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1.0 I n t r o d u c t i o n  to the Repor t  

OCR R&D :Report No. Z2 is a c o m p r e h e n s i v e  p r e s e n t a t i o n  of a c t i v i t i e s  con-  
ducted  by the Ins t i tu te  of Gas T e c h n o l o g y  (IGT) for  the  D e p a r t m e n t  of the 
i n t e r i o r ,  Office of Goal R e s e a r c h  (OCR) and its a s s o c i a t e d  s p o n s o r ,  the  
A m e r i c a n  Gas A s s o c i a t i o n  (A. G.A.) ,  c o n c e r n i n g  HYGAS TM p r o c e s s  r e s e a r c h  
u n d e r  the fol lowing c o n t r a c t s :  OCR Con t rac t  No. 14 -01 -0001-381 ,  da ted  July,  
1964; 14-01-0001-381(1) ,  dated June,  1967; and 14-01-0001-381(Z) ,  da ted  
March ,  1972. The w o r k  was p e r f o r m e d  in the  p e r i o d  of July 1964 to S e p t e m b e r  
1972. E a r l i e r  w o r k  f r o m  which  the HYGAS* p r o c e s s  concep t  e m e r g e d  was 
p r i v a t e l y  s p o n s o r e d ,  p r i n c i p a l l y  by the A . O . A . ,  and is r e p o r t e d  in IGT 
R e s e a r c h  Bu l l e t in  39. The work  r e p o r t e d  in th is  OCR R&D R e p o r t  No. 2Z is 
cont inu ing  u n d e r  the  U.S.  E n e r g y  R e s e a r c h  & D e v e l o p m e n t  A d m i n i s t r a t i o n  
(ERDA) Con t r ac t  No. E(49-18) . - ]ZZI.  This  r e p o r t  was p r o d u c e d  by the 
P r o c e s s  Rese .a rch  Div i s ion  of I(3T in c o m p l i a n c e  wi th  con t r ac t  d i r e c t i v e s .  

A c o m p r e h e n s i v e  yet  f lexible  out l ine  f o r m  was adop ted  e a r l y  in  the  
p r e p a r a t i o n  of th is  r e p o r t  to p e r m i t  s i m u l t a n e o u s  i n d e p e n d e n t  w o r k  on each  
of the  variou:3 p a r t s ,  wi th  i n d e p e n d e n t  pub l i c a t i on  if d e s i r e d .  The  p r i n c i p a l  
p a r t s  of the r e p o r t  a r e :  

Vo lume  1 

T a b l e s  of Content ,  L i s t s  of F i g u r e s ,  and L i s t s  of T a b l e s  
P a r t  I: S u m m a r y  ( inc lud ing  B i b l i o g r a p h y )  
P a r t  II: H y d r o g a s i f i c a t i o n  in a 4 - Inch  PDU 

Volume 2 

Part III: 
Part IV: 

P i l o t  P l a n t  D e v e l o p m e n t  
H y d r o g e n  G e n e r a t i o n  

Volume 3 

P a r t  
P a r t  
P a r t  

V: 
VI: 
VII: 

M e thana t ion  
Coal  and Char  C h a r a c t e r i z a t i o n  
Coal P r e t r e a t m e n t  in a 10- Inch  PDU 

V o l u m e  4 

Part VIII: Commercial Plant Design 
Part IX: Process Economics 

HYGAS is the IGT acronym for H___YdroGA____Sification, 
registered trademark. 

and is  a 
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B e c a u s e  the  ou t l in ing  was  e s t a b l i s h e d  b e f o r e  the  n u m b e r  of v o l u m e s  could  
b e  d e t e r m i n e d ,  the  R o m a n  n u m e r a l  tha t  i d e n t i f i e s  e ach  p a r t  in the above  l i s t  -- 
r a t h e r  than  the  v o l u m e  n u m b e r  - - p r o v i d e s  the  b a s e - r e f e r e n c e  key for  a l l  
d i v i s i o n s  of t h e  r e p o r t  t ex t .  Thus ,  s e c t i o n  3. Z is the  s e c o n d  m a j o r  s e c t l u n  
of P a r t  ILl; a d e c i m a l  s y s t e m  is  u t i l i z e d  wi th  i n c r e a s i n g  n u m b e r s  of d e c i m a l  
d ig i t s  and  i n c r e a s i n g  i n d e n t a t i o n  to l abe l  s u b o r d i n a t e  d i v i s i o n s  of tex t .  With 
t he  d e c i m a l  index ,  a p o r t i o n  of the  r e p o r t  r e f e r e n c e d  only  by a s e c t i o n  nut ~1~(., 
c a n  b e  qu i ck ly  l o c a t e d  s i m p l y  by  s c a n n i n g  the lef t  m a r g i n  of text ,  if d e s i - e d ,  
w i thou t  t u r n i n g  to the  t ab le  of c o n t e n t s .  The c o n t e n t  in m o s t  p a r t s  of the 
r e p o r t  is  l i m i t e d  to a s ing le  m a j o r  a r e a  of work ;  h o w e v e r ,  P a r t s  IV and VI 
e a c h  p e r t a i n  to s e v e r a l  d i f f e r e n t  ( a l t h o u g h  r e l a t e d )  w o r k  a r e a s .  In p a r t s  
IV and  VI, t h e r e f o r e ,  the s u b s e c t i o n s  a r e  d e l i n e a t e d  by a l e t t e r  code;  for  
e x a m p l e ,  P a r t  VI is  d i v i d e d  into s u b o r d i n a t e  P a r t s  6a, 6b, 6c, and 6d. 

T h e  r e p o r t  p a r t  n u m b e r  a l s o  p r o v i d e s  the b a s e - r e f e r e n c e  fo r  a l l  pag ina t ion ,  
i l l u s t r a t i o n s ,  t ab l e s ,  and a p p e n d i x e s .  Thus ,  page  l -Z3  is  the t w e n t y - t h i r d  
p a g e  of P a r t  I, F i g u r e  8-ZZ is the  t w e n t y - s e c o n d  f i g u r e  of P a r t  VIII, 
T a b l e  5-46 is the  f o r t y - s i x t h  t ab le  in P a r t  V, and  Append ix  6c -C is the t h i r d  
a p p e n d i x  of s u b o r d i n a t e  P a r t  6c. 

E a c h  v o l u m e  s t a r t s  wi th  a b r i e f  l i s t  of the p a r t s  i n c l u d e d  t h e r e i n .  The  
c o m p l e t e  t ab le  of c o n t e n t s  and  c o m p l e t e  l i s t s  of f i g u r e s  and  t a b l e s  for  the 
e n t i r e  r e p o r t  a p p e a r  a t  the  f r o n t  of V o l u m e  1. In add i t ion ,  the a p p r o p r i a t e  
c o m p l e t e  t ab l e  of con t en t s ,  l i s t  of f i g u r e s  and  l i s t  of t a b l e s  a r e  repea~ed  
a t  the  f r o n t  of e a c h  p a r t  of the  r e p o r t .  

Whi le  m o s t  n o m e n c l a t u r e  i s  r a t h e r  s t r a i g h t f o r w a r d ,  the  d e s i g n a t i o n s  of 
e x p e r i m e n t a l  r u n  data  ( a s i d e  f r o m  the  r u n  n u m b e r s )  a r e  of ten  p r e c e d e d  by 
c o d e s .  T h e s e  l e t t e r  codes ,  d e r i v e d  f r o m  v a r i o u s  IGT r e s e a r c h  a r e a s ,  a r e  
a s f o l l ows :  

HT 
EG 
EG-O 
SO 
OH 
F P  
F -OH 
R-OH 
R-HT 
R-EG 
LS 
LT 
HS 
TL 

High  T e m p e r a t u r e  
E l e c t r o t h e r m a l  G a s i f i e r  
E l e c t r o t h e r m a l  G a s i f i e r / O x y g e n  
S t e a m  Oxygen  
Oxygen  H y d r o g a  s i f i e r  
F l u i d i z e d - b  ed P r e t r e a t m e n t  
F e e d  (char), Oxygen  H y d r o g a s i f i e r  
R e s i d u e  ( c h a r ) ,  Oxygen  H y d r o g a s i f i e r  
R e s i d u e  ( c h a r )  -- High T e m p e r a t u r e  
R e s i d u e  ( c h a r )  -- E l e c t r o t h e r m a l  G a s i f i e r  
L i f e  Study ( c a t a l y s i s )  
L i f e  T e s t  ( c a t a l y s i s )  
H y d r o g e n  Su l f ide  t e s t  ( c a t a l y s i s )  
T e s t  L a b o r a t o r y  ( h e a t  of r e a c t i o n )  

1.1 I n t r o d u c t i o n  to  the  S u m m a r y  

Th i s  s u m m a r y  is  c o m p r i s e d  of the  i nd iv idua l  s u m m a r i e s  tha t  p r e c e d e  
e a c h  p a r t  of t h i s  r e p o r t .  
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1. Z Sunanaa ry  of H y d r o g a s i f : . c a t i o n  in the  4 - I n c h  P D U  

D u r i n g  the  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 
and  end ing  in 1972, m o r e  t h a n  ~-50 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  and  u t i l i z i n g  m a n y  t y p e s  of coa 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 ,  

The work was performed in a 4-inch-diameter reactor termed the hydro- 
gasification ]?rocess development unit (PDU), which is described in its 
various configurations herein. The results of this PDU hydrogasification 
work helped to confirm early HYGAS concepts and played a significant role 
in shaping criteria for design of the HYGAS pilot plant reactors. 

In t he  e a r l y  p h a s e s  of o p e r a t i o n  and  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  coa l  c h a r  of u n { f o r m  c o m p o s i t i o n  w a s  u s e d .  
D,,rin,~ the  i t ! v e s t i ~ 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 ,  I4 d i f f e r e n t  
c o a l s  w e r o  e v a l u a t e d  f o r  t h e  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  on the  h y d r o ~ a s i f i , z 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 i v e  
a r a n g e  in r a n k  f r o m  a l i g n i t e  l:o a l o w - v o l a t i l e  b l t u m i n o u s  a s  w e l l  a s  f o r  t h r e e  
d i f f c r e n t  h i g h T 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  C O E D  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  --35+80 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  --110+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  
and  gas  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  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 i n g  the  c h a r  bed .  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  the  w h o l e  r a n g e  of c h a r  f e e d .  T h e  --10+80 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 ,  the  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 m l 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  i n  c o n t a c t  wi th  t h e  p r o d u c t  gas  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  gas .  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  i s  
in c o n t a c t  wi th  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 he  b e d  w h i c h  p r o m o t e s  
t he  r a t e s  of  both  the  c a r b o n - h y d r o g e n  a n d  c a r b o n - s t e a m  reac~.[o.ls.  

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 r t  of  l i g h t t 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  
coa l  wi th  h y d r o g e n  and  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 38. 5% c a r b o n  
g a s i f i c a t i o n  and  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  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% 
and  57% c a r b o n  g a s i f i e d  a n d  576 a n d  511 Btu p e r  s t a n d a r d  c u b 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 t h  b e t w e e n  24 and  26% 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  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  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  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  t o  t h e  s e c o n d  ( h i 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  I 2 0 0  ° 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  o f  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 l 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  of  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  l 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  of  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 E - 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  of  r e a c t i o n  a s  s h o w n  b y  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 .  

On comparing the integral methane formation rates with those reported by 
others, it was found that l) the rate of methane formation for pretreated 
Pittsburgh coal is not slowed by the presence of methane in the feed gas; 
Z) the pretreated coal is quite reactive, probably due to its high volatile 
matter content as compared to others;and 3) inthe high-temperature stage, 
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  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  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 he  
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~xb- 
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  of  g e n e r a t i n g  i n  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 - l 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 .  

Gas samples collected at different levels indicated that in the high- 
temperature test the reaction was practically complete in the lower half 
of the bed, whereas in the low-temperature test the bulk of the reaction 
took place in the free-fall zone and at the top of the bed. This is to be 
expected because the high-temperature reaction is equilibrium-limited and 
apparently attains its limit in a relatively short contact time, and the low- 
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temperature reaction is extremely rapid, requiring only a matter of seconds 
f o r  c o m p l e t i o n  ( t h e  r e s i d x l a l  c a r ~ , o n b e l n g  l e s s  r e a c M v e  a t  t he  low t e m p e r a t u r e ) .  
In  v i e w  of  t h i 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  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 .  

Free-fall tests were conducteJ to study coal converMons at short residence 
times. The coal residence times varied from 8 secbnds for 60 mesh to 
41 seconds for ZOO mesh particles. The coal feeds included medium and low- 
volatile-content bituminotis coals, a subbituminous coal and two different 
lignites. The tests indicated: 

1. M o s t  of t h e  s t e a m  r e a c t s  w i t h  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  i s  d e p e n d e n t  on  t h e  c h a r  r e s i d e n c e  t i m e .  

Z. It is possible to hydrogasify a highly caking coal (Pocahontas No. 4 Seam) 
in free-fall without agglomera.tion. 

'~. It i s  f ea s lb l . e  t o  c o n v e r t  l i g n i t e  ( u p  to 37%)  a t  h i g h  p r e s s u r e s  by  p y r o l y s i s  
in a f r e e - f a l l .  

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 [ e 6 t e d  c o n d i t i o n s  on  e i g h t  b i t u m i n o u s  
c o a l s ,  t h r e e  s u b b i t u m l n o u s  coa[~ a n d  two  l l 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 r . 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  g a s  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  a n d  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  g a s ,  m e t h a n e  a n d  s t e a l n  to s i m u l a t e  the t w o - s t a g e  h y d r o g a s i f i e r .  

The following conclusions can be drawn from the fluidized-bed tests in 
the 4-inch-diameter reactor: 

1. As  s h o w n  in t h e  f r e e - f a l l  test:~,  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 l 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  i n t o  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  b y  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  
by  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 ;  o n e  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  i s  no 
s i g n i f i c a n t  d i f f e r e n c e  in h y d r o g a s i f i c a t i o n  r e s u l t s  f o r  m e d i u m  a n 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 .  

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  
b u 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 h e  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 c 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  xvas d u e  m a i n l y  to t he  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  o i l  p r o d u c t s .  
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~. I l y d r o g a s i f i c a t i o n  of F M C  C o r p o r a t i o n ' s  P r o j e c t  C O E D  c h a r  s h o w e d  t h a 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  t h a n  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 l  f r o m  P i t t s h u r g h  No. 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  g a s  i n s t e a d  of  h y d r o g e n  in t h e  f e e d  g a s  to  t h e  h y d r o -  
g a s l f i e r  is  of i n t e r e s t  a s  it w o u l d  e l i m i n a t e  t h e  n e e d  f o r  c a r b o n  m o n o x i d e  
s h i f t i n g  a n d  c a r b o n  d i o x i d e  r e m o v a l  f o l l o w i n g  t h e  h y d r o g e n  p r o d u c t i o n  s t e p .  
R e s u l t s  of t h e  t e s t s  u s i n g  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  s h o w  t h a t  f o r  
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  q u i t e  s e n s i t i v e  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  in  t h e  s y s t e m .  T h e  u s e  of  s y n t h e s i s  g a s  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  t h e  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  a n d  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 ,  Z) 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  s h i f t  
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  r a t i o ,  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 ~ 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  c o n t a c t i n g  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 ,  w i t h  l i g n i t e ,  
t h e  f u I l b e n e f i t  of  h y d r o g a s i f y i n g  w i t h  a s y n t h e s i s  g a s  i n s t e a d  of h y d r o g e n  
c a n  be  r e a l i z e d  w i t h o u t  any  o f f s e t t i n g  p e n a l t y .  A b e n e f i c i a l  e f f e c t  of  u s i n g  
s y n t h e s i s  ~as  f o r  l i g n i t e  h y d r o g a s i f i c a t i o n  i s  t h e  a p p a r e n t  s u p p r e s s i o n  of  
o i l  p r o d u c t i o n .  

T h e  r e a c t i o n  of  s u b b i t u m i n o u s  c o a l  to  h y d r o g a s i f i c a t i o n  w i t h  s y n t h e s i s  
g a s  i s  s i n ~ i l a r  to t h a t  e x h i b i t e d  b y  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 ,  F M C  c h a r  
also yielded lower carbon gasification with synthesis gas than that with hydrogen. 

T h e  p r i n c i p a l  a d v a n t a g e s  of  o p e r a t i o n  a t  a l o w e r  p r e s s u r e  a r e  r e d u c e d  
c a p i t a l  i n v e s t m e n t  a n d  e a s i e r  s o l i d s  h a n d l i n g .  T h e s e  h a v e  to  o u t w e i g h  t h e  
r e d u c e d  m e t h a n e  p r o d u c t i o n  a n d  c a r b o n  c o n v e r s i o n  to  b e  e x p e c t e d  a t  l o w e r  
p r e s s u r e .  T e s t s  w i t h  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  a t  500 p s i g  i n d i c a t e  
t h a t  t he  p r o d u c t  g a s  d o e s  i n d e e d  h a v e  l o w e r  m e t h a n e  c o n c e n t r a t i o n  a t  l o w e r  
p r e s s u r e  (ZT. 5~.; v e r s u s  36 .94 ; , )  f o r  s i m i l a r  c a r b o n  c o n v e r s i o n s .  F o r  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  a t  500 p s i g  w a s  o n l y  86~{, of  t h a t  a t  1000 p s i g ,  w h i l e  t he  
c a r b o n  o x i d e s  y i e l d  w a s  115°,.,; of  t h a t  a t  h i g h e r  p r e s s u r e .  S i x t y - f o u r  p e r c e n t  
l e s s  c a r b o n  in l i g n i t e  w a s  c o n v e r t e d  to  o i l  a t  500 p s i g .  T h e  u s e  of  s y n t h e s i s  
g a s  i n s t e a d  of  h y d r o g e n  d id  no t  u n d u l y  a f f e c t  t h e  c a r b o n  c o n v e r s i o n  a t  l o w e r  
p r e s s u r ( ,  f o r  l i g n i t e .  

F o r  s u b b i t u m i n o u s  coa l ,  t h e  c a r b o n  g a s i f i c a t i o n ,  h y d r o c a r b o n  y i e l d  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 s  w e r e  s i g n i f i c a n t l y  g r e a t e r  a t  1000 p s i g  t h a n  a t  
500 p s i g .  T h e  c a r b o n  g a s i f i e d  a t  500 p s i g  c o m p a r e s  f a v o r a b l y  w i t h  t h a t  a t  
1000 p s i g  w h e n  s y n t h e s i s  g a s  a n d  s t e a m  a r e  u s e d  a s  f e e d  g a s .  

1. 2.1 P r o d u c t  G a s  C o m p o s i t i o n  a n d  T r a c e  C o m p o n e n t s  

T h e  m a j o r  c o n s t i t u e n t s  of  t h e  p r o d u c t  g a s e s  p r o d u c e d  by t h e  h y d r o g a s i f i c a t i o n  
o f  c o a l  a n d  l i g n i t e  w i t h  h y d r o g e n  a n d  s t e a m  in t h e  P D U  t e s t s  d i s c u s s e d  a r e :  
me tha r~e ,  c a r b o n  o x i d e s  ( c a r b o n  m o n o x i d e  a n d  c a r b o n  d i o x i d e ) ,  a n d  h y d r o g e n .  
M e t h a n e  y i e l d  i s  d e t e r m i n e d  by t he  d e g r e e  of  c o a l  c o n v e r s i o n  a n d  
m a y  a l s o  be  c o n t r o l l e d  by t h e  r e a c t o r  t e m p e r a t u r e  t h a t  s e t s  t h e  e q u i l i b r i u m  
c o m p o s i t i o n  of  t h e  p r o d u c t  g a s .  T h e  a m o u n t  of  c a r b o n  o x i d e s  f o r m e d  i s  
d e p e n d e n t  on  t h e  o x y g e n  c o n t e n t  of t h e  c o a l  f e e d s  a n d  t h e  s t e a m - t o - c o a l  
r a t i o .  F e e d s  h i g h  in  o x y g e n  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 ,  
w h e n  g a s i f i e d ,  p r o d u c e  m o r e  c a r b o n  o x i d e s  t h a n  b i t u m i n o u s  c o a l s  p r o d u c e  a t  
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s i m i l a r  c o n d i t i o n s ,  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  oxide,,  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 se 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 t en t  of 
the  p r o d u c t  gas  is  d e t e r m i n e d  l a r g e l y  by  the quan t i ty  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 feed  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 ( :  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 ~ s e  a t  a g r e a t e r  r a t e .  

In a d d i t i o n  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  concen t r -~ t ions  of t h e s e  c o m p o n e n t s  a r e ,  e thane ,  
I .  5%; propane;,  0 . 5 % ;  and butane ,  0 . 2 % .  The  p r i n c i p a l a P 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 - i n  l'~e 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  a l l ,  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 s  
in the w a t e r  c o n d e n s a t e .  

While  t h e r e  is  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 tha t  the  su l fu r  
i s  p r e f e r e n t i a l l y  g a s i f i e d ,  i . e .  ~.e 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  t han  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  appea~s  in the r e a c t o r  p ,roduct  gas  as  h y d r o g e n  
su l f ide ,  a c c o m p a n i e d  by s m a l l  arflounts (p robab ly  l e s s  t han  200 ppm) of 
c a r b o n y l  su l f ide  (COS) and  trace:3 of o r g a n i c  su l fu r  c o m p o u n d s .  

1.2.2 Char C o m p o s i t i o n s  

Char rates and compositions reflected the degree of conversion of the 
feeds to gaseous and liquid products. Volatile matter contents of bituminous 
coals were generally reduced to 3% or less, and to less than 7% for 
subbituminous coal and for lignite. The reduction in hydrogen content tended 
to parallel the reduction in volatile matter content. Hydrogen concentration 
in the residue was reduced to less than 1.5% for all feeds. Gasification of 
the bituminous coals r'esulted in nearly complete consumption of the oxygen 
in the coal to produce carbon oxifles and water. The residues produced 
from subbituminous coal and lignite gasification still contained from 3 to 6% 
oxygen by weight. In general, sulfur concentrations were reduced up to 
50% in b i t u m i n o u s  coa l  c h a r s ,  and  m o r e  than 50% in s u b b i t u m i n o u s  and  
l i g n i t e  r e s i d u e s .  C a r b o n  c o n c e n : r a t i o n ,  in a l l  c a s e s ,  was  s i g n i f i c a n t l y  
h i g h e r  in the  r e s i d u e  than  in the feed.  

There was no observable trenfl in the change in size distribution of the 
coal feeds after hydrogasification. Any breakdown in particle size due to 
attrition, or fracture, induced by the reaction, appeared to be balanced 
by particle growth due to coalescence. 

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 Z0 pounds 
per cubic foot. Bulk densities o~ dried, untreated subbituminous coal and 
lignite were of the order of 45 pcunds per cubic foot. After gasification, the 
subbituminous coal bulk density was reduced to Z8 pounds per cubic foot, 
while the ligni~Le bulk density was reduced to 20 pounds per cubic foot. 
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i. 2.3 Liquid Products 

Condensed liquids resulting from the hydrogasification of coals and lignite 
consisted mainly of water and a light oil fraction. Small quantities of 
ammonia and unidentified sulfur compounds were generally dissolved in the 
liquids. The relative quantities of water and oil were dependent mainly 
on the amount of steam fed and steam decomposed, and on the nature of the 
coal feed. Feeds high in volatile matter content, such as subbituminous 
coal and lignite, produced more oils than bituminous coals, other conditions 
being equal. O~I production was also influenced by reactor temperature, 
being higher at lower temperatures than at higher temperatures. 

Specific gravity of the by-product oils was in the range of I. 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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I. 3 Summary of Pilot Plant Development 

The preli~ninary engineering design of the HYGAS pilot plant was per- 
formed by Bechtel Corporation in association with IGT. 

T h e  f i n a l  d e s i g n  a n d  c o n s t r u c t i o n  of  t h e  H Y G A S  p i l o t  p l a n t  w a s  p e r f o r m e d  
by  P r o c o n ,  I n c . ,  a d i v i s i o n  of  UOP,  i n  a s s o c i a t i o n  w i t h  IGT.  

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

T h e  f i r s t  s e v e n  s t a r t - u p  t e s t  r u n s  a r e  r e p o r t e d  in  d e t a i l ;  h o w e v e r ,  t h e  
l i m i t e d  a m o u n t  of  o p e r a t i o n a l  d a t a  o b t a i n e d  d u r i n g  t h e  c o n t r a c t  p e r i o d  m a d e  
i t  i n a d v i s a b l e  to p r e s e n t  t h a t  m a t e r i a l  h e r e .  I n s t e a d ,  w i t h  t h e  c o n s e n t  of  
O C R ,  o p e r a t i o n a l  d a t a  f r o m  t h e  p e r i o d  r e p o r t e d  h e r e  w i l l  b e  p r e s e n t e d  in  
m o r e  m e a n i n g f u l  p e r s p e c t i v e  in  : : e p o r t s  o f  t h e  s u b s e q u e n t  HYGAS c o n t r a c t  
s p o n s o r e d  b y  O C R  w i t h  t h e  s u p p o r t  of  t h e  A . G . A .  ( O C R  C o n t r a c t  No.  
1 4 - 3 Z - 0 0 0 I - 1 Z Z l ,  n o w  E R D A  C o n t r a c t  No.  E ( 4 9 - 1 8 ) - 1 2 2 1 , )  

T h e  H Y G A S  p r o c e s s  f o r  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  is  t a i l o r e d  to  m a x i -  
m i z e  t he  d i r e c t  p r o d u c t i o n  of  m ~ : t h a n e  in t he  h y d r o g a s i f i c a t i o n  r e a c t o r  by  
t h e  u s e  of  h i g h  t e m p e r a t u r e  ( 1 Z 0 0 ° - 1 8 5 0  °F)  and  h i g h  p r e s s u r e  (1000 p s i g ) .  
T h e  p r o c e s s  c a n  u s e  a s  f e e d  c a k i n g  b i t u m i n o u s  c o a l s  a s  w e l l  a s  n o n c a k i n g  
l i g n i t e  and  s u b b i t u m i n o u s  c o a l s .  

T h e  H Y G A S  p r o c e s s  i s  base=l on  g a s i f i c i t i o n  s t u d i e s  t h a t  s t a r t e d  in  1944.  
B y  t h e  m i d - 1 9 5 0 ' s ,  two  p r o c e s s e s  to c o n v e r t  c o a l  to  s y n t h e t i c  p i p e l i n e  g a s  
w e r e  b e i n g  d e v e l o p e d :  1) g a s i f i c a t i o n  of  p o w d e r e d  c o a l  in  s u s p e n s i o n  w i t h  
o x y g e n  and  s t e a m  to  p r o d u c e  a m i x t u r e  of  c a r b o n  m o n o x i d e  and  h y d r o g e n  
( s y n t h e s i s  g a s ) ,  w h i c h  w a s  t h e n  m e t h a n a t e d ,  a n d  2) d i r e c t  h y d r o g e n a t i o n  
of  the  c o a l  a t  e l e v a t e d  t e m p e r a t u r e  and  p r e s s u r e  in a f l u i d i z e d  b e d .  T h e  
p r e s e n t  H Y G A S  p r o c e s s  i n c o r p o r a t e s  t h e  p r i n c i p l e s  d e v e l o p e d  in  b o t h  of  
t h e s e  c o n c e p t s .  

Of t h e  t o t a l  m e t h a n e  f o r m e d  in  t h e  H Y G A S  p r o c e s s ,  6 5 - 7 0  % i s  d i r e c t l y  
f o r m e d  in  t h e  h y d r o g a s i f i e r .  T h i s  i s  a k e y  f e a t u r e  of  t h e  p r o c e s s ,  and  c o n -  
t r i b u t e s  s i g n i f i c a n t l y  to  t h e  h i g h  o v e r a l l  t h e r m a l  e f f i c i e n c y  of  m o r e  t h a n  7 0 4 .  
If t h e  p r o c e s s  w e r e  o p e r a t e d  a t  a l o w e r  p r e s s u r e ,  m o r e  m e t h a n e  w o u l d  n e e d  to  
be made indirectly, and losses in efficiency would result. 

T h e  s e c o n d  k e y  f e a t u r e  o f  t h e  p r o c e s s  i s  t h e  u s e  o f  h y d r o g e n  a n d  s t e a m  
in  h y d r o g a s i f i c a t i o n .  The  c o a l - h y d r o g e n  r e a c t i o n ,  

coal + 2H z -~ CH 4 (i) 

is strongly exothermic, while the coal- steam reaction, 

c o a l  +:.:-IzO "-" CO + H z (2) 
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i s  s t r o n g l y  e n d o t h e r m i c .  By u s i n g  a m i x t u r e  of h y d r o g e n  and s t e a m  i n s t e a d  
of h y d r o g e n  a lone ,  the  h e a t  r e l e a s e d  by R e a c t i o n  1 is a b s o r b e d  in s i tu  by 
R e a c t i o n  Z, r e s u l t i n g  in  

• 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 ,  and 

• I n t e r n a l  h y d r o g e n  g e n e r a t i o n .  

The r a w  gas  f r o m  the h y d r o g a s i f i e r  con t a in s  c a r b o n  m o n o x i d e  and h y d r o -  
gen.  T h e s e  a r e  c o n v e r t e d  to m e t h a n e  t h r o u g h  R e a c t i o n  3, 

CO + 3H z -~ CH 4 +HzO (3) 

in the  c a t a l y t i c  c l e a n - u p  m e t h a n a t i o n  unit ,  w h e r e  the c a r b o n  m o n o x i d e  con -  
t en t  is  r e d u c e d  to the  p i p e l i n e  s t a n d a r d  of l e s s  t h a n  0 . 1 ~ ,  and the h e a t i n g  
v a l u e  of the  p r o d u c t  gas  is r a i s e d  to  s a t i s f a c t o r y  SNG l e v e l s .  

In the  p i l o t  p lan t ,  the  h y d r o g a s i f i e r  r e a c t o r  v e s s e l  is  135 f ee t  high;  the  
o u t e r  p r e s s u r e  s h e l l  has  a 5 . 5 - f o o t  i n s i d e  d i a m e t e r .  The  s l u r r y  is  s p r a y e d  
into  the  d r y e r ,  a Z. 5 - f o o t - d i a m e t e r ,  1 0 - f o o t - h i g h  f l u i d i z e d  d r y i n g  bed.  T h e  
s e n s i b l e  hea t  in the g a s e o u s  r e a c t i o n  p r o d u c t s  f r o m  the  l a t e r  s t a g e s  v a p o r i z e s  
the  oi l .  At th is  point ,  the  d r y  coa l  is  h e a t e d  to about  6000F.  

The  coa l  f lows b y  g r a v i t y  f r o m  the  d r y i n g  b e d  into a 3 - i n c h - d i a m e t e r ,  
v e r t i c a l - l i f t - l i n e  r e a c t o r  in w h i c h  the hot  g a s e s  ( 1 7 0 0 ° F )  f r o m  the r e a c t i o n  
s e c t i o n  b e l o w  p r o v i d e  the l i f t ing f o r c e ,  the h e a t  to r a i s e  t he  so l id s  t e m p e r a -  
t u r e  to 1Z00°F,  and  h y d r o g e n  tha t  r e a c t s  wi th  abou t  20% of the  coa l  to p r o -  
duce  m e t h a n e .  T h i s  is  the f i r s t  s t a g e  of h y d r o g a s i f l c a t i o n  -- t he  l ow-  
t e m p e r a t u r e  r e a c t o r .  At the top of the l i f t  l ine, ,  t he  gas  and  coa l  d i s e n g a g e .  
The  gas  m o v e s  up to v a p o r i z e  the o i l  in  the s l u r r y - d r y i n g  bed .  T h e  p a r t i a l l y  
r e a c t e d  coa l  c a n  be  spl i t  into two s t r e a m s ;  p a r t  of i t  c an  b e  t r a n s f e r r e d  to 
the  b a s e  of the  l if t  l i ne  to be  rd ixed  wi th  the i n c o m i n g  f r e s h  coa l .  By this  
m e a n s ,  IGT b e l i e v e s ,  r aw cak ing  coa l  can  be  fed  d i r e c t l y  to the r e a c t o r  
w i thou t  p r e t r e a t m e n t .  E l i m i n a t i n g  p r e t r e a t m e n t  can  r e d u c e  gas  cos t  
signiflca ntly. 

The  r e m a i n d e r  ( o r  a l l )  of the  p a r t i a l l y  r e a c t e d  coa l  f lows by  g r a v i t y  to the 
s e c o n d - s t a g e  h y d r o g a s i f i e r -  the h i g h - t e m p e r a t u r e  r e a c t o r .  The  s e c o n d -  
s t age  b e d  is  Z. 5 f ee t  in  d i a m e t e r ,  is  l i ned  wi th  r e f r a c t o r y ,  and is  15 f ee t  d e e p .  
H e r e  the  so l i d s  a r e  h e a t e d  in a f l u i d i z e d  b e d  to abou t  1700°F  and  f u r t h e r  
g a s i f i e d  by the  s t e a m  and  h y d r o g e n - r i c h  gas  r i s i n g  f r o m  the  s t e a m - o x y g e n  
gasification-'.'-" b e l o w .  {Or, a l t e r n a t i v e l y ,  the  h y d r o g e n - r i c h  gas  m a y  f low f r o m  
the s t e a m - i r o n  r e a c t o r  o r  the e l e c t ro the rm~a l  g e n e r a t o r .  ) 

In th i s  s e c o n d  s t a g e  of the  r e a c t o r ,  the e x o t h e r m i c  h y d r o g e n  r e a c t i o n  
p r o d u c e s  m e t h a n e ,  and  the e n d o t h e r m i c  s t e a m  r e a c t i o n  p r o d u c e s  c a r b o n  
m o n o x i d e  and  h y d r o g e n .  If the t e m p e r a t u r e  r i s e s ,  the s t e a m - c h a r  r e a c t i o n  
s p e e d s  up and p r e v e n t s  the t e m p e r a t u r e  f r o m  r i s i n g  any  f u r t h e r .  If the  
t e m p e r a t u r e  d r o p s ,  the  s t e a m - c h a r  r e a c t i o n  s lows  down and  thus  p r o v i d e s  
an  a u t o m a t i c  t e m p e r a t u r e  c o n t r o l .  About  25% m o r e  of the  coa l  i s  c o n v e r t e d  
in th i s  r e a c t i o n  s t age ,  m a k i n g  the  to ta l  about  45% in the  two s t a g e s .  

An electrothermal gasifier was built in the period reported; a steam- 
oxygen gasifier was installed after this contract period; a steam-iron 
gasifier is under construction in mid-1975. 

1 - I 0  



41" 

F r o m  t h i s  r e a c t i o n  s t a g e ,  t h e  c h a r  g o e s  to  t h e  h y d r o g e n - p r o d u c e r  g a s i f i e r ,  
w h e r e ,  d e p e n d i n g  on  t he  p r o c e s s  b e i n g  u s e d ,  the  c h a r  u n d e r g o e s  d i f f e r e n t  
d e g r e e s  of  a d d i t i o n a l  g a s i f i c a t i o n .  The  s t e a m - o x y g e n  g a s i f i e r : : : b c i n ~  u s e d  a s  
t h e  h y d r o g e n  p r o d u c e r  i n  t he  p i l o t  p l a n t  i s  d i r e c t l y  b e l o w  t h e  h i g h - t e m p e r a t u r e  
s t a g e  g a s i f i e r .  T h e  s t e a m  a n d  } , i g h - p u r i t y  o x y g e n  i n t r o d u c e d  i n t o  t h e  g a s i -  
f i e r  c o n v e r t  c h a r  i n to  h y d r o g e n  a n d  c a r b o n  o x i d e s  a t  1 8 5 0 ° F  in a f l u i d i z e d  
bed  2 f e e t  in  d i a m e t e r  a n d  12 f e e t  d e e p .  A s h  is  d i s c h a r g e d  f r o m  t h i s  s t a g e  
w i t h o u t  b e i n g  s l a g g e d .  T h e  a s h  i s  d i s c h a r g e d  in to  a t a n k  w h e r e  w a t e r  i s  
a d d e d  to m a k e  a s l u r r y ,  w h i c h  is  t h e n d e p r e s s u r i z e d .  T h e  a s h  i s  r e c o v e r e d  
by  f i l t e r i n g  a n d  t h e  w a t e r  i s  r e c y c l e d /  

T h e  c o m p o s i t i o n  of  g a s  s y n t k . e s i z e d  i n  t h e  t w o  p r i n c i p a l  r e a c t o r  s t a g e s ,  
a n d  p a s s e d  u p w a r d  t h r o u g h  t he  s l u r r y  d r y e r  a t  t h e  t o p  of  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 ;  d e p e n d s  on  t h e  t y p e  of  } . y d r o g e n  p r o d u c e r ,  a s  s h o w n  in  t h e  f o l l o w i n g  
t a b l e .  In a d d i t i o n  to  t h e s e  m a j o r  c o m p o n e n t s ,  t h e  g a s  c o n t a i n s  t h e  s l u r r y  
o i l ,  c o a l  dust:,  a n d  t r a c e  c o n s t i t u e n t s  s u c h  a s  a m m o n i a  a n d  h y d r o g e n  c y a n i d e .  

GAS C O M P O S I T I O N  L E A V I N G  HYGAS R E A C T O R  

C o m p o n  e nt  
Steam- Oxygen 

System 
Ste a m  - I r o n  

S y s t e m  
E l e c t r o t h e r m a l  

S y s t e m  

CO 1 8 . 0  7 . 4  2 1 . 3  

COz 1 8 . 5  7. 1 1 4 . 4  

Hz 2 2 . 8  22.  5 2 4 . 2  

HzO 24. 4 32.9 17.1 

CH 4 14.1 26.2 19. 9 

CzH 6 0. 5 1 . 0  0 . 8  

HzS 0.9 I. 5 i. 3 

O t h e r  0 . 8  1 . 4  1 . 0  

T o t a l  1 0 0 . 0  1 0 0 . 0  1 0 0 . 0  

T h e  g a s  m i x t u r e  d e l i n e a t e d  i s  at. 600 ° F ;  i t  p a s s e s  to  a b a f f l e  t o w e r  in  w h i c h  
i t  is  q u e n c h e d  a n d  w a s h e d  w i t h  w a t e r ,  T h i s  r e m o v e s  t h e  d u s t  a n d  w a t e r -  
s o l u b l e  t r a c e  c o m p o n e n t s  a n d  c o n d e n s e s  t h e  w a t e r  a n d  l i g h t - o i l  v a p o r s .  T h e  
g a s  t h e n  f l o w s  to a c o n v e n t i o n a l ,  p a c k e d - l o w e r ' a c i d - g a s  r e m o v a l  s y s t e m  in  
w h i c h  t he  c a r b o n  d i o x i d e  a n d  t h e  h y d r o g e n  s u l f i d e  a r e  a b s o r b e d  in  a d i g l y -  
c o l a m i n e - w a t e r  s o l u t i o n .  U p o n  r e g e n e r a t i n g  t h i s  s o l u t i o n ,  t h e  c a r b o n  d i o x i d e  
a n d  h y d r o g e n  s u l f i d e  a r e  r e l e a s e d  a n d  f l o w  to  a C l a u s  p l a n t  f o r  s u l f u r  r e -  
c o v e r y .  T h e  a m i n e  p u r i f i c a t i o n  s y s t e m  u s e d  in t h e  p i l o t  p l a n t  i s  n o t  i n -  
t e n d e d  a s  a c o m m e r c i a l  d e s i g n  b e c a u s e  i t  d o e s  n o t  p r o v i d e  f o r  s e p a r a t e  
c o l l e c t i o n  of  1:he v a r i o u s  c o n s t i t u e n t s .  I t  w a s  s e l e c t e d  b e c a u s e  i t  c a n  h a n -  
d l e  t h e  w i d e  r a n g e  of  a c i d - g a s  c o n c e n t r a t i o n s  a r i s i n g  f r o m  t h e  v a r i o u s  c o a l s  
to be t e s t e d .  

I n s t a l l e d  in  t h e  b a s e  of  t he  e x i s t i n g  HYGAS r e a c t o r  v e s s e l  
a f t e r  t he  c l o s e  of t h i s  con t r a ,= t  p e r i o d .  
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Calculations indicate that the purified gas entering the methanation 
section of a commercial plant would typically have the composition tabulated 
below. The methanation step has two purposes: One is to raise the heating 
value of the gas to near that of methane; the other is to reduce the carbon 
monoxide concentration to the requisite 0. i% or less. This is accomplished 
by carrying out Reaction 3, given earlier. 

G A S  C O M P O S I T I O N  E N T E R I N G  T H E  H Y G A S  M E T H A N A T O R  

C o m p o n e n t  

CO 

coz 
Hz 
CH,~ 

CzH6 

T o t a l  

Steam-Oxygen Steam -Iron Electrothermal 
S• ste m Sy stem Sy stem 

18.0 12.8 16.8 

2 . 0  2 . 0  2 . 0  

54.0 38.5 50. 5 

Z5.0 45.0 29.5 

1 . 0  1.7 1 . 2  

I00.0 I00.0 I00.0 

To obtain nearly complete elimination of carbon monoxide and low 
residual hydrogen (pipeline-quality gas) in the methanation section, the 
ratio of hydrogen to carbon monoxide is adjusted to slightly above 3*. 
High pressure and low temperature favor completion of the methanation 
reaction i. e. -- in the methanator. -Very reactive, high-nic]~el-content 
catalysts ar---e generally preferred to make the reaction proceed rapidly 
at the low temperatures employed. The temperature of the catalyst must 
be above 450°F to avoid formation of nickel carbonyl, which causes 
depletion of the nickel content of the catalyst, and below about 950°F %o 
avoid carbon deposition and catalyst sintering. The reaction is very 
exothermic; therefore, to avoid excessive temperature rises, the HYGAS 
process uses a cold-gas recycle system. 

A w a t e r - g a s  s h i f t  s e c t i o n  w o u l d  b e  i n s t a l l e d  f o r  t h i s  p u r p o s e  in  a 
c o m m e r c i a l  o p e r a t i o n .  
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1 .4  S u m m a r y  of H y d r o g e n  G e n e r a t i o n  

The HYGAS p r o c e s s  for  the h y d r o g a s i f i c a t i o n  of coa l  is  t a i l o r e d  to m a x i -  
m i z e  the  d i r e c t  p r o d u c t i o n  of m e t h a n e  in the h r d r o g a s i f i c a t i o n  r e a c t o r  by the  
u s e  of h igh  t e m p e r a t u r e  (1200°. -1700°F)  and  h igh  p r e s s u r e  (1000 ps ig) ,  The 
p r o c e s s  can  u s e  as  f eed  cak ing  b i t u m i n o u s  c o a l s  as  we l l  as  n o n c a k i n g  l i g n i t e  
and  subb i tu rn inous  c o a l s .  By c.sing a m i x t u r e  of h y d r o g e n  and s t e a m  i n s t e a d  
of h y d r o g e n  a lone ,  the  h e a t  r e l e a s e d  by one p r i n c i p a l  r e a c t i o n  i n  the  r e a c t o r  
i s  a b s o r b e d  in  s i tu  by a s e c o n d  p r i n c i p a l  r e a c t i o n ,  r e s u l t i n g  in: 

• 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 ,  and 

• I n t e r n a l  h y d r o g e n  g e n e r a t i o n .  

The  HYGAS p i lo t  p lan t ,  c o m p l e t e d  in the  s p r i n g  of 1971, is d e s i g n e d  to 
d e l i v e r  1. 5 m i l l i o n S C F  of SNG da i ly  f r o m  75 tons  of coa l  feed .  In the e a r l y  
s p r i n g  of 1973 ,* '~a rge - sca l e  c o n v e r s i o n  of coa l  to pipe[. . iDe-quali ty gas  w a s  
d e m o n s t r a t e d  for  the  f i r s t  t i m e .  In the sp r ing  of 1974~""IGT c o m p l e t e d  a 
run  d u r i n g  w h i c h  the  p l an t  w a s  in  o p e r a t i o n  for  o v e r  Z7 d a y s .  D u r i n g  th i s  
run,  about  t w o - t h i r d s  of a l l  the m e t h a n e  c r e a t e d  w a s  p r o d u c e d  d i r e c t l y  in 
the hydrogasifier, confirming predictions; reaction rates and thermal 
effects were as expected. 

P l a n t  m o d i f i c a t i o n s  w e r e  m a d e  du r ing  1974 to s tudy the i n t e g r a t i o n  into 
t h e . b a s e  of the  p i lo t  p lan t  h y d r o g a s i f i e r  r e a c t o r  of a s t e a m - o x y g e n  g a s i f i e r  
fo r  the  p r o d u c t i o n  of h y d r o g e n - r i c h  gas  f r o m  h y d r o g a s i f i e d c o a l  c h a r .  De-  
s ign  and c o n s t r u c t i o n  of a s t e a m - i r o n  s y s t e m  was  begun  by IGT u n d e r  a 
s e p a r a t e  OCR c o n t r a c t ' d u r i n g  1973 at  the IGT p i l o t  p lan t  s i te .  The e l e c t r o -  
t h e r m a l  g a s i f i c a t i o n  of c h a r  wa.,= s u c c e s s f u l l y  d e m o n s t r a t e d  in ba t ch  t e s t s ;  
that part of the pilot plant was then put on standby. Utilizing a single SNG 
plant, the three hydrogen-rich flas-"producing facilities could provide a 
nneans for ('lose comparative study of hydrogen supply techniques. 

l .  4.1 H y d r o g e n  for  the HYGAS P r o c e s s  

The: HYGAS p r o c e s s  is  v e r y  Clexible in tha t  it can  s u c c e s s f u l l y  u s e  any  
s o u r c e  of h y d r o g e n .  The  s t e a m - o x y g e n  v e r s i o n  e m p l o y s  an  oxygen  s y s t e m ,  
w h e r e a s  the e l e c t r o t h e r m a l  and s t e a m - i r o n  c o n c e p t s  a r e  
a i r - b a s e d .  The  m a n n e r  in w h i c h  each  h y d r o g e n  s y s t e m  a f f ec t s  o v e r a l l  
process material batances is indicated in Figure I-I. 

OCR C o n t r a c t  No. 14 -32 -0001-1518 ;  now ERDA C o n t r a c t  No. 

;:~*Following the c o n t r a c t  p e r i o d  r e p o r t e d  h e r e .  

E(49-18) 1518. 
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Figure I-I. EFFECT ON THE IGT HYGAS PROCESS FROM USING 
THREE DIFFERENT SYSTEMS ~'OR PRODUCING HYDROGEN-RICH 

GAS: PLANT CAPACITY IS 250 X 109 Btu/DAY OF PIPELINE-QUALITY GAS 
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1 . 4 . 2  E : l e c t r o t h e r m a l / 3 0 0  kW ( 6 - i n c h )  Unit  

The  HYGAS p r o g r a m  concep t  of a ful ly i n t e g r a t e d  h y d r o g a s i f i c a t i o n  p l an t  
fo r  t~he c o n v e r s i o n  of coa l  to p i p e l i n e  gas l ed  to a s e a r c h  for  a t e c h n i c a l l y  
f e a s i b l e  and  e c o n o m i c a l l y  a t t r a c t i v e  s o u r c e  of h y d r o g e n .  A f t e r  r e v i e w i n g  
s e v e r a l  p r o c e s s e s  in the a d v a n c e d  s t ages  of d e v e l o p m e n t ,  HYGAS p e r s o n n e l ,  
wi th  the  c o n c u r r e n c e  of OCR, d e c i d e d  to i n v e s t i g a t e  i n i t i a l l y  the 
e l e c t r o t h e r m a l  g a s i f i c a t i o n  a p p r o a c h .  A f l u i d i z e d  bed  of spen t  h y d r o g a s i f i e d  
char ,  i n t e r n a l l y  h e a t e d  by an i m m e r s e d  e l e c t r o d e  or  e l e c t r o d e s ,  would  b e  
m a d e  to r e a c t  wi th  s t e a m  to p r o d u c e  a h y d r o g e n - c a r b o n  m o n o x i d e  r i c h  
s y n t h e s i s  gas .  Th i s  gas  could  be  d i r e c t l y  fed to the h~rdrogas i f ie r ,  thus 
u t i l i z i n g  the  s e n s i b l e  hea t  of bo th  the  p r o d u c t  gas and h y d r o g a s i f i e d  c h a r  
w h i l e  a l s o  e l i m i n a t i n g  cos t ly  c l e a n - u p  and c o m p r e s s i o n  s t a g e s .  (See  F i g u r e  1-2.  ) 

T e c h n o l o g i c a l  a d v a n c e s  m a d e  in r e c e n t  y e a r s  by i n v e s t i g a t o r s  of e l e c t r o -  
t h e r m a l  f l u i d i z e d - b e d  s y s t e m s  had g iven  p r o m i s e  that  a p i lo t  un i t  could be  
de s igned ,  bui l t ,  and o p e r a t e d  s u c c e s s f u l l y .  S ince  the  f i r s t  c o m m e r c i a l  
u s e  of t he  t e c h n i q u e  fo r  t he  p r o d u c t i o n  of h y d r o c y a n i c  ac id  z, p r o c e s s e s  fo r  
the  c a l c i n a t i o n  of p e t r o l e u m  coke z and v a r i o u s  m e t a l l u r g i c a l  appl ica t ' ions  3 
have  e m e r g e d  and p r o s p e c t s  for  fu tu re  d e v e l o p m e n t s  a r e  n u m e r o u s .  ~, 4 

P r e l i m i n a r y  s t u d i e s  s, 6 w e r e  p e r f o r m e d  fo r  d e s i g n  p u r p o s e s  u s i n g  spen t  
h y d r o g a s i f i e d  c h a r  in an e l e c t r o t h e r m a l  f l u i d i z e d  bed  to c o m p a r e  data wi th  
the  p u b l i s h e d  r e s u l t s  for  the  v a r i o u s  c a r b o n a c e o u s  m a t e r i a l s  ( g r a p h i t e ,  
p e t r o l e u m  coke, e tc .  ) g e n e r a l l y  i n v e s t i g a t e d .  R e s u l t s  of t h e s e  s tud i e s  

fuel gas 
HIGH 

1 HYDRO- BIu~AS 
: i;i ~ 7:  !:i : ' : : .  

J "  . 

',.,.,~ ....o" ~ 

' PRETREATER:"i [ .:" / GAS PURIFICATION 
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j J  AND METHANATION 

hydrogen-rich | ! char 
gas . L ~ ' electricif 

steam -- -~j : : l lJ  GASIFIER ,w., .  , "  

' :  . ': ,.,, 

air h A750 6 1399 

F i g u r e  1-~-. THE HYGAS PROCESS SHOWN WITH AN 
E L E C T R O T H E R M A L  GASIFIER TO PRODUCE HYDROGEN-RICH GAS 
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s h o w e d  t h a f t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of  a s p e n t  c h a r  s y s t e m  a r e  s i m i l a r  
to  t h o s e  of  the  o t h e r  m a t e  r i a l s  V, s, 9 and  t h a t  a l o w - v o l t a g e  and  h i g h - a m p e r a g e  
o p e r a t i o n  c o u l d  b e  e x p e c t e d .  With  t h e  i n f o r m a t i o n  a v a i l a b l e ,  a 3 0 0 - k i l o w a t t  
electrothermal pilot unit was designed and constructed. It was a continuous 
system capable of operating at pressures of 1250 pounds per square inch 
(gage), reactor temperatures of 2100°F, char feed rates to 350 pounds per 
hour, and steam feed rates of 300 pounds per hour. Major areas investigated 
were reaction rates, voltage-current relationships at various power input 
levels, electrode configuration, development of nonconsumable electrodes, 
and general system operability. The establishing of these criteria led to 
the design of a Z. Z5 megawatt system for integration into the HYGAS pilot plant. 

1 . 4 . 3  E l e c t r o t h e r m a l / Z .  Z5 MW ( 3 0 - i n c h ) U n i t  

The 2.25-MW electrothermal gasifier was built and operated successfully. 
Its diameter inside the refractory lining is 30 inches, and the reactor height 
is 50 feet. The electrode configuration is concentric. The gasifier has 
automatic and manual modes for controlling power input. 

The system piping has been successfully leak-tested to design pressures, 
instrumentation has been loop-checked, and shakedown of the electrical con- 
trol system was undergoing shakedown at termination of the contract period 
reported here. Additional information concerning this work may be found in 
Interim Report No. 1 on the HYGAS Process, OGR Contract No. 14-31-0001-1221 
(now E(49-18)-IZZI, under ERDA), OGR R&D Report No. ll0p lobe p~blished. 

In the years since the development of this method was begun, the cost of 
electric power has risen sharply; therefore, this method is now the least 
economical of the three. 

1 . 4 . 4  S t e a m - O x y g e n  G a s i f i c a t i o n  

The objectivo of the steam-oxygen gasification program was to investigate 
the feasibility of, and to develop an oxygen-based synthesis-gas generator 
that would provide a hydrogen-bearing gas for use in the HYGAS hydrogasifi- 
cation process for conversion of coal to pipeline quality SNG. 

Since 1964, the Institute of Gas Technology has been engaged in the de- 
velopment of an integrated process for the conversion of coal to pipeline- 
quality gas. In developing an integrated process concept, investigators have 
been constantly aware of the major effect the cost of hydrogen generation has 
on the overall cost of producing SNG. In this work, a number of approaches 
have been explored at IGT for the generation of hydrogen using spent hydro- 
gasifier char as the raw material. 

Production of hydrogen from coal or partially spent char is essential 
in coal-to-gas conversion. More than 1 cubic foot of hydrogen or hydrogen 
equivalent is required for each cubic foot of methane produced. 
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S u c c e s s  in u s i n g  a s y n t h e s i s  g a s - s t e a m  m i x t u r e  f o r  h y d r o g a s i f i c a t i o n  in 
p l a c e  of a p r e p u r i f i e d  h y d r o g e n - s t e a m  mi : . : t u re  e n c o u r a g e d  r e = i n v e s t i g a t i o n  
of t he  p o t e n t i a l  u s e  of o x y g e n  a s  a m e a n s  to s u p p o r t t h e  s t e a m - c a r b o n  r e a c t i o n .  
In t h i s  s tudy ,  c h a r  w a s  p a r t i a l l y  o x i d i z e d  wi th  o x y g e n  in t h e  p r e s e n c e  of 
s t e a m  a t  t e m p e r a t u r e s  of  1850 ° a n d  1 6 5 0 ° F .  T h e  l a t t e r  is  a s  l o w a  t e m p e r a -  
t u r e  a s  i n v e s t i g a t o r s  b e l i e v e  m i g h t  e v e r  p r o v e  p r a c t i c a l ;  w o r ~  a t  [(~50°F w a s  
i n c l u d e d  to  i n d i c a t e  t he  m i n i m u m  o x y g e n  r e q u i r e m e n t .  

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

• s o m e  c i r c u m s t a n c e s .  

E c o n o m i c s  a n d  t h e  c o n s e r v a t i o n  of : r e s o u r c e s  by  h igh  u t i l i z a t i o n  a r e  t h e  
p r i n c i p a l  f a c t o r s  in u l t i m a t e l y  d e c i d i n g  w h e t h e r  an  e l e c t r o t h e r m a l ,  o x y g e n  o r  
s t e a m - i r o n  s y s t e m  w i l l  b e  u s e d  to  g e n e r a t e  t h e  h y d r o g e n - r i c h  g a s  r e q u i r e d  
f o r  t h e  HYGAS o r  o t h e r  h y d r o g a s i f i c a t i o n p r o c e s s e s .  B e c a u s e  o x y g e n  a d d i -  
t i o n  r e s u l t s  in h i g h e r  c a r b o n  o x i d e  l e v e l s ,  t h e  h y d r o g a s i f i e r  r e a c t o r  v o l u m e  
w i l l  bc  s o m e w h a t  l a r g e r  t h a n  n e e d e d  w i t h  t h e  u s e  of an  e l e c t r o t h e r m a l  g a s i -  
t i e r  a t  an  e q u i v a l e n t  o p e r a t i n g  p r e s s u r e ,  f o r  e q u a l - v o l u m e  p r o d u c t i o n  of SNG. 
A l a r g e r  s c r u b b i n g  s y s t e m - - a g a i n ,  on an  e q u i v a l e n t - p r o d u c t i o n  b a s i s - -  
w o u l d  a l s o  bc  r e q u i r e d  wi th  an  o x y g e n  s y s t e m  to r e m o v e  the  a d d i t i o n a l  c a r b o n  
o x i d e s  f o r m e d .  T h e  i n c r e m e n t a l  i n c r e a s e s  in v e s s e l  s i z e s  a n d  s y s t e m  d u t i e s  
r e q u i r e d  f o r  o x y g e n  and  e l e c t r o t h e r m a l  s y s t e m s ,  h o w e v e r ,  m a y  be  m o r e  
t h a n  o f f s e t  by t he  s a v i n g s  g a i n e d  b y  u s i n g  o x y g e n .  A l t h o u g h  a p r o c e s s  m a y  be  
d e v e l o p e d  fo r  c o m p ' l e t e  c o n s u m p t i o n  of t h e  c a r b o n  in  t he  g a s i f i e r ,  i t  m a y  be  
d e s i r a b l e  to u n d e r t a k e  o n l y  p a r t i a l  c o n v e r s i o n  of t h e  c h a r .  T h e  r e s i d u a l  c h a r  
w o u l d  t h e n  be u s e d  a s  a f u e l  f o r  s t e a m  g e n e r a t i o n .  

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

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

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

• What is the necessary size of the hydrogasifier when using synthesis 
gas produced in the oxygen-based gasifier? 
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Investigators determined that char space velocity and char residence time 
data obtained in the fluidized-bed gasifier development tests performed 
in the 6-inch-diameter reactor may be applied toward estimating the size 
of the steam-oxygen gasifier reactor. Kinetic equations to predict rates 
of carbon gasification in synthesis gas mixtures were developed from data 
obtained in the thermobalance studies. These equations and rates are a 
basis for determing hydrogasifier size when using synthesis gas produced 
in the steam-oxygen gasifier. The final resolution of the basic questions 
stated above, however, will be dependent upon data obtained from the HYGAS 
pilot plant reactor operating with the steam-oxygen gasifier on an integrated 
basis. 

The steam-oxygen gasifier (Figure 1-3) produces a hydrogen-rich gas by 
reacting the hot char from the hydrogasifier with steam and oxygen in a 
high-pressure fluidizedbed. An operating temperature of 1800 °-Ig00°F 
is maintained by controlling the quantities of steam and oxygen. 

Multiple-feed gas cones inject premixed steam and o x y g e n  at the bottom 
of the bed. Nonslagging conditions are maintained by a high fluidizing 
velocity at the reactor bottom and by the gas inlet design, which avoids 
stagnant areas and promotes rapid initial contact of oxygen, steam, and 
char. Ash is discharged through the space between the cones. 

fuel gas 
" ~! PIPELINE GAS 

~'~~--------~1 "~PRETREATER /',~ 
~ ~  ~._~ETHANATION 

HYDROGASIFIER~_ ~! ~ ~  -' 
..... t i ~~[ ~GAS PURIFICATION 

raw hydrogen-rich gas " K.,. j "- ~arbon dioxide liquid aromatics, 
J..3~jesldual-r~ ~har ..t~sulfur,ammonia 

i,..~ f ~GASIFIEP, 
steam i ! ~ ~ . ) , .  i oxygen 

ash 
A - 5 4  - 8 4 8  

Figure 1-3. THE HYGAS PROCESS SHOWN WITH A 
STEAM-OXYGEN GASIFIER TO PRODUCE HYDROGEN-RICH GAS 
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T h e  h y d r o g e n  c o n t e n t  of  t h e  g a s  f r o m  t h i s  g a s i f i e r  is  t h e  l o w e s t  o f  t he  
t h r e e  s y s t e m s .  The  m e c h a n i c a l  s i m p l i c i t y  o f  t h i s  s y s t e m  is p a r t i a l l y  of f -  
s e t  by  t he  n e e d  f o r  an  o x y g e n  p l a n t ,  t h e  n z c e s s i t y  of  r e m o v i n g  a d d i t i o n a l  
c a r b o n  d i o x i d e ,  and  t h e  r e q u i r e m e n t  f o r  a . l o n g e r  s o l i d s  r e s i d e n c e  t i m e  in  
t h e  h y d r o g a s i f i e r .  

E n c o u r a g e d  b y  t h e  r e s u l t s  of  t h i s  w o r k ,  p i l o t - s c a l e  v e r i f i c a t i o n  h a s  b e e n  
p l a n n e d  a t  t h e  H Y G A S  p i l o t  p l a n t .  D u r i n g  t h e  s p r i n g  of  1974,  a s t e a m - o x y g e n  
c h a r  g a s i f i e r  "was i n s t a l l e d  in  t h e  b a s e  o f  t h e  HYGAS p i l o t  p l a n t  r e a c t o r ,  r e -  
p l a c i n g  t he  o r i g i n a l  h e a t - e x c h a n g e  b e d  t h a t  o c c u p i e d  t h a t  s p a c e .  D e t a i l s  
o f  t h i s  d e v e l o p m e n t  a r e  c o n t a i n e d  in  I n t e r i m  R e p o r t  No,  1 on  t h e  H Y G A S  p r o c e s s ,  
O C R  C o n t r a c t  No.  1 4 - 3 2 - 0 0 0 1 - 1 2 Z 1  ( n o w  E ( 4 9 - 1 8 ) - l Z Z 1 ,  u n d e r  E R D A ) ,  O C R  
R&D R e ~ o r t  N o .  1 1 0 .  

1 . 4 ,  5 S t e a m - I r o n  G a s i f i c a t i o n  

T h e  s t e a m - i r o n  p r o c e s s  w a s  c o n s i d e r e d  a s  a m e a n s  to p r o v i d e  h y d r o g e n -  
r i c h  g a s  fo r  t h e  i n i t i a l  o p e r a t i o n s  of t h e  HYGAS p i l o t  p l a n t .  At  t h a t  t i m e  
( 1 9 6 9 ) ,  IGT h a d  b e e n  e n g a g e d  in  p r i v a t e l y - f u n d e d  p r o p r i e t a r y  r e s e a r c h  a n d  
d e v e l o p m e n t  c o n c e r n i n g  s t e a m - i r o n  p r o c e s s e s  f o r  t h e  p a s t  e i g h t  y e a r s .  
P r o t r a c t e d  n e g o t i a t i o n  of  l i c e n s i n g  a r r a n g e m e n t s  w i t h  a s s i g n e e s  o f  p a t e n t s  
d e r i v e d  f r o m  t h i s  w o r k  p r o h i b i t e d  a n  e a r l i e r  s t a r t  on  t h e  d e s i g n  a n d  c o n -  
s t r u c t i o n  of  p r o c e s s  d e v e l o p m e n t  h a r d w a r e  f o r  m a k i n g  h y d r o g e n - r i c h  g a s  
to b e  u s e d  in p i l o t - s y n t h e s i s  of  SNG.  

]'he steam-iron process for making hydrogen is very old. Historically, 
the early process was operated at atmospheric pressure using two beds of 
iron solids. One bed was reduced from iron oxide to iron by a suitable gas 
while the second bed was being oxidized by steam from iron to iron oxide. 

Upon oxidizing the iron, the steam was converted to hydrogen. When the 
beds were fully reacted, valves s~vitched the gases from one bed to the other 
and the reverse operation was carried out. This process has been largely 
abandoned in favor of other hydrogen processes, especially steam-reforming 
of natural Ras. 

The new [G'I" process replaces the cyclic operation with a continuously 
flowing system that utilized fluidized-bed reactors. The process operates 
at HYGAS pressure so that the hydrogen-steam mixture produced can be 
passed directly into the hydrogasification reactor. The steam-iron ver- 
sion of the HYGAS Process, shown in Figure 1-4 is quite complex com- 
pared with the other versions. The process is potentially superior in 
efficiency, however, and in the cost of the gas produced. 

Spent char from the hydrogasifier would be fed directly to the producer 
vessel in which the char reacts with air and steam to generate a gas capable 
of reducing iron c~xidc to iron. Operation of the producer at temperatures near 
2000"F should yield good reducing gas having CO/COz and Hz/HzO.ratios 
exceeding 4:1. The hot reducing gases are fed directly to the reducer where 
they contact a reci rcuiating stream of iron oxide and reduce it. The reduced 
oxide is contacted with stean-1 in the oxidizer and reoxidized, producing a 
mixture of hyd.rogen and excess steam. 
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T h e  r e d u c t i o n - o x i d a t i o n  r e a c t o r  w i l l  be  d e s i g n e d  w i t h  f o u r  f l u l d i z e d - b e d  
s t a g e s ,  two e a c h  in  t h e  r e d u c e r  a n d  t h e  o x i d i z e r .  T h e  d o u b l e  b e d s  e n s u r e  
t h e  h i g h e s t  s t e a m  a n d  r e d u c i n g - g a s  c o n v e r s i o n s  f o r  t h e  o p e r a t i n g  c o n d i t i o n s  
u s e d .  L o c a t i n g  t h e  r e d u c e r  on top  of  t h e  o x i d i z e r  a l l o w s  t h e  s p e n t  r e d u c i n g  
g a s e s  to  c o n v e y  t h e  i r o n  s o l i d s  to  t h e  top  of t h e  r e a c t o r .  T h e  n e w  s t e a m -  
i r o n  p r o c e s s  i s  e s p e c i a l l y  s u i t e d  t o  t h e  HYGAS P r o c e s s  b e c a u s e  t h e  p r o d u c t  
g a s  f r o m  t h e  o x i d i z e r  c a n  b e  f e d  d i r e c t l y  a t  t e m p e r a t u r e  a n d  p r e s s u r e  in to  t h e  
s e c o n d - s t a g 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 .  B e c a u s e  t he  h y d r o g a s i f i c a t i o n  r e a c t o r  
o p e r a t e s  w e l l  w i t h  a 60:40 s t e a m / h y d r o g e n  r a t i o ,  i t  is no t  n e c e s s a r y  to  a c h i e v e  
h i g h  s t e a m  c o n v e r s i o n  in  t he  s t e a m - i r o n  p r o c e s s .  T h e  v e r y  low c a r b o n  o x i d e  
c o n t e n t  in  t h e  r a w  g a s  f r o m  t h e  s t e a m - i r o n  r e a c t o r  r e s u l t s  in a v e r y  low 
c a r b o n  o x i d e  c o n t e n t  in  t h e  r a w  g a s  f r o m  t h e  h y d r o g a s i f i e r .  T h i s ,  c o m b i n e d  
wi th  the  v e r y  h i g h  h y d r o g e n  c o n t e n t ,  p e r m i t s  a s m a l l  h y d r o g a s i f i e r  r e a c t o r  
s i z e  a n d  m u c h  r e d u c e d  s c r u b b i n g  r e q u i r e m e n t s .  

FUEL GAS 
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Figure l -4. THE HYGAS PROCESS SHOWN WITH A 
STEAM-iRON SYSTEM TO PRODUCE HYDROGEN-RICH GAS 
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The  s t e a m - i r o n  s e c t i o n  p r o v i d e s  o r i e n t a t i o n  c o n c e r n i n g  how the s t e a m - i r o n  
p r o c e s s  would  . supplement  a h y d r o g a s i f i c a t i o n p r o c e s s .  In 1974, as  th is  
r e p o r t  is p r e p a r e d ,  the s t e a m - i r o n  p r o c e s s  is u n d e r  a c t i v e  d e v e l o p m e n t  fo r  
a p p l i c a t i o n  in h y d r o g a s i f i c a t i o n ,  u n d e r  the 1973 OCR C o n t r a c t  No. 1 4 - 3 Z - 0 0 0 1 -  
1518 (now ERDA C o n t r a c t  No. E ( 4 9 - 1 8 ) - 1 5 1 8 ) .  De t a i l s  of the s t e a m - i r o n  

~, s y s t e m  now u n d e r  d e v e l o p m e n t  at  IGT wi l l  be p r e s e n t e d  in full  a t  the a p p r o -  
p r i a t e  t i m e  when  the d e v e l o p m e n t  i s  m o r e  a d v a n c e d ,  in a c c o r d a n c e  wi th  ERDA 
r e q u i r e m e n t s .  

De t a i l s  of a l l  s t e a m - i r o n  c o n t r a c t  w o r k  to da te  - - i n c l u d i n g  p r o c e s s  f low 
s h e e t s - - m a y b e  found in t he  U . S .  D e p a r t m e n t  of the I n t e r i o r ,  Off ice  of 
Coal  R e s e a r c h ,  R&D R e p o r t  No. 95, I n t e r i m  R e p o r t  N o .  !, D e v e l o p m e n t  
of the  S t e a m - I r o n  S y s t e m  for  P r o d u c t i o n  of H y d r o g e n  for  the  HYGAS P r o c e s s ,  
Wash ing ton ,  D . C .  1974. 

IGT has  b e e n  w o r k i n g  s i n c e  1961 on v a r i o u s  a p p r o a c h e s  to s t e a m - i r o n  
g a s i f i c a t i o n  for  u s e  in the  d i r e c t  s y n t h e s i s  of SNG. The  e a r l i e r  IGT w o r k  
was  s p o n s o r e d  by F u e l  Gas A s s o c i a t e s  ( C o n s o l i d a t e d  N a t u r a l  Gas S e r v i c e  
Company ,  I n c . ,  T e x a s  E a s t e r n  T r a n s m i s s i o n  C o r p . ,  and C o n s o l i d a t i o n  
Coal  C o m p a n y ) .  M o r e  r e c e n t l y  the  w o r k  has  b e e n  s p o n s o r e d  by the  
A m e r i c a n  Gas A s s o c i a t i o n  and  OCR. 

V a r i o u s  s t e a m - i r o n  p r o c e s s  pa t en t s  i n c l u d e d  h e r e  as  Append ix  4 c - A  
i l l u s t r a t e  the s cope  of the  e a r l y ,  p r i v a t e  s t e a m - i r o n  R&D w o r k  at  IGT and 
the  p l a t f o r m  of e x p e r t i s e  upon  w h i c h  the I G T - O C R  c o n t r a c t  c i t ed  above  is 
b a s ~ d .  All of t h e p a t e n t s  of Append ix  4 c - A  a r e  a s s i g n e d  to C o n s o l i d a t i o n  
Coa l  Co . ,  a m e m b e r  of the  s p o n s o r i n g  F u e l  Gas A s s o c i a t e s ' : '  ( F G A ) .  

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

In subsequent OCR negotiations after the period reDorted here (but prior 
to the establishment of ERDA), FGA -- through the American Gas Association-- 
entored into an agreement with OCR assigning limited rights to certain 
FGA steam-iron patents for the sole purpose of hydrogen-rich gas production 
to convert coal to SNG. This limitation remains in effect in mid-1975 
as this report goes tv press. 
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1. 5 S u m m a r y .  of M e t h a n a t i o n  

In t h i s  s e c t i o n ,  t he  w o r k  c a r r i e d  out  on the  e v a l u a t i o n  of c a t a l y s t s  f o r  t h e  
m e t h a n a t i o n  of  c o a l  g a s i f i c a t i o n  eff luen. t  ga s  s t r e a m s  (to r a i s e  t he  h e a t i n g  
v a l u e  to t h e  l e v e l  of p i p e l i n e  g a s )  i s  r e p o r t e d .  Bo th  t h e  c o n v e n t i o n a l  p a c k e d -  
bed r e a c t o r  ( P B R )  a n d  a c o n t i n u o u s - s t i r r e d - t a n k  r e a c t o r  (CSTR)  u s e d  in  t h e  
s tudy ,  a l o n g  w i t h  t h e  a s s o c i a t e d  i n s t r u m e n t a t i o n ,  a r e  d e s c r i b e d .  T h e  " p e r f e c t -  
m i x i n g "  z o n e  f o r  t h e  CSTR is e s t a b l i s b . e d  e x p e r i m e n t a l l y .  O p e r a t i o n  in  t he  
" p e r f e c t - m i x i n g "  z o n e  in  t h e  CSTt~ e l i m i n a t e s  t he  t e m p e r a t u r e  and  c o n c e n -  
t r a t i o n  g r a d i e n t s ,  and  p e r m i t s  a n  e a s i e r  e v a l u a t i o n  of  t he  k i n e t i c s  of  a 
c h e m i c a l  r e a c t i o n .  

A n i n e - s t e p  t e s t  p r o g r a m  w a s  d e v e l o p e d  to e v a l u a t e  v a r i o u s  c a t a l y s t s  on 
t h e  s a m e  b a s i s .  S ince  1964,  a t o t a l  of 37 c o m m e r c i a l l y  a v a i l a b l e  and  n e w l y  
d e v e l o p e d  c a t a l y s t s  h a v e  b e e n  t e s t e d .  Not a l l  the  c a t a l y s t s  w e r e  s u b j e c t e d  
to  the  c o m p l e t e  t e s t  p r o g r a m ;  e v a l u a t i o n  w a s  s t o p p e d  a t  the  s t e p  w h e r e  a 
c a t a l y s t  f a i l e d .  P e r f o r m a n c e  d a t a  f o r  e a c h  c a t a l y s t  t e s t e d  a r e  a v a i l a b l e ,  
if  not r e p o r t e d  h e r e i n .  

T h e  c a t a ] y s t  p r o p e r t i e s  e v a l u a t e d  w e r e  a c t i v i t y ,  p h y s i c a l  s t r e n g t h ,  u p p e r  
and  l o w e r  t e r n p e r a t u r e  l i m i t s ,  r e s i s t a n c e  to  p o i s o n ,  s e l e c t i v i t y  f o r  m e t h a -  
n a t i o n  r e a c t i o n  a n d  t h e  l i f e  p e r f o r m a n c e .  No s i n g l e  c a t a l y s t  s a t i s f i e s  a l l  
t h e  r e q u i r e m e n t s  of  an  i d e a l  c a t a l y s t .  F o r  e x a m p l e ,  s o m e  a c t i v i t y  m a y  
h a v e  to  be s a c r i f i c e d  f o r  a d d i t i o n a l  p h y s i c a l  s t r e n g t h ,  o r  t he  l o w e r  t e m p e r a -  
t u r e  l i m i t  m a y  h a v e  to  be r a i s e d  f o r  s a t i s f a c t o r y  o p e r a t i o n  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 ,  the  n e w  g e n e r a t i o n  of c a t a l y s t s  d e v e l o p e d  s p e c i f i c a l l y  
f o r  t he  m e t h a n a t i o n  of c o a l  g a s i f i e r  e f f l u e n t s  a r e  o v e r c o m i n g  t h e  e a r l i e r  
d e f i c i e n c i e s  of t h e  o l d e r  c o m m e r c i a l l y  a v a i l a b l e  c a t a l y s t s .  

F o r  m o s t  of  t he  c a t a l y s t s  s t u d i e d ,  the  h y d r o g e n - t o - c a r b o n  m o n o x i d e  
r a t i o  in t h e  f e e d  g a s  s h o u l d  no t  be l e s s  t h a n  2.85 f o r  t he  t e m p e r a t u r e s  b e -  
t w e e n  525 ° and  9 0 0 ° F  and  f o r  p r e s s u r e s  a b o v e  600 ps ig .  T h e  c a t a l y s t s  
t ha t  w e r e  d e a c t i v a t e d  by  a n  e v e n  l o w e r  Hz:CO r a t i o  a n d / o r  u n d e s i r a b l e  
t e m p e r a t u r e s  c o u l d  not  b e  r e g e n e r a t e d .  

T h e  p r e s e n c e  of l a r g e  a m o u n t s  of m e t h a n e  in t he  f e e d  gas  h a s  a s m a l l  
e f f e c t  on the  r a t e  of m e t h a n a t i o n  a s  l o n g  a s  t h e  r e l a t i v e  p a r t i a l  p r e s s u r e  of 
m e t h a n e  is  low, a s  c o m p a r e d  to t h a t  of h y d r o g e n .  M o r e  s t u d i e s  a r e  r e -  
q u i r e d  in  t h i s  a r e a ,  e s p e c i a l l y  f o r  l o w - p r e s s u r e  c o a l  g a s i f i c a t i o n  p r o c e s s e s .  

T h e  p r e s e n c e  of 1 m o l e  p e r c e n t  ( o r  l e s s )  b e n z e n e  d o e s  not  a f f e c t  t he  
m e t h a n a t i o n  c a t a l y s t s .  T h e  p r e s e n c e  of h i g h e r  c o n c e n t r a t i o n s  of b e n z e n e  
t e n d s  to r e d u c e  m e t h a n a t i o n  a c t i v i t y  g r a d u a l l y  a n d  in  s t e p s .  F u r t h e r m o r e ,  
t h e  m e t h a n a t o r  t e m p e r a t u r e  m u s t  not  be  a l l o w e d  to i n c r e a s e  u n c o n t r o l l a b l y  
w h i l e  b e n z e n e  is p r e s e n t ;  o t h e r w i s e ,  c a r b o n  w i l l  be  d e p o s i t e d .  M o s t  of  t he  
c a t a l y s t s  w e r e  not  r e g e n e r a b l e  a f t e r  b e n z e n e  d e a c t i v a t i o n .  

If bo th  CO a n d  CO z are p r e s e n t  in  t h e  f e e d ,  CO z w i l l  "be h y d r o g e n a t e d  to  
m e t h a n e  o n l y  w h e n  the  c o n c e n t r a t i o n  of CO is  l e s s  t h a n  0 . 2  m o l e  p e r c e n t .  
E x c e s s  CO z ( t5  p e r c e n t  o r  m o r e )  m a y  ih inder  t he  CO m e t h a n a t i o n  r e a c t i o n .  

The presence of nitrogen in the coal gasifier effluent (methanator feed) 
may cause ammonia formation because nickel and iron in the catalyst (or in the 
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reactor wails) promotes ammonia formation in the absence of carbon oxides. 
Ammonia tends to deactivate the methanation catalyst, but it can be re- 
generated by passing hydrogen at about 700°F. However, carbon deposition 
usually follows deactivation. 

The  e f f e c t  of  s u l f u r  on the  c a t a l y s t  a c t i v i t y  w a s  d e t e r m i n e d  in l i f e - t e s t  
t y p e  runs .  G e n e r a l l y ,  s m a l l  c o n c e n t r a t i o n s  (< 1 p p m )  of  p r o p y l  m e r c a p t a n  
and  t h i o p h e n e  d o  no t  a f f e c t  the  n i c k e l  c a t a l y s t s .  H o w e v e r ,  m e t h y l  m e r c a p -  
t an ,  c a r b o n y l  s u l f i d e  and h y d r o g e n  s u l f i d e  in e x c e s s  of  1 . 2  p p m  q u i c k l y  
p o i s o n  the  n i c k e l  c a t a l y s t s .  C a r b o n  d e p o s i t i o n  t ook  p l a c e  a f t e r  d e a c t i v a t i o n .  
N e i t h e r  the  s u l f i d e d  c a t a l y s t s  nor  t he  c a r b o n  d e p o s i t e d  c a t a l y s t s  w e r e  r e -  
g e n e r a b l e .  

L i f e  t e s t i n g  r e s u l t s  of  t h r e e  p r o m i s i n g  c a t a l y s t s  a r e  s u m m a r i z e d .  

Th¢' e x i s t i n g  c o a l  g a s i f i c a t i o n  p r o c e s s e s  p r o d u c e  a reactor o u t p a t  g a s  
( p r i o r  t,~ c l e a n - u p  and m e t h a n a t i o n )  w i t h  a h e a t i n g  v a l u e  of  f r o m  300 to 600 
f ' iu/SCI," p e r  s t a n d a r d  c u b i c  foo t ;  t h i s  c o n s i s t s  p r i m a r i l y  of  m e t h a n e ,  h y d r o g e r  
and  c a r b o n  o x i d e s .  In o r d e r  to p r o d u c e  a g a s  w i th  a h e a t i n g  v a l u e  of  a b o u t  
l{)00 Btu p e r  s t a n d a r d  c u b i c  foo t  and interchangeable with p i p e l i n e  
ga s ,  m e t h a n a t i o n  of  the  a b o v e - m e n t i o n e d  g a s  is  e s s e n t i a l .  H e t e r o g e n e o u s  
c a t a l y s i s  -- the  h e a r t  o f  t h e  m e t h a n a t i o n  p r o c e s s  -- is  b y  n a t u r e  d i f f i c u l t  and  
i n c o n s i s t e n t ,  b e c a u s e :  

• F i r s t ,  t h e r e  is no g u a r a n t e e  tha t  two  b a t c h e s  of c a t a l y s t s  wi l l  be  
m a d e  e x a c t l y  a l i k e .  

• S e c o n d , t h e r e  is no l z u a r a n t e e  tha t  the  m o l e c u l e s  w h i c h  m e e t  the  
c a t a l y s t  w i l l  h a v e  t h e  s a m e  n u m b e r  and  the  s a m e  c o m p o s i t i o n  a t  a l l  t i m e s .  

The  c r i t i c a l  a s p e c t s  of  the  m e t h a n a t i o n  p r o c e s s  a r e  c a t a l y s t  p e r f o r m a n c e  
and the removal of the exothermic heat of reaction. 
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i. 6 Summary of Coal and Char Characterization 

The summaries of sub-parts in this category are preseni'ed under individual 
subheadings because of disparate content. 

I. 6. I. Petrography and Related Studies 

Petrographic and related properti'es of coal were investigated at different 
stages in the hydrogasification process. Particles of caking bituminous coal 
inflate to round, hollow "cenospheres" when they are pretreatedwith air or di- 
luted air, in a fluidized bed, and at elevated temperature, to destroy their 
tendency to agglomerate. The loss of the agglomeration tendency is attributed 
to a surface transformation, which forms a "skin" or "envelope" or "oxidized 
layer" of reacted coal that can be distinguished by its high reflectance. IGT 
believes this sheath remains rigid, and that this rigidity tends to limit further 
enlargement of particles during later, high-temperature stages of the HYGAS 
process. Both the pretreated particles and residue particles from hydro- 
gasification vary greatly in structure and reflectance. The caking mechanism 
of pretreated low-volatile bituminous coal in the hydrogasification reactor was 
also investigated. 

Petrographic study of the specified feed coals and some of their chars at 
different stages of processing has been fruitful in several ways. The detec- 
tion of contaminating caking coal mixed with a nonagglomerating coal explained 
some anomalous hydrogasification processing results, although the examina- 
tion was not early enough to avoid their occurrence. Agglomeration ofpre- 
treated high-rank bituminous coals was shown to result from the discharge 
of fluid material from the interior of pretreated particles as well as from the 
fluidity of the few particles that escaped pretreatment. Lack of anisotropy 
in the residue chars from lignite, subbituminous coal, and pretreated high- 
volatile C coal indicates that little or no fluidity developed in these coals, and 
accounts for the successful processing of lignite and subbituminous coal without 
pretreatment. Increasing amounts of anisotropy, indicating development of 
fluidity, were observed in chars from the higher rank bituminous coals. In- 
creased anisotropy and a very different char particle structure were found 
when a high-volatile A bituminous coal was fed without pretreatment. 

Differences in structure may become important if process development makes 
it possible to feed the coal without pretreatn~ent. Because graphitization at 
higher temperature occurs only when the char has passed through a fluid stage 
with resulting anisotrophy (Kipling and Shooter l), the degree of anisotropy or 
lack of it may indicate differences in the electrical characteristics of the char; 
this may affect its behavior in the electrothermal gasification process for the 
production of ]~ydrogen. 

Correlating the petrographic properties of a coal and its suitability for 
hydrogasification, we find: 

• Exinite is largely lost in pretreatment and, therefore, is of value only 
if the coal can be processed without pretreatment. 

• Fusinite and semifusinite are expected to be less reactive than vitrinite 
but no quantitative data on this reactivity are yet available. 
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1 . 6 . 2  M i s c e l l a n e o u s  S u p p o r t  S t u d i e s  

L a b o r a t o r y  t e s t s  on  the  s l u r r y i n g  of  c o a l  a n d  c h a r  w e r e  p e r f o r m e d  p r i o r  
to t h e  p u m p i n g  t e s t s .  Raw o r  p r e t r e a t e d  I r e l a n d  M i n e  c o a l  w a s  e a s i l y  w e t t e d  
and  f o r m e d  in to  a s l u r r y  b y  s t i r r i n g  w i t h  w a t e r .  W a t e r  r e m o v a l  f r o m  t h e  
s l u r r y  by  c e n t r l f u g a t i o n  w a s  i n v e s t i g a t e d ;  p r e s s u r i n g  the  s l u r r y  s u b s t a n t i a l l y  
i n c r e a s e d  the  a m o u n t  of n o n r e c o v e r a b l e  w a t e r .  A l s o  i n v e s t i g a t e d  w e r e  
s l u r r y i n g  w i t h  b e n z e n e ,  t he  s e p a r a t i o n  of b e n z e n e  a n d  w a t e r  in  t he  p r e s e n c e  
of c o a l  f i n e s ,  a n d  t h e  u s e  of l igh t  oi l  r a t h e r  t h a n  b e n z e n e  a s  t h e  s l u r r y  
m e d i u m - - t h e  u s e  of  t o l u e n e  p r o v e d  to be  a f e a s i b l e  a l t e r n a t i v e .  In an  i n v e s -  
t i g a t i o n  of f i n e s  f o r m a t i o n  f r o m  s u d d e n  h e a t i n g  of the  p r e t r e a t e d  c o a l  s l u r r y ,  
on ly  a s m a l l  a m o u n t  of  f i n e s  w a s  p r o d u c e d .  T h e  f l o a t - s i n k  p r o p e r t i e s  of 
cha r . s  w e r e  t e s t e d  a t  d i f f e r e n t  s t a g e s  of h y d r o g a s i f i c a t i o n ;  r e s u l t s  i n d i c a t e  
t h a t  t he  f l o a t - s i n k  p r o p e r t y  d e p e n d s  g r e a t l y  on the  a m o u n t  of n o n c o n d e n s a b l e  
g a s  l e f t  in t he  p o r e s  of  t h e  r e s i d u e s  a f t e r  s u b m e r s i o n .  

O t h e r  s u p p o r t  s t u d i e s  i n c l u d e d  the  a n a l y s e s  of  c o n d e n s a t e  w a t e r  s a m p l e s  
f o r  p h e n o l  a n d  h y d r o g e n  c y a n i d e ;  a n a l y s e s  of t h e  h y d r o c a r b o n  l i q u i d s  f r o m  two 
h y d r o g a s i f i c a t i o n  r u n s ;  and  the  a n a l y s e s  f o r  a m m o n i a  in t h e  w a t e r  p h a s e  of the  
c o n d e n s a t e  f r o m  s e v e r a l  r u n s ,  in w h i c h  the  r e s u l t s  i n d i c a t e d  t h a t  a l l  o r  
n e a r l y  a l l  of  t h e  n i t r o g e n  w a s  c o n v e r t e d  to  a m m o n i a .  U s e  of t he  r e s i d u e s  
f r o m  e l e c t r o g a s i f i c a t i o n  f o r  r e m o v a l  of p h e n o l s  f r o m  t h e  w a t e r  c o n d e n s a t e  
w a s  a l s o  i n v e s t i g a t e d .  

M i n o r  c o m p o n e n t s  in t h e  p i l o t  p l a n t  h y d r o g a s i f i c a t i o n  r e a c t o r  p r o d u c t  g a s  
w e r e  i d e n t i f i e d  by  g a s  c h r o m a t o g r a p h y  a n d  m a s s  s p e c t r o m e t r y .  

T h e  a t t r i t i o n  r e s i s t a n c e  of  the  c h a r s  f r o m  h y d r o g a s i f i c a t i o n  a n d  o t h e r  
s o u r c e s  w a s  d e t e r m i n e d  b y  a t e s t  d e v e l o p e d  f o r  t h i s  p u r p o s e .  T h e  q u a n t i t y  
of  --200 m e s h  f i n e s  p r o d u c e d  in  the  t e s t  w a s  c o n s i d e r e d  s i g n i f i c a n t .  A t t r i t i o n  
r e s i s t a n c e  w a s  c o n s t a n t  o r  i n c r e a s e d  s l i g h t l y  w i t h  i n c r e a s e  in c o n v e r s i o n .  
T h i s  i s  c h a r a c t e r i s t i c  of  t he  r e s i d u e  a s  a w h o l e ,  r a t h e r  t h a n  of t he  c o a r s e  
p a r t i c l e s  o n l y .  

1.6.3 Calorimetry 

C a l o r i m e t r y  r e s e a r c h  w a s  r e q u i r e d  to e s t a b l i s h  v a l i d  d a t a  on  v a r i o u s  
h e a t s  of  r e a c t i o n s  u p o n  w h i c h  to b a s e  t he  d e s i g n  of  an  e f f i c i e n t  c o a l  h y d r o -  
~ a s i f i c a t i o n p l a n t .  D a t a  w e r e  r e q u i r e d  f o r :  

• Raw c o a l  in t h e  coa l  p r e t r e a t m e n t  p r o c e s s ,  

• P r e t r e a t e d  c o a l  in t he  l o w - t e m p e r a t u r e  g a s i f i e r ,  

R e s i d u e  f r o m  the  l o w - t e m p e r a t u r e  g a s i f i e r  a f t e r  t h a t  r e s i d u e  h a s  
p a s s e d  in to  t h e  h i g h - t e m p e r a t u r e  g a s i f i e r ,  a n d  

R e s i d u e  f r o m  t h e  h i g h - t e m p e r a t u r e  g a s i f i e r ,  z, 3 

B 
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A t h o r o u g h  l i t e r a t u r e  s e a r c h  r e v e a l e d  tha t  no dat-a had  b e e n  
r e p o r t e d  on the,. h e a t  of  r e a c t i o n  of h y d r o g e n  and  coa l ;  t h e r e f o r e ,  two 
c a l o r i m e t e r s  w e r e  d e s i g n e d ,  c o n s t r u c t e d  and  o p e r a t e d  by  t h e  I n s t i t u t e  of 
Gas  T e c h n o l o g y  to o b t a i n  the  d a t a  r e q u i r e d .  O n e  c a l o r i m e t e r  w a s  d e s i g n e d  
to m e a s u r e  t he  h e a t  of  r e a c t i o n ,  a n d  the  o t h e r  to m e a s u r e  h e a t  c a p a c i t y  b y  
the  d r o p  m e t h o d .  T h e  h e a t - o f - r e a c t i o n  c a l o r i m e t e r  c a n  be  o p e r a t e d  a t  
t e m p e r a t u r e s  up to  1 5 0 0 ° F  a n d  a t  p r e s s u r e s  up to  1500 p s i a .  T h e  d r o p  
c a l o r i m e t e r  c a n  b e  o p e r a t e d  a t  a t m o s p h e r i c  p r e s s u r e  a n d  t e m p e r a t u r e s  up 
to 1 5 0 0 ° F .  R e s u l t s  of  the  f o l l o w i n g  i n v e s t i g a t i o n s  a r e  r e p o r t e d  in  t h i s  
section: 

1 ) T h e  h e a t  of  r e a c t i o n  of h y d r o g e n  w i t h  c o a l s  a n d  c o a l  c h a r s  a f t e r  
v a r i o u s  d e g r e e s  of g a s i f i c a t i o n ,  

2) T h e  h e a t  of  r e a c t i o n  of c o a t  p r e t r e a t m e n t ,  a n d  

3) T h e  h e a t  c a p a c i t y  of v a r i o u s  c o a l s  a n d  c o a l  c h a r s  

A s h  b a l a n c e s  w e r e  u s e d  to pu t  t h e s e  r e s u l t s  on  a C o m m o n  b a s i s .  

The majority of work involving the heats of reaction of hydrogen and 
coal was concentrated on the study of a high-volatile content bituminous coal 
from the Ireland Mine's Pittsburgh No. 8 seam. Samples involved raw coal 
in a size range of--Z0 to +325 mesh, pretreated coal, residue representative 
of that from the low-temperature stage of the hydrogasifier and residue 
representative of that from the high-temperature stage of the hydrogasifier. 
Some studies also were made on West Virginia Sewell coal (Sewell No. 1 
Mine), West Virginia Block No. 5 coal (Kanawha Mine), Illinois No. 6 coal 
(Crown Mine), Colorado subbituminous coal and North Dakota lignite. 

T h e  a v e r a g e  h e a t  o f  r e a c t i o n  in r a w  c o a l  g a s i f i c a t i o n  w a s  a b o u t  1800 B t u / l b  
c o a l  r e a c t e d ;  5Z w e i g h t  p e r c e n t  of  the  o r g a n i c  c a r b o n  in  t he  f e e d  w a s  g a s i f i e d .  

E x a m i n a t i o n  of t he  t e m p e r a t u r e  m e a s u r e m e n t ,  t h e  p r e s s u r e  m e a s u r e m e n t ,  
the t e m p e r a t u r e  d i s t r i b u t i o n  in the  c a l o r i m e t e r ,  the  t o t a l  m a s s  b a l a n c e  a n d  
t h e  c a l i b r a t i o n  r e s u l t s  o b t a i n e d  f r o m  the  c o n s t a n t - h e a t - i n p u t  m e t h o d  a n d  the  
e x p e r i m e n t a l  r u n s  on h y d r o g e n  a n d  n - d e c a n e  r e a c t i o n s  i n d i c a t e  t h a t  the  d a t a  
r e p o r t e d  s h o u l d  not  h a v e  a d e v i a t i o n - - g r e a t e r  t h a n  10Yo. 

In d e t e r m i n i n g  the  h e a t  of  r e a c t i o n  the  c o a l  s a m p l e  w a s  s t o r e d  a t  70 ° to 
7 2 ° F  in t h e  n e c k  of t he  c a l o r i m e t e r .  W h e n  t h e  c a l o r i m e t e r  r e a c h e d  t h e r m a l  
e q u i l i b r i u m  wi th .  the  h e a t e r  g u a r d  a n d  t h e  p r e s s u r e  w a s  s t a b i l i z e d ;  the  s a m p l e  
w a s  l o w e r e d  in to  the  c a l o r i m e t e r  b o d y .  In d e t e r m i n i n g  the  h e a t  of  p r e t r e a t m e n t ,  
t h e  coa l  w a s  k e p t  a t  70° to 7 2 ° F  w h i l e  the  a i r - f i l l e d  c a l o r i m e t e r  w a s  
s t a b i l i z e d  a t  d e s i r e d  c o n d i t i o n s .  T h e  c o a t  w a s  t h e n  d r o p p e d  in to  the  c a l o r i m e t e r  
a f t e r  e q u i l i b r i u m  c o n d i t i o n  had  b e e n  r e a c h e d ;  t h e r e f o r e ,  t h e  m e a s u r e d  h e a t  
of  p r e t r e a t m e n t '  i n c l u d e d  1) t he  h e a t  r e q u i r e d  to  w a r m  t h e  c o a l  f r o m  70 ° F  to 
the  r e a c t i o n  t e m p e r a t u r e ,  and  2) the  h e a t  of p y r o l y s i s .  
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During the tests, little devolatilization was noticed at 700°F, but the 
coal devolatilized rapidly at 800°F, as shown by the presence of tars. Thus, 
because a good portion of the coal weight loss at 800°F resulted from devola- 
tilization and not from the oxidation reaction, the heat of reaction of the 
coalpretreatment was also calculated for 800 °F, based on the data obtained 
at 700°F and the heat capacity information of both reactants and products. 
One should note that, although these experiments were carried out in a 
static-bed reactor, the IGT pilot plant pretreatment of coal is carried out 
in a fluidized-bed reactor. At 700°F, the rate of the devolatilization reaction 
apparently competes with that of the oxidation reaction. In the static reactor 
the poor gas-solids contacting favors devolatilization, while the intimate 
gas-solids contacting in the fluidized-bed reactor favors oxidation. For a 
fluidizedpretreater, therefore, the calculated values of the heat of reaction 
at 800°F more nearly approach the actual values. 

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

Utilizing the two calorimeters developed by IGT, mean pyro-heat 
capacities of coal were determined. Results were obtained for temperatures 
that ranged to>1300°F for lignite, and to >I500°F for raw coal, pretreated 
coal, low-temperature residue and high-temperature residue. Plots of these 
data together with other data from the literature are presented. 

Based on the data obtained from the work reported here. together with 
data available in the literature, a comparison chart was developed. Predicted 
values are plotted for comparison with the experimental data. The largest 

deviation between predicted and experimental data is about I0%, while the 
average deviation is about +__ 5f~;J. 

It should be noted that the results obtained from this investigation are 
sufficient for a specific application only and should not be used for general 
analysis or correlation for all applications. To achieve a generalized 
correlation suitable for providing design information adaptable to any coal 
gasification process, further studies will be required. 

I. 6.4 Kinetics of Coal Gasification 

A quantitative mathematical model to describe coal char gasification 
kinetics was developed based on experimental information obtained over 
a wide range of conditions. The model is intended for application to two 
reaction stages: 
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. A " h i g h - r a t e  m e t h a n e  format i .on  s t a g e "  c o r r e s p o n d i n g  to a l i m i t e d  
p e r i o d  a f t e r  a coa l  c h a r  con ta in ing  r e a s o n a b l e  v o l a t i l e  m a t t e r  is  
i n i t i a l l y  e x p o s e d  to a ga s i fy ing  m e d i u m  con ta in ing  h y d r o g e n .  Dur ing  
th is  s h o r t - l i v e d  p e r i o d ,  a coa l  c h a r  exhib i t s  an e x c e p t i o n a l l y  high,  
a l though  t r a n s i e n t ,  r e a c t i v i t y  for  m e t h a n e  f o r m a t i o n .  

. A "low-rate gasification stage" corresponding to gasification of a 
char of relatively low reactivity, which results when reaction in the 
"rapid-rate" stage is completed. 

The correlations corresponding to this model were evaluated on the basis of 
data obtained at constant environmental conditions with a thermobalance 
apparatus and a differential fluidized-bed system at lq00" to 17~0"F and 
i to 70 atmospheres with a variety of gases and gas mixtures. 

C o n s i s t e n c i e s  b e t w e e n  p r e d i c t i o n s  of the c o r r e l a t i o n s  and r e s u l t s  ob-  
t a i ned  f r o m  a v a r i e t y  of o t h e r  e x p e r i m e n t a l  g a s i f i c a t i o n  s y s t e m s  e m p l o y i n g  
i n t e g r a l  g a s - s o l i d s  c o n t a c t i n g  a r e  e x c e l l e n t .  

. 

Z. 

. 
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1 . 7  S u m m a r y  of  C o a l  P r e t r e a t m e n t  in t he  1 0 - I n c h  P D U  

T h e  m o s t  r e a c t i v e  p a r t  of  c o a l  f o r  p r o d u c i n g  m e t h a n e  i s  c o n t a i n e d  in t he  
v o l a t i l e  m a t t e r  o f  c o a l ,  a f a c t  t h a t  f a v o r s  t he  u s e  of  h i g h - v o l a t i l e  c o a l s  to 
s y n t h e s i z e  s u b s t i t u t e  n a t u r a l  g a s  ( S N G )  f o r  p i p e l i n e  u s e .  

A s  a r e s u l t  of  a l i t e r a t u r e  r e v i e w  and  b a t c h  p r e t r e a t m e n t  t e s t s  w i th  a i r  
and  n i t r o g e n ,  b o t h  r e p o r t e d  in IGT R e s e a r c h  B u l l e t i n  No. 39 v it w a s  c o n -  
c l u d e d  t h a t  o x i d a t i o n  w i th  a i r  o r  d i lmted  a i r  w a s  t he  m o s t  s u i t a b l e  m e t h o d  of  
d e s t r o y i n g  c a k i n g  p r o p e r t i e s  of  b i t u m i n o u s  c o a l  w i th  m i n i m u m  l o s s  of  the  
v a l u a b l e  v o l a t i l e  m a t t e r .  

A f l u i d i z e d - b e d  un i t  w a s  c o n s t r u c t e d  and  s e v e r a l  t e s t s  w e r e  c o n d u c t e d  a t  
n e a r - a t m o s p h e r i c  p r e s s u r e  wi th  P i t t s b u r g h  No.  8 s e a m  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 .  T e s t s  a l s o  w e r e  m a d e  wi th  t h i s  c o a l  a t  p r e s s u r e s  up to 1055 p s ig  
u t i l i z i n g  a h i g h - p r e s s u r e  r e a c t o r .  

T h e  o b j e c t i v e s  o f  t h e  w o r k  r e p o r t e d  h e r e  w e r e :  

o D e v e l o p m e n t  of  a s a t i s f a c t o r y ,  continuous, a t m o s p h e r i c - p r e s s u r e  
f l u i d i z e d - b e d  p r e t r e a t m e n t  un i t  and  p r o c e s s ,  

• E s t a b l i s h m e n t  of minimum pretreatnnent c o n d i t i o n s  f o r  the  c o m p l e t e  
r a n g e  o f  r a n k  of  b i t u m i n o u s  coa l ,  and 

• P r e p a r a t i o n  of p r e t r e a t e d  c o a l  f o r  the  4 - i n c h - d i a m e t e r  h y d r o g a s i f i c a t i o n  
p r o c e s s  d e v e l o p m e n t  un i t .  

T h e  i n v e s t i g a t i o n  c o n t i n u e d  o v e r  t h e  p e r i o d  f r o m  O c t o b e r  1964 to  J u l y  1969.  
A t o t a l  of  a b o u t  72 r e p o r t e d  r u n s  w e r e  m a d e  on  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 ,  
Z on a m e d i u m - v o l a t i l e  b i t u m i n o u s  c o a l  and 6 on 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 .  
T o w a r d  t h e  end  of  the  i n v e s t i g a t i o n ,  c o n d i t i o n s  r e q u i r e d  f o r  m i n i m u m  p r e -  
t r e a t m e n t  of  c o a l s  r a n g i n g  in r a n k  f r o m  h i g h - v o l a t i l e  C b i t u m i n o u s  to l o w -  
v o l a t i l e  b i t u m i n o u s  w e r e  d e t e r m i n e d .  

Conditions necessary to destroy the agglomerating tendency of caking coals 
with minimal pretreatment using air or diluted air were established in an 
atmospheric-pressure fluidized-bed reactor. For high-volatile bituminous 
coals, which are commercially significant for SNG production, the successful 
pretreatment conditions were: 

l) Temperature above 735°F, 

2) O x y g e n  c o n s u m p t i o n  of  1 .0  to  2. 5 s t a n d a r d  c u b i c  f e e t  p e r  pound  of  
c o a l  fed ,  a n d  

3) R e s i d e n c e  t i m e  e x c e e d i n g  10 m i n u t e s .  

T h e  v o l a t i l e  m a t t e r  in the  coa l  w a s  r e d u c e d  f r o m  a r a n g e  of  "~3 tc~ 39,,i, t~, 
a r a n g e  of  24 ft. 26% b e f o r e  f r e e - f l o w i n g  c h a r  w a s  p r o d u c e d  w h i c h  c o u l d  
b e  c o n t i n u o u s l y  f ed  to the  h y d r o g a s i f i e r .  

IGT R e s e a r c h  B u l l e t i n  No ,  39: 
P r o d u c t i o n  o f  P i p e l i n e  G a s ~  H y d r o g a s i f i c a t i o n  of  C o a l ,  
1 9 5 4 - 1 7 6 4 ,  IGT and  A . G . A . .  C h i c a g o ,  D e c e m b e r ,  197Z. 

V o l u m e  I, 
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1 . 8  S u m m a r y  of  C o m m e r c i a l  P l a n t  D e s i g n  

T h e  d e s i g n  of  a H Y G A S  d e m o n s t r a t i o n  p l a n t  is  d i s c u s s e d  in t ) a r t  VIII:  t h e  
d e s i g n  is  b a s e d  on  t e c h n o l o g y  e x i s t i n g  in D e c e m b e r  1969.  The  d e s i g n  s t u d y  
w a s  u n d e r t a k e . n  by  P r o c o n  I n c o r p o r a t e d  a n d  IGT f o r  the  D e p a r t m e n t  o f  t he  
I n t e r i o r ,  O f f i c e  o f  Coa l  R e s e a r c h ,  and  t h e  A m e r i c a n  G a s  A s s o c i a t i o n .  T h e  
d e s i g n  t h a t  e v o l v e d  c o u l d  be t h e  b a s i s  f o r  o n e  t r a i n  of  t he  f u l l - s c a l e  c o m m e r -  
c i a l  f a c i l i t y  t h a t  i s  i l l u s t r a t e d  in F i g u r e  1 - 5 .  

T h e  1969 p l a n t  d e s i g n  i n c o r p o r a t e d  t h e  e l e c t r o t h e r m a l  p r o c e s s  f o r  m a n u -  
f a c t u r e  of  h y d r o g e n - r i c h  g a s  b e c a u s e  t h a t  p r o c e s s  w a s  m o s t  a d v a n c e d  a t  
t h a t  t i m e .  E m ± e n s i v e  r e s e a r c h  a n d  d e v e l o p m e n t  by IGT f o r  O C R  and  o t h e r s  
h a s  s i n c e  p r o v e d  t h a t  two  a l t e r n a t i v e  s y s t e m s  f o r  p r o d u c i n g  h y d r o g e n - r i c h  

g a s  -- n a m e l y  t h e  s t e a m - o x y g e n  a n d  s t e a m - i r o n  p r o c e s s e s  -- m a y  b e  e v e n  m o r e  
p r o m i s i n g  b a s e d  on  c u r r e n t  e c o n o m i c s .  F a c i l i t i e s  f o r  e x t e n s i v e  t e s t i n g  of  
t h e s e  p r o c e s s e s  a t  t h e  H YGAS p i l o t  p l a n t  a r e  b e i n g  r e a d i e d  a s  t h i s  r e p o r t  
i s  w r i t t e n .  

B e c a u s e  t h e  d e s i g n  d i s c u s s e d  w a s  an  e a r l y  d e s i g n  and  p r o g r e s s  in  t h e  
h y d r o g a s i f i c a l ~ i o n  of  c o a l  to  h i g h - B t u  g a s  f o r  p i p e l i n e  u s e  h a s  }-~en s u b s t a n -  
t i a l  s i n c e  1969,  a c r i t i q u e  of t h e  d e s i g n  a l s o  is  p r e s e n t e d - t o g e t h e r  w i t h  
s u g g e s t e d  a r e a s  of  i m p r o v e m e n t . : '  P r o g r e s s  h a s  b e e n  a c h i e v e d  in m o s t  of 
t h e  i m p r o v e m e n t  a r e a s  d i s c u s s e d  s i n c e  t h i s  w o r k  w a s  p e r f o r m e d ,  T h e  p u r -  
p o s e  o f  t h e  e a r l y  d e m o n s t r a t i o n  p l a n t  d e s i g n  in 1969 w a s  1) to  p r o v i d e  a g u i d e  
f o r  f u t u r e  d e s i g n s ,  b o t h  in  t he  a r r a n g e m e n t  and  s e q u e n c e  of p r o c e s s i n g  s t e p s .  
2) to  p i n p o i n t  p r o b l e m  a r e a s  w h e r e  p i l o t - s c a l e  s t u d y  s h o u l d  be c o n c e n t r a t e d .  
a n d  3) t o ' p i n p o i n t  p r o b l e m  a r e a s  w h e r e  a p a u c i t y ,  of  e x i s t i n g  d a t a  m i g h t  i n d i -  
c a t e  a d d i t i o n a l  b a s i c  r e s e a r c h  w o u l d  be  r e q u i r e d ;  a l l  of  t h e s e  g o a l s  h a v e  
b e e n  a c c o m p l i  s h e d .  

T h e  p r i m a r y  i m p a c t  o f  t h i s  d e s i g n ,  h o w e v e r ,  h a s  b e e n  to  s h o w  t h a t  it  is  
f e a s i b l e  t o  d e s i g n  l a r g e - s c a l e  p l a n t s  f o r  t h e  h y d r o g a s i f i c a t ~ o n  of c o a l  to  p i p e -  
l i n e - q u a l i t y  g a s  (SNG), w i t h  n e w  A m e r i c a n  a p p r o a c h e s  to  g a s i f i c a t i o n ,  c o u p l e d  
w i t h  e x i s t i n g  t e c h n o l o g y .  As  a n y  of  t h e  d e s i r a b l e  i m p r o v e m e n t s  d i s c u s s e d  
h e r e i n  b e c o m e  a v a i l a b l e ,  b o t h  t h e  e c o n o m i c s  and  d e s i g n  of c o a l  g a s i f i c a t i o n  
p l a n t s  w i l l  b e n e f i t .  T h i s  d e s i g n  p r o j e c t  i n d i c a t e s ,  h o w e v e r ,  t h a t  c o m m e r c i a l  
c o n v e r s i o n  of  c o a l  to  SNG is  f e a s i b l e  t o d a y  w i t h  i m p r o v e d  A m e r i c a n  t e c h -  
n o l o g y ,  w i t h o u t  a w a i t i n g  a d v a n c e s  to  o p t i m u m  d e s i g n s .  

T h e  S e c t i o n  8. 7 - S u g g e s t e  d A r e a s  f 0 r  D e s i g n  I m p r 0 v e m e n t ' - -  in  t h i s  
r e p o r t  i s  b a s e d  on " A n a l y s i s  o f  a H Y G A S  C o a l  G a s i f i c a t i o n  P l a n t  D e s i g n , "  
p r e s e n t e d  b y  F .  C. S c h o r a  and  C. W. M a t t h e w s  in N o v e m b e r  197Z b e f o r e  
t h e  6 5 t h  A n n u a l  M e e t i n g  of  the  A. I. C h . E .  at  N e w  Y o r k  C i t y .  
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t 1.9 S u m m a r y  of P r o c e s s  E c o n o m i c s  

1.9.1 D i s c u s s i o n  

S e v e r a l  e c o n o m i c s  s t u d i e s  p e r t a i n i n g  to the HYGAS P r o c e s s  c o n v e r s i o n  
of coa l  to p i p e l i n e - q u a l i t y  SNG w e r e  p e r f o r m e d  b e t w e e n  Ju ly  1964 and 
S e p t e m b e r  1972, the  p e r i o d  r e p o r t e d  i n t h [ s  OGRR&D R e p o r t  No. ZZ. 

The r e a d e r  should  b e a r  in m i n d  tha t  cos t  e s t i m a t e s  a r e  u s u a l l y  s u b j e c t  
to c o m p a r i s o n ,  if not in a f ( ) rmal  t abu la t ion ,  then  m o r e  c a s u a l l y  in the 
r e a d e r ' s  m i n d  wi th  r e f e r e n c e  to s o m e  p r i o r  k n o w l e d g e .  One m u s t  a l w a y s  
keep in mind the comparability of different estimates. 

S p e c i f i c a l l y ,  one should  r e c o g n i z e  tha t  p r o c e s s  des ign ,  d e g r e e  of de ta i l ,  
s o u r c e  of cos t s ,  t i m i n g  of e s t i m a t e s ,  cos t  of coal ,  f i n a n c i a l  f a c t o r s  and  
m e t h o d s  e m p l o y e d  to a r r i v e  at  a p r o c e s s  p r i c e  m a y  v a r y  g r e a t l y  b e t w e e n  
a n a l y s e s .  

With t h e s e  though t s  in mind ,  the  r e a d e r  is r e f e r r e d  to the b i b l i o g r a p h y  
that  p e r t a i n s  to the  e c o n o m i c s  of p r o d u c i n g  p i p e l i n e - q u a l i t y  SNG f r o m  
coa l ;  a l l  w e r e  p r e p a r e d  by HYGAS e n g i n e e r i n g  e c o n o m i s t s  d u r i n g  the c o n t r a c t  
p e r i o d ,  and e x p l o r e  the  e c o n o m i c s  of the  HYGAS P r o c e s s  in tha t  p e r i o d .  

The  r e a d e r  is  r e f e r r e d ,  a l so ,  to the F i n a l  R e p o r t  of the Supply T e c h n i c a l  
A d v i s o r y  T a s k  F o r c e -  Syn the t i c  G a s - G o a l  by the F e d e r a l  P o w e r  C o m m i s s i o n  
da t ed  A p r i l  1973, sp ' e c i f i c a l l y ,  C h a p t e r  VII,  ' E c o n o m i c s  of P i p e l i n e  Gas  F r o m  
C o a l , "  p a r a g r a p h  B, P r o c e s s e s  E v a l u a t e d  et .  seq.  The  " s i n g l e  se t  of da t a "  
fe l t  to be r e p r e s e n t a t i v e  of a " T y p i c a l  New P r o c e s s ,  " a l t h o u g h  not a c t u a l l y  
HYGAS data,  a r e ,  for  p r a c t i c a l  p u r p o s e s ,  s i m i l a r .  
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1.10 ~ -  Btu B i b l i o g r a p h y  

NOTE: For add i t i ona l  i n f o r m a t i o n  on this sub jec t ,  
st,.', HYGAS: 1972 to 1974, P i p e l i n e  Gas F r o m  C o a i - -  
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