3 . 3 . 4 . 6  Ind iana  No. 6 Vein  B i t u m i n o u s  Coal  

Both o p e r a t i o n a l  p e r f o r m a n c e  and r e s u l t s  in h y d r o g a s i f i c a t i o n  of the  
Ind iana  coa l  w e r e  s i m i l a r  to t h o s e  of the I l l i no i s  coal .  

The c a r b o n  g a s i f i c a t i o n  of 31.9% ob ta ined  wi th  l i gh t l y  p r e t r e a t e d  I n d i a n a  
b i t u m i n o u s  coa l  [n run  HT-161 is  on ly  s o m e w h a t  l o w e r  than  the  34 .4~  o b t a i n e d  
w i th  I l l i no i s  b i t u m i n o u s  coa l  in run  HT-155  at g e n e r a l l y  s i m i l a r  cond i t i ons .  
H o w e v e r ,  th i s  is  e x p l a i n e d  in p a r t  to the  l o w e r  h y d r o g e n / c o a l  r a t i o  of run  
HT- 161 ,  w h i c h  was  22.0% of s t o i c h i o m e t r i c ,  c o m p a r e d  to the 25.5% of s t o i c h i o -  
m e t r i c  of run  HT-155 .  The d i f f e r e n c e  [n h y d r o g e n / c o a l  r a t i o  a l so  a c c o u n t s  
fo r  the h i g h e r  p r o d u c t  gas  h e a t i n g  v a l u e  of 560 Btu p e r  s t a n d a r d  cubic  foo t  in 
the t e s t  wi th  Ind iana  coal .  The  c o n c e n t r a t i o n  of u n r e a c t e d  h y d r o g e n  w a s  
l o w e r  in the p r o d u c t  gas .  

2.3.3.4.7 West  V i r g i n i a  Sewe!  1 Seam L o w : V o l a t i l e  B i t u m i n p u s  
Coal  

T h r e e  h y d r o g a s i f i c a t i o n  t e s t s  w e r e  c o n d u c t e d  wi th  th i s  coa l  a f t e r  i t  
w a s  l i gh t l y  p r e t r e a t e d  ( r u n s  HT-170 ,  HT-172  and HT-174) .  The  be s t  c a r b o n  
g a s i f i c a t i o n  of ZS. 5% was  o b t a i n e d  wi th  a h y d r o g e n - t o - c o a l  r a t i o  of Z4.5% 
of s t o i c h i o m e t r i c  and  a s t e a m  c o n c e n t r a t i o n  of 24 .5  m o l e  p e r c e n t  in the  
f e e d  gas ,  r un  H T - 1 7 0 .  The p r o d u c t  gas  wi th  the  h i g h e s t  h e a t i n g  va lue  (SZ0 
Btu p e r  s t a n d a r d  cub ic  foot) was  a l so  ob ta ined  at  the  s a m e  t i m e .  F r o m  an 
o p e r a t i o n a l  s t andpo in t ,  the  p e r f o r m a n c e  of th i s  coa l  was  s i g n i f i c a n t l y  b e t t e r  
t h e n  tha t  of the  o t h e r  l o w - v o l a t i l e - c o n t e n t  b i t u m i n o u s  coa l  t e s t e d  f r o m  the  
P o c a h o n t a s  No, .4 s e a m .  

J¢ 

2 . 3 . 3 . 4 . 8  C o l o r a d o  L a r a m i e  No. 3 S e a m  Subb i tuminous  Coal  

In i t ia l  h y d r o g a s i f i c a t i o n  s t ud i e s  wi th  th i s  coa l  f r o m  the E a g l e  m i n e  w e r e  
c o n d u c t e d  wi thou t  p r e t r e a t m e n t  a f t e r  only d r y i n g  the  coa l .  The c o a l  w a s  d r i e d  
f r o m  a m o i s t u r e  con ten t  of 19.5% (as r e c e i v e d )  to 3.1%. Only m i n i m a l  a g g l o m e r a -  
t ion  t e n d e n c i e s  w e r e  d e t e c t e d  when  the coa l  was  t e s t e d  in the l a b o r a t o r y .  In 
the  f i r s t  t e s t  the  d r i e d  coa l  was  r e a c t e d  in a 3 . 5 - f o o t  f l u id i zed  bed wi th  a 
h y d r o g e n / c o a l  r a t i o  of 25% of s t o i c h i o m e t r i c  and wi th  50 m o l e  p e r c e n t  s t e a m  
in the  f eed  gas .  The run  w a s  only  p a r t i a l l y  s u c c e s s f u l ,  be ing  t e r m i n a t e d  
s h o r t l y  a f t e r  t h e  3 . 5 - f o o t  coa l  bed was  e s t a b l i s h e d  w h e n  the coa l  began  to 
a g g l o m e r a t e  in the r e a c t o r  tube  and would not  d i s c h a r g e .  The a g g l o m e r a t i o n  
of the coal  a p p e a r e d  to s t a r t  n e a r  the  top of the f eed  gas  d i s t r i b u t o r .  

The p e r f o r m a n c e  of u n t r e a t e d  C o l o r a d o  s u b b i t u m i n o u s  coa l  in six o t h e r  
f l u i d i z e d - b e d  t e s t s  con t i nued  to be m a r g i n a l .  The only  c o m p l e t e l y  s u c c e s s f u l  
o p e r a t i o n  was  w h e n  the  coa l  w a s  h y d r o g a s i f i e d  in f r e e - f a l l  ( runs  HT-179  
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a n d  H T - 1 3 8 ,  T a b l e  2 - A 4 ,  a p p e n d i x .  In  a f l u i d i z e d - b e d  o p e r a t i o n  t h e  c o a l  
a g g l o m e r a t e d  a f t e r  1 to 3 h o u r s  a n d  p r e v e n t e d  d i s c h a r g e  o f  t h e  c o a l  b e d .  
In  s o m e  c a s e s ,  a g g l o m e r a t i o n  of  t h e  c o a l  n e a r  t h e  t op  o f  t h e  r e a c t o r  c h o k e d  
of f  t h e  c o a l - f e e d  t u b e .  

P a r t i a l l y  s u c c e s s f u l  o p e r a t i o n  w i t h  t h e  u n t r e a t e d  C o l o r a d o  s u b b i t u m i n o u s  
c o a l  w a s  a c h i e v e d  in  a f l u i d i z e d  bed  d u r i n g  r u n  H T - 1 8 2  ( T a b l e  2 - A 7 ,  a p p e n d i x ) .  
T h e  h y d r o g a s i f i c a t i o n  d a t a  of  t h i s  r u n  r e p r e s e n t  o p e r a t i o n  w i t h  a f i x e d  c o a l  
b e d  a t  an  a v e r a g e  b e d  h e i g h t  of 4 . 7 5  f e e t .  T h e  c o a l  b e d  i n c r e a s e d  in  h e i g h t  
a s  c o a l  w a s  :led to  t h e  t o p  of  t h e  r e a c t o r ,  bu t  a g g l o m e r a t i o n  p r e v e n t e d  t h e  
d i s c h a r g e  of  r e s i d u e  a t  t h e  b o t t o m  of  t h e  r e a c t o r .  C a r b o n  g a s i f i c a t i o n  w a s  
c o m p a r a t i v e l y  h i g h  a t  40%, b a s e d  on  a h y d r o g e n / c o a l  r a t i o  of  284  of  t h e  
s t o i c h i o m e t r i c  r a t i o .  C a r b o n  in  t h e  o i l  p r o d u c t s  w a s  4 . 4 ~  of  t h e  c a r b o n  in  
t h e  c o a l .  T h i s  i s  a s i g n i f i c a n t  f r a c t i o n ,  bu t  i s  o f  t h e  o r d e r  e x p e c t e d  w i t h  a 
l o w - r a n k  c o a l  of  t h i s  t y p e .  A p r o d u c t  g a s  w i t h  a h e a t i n g  v a l u e  of  581 B t u  
p e r  s t a n d a r d  c u b i c  f o o t  w a s  p r o d u c e d .  

To  d e s t r o y  t h e  a g g l o m e r a t i n g  t e n d e n c i e s  of  t h i s  c o a l  a n d  m a k e  i t  s u i t a b l e  
f o r  h y d r o g a s i f i c a t i o n  u s e ,  t h e  c o a l  w a s  p r e t r e a t e d  w i t h  a i r  i n  t h e  f l u i d i z e d  
bed PDU pretreater. Following pretreatment, the coal successfully hydro- 
gasified in a 3.5-foot fluidized bed during three tests (runs HT-184, HT-185 
and HT-187). A carbon gasification of 38~ was obtained in two of the tests 
w h e n  t h e  h y d r o g e n - t o - c o a l  r a t i o  w a s  19 to  21% o f  t h e  s t o i c h i o m e t r i c  r a t i o  
a n d  t h e  s t e a m  c o n c e n t r a t i o n  in  t he  f e e d  g a s  w a s  51 m o l e  p e r c e n t .  P r o d u c t  
g a s  h e a t i n g  v a l u e s  f o r  t h e s e  t e s t s  w e r e  in  t h e  r a n g e  of  539 to  542 B t u  p e r  
s t a n d a r d  cub![c f oo t .  When  t h e  c o a l  w a s  h y d r o g a s i f i e d  w i t h  a h y d r o g e n - t o - c o a l  
r a t i o  of  244 of  t h e  s t o i c h i o m e t r i c  r a t i o ,  a n d  a s t e a m  c o n c e n t r a t i o n  of  31 m o l e  
p e r c e n t ,  40~ of  t h e  c a r b o n  w a s  g a s i f i e d  and  a p r o d u c t  g a s  of  599 B t u  p e r  
s t a n d a r d  c u b i c  f o o t  w a s  p r o d u c e d .  

2 . 3 . 3 . 4 . 9  N o r t h  D a k o t a  L i g n i t e  

D r i e d ,  b u t  o t h e r w i s e  u n t r e a t e d ,  l i g n i t e  h a d  b e e n  f i r s t  p r o c e s s e d  s u c c e s s -  
f u l l y  in  a m o v i n g  b e d  in  r u n  H T - 1 3 5 ,  a s  d i s c u s s e d  i n  t h e  s e c t i o n  on  m o v i n g  
b e d  t e s t s .  

T h i s  l i g n i t e  w a s  a l s o  t h e r m a l l y  g a s i f i e d  in f r e e - f a l l  in  r u n  H T - 2 3 4 ,  a s  
d i s c u s s e d  in  t h e  s e c t i o n  on  f r e e - f a l l  t e s t s .  

R u n  H T - 1 3 9  ( T a b l e  2 - A 7 ,  a p p e n d i x ) ,  w a s  t h e  f i r s t  s u c c e s s f u l  f l u i d i z e d -  
b e d  t e s t  c o n d u c t e d  in  t h e  b a l a n c e d - p r e s s u r e  P D U  w i t h  N o r t h  D a k o t a  l i g n i t e .  
T h e  h i g h  r e a c t i v i t y  o f  t h e  l i g n i t e  i s  i l l u s t r a t e d  by  t h e  46~  c a r b o n  g a s i f i c a t i o n  
w h e n  h y d r o g a s i f y i n g  w i t h  a h y d r o g e n / l i g n i t e  r a t i o  of  o n l y  24~ of  s t o i c h i o m e t r i c .  
In  a d d i t i o n ,  a b o u t  6 .6% of t h e  c a r b o n  in  t h e  l i g n i t e  w a s  c o n v e r t e d  to  l i q u i d  
h y d r o c a r b o n s  a s  a p r o d u c t  g a s  of  534 B t u  p e r  s t a n d a r d  c u b i c  f o o t  w a s  p r o -  
d u c e d .  S t e a m  c o n c e n t r a t i o n  in  t h i s  t e s t  w a s  5 1 . 3  m o l e  p e r c e n t .  In  a n o t h e r  
t e s t  ( r u n  H T - 1 4 5 )  a g a s  of  5 7 4  B t u  p e r  s t a n d a r d  c u b i c  f o o t  h e a t i n g  v a l u e  w a s  
p r o d u c e d  w i t h  a c a r b o n  g a s i f i c a t i o n  of  42 .1%.  T o  g e t  t h e s e  r e s u l t s  t h e  h y d r o -  
g e n - t o - c o a l  r a t i o  w a s  24.  74 of t h e  s t o i c h i o m e t r i c  r a t i o ,  a n d  t h e  s t e a m  c o n -  
c e n t r a t i o n  in  t h e  f e e d  g a s  w a s  31.  Z m o l e  p e r c e n t .  

C o m p a r e d  to  m o v i n g - b e d  h y d r o g a s i f i c a t i o n  of  t h e  l i g n i t e  w h e n  57~ of  
c a r b o n  w a s  g a s i f i e d  a t  s i m i l a r  o p e r a t i n g  c o n d i t i o n s  ( r u n  H T - 1 3 5 ) ,  t h e  c a r b o n  
g a s i f i c a t i o n  in  f l u i d i z e d  b e d  t e s t s  w a s  s i g n i f i c a n t l y  l e s s .  T h i s  d i f f e r e n c e  i s  
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m o s t  r e a d i l y  e x p l a i n e d  b y  t h e  l o n g e r  r e s i d e n c e  t i m e  of  t h e  l i g n i t e  i n  m o v i n g -  
b e d  o p e r a t i o n  a s  t h e  l i g n i t e  f e e d  r a t e  w a s  a b o u t  o n e - h a l f  of t h a t  in  f l u i d i z e d -  
b e d  o p e r a t i o n .  

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

Z. 3 . 3 . 4 . 1 0  M o n t a n a  S u b b i t u m i n o u s  C o a l  

T h e  f e a s i b i l i t y  of s u c c e s s f u l l y  g a s i f y i n g  M o n t a n a  s u b b i t u m i n o u s  c o a l  
f r o m  t h e  C o l s t r i p  m i n e  w i t h  no  p r i o r  p r e t r e a t m e n t  w a s  d e m o n s t r a t e d  in  a 
s e r i e s  of  t e s t s .  T h e  d r i e d ,  b u t  o t h e r w i s e  u n t r e a t e d  c o a l  w a s  g a s i f i e d  in  a 
f l u i d i z e d  b e d  w i t h  h y d r o g e n  a n d  s t e a m  f e e d  g a s e s ,  a n d  w i t h  s y n t h e s i s  g a s  
and  s t e a m  m i x t u r e s .  T e s t s  w i t h  b o t h  g a s e s  w e r e  p e r f o r m e d  a t  n o m i n a l  
r e a c t o r  p r e s s u r e s  of  1000 p s i g  a n d  500 p s i g  ( T a b l e  2 - A 7 ,  a p p e n d i x ) .  

M o r e  t h a n  48 p e r c e n t  of  t h e  c a r b o n  in  t h e  s u b b i t u m i n o u s  c o a l  w a s  
g a s i f i e d  in  t e s t  r u n  H T - 2 1 2 ,  w h e n  t h e  c o a l  w a s  t r e a t e d  in  a 3 . 5 - f o o t  f l u i d i z e d  
bed at an average reactor temperature of 1595°F and a reactor pressure of 
1082 p s i g .  T h e  h y d r o g e n - t o - c o a l  r a t i o  w a s  37 .2% of  s t o i c h i o m e t r i c ,  a n d  
t h e  s t e a m  c o n c e n t r a t i o n  in  t h e  h y d r o g e n - s t e a m  m i x t u r e  w a s  5 1 . 4 ~ .  In  
t e s t  r u n  H T - 2 1 6  u s i n g  a s i g n i f i c a n t l y  l o w e r  h y d r o g e n - t o - c o a l  r a t i o  of  Z 4 . 8 ~  
of s t o i c h i o m e t r i c ,  b u t  w i t h  o t h e r w i s e  s i m i l a r  c o n d i t i o n s ,  t h e  c a r b o n  g a s i f i -  
c a t i o n  w a s  4 3 . 1 ~ .  

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

R e s u l t s  of  t h e  h y d r o g a s i f i c a t i o n  of  M o n t a n a  s u b b i t u m i n o u s  c o a l  w i t h  
s y n t h e s i s  g a s  a n d  s t e a m  a r e  p r e s e n t e d  in  t h e  s e c t i o n  o n  t h e  e f f e c t  of  s y n t h e s i s  
g a s  on  c o a l  g a s i f i c a t i o n .  H o w  p r e s s u r e  a f f e c t s  g a s i f i c a t i o n  of  t h i s  c o a l  i s  
d i s c u s s e d  in t h e  s e c t i o n  on  500 p s i g  H y d r o g a s i f i c a t i o n  T e s t s .  

2 . 3 . 3 . 4 .  11 M o n t a n a  L i g n i t e  

T h e  h y d r o g a s i f i c a t i o n  b e h a v i o r  of  a M o n t a n a  l i g n i t e  w a s  s t u d i e d  in  t h e  
b a l a n c e d - p r e s s u r e ,  h i g h - t e m p e r a t u r e  P D U  to  e x t e n d  t h e  e v a l u a t i o n  of  c o a l s  
of  d i f f e r e n t  r a n k s  in  o r d e r  t o  d e t e r m i n e  v a r i a t i o n  in  p e r f o r m a n c e  d u e  to  
o r i g i n  a s  w e l l  a s  r a n k .  I t  w a s  n o t  n e c e s s a r y  to  p r e t r e a t  t h e  l i g n i t e  f o r  
h y d r o g a s i f i c a t i o n  us  e.  

T h e  M o n t a n a  l i g n i t e  w a s  s u p p l i e d  b y  t h e  K n i f e  R i v e r  C o a l  Co.  f r o m  
i t s  m i n e  a t  S a v a g e ,  M o n t a n a .  T h e  f e e d  f o r  t h e  t e s t s  w a s  p r e p a r e d  by  f i r s t  
p u l v e r i z i n g  t h e  a s - r e c e i v e d  1 . 5 -  to  3 - i n c h  p a r t i c l e s  i n  a s w i n g  h a m m e r  
m i l l  to  - - 1 0 + 8 0  m e s h  s i z e .  A f t e r  c r u s h i n g  a n d  s c r e e n i n g ,  t h e  l i g n i t e  w a s  
d r i e d  w i t h  a i r  a t  240 ° F  in  t h e  P D U  f l u i d i z e d - b e d  c o a l  p r e t r e a t m e n t  u n i t .  T h e  
m o i s t u r e  c o n t e n t  w a s  r e d u c e d  b y  d r y i n g  f r o m  t h e  a s - r e c e i v e d  l e v e l  of 35~ 
to  3 . 5 ~ .  A f t e r  d r y i n g ,  t h e  l i g n i t e  w a s  a g a i n  s c r e e n e d  t o  r e m o v e  p a r t i c l e s  
of  m i n u e  80 m e s h  s i z e  n o t  r e m o v e d  in  t h e  f i r s t  s c r e e n i n g .  

II 
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The hydrogasification performance of the dried lignite with hydrogen 
and steam was studied in three tests, runs HT-217, HT-ZI8 and HT-219, 
(Table Z-A7, appendix) performed in a 3.5-foot fluidized bed controlled to 
1700°F, and at a nominal reactor pressure of I000 psig. In these tests, 
the hydrogen-to-lignite ratio was varied from Z0 to Z5% of stoichiometric, 
and the steam concentration from 30 to 50 mole percent in the feed gas. 
No difficulties were experienced in feeding the lignite or in discharging the 
lignite residue from the reactor in any of the tests. Lignite flow through 
the free-fall ::ection of the reactor tube and through the fluidized bed was 
generally smooth with no evidence of holdup. 

H y d r o g a s i f i c a t i o n  t e s t  HT-Z17,  the f i r s t  wi th  Mon tana  l ign i t e ,  w a s  
p e r f o r m e d  wit/~ a h y d r o g e n / l i g n i t e  r a t i o  of 19 .1~  of s t o i c h i o m e t r i c ,  and 
a s t e a m  c o n c e n t r a t i o n  of 53 .9  m o l e  p e r c e n t  in the f eed  gas .  At t h e s e  con-  
d i t ions ,  60~ of." the m o i s t u r e -  and a s h - f r e e  l i gn i t e  was  c o n v e r t e d ,  43,~ of 
the c a r b o n  in the l ign i te  was  gas i f i ed ,  and a p r o d u c t  gas  of 534 Btu p e r  
s t a n d a r d  cubic  foo t  ( n i t r o g e n - f r e e  ba s i s )  was  p r o d u c e d .  

Key r e s u l t s  of r u n  HT-217  a r e  shown in Tab le  2-3 wi th  t h o s e  of r u n  HT-213  
to show the  c o m p a r a t i v e  h y d r o g a s i f i c a t i o n  b e h a v i o r  of Montana  l i gn i t e  and 
Mon tana  s u b b i t u m i n o u s  coal .  Run HT-213  w a s  c o n d u c t e d  at c o n d i t i o n s  s i m i l a r  
to t h o s e  of r u n H T - Z 1 7 .  

The l ign i t e  shows  a h i g h e r  d e g r e e  of r e a c t i v i t y  t han  the s u b b i t u m i n o u s  
coa l  b a s e d  on the l a r g e r  f r a c t i o n  of c a rbon ,  and m o i s t u r e :  and  a s h - f r e e  f eed  
t ha t  was  gas i f i ed .  F o r  both f e e d s ,  h y d r o c a r b o n  y i e l d s  a r e  s i m i l a r .  T h e  
i n c r e a s e d  c a r b o n  g a s i f i c a t i o n  wi th  l i gn i t e  was  due m a i n l y  to the  i n c r e a s e d  
y i e l d  of c a r b o n  ox ides .  A g r e a t e r  c o n v e r s i o n  of f eed  c a r b o n  to oi l  p r o d u c t s  
was  a l so  ob ta ined  wi th  the l ign i t e  feed .  Of the  c a r b o n  in the s u b b i t u m i n o u s  
coal ,  5 . 8 ~  was  c o n v e r t e d  to oil, w h e r e a s  8 . 8 ~  of the c a r b o n  in the  l i gn i t e  
a p p e a r e d  as  oil.  In g e n e r a l ,  both f e e d s  p r o d u c e d  g a s e s  of s i m i l a r  c o m p o s i -  
t ions .  The  s o m e w h a t  l o w e r  h e a t i n g  va lue  of the gas  p r o d u c e d  f r o m  the  l i gn i t e  
f eed  shows tha t  the  c a r b o n  oxide c o n c e n t r a t i o n s  a r e  h i g h e r  and tha t  the  
m e t h a n e  c o n c e n t r a t i o n s  a r e  l o w e r  than  t h o s e  of the gas  p r o d u c e d  f r o m  the  
subbiturninous coal feed. 

In the second test, run HT-ZI8, the lignite was fed at a nominal rate of 
69.5 pounds per hour, the hydrogen at a rate of 463 standard Cubic feet per 
hour, and the steam at a rate of II. 9 pounds per hour. At these flow con- 
ditions, the hydrogen/lignite ratio was 20.2% of the stoichiometric ratio; the 
steam concentration in the feed gas was 35 mole percent. 

At t h e s e  cond i t i ons ,  51.3% of the  m o i s t u r e -  and a s h - f r e e  l i gn i t e  w a s  
c o n v e r t e d ,  38.5% of the  c a r b o n  in the  l i gn i t e  gas i f i ed ,  and a p r o d u c t  gas  of 
581 Btu p e r  s t a n d a r d  cubic  foot ( n i t r o g e n - f r e e  bas i s )  was  p r o d u c e d .  The 
l ign i t e  c o n v e r s i o n  of run  HT-Z18 i s  l o w e r  wl~en c o m p a r e d  to tha t  of r u n  
HT-217 .  The p r o d u c t  gas  h e a t i n g  va lue ,  h o w e v e r ,  i s  h i g h e r  in run  HT-218  
than  in run  H ' r - z 1 7 .  The r e a s o n  fo r  th i s  is  tha t  run  HT-217  was  c o n d u c t e d  
at  a h i g h e r  s t e a m  c o n c e n t r a t i o n  (50 m o l e  p e r c e n t )  w h i c h  r e s u l t e d  in h i g h e r  
c a r b o n  ox ides  p r o d u c t i o n ,  but in l o w e r  h y d r o c a r b o n  p r o d u c t i o n  than  in run  
HT- 218 .  

The t h i r d  Mon tana  l ign i t e  h y d r o g a s i f i c a t i o n  te st wi th  h y d r o g e n  and s t e a m  
( run  HT-Z19) ,  w a s  p e r f o r m e d  wi th  a h y d r o g e n / l i g n i t e  r a t i o  of 28. 1~ of 

2-51 



Table 2 - 3. COMPARISON OF MONTANA SUBBITUMINOUS COAL AND 
LIGNITE TEST RESULTS 

Run No. 

F e e d  

OPERATING RESULTS 

R e a c t o r  P r e s s u r e ,  p s ig  1068 

Coal  Bed T e m p . ,  a v e r a g e ,  °F 1605 

Coal  Bed Height ,  ft  3 . 5  

Coal  F e e d  Rate,  l b / h r  69.11 

H y d r o g e n  F e e d  Rate ,  S C F / h r  489 .2  

S team F e e d  Rate,  l b / h r  25.62 

S t e a m / C o a l  Rat io ,  Ib/Ib 0. 371 

H y d r o g e n / C o a l  Rat io ,  ~ of s t o i ch io -  20 .8  
m e t r i c  

S team C o n c e n t r a t i o n  F e e d  Gas,  m o l e  ~ 52 .4  

S team D e c o m p o s e d ,  ,,do of s t e a m  fed 18.8 

S team D e c o m p o s e d ,  ~ of to ta l  
equivalent steam fed 50.7 

Carbon Gasified, ~ 38.3 

MAF Coal  Gas i f i ed ,  ~ 46 .6  

H y d r o c a r b o n  Yield,  S C F / l b  4. 317 

CO + CO z Yie ld ,  S C F / l b  3. 089 

Ca rbon  in Oil P r o d u c t s ,  
of c a r b o n  in  coa l  5 .85  

PRODUCT GAS P R O P E R T I E S  

Gas C o m p o s i t i o n  ( n i t r o g e n - f r e e ) ,  m o l e  

Ca rbon  Monoxide  11.8  

Carbon Dioxide 14.4 

H y d r o g e n  36 .8  

Methane  34.1 

E thane  1 .6  

P r o p a n e  0 .8  

Benzene 0. 5 

Total 100.0 

Product Gas Heating Value (nitrogen- 
f ree ) ,  Btu/SCF 564 

HT-213 

Montana Subbiturninous 

HT'-217 

Mon tana  L ign i t e  

I020 

1605 

3.5 

75.44 

462.8  

25.75 

0. 341 

19.1 

53.9 

6.16 

45.5 

42.7 

60. I 

4.232 

3. 643 

8.82 

12.6 

16.8 

36.1 

32.0 

1.4 

0.6 

0.5 

100.0 
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