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INTRODUCTION 

me d i r e c t  convers ion  of raw c o a l  t o  methane can  b e  ach ieved  by r e a c t i n g  t h e  
c o a l  w i t h  hydrogen. 
t h e  U.S. Bureau of Mines Hydrane P rocess '  and the h igh  thermal  e f f i c i e n c y  r e s u l t -  
i n g  from t h i s  d i r e c t  p rocess  approach  o f f e r s  s u b s t a n t i a l  p o t e n t i a l  economic advan- 
t a g e s  ove r  o t h e r  rou te s  to  p i p e l i n e  gas .2  Convert ing c o a l  d i r e c t l y  t o  methane by 
r e a c t i o n  wi th  hydrogen w a s  f i r s t  r e p o r t e d  by Dent, The thermodynamic advantages  
o f  producing methane d i r e c t l y ,  r a t h e r  t han  by f i r s t  conve r t ing  t h e  c o a l  t o  s y n t h e s i s  
g a s  which i s  then conve r t ed  t o  methane a f t e r  water-gas s h i f t  and methanat ion ,  were 
q u i c k l y  recognized  when i n v e s t i g a t o r s  i n  t h e  United S t a t e s  s t a r t e d  e x p l o r a t o r y  work 
on c o n v e r t i n g  c o a l  t o  p i p e l i n e  g a s .  
t h a t  hydrogenat ing  c o a l  t o  methane w i t h  hydrogen which i s  produced by steam-oxygen 
g a s i f i c a t i o n  of carbon is  more t h e r m a l l y  e f f i c i e n t  t h a n  steam-oxygen g a s i f i c a t i o n  
fo l lowed by methanation. Hovever, a t  f i r s t  t h e  expe r imen ta l  d i f f i c u l t i e s  i n  d i r e c t l y  
hydrogenat ing raw c o a l  t o  methane proved t o  b e  extreme because  o f  the s e v e r e  agglom- 
e r a t i n g  p r o p e r t i e s  of  most American c o a l s  i n  h igh- tempera ture ,  h igh-pressure  hydrogen 
atmospheres.  This agglomera t ion  problem caused a s h i f t  away from a t t empt ing  t o  
d i r e c t l y  hydrogas i fy  raw c o a l .  I n s t e a d ,  t h e  c o a l  w a s  "p re t r ea t ed"  w i t h  a i r  o r  oxygen 
t o  d e s t r o y  its agglomera t ing  p r o p e r t i e s .  'mile t h e  mi ld  o x i d a t i o n  w i t h  a i r  o r  oxygen 
w a s  s u c c e s s f u l  i n  p reven t ing  t h e  coal from agglomera t ing ,  i t  adve r se ly  reduced its 
r e a c t i v i t y  f o r  methane fo rma t ion .  
SO reduced t h a t  i t  i s  imposs ib l e  t o  produce a g a s  by d i r e c t  hydrogenat ion  of pre- 
t r e a t e d  c o a i  t h a t  h a s  a s u f f i c i e n t l y  h igh  c o n c e n t r a t i o n  of methane t o  a l low i t s  in-  
t r o d u c t i o n  i n t o  a p i p e l i n e  w i t h o u t  c o s t l y  p h y s i c a l  s e p a r a t i o n  of t h e  hydrogen-methane 
mixture .  Thus,  w h i l e  t h e  t h e n o d y n a n i c  and chemica l  advantages  of  d i r e c t  hydrogasi-  
f i c a t i o n  o f  r a w  c o a l  were clear, the  p r a c t i c a l  d i f f i c u l t i e s  encountered  i n  deve loping  
r e a c t o r  sys tems t o  u t i l i z e  r a w  coa l  r equ i r ed  t h a t  the c o a l  b e  p r e t r e a t e d  b e f o r e  be ing  
con tac t ed  w i t h  hydrogen, b u t  t h i s  reduced t h e  p rocess  e f f i c i e n c y .  Results of d i r e c t l y  
hydrogas i fy ing  p r e t r e a t e d  c o a l s  i n  cont inuous  r e a c t o r s  were r e p o r t e d  b y  I n s t i t u t e  of 
gas  Technology i c v e s t i g a t o r s . 5 ' 6 ' 7  

Nines when a t echn ique  was developed f o r  d i r e c t l y  hydrogenat ing raw c o a l  i n  a f r e e -  
f a l l  d i l u t e - p h a s e  (FDP) r e a c t o r  d e s c r i b e d  by . H i t e s h ~ e . ~  Sone r e s u l t s  o f  FDP r e s c t o r  
exper iments  u s i n g  raw coalLjY1'  h a v e  a l r e a d y  been p resen ted .  However, t h e  r e s u l t s  i n  
r e f e r e n c e s  9 and 10 were o b t a i n e d  f o r  r a t h e r  h i g h  p r e s s u r e s  o f  1 ,500  and 3,000 ps ig .  
Even though o p e r a t i o n  wi th  r a w  b i tuminous  c o a l  a t  3,000 p s i g  does allow t h e  d i r e c t  
p roduc t ion  of raw prociuct gases  conca in ing  over  80 p e r c e n t  Icethane and having  carbon 
roanoxide c o n t e n t s  down t o  0.1 v o l  p c t ,  des ign  c o n s i d e r a t i o n s  i n d i c a t e  p r e s s u r e s  around 
1,090 p s i g  a r e  more economically a t t r a c t i v e .  
r e a c t o r  d a t a  a t  p r e s s u r e s  in t h e  neighborhood of  1 ,000  p i g .  
f o r  t h e  des ign  of t h e  FDP s e c t i o n  o f  t h e  Hydrane p rocess  o r  o t h e r  p rocesses  us ing  
s iz i lar  c o n d i t i o n s .  

This  approach  t o  conve r t ing  c o a l  t o  methane i s  t h e  b a s i s  of 

Fo r  example, Channabasappa 2nd Linden4 concluded 

In f a c t ,  t h e  r e a c t i v i t y  of t h e  p r e t r e a t e d  c o a l  is  

The problem of p r o c e s s i n g  agglomera t ing  raw c o a l  w a s  so lved  a t  t h e  Bureau of 

This pape r  t h e r e f o r e  s u m a r i z e s  our FDP 
These d a t a  are u s e f u l  
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EXPERIMENTAL 

Equipment and Procedure  

Details of t h e  expe r imen ta l  r e a c t o r  sys tem and method o f  o p e r a t i o n  a re  g iven  
i n  r e f e r e n c e  10. B r i e f l y ,  t h e  FDP r e a c t o r  is  s imply  a 3-inch i d  h e a t e d  t u b e  con- 
t a i n e d  i n  a 10-inch p r e s s u r e  vessel. The c o a l  i s  i n j e c t e d  i n t o  t h e  top  of the 3- 
i nch  r e a c t o r  through a water-cooled nozz le .  
a c t o r  t ube  concur ren t  w i t h  t h e  r e a c t i n g  gas  which i s  a l s o  i n j e c t e d  i n  a t  t h e  top  of 
t h e  r e a c t o r .  Because of r a p i d  h e a t i n g  and a d i l u t e  s o l i d s  phase ,  agglomera t ion  w a s  
avoided; p a r t i c l e s  were p l a s t i c  and s t i c k y  f o r  o n l y  a s h o r t  time d u r i n g  which p a r t i c l e -  
p a r t i c l e  c o l l i s i o n s  are few, 
two of the exper iments  p re sen ted  h e r e  i s  5 f t .  The r e s i d e n c e  t i m e  of t h e  c o a l  i n  the 
r e a c t i n g  zone i s  simply t h e  r e a c t o r  l e n g t h  d iv ided  by t h e  ave rage  t e r m i n a l  V e l o c i t y  
Of t h e  C O ? ~  par t ic les .  The cha r  produced i n  t h e  FDP r e a c t o r  i s  c o l l e c t e d  i n  a cooled  
hopper and ana lyzed  a f t e r  a run. G a s  f low rates and compositions are measured over 
the s t e a d y  s t a t e  p o r t i o n  of the run. O r d i n a r i l y  the c a p a c i t y  of the p r e s s u r i z e d  c h a r  
c o l l e c t o r  allowed a run  d u r a t i o n  of approximate ly  one  hour  w i t h  approximate ly  f i f t y  
minutes o f  s t e a d y  s t a t e  o p e r a t i o n s  du r ing  which d a t a  could  b e  c o l l e c t e d .  

The coal f a l l s  f r e e l y  through t h e  re- 

The hea ted  l e n g t h  of the r e a c t o r  f o r  a l l  excep t  

Tabu la r  R e s u l t s  

R e s u l t s  of ou r  most r e c e n t  FDP r e a c t o r  o p e r a t i o n s  are suurmarized i n  t a b l e  1 and 
t h e  ana lyses  of t h e  f eed  c o a l s  used are l i s t e d  i n  t a b l e  2 .  The main o b j e c t i v e s  o f  
these experiments were to :  (1) e s t a b l i s h  t h e  f e a s i b i l i t y  of d i r e c t l y  producing  a 
high-Btu gas  by hydrogas i fy ing  raw c o a l  i n  a cont inuous  r e a c t o r  a t  economically a t -  
t r a c t i v e  p r e s s u r e s ,  (2) measure t h e  y i e l d s  and d i s t r i b u t i o n  of c o a l  hydrogas i f i ca -  
t i o n  r e a c t i o n  p roduc t s ,  and (3)  prov ide  d a t a  f o r  s ca l ing -up  t h e  FDP reactor. 

Productioil  of High-Btu Gas 

The f e a s i b i l i t y  o f  producing  a g a s  hav ing  a h e a t i n g  v a l u e  o f  900 o r  more B tu / sc f  
( a f t e r  c leanup methanat ion)  w a s  e s t a b l i s h e d  by several exper iments .  These exper iments  
were designed t o  s i m u l a t e  t h e  o p e r a t i o n  o f  a n  i n t e g r a t e d  Hydrane r e a c t o r  which con- 
sists of two s t a g e s . l  
f l u i d  bed where i t  r e a c t s  w i t h  c h a r  produced by t h e  FDP r e a c t o r .  The product  gas from 
t h i s  f l u i d  bed is t h e  f eed  gas t o  t h e  t o p  of t h e  FDP r e a c t o r  and i t  c o n s i s t s ' o f  about  
50 v o l  pc t  methane w i t h  t h e  remainder hydrogen p l u s  a s m a l l  amount o f  carbon monoxide. 
Thus, t h e  composi t ion  of t h e  f eed  gas t o  t h e  expe r imen ta l  i s o l a t e d  FDP r e a c t o r  w a s  
a d j u s t e d  to  s i m u l a t e  t h e  f lu id-bed  p roduc t  gas  from an i n t e g r a t e d  o p e r a t i o n .  

I n  such  an i n t e g r a t e d  r e a c t o r ,  t h e  hydrogen i s  f i r s t  f e d  t o  a 

Table  3 compares carbon convers ion ,  gas  composi t ion ,  and gas y i e l d s  f o r  s p e c i f i c  
e x p e r h e n t s  w i t h  t h e  r e s u l t s  used t o  guide  an economic e v a l u a t i o n  of t h e  Hydrane pro- 
cess.2 These r e s u l t s  show t h a t  t h e  g o a l  o f  producing a high-Btu g a s  can b e  achieved  
at  p r e s s u r e s  o f  1,000 p s i g  and h i g h e r .  For  a l l  t h r e e  c o a l s  eva lua ted ,  P i t t s b u r g h  Sean 
hvab c o a l ,  I l l i n o i s  No. 6 hvcb c o a l ,  and l i g n i t e ,  i t  was shown t h a t  t h e  gas  produced 
a f t e r  methanation t o  reduce  CO t o  an a c c e p t a b l e  l e v e l  w a s  s u b s t i t u t a b l e  f o r  n a t u r a l  
gas.  Of cour se ,  w i t h  l i g n i t e ,  t h e  h i g h e r  oxygen c o n t e n t  r e s u l t s  i n  h i g h e r  y i e l d s  of 
CO and t h i s  gas w i l l  t h e r e f o r e  r e q u i r e  more methanat ion than  t h e  product  gas  from t h e  
I l l i n o i s  o r  P i t t s b u r g h  Seam bituminous c o a l s .  However, even w i t h  l i g n i t e  t h e  f r a c t i o n  
of t h e  t o t a l  a r thanc  t h a t  i s  produced d i r e c t l y  r a t h e r  t h a n  by methanat ion  is g r e a t e r  
than  can b e  achieved  by o t h e r  p rocess  r o u t e s  us ing  b i tuminous  c o a l .  I n  an  a c t u a l  
p l a n t  w h e r e  hydrogen is produced from t h e  r e s i d u a l  c h a r ,  t h e  c a t a l y t i c  water-gas s h i f t  
r e a c t i o n  (CO + 1420 + 112 + CO ) would no t  be  c a r r i e d  t o  comple t ion .  I n s t e a d ,  a s  t h e  
b a s e  case  an3l;'sis o f  t h e  f eed  gas t o  t h e  d i l u t e  phase i n d i c a t e s ,  some CO would b e  
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l e f t  i n  the hydrogen r e s u l t i n g  i n  a somewhat h i g h e r  CO c o n c e n t r a t i o n  i n  t h e  raw 
product  gas from t h e  FDP r e a c t o r .  This a d d i t i o n a l  CO would r e s u l t  i n  i n c r e a s e d  
hydrogen consumption du r ing  methanat ion and the reby  lower  the- hydrogen c o n t e n t  and 
i n c r e a s e  t h e  h e a t i n g  v a l u e  o f  t h e  f i n a l  p roduc t  gas. The h e a t i n g  v a l u e  o f  t h e  f i n a l  
p roduct  gas was t h e r e f o r e  c a l c u l a t e d  based  on a c o n s t a n t  4 v o l  p c t  CO i n  t h e  raw d ry  
product  g a s  from t h e  FDP reactor, 

. 

Examination o f  these FDP r e s u l t s  i n d i c a t e  the c o n t r o l l a b l e  parameters  that  de- 
t e rmine  whether  t h e  raw product  g a s  w i l l ,  a f t e r  methanat ion of t h e  4 vol p c t  CO, 
have  a h e a t i n g  va lue  o f  a t  least  900 Btu /scf  are t h e  fo l lowing:  

a. P e r c e n t  methane i n  t h e  f e e d  gas  t o  t h e  FDP reactor 
b. Gas-to-coal feed r a t i o  
c. Reactor p r e s s u r e  
d.  Coa l  r e s i d e n c e  t i m e  (reactor l e n g t h )  

F o r t u n a t e l y ,  t h e  combination o f  above v a r i a b l e s  r e q u i r e d  t o  produce 900+ Btu 
gas are e a s i l y  ach ievab le  i n  p r a c t i c a l  r e a c t o r  sys tems.  For  example, t h e  r e a c t o r  
can o p e r a t e  a t  gas t r a n s m i s s i o n  l i n e  p r e s s u r e s ,  b o t h  the g a s l c o a l  f e e d  r a t io  and the 
methane c o n c e n t r a t i o n  i n  t h e  f eed  g a s  a l low o p e r a t i o n  a t  carbon convers ion  levels  
r e s u l t i n g  i n  ba l anced  p l a n t  o p e r a t i o n , *  and a s u f f i c i e n t  c o a l  r e s i d e n c e  t i m e  was 
achieved  i n  an FDP r e a c t o r  on ly  5 f t  long .  I n c r e a s e s  i n  t h e  p e r c e n t  methane i n  t h e  
f e e d  g a s  t o  the FDP r e a c t o r ,  a t  c o n s t a n t  CO Concen t r a t ion ,  w i l l  f u r t h e r  increase the 
h e a t i n g  v a l u e  of t h e  f i n a l  p roduct  gas. 

I n  our expe r imen t s ,  t h e  reactor p r e s s u r e  s h e l l  was p r e s s u r i z e d  wi th  t h e  f eed  gas.  
Because t h i s  gas was i n  d i r e c t  c o n t a c t  w i t h  the r e a c t o r  electrical  h e a t i n g  e l emen t s ,  
, ca rbon d e p o s i t i o n  from methane c r a c k i n g  and subsequent  s h o r t i n g  of t h e  e l e c t r i c a l  
. e lements  became a problem when t h e  methane c o n c e n t r a t i o n  i n  t h e  f e e d  gas  w a s  h i g h e r  
t han  50 v o l  p c t .  Th i s  a r t i f i c i a l  l i m i t a t i o n  would n o t  ex is t  i n  a commercial r e a c t o r  
sys tem where no e l e c t r i c  h e a t i n g  elements would b e  used. Methane c o n c e n t r a t i o n s  above 
50 v o l  p c t  would b e  gene ra t ed  by t h e  f lu id i zed -bed  s t a g e  of t h e  Hydrane r e a c t o r  system 
and t h e r e f o r e  a l low h i g h e r  methane c o n c e n t r a t i o n s  i n t o  t h e  FDP r e a c t o r .  
Pyrc ioch  and Linden5 i n  s t u d y i n g  t h e  f lu id-bed  h y d r o g a s i f i c a t i o n  o f  a c h a r  produced 
by low t empera tu re  p r e t r e a t n e n t  ach ieved  Icethane c o n c e n t r a t i o n  over  50 v o l  p c t ,  and 
Lewis and co-workers9 r e p o r t e d  methane concen t r a t ions  over  60 v o l  p c t  from d i r e c t  
moving-bed h y d r o g a s i f i c a t i o n  of c h a r s  produced by h y d r o g a s i f i c a t i o n  i n  an  FDP r e a c t o r ,  
Thus, t h e  r e s u l t s  p re sen ted  h e r e  must be  regarded  as conse rva t ive  and h i g h e r  methane 
c o n c e n t r a t i o n  product  gases  could b e  produced i n  commercial FDP r e a c t o r s  where t h e  
methane c o n c e n t r a t i o n  i n  t h e  i n t e r m e d i a t e  f eed  g a s  to  t h e  FDP reactor i s  n o t  l i m i t e d  
by a r t i f i c i a l  c o n s t r a i n t s .  

As examples, 

Product  Y ie lds  and D i s t r i b u t i o n  

The major p roduc t s  from t h e  d i l u t e - p h a s e  h y d r o g a s i f i c a t i o n  of raw c o a l  a r e  gas 
and char p l u s  s m a l l e r  amounts of o r g a n i c  l i q u i d  products  and water:  
measurement i s  r a t h e r  i n a c c u r a t e  because of t h e  r e l a t i v e l y  s m a l l  amoun: o f  l i q u i d s  
formed and t h e  d i f f i c u l t y  of t h e i r  q u a n t i t a t i v e  recovery .  For a l l  t h e  exper iments  
r e p o r t e d  i n  t a b l e  1, measured y i e l d s  o f  o r g a n i c  l i q u i d s  v a r i e d  from less than  . 0 1  t o  
.06 l b / l b  c o a l .  Attempts t o  c o r r e l a t e  t h e  o r g a n i c  l i q u i d  y i e l d s  w i t h  r e a c t o r  para- 
meters thought  t o  have t h e  g r e a t e s t  e f f e c t  on these y i e l d s ,  such  a s  r e a c t o r  w a l l  t e m -  
p e r a t u r e ,  hydrogen p a r t i a l  p r e s s u r e ,  and gas  phase r e s i d e n c e  t ime,  have been unsucess- 
f u l .  
s u b s t a n t i a l  even a t  t h e  l o v e s t  y i e l d s  measured. a d d i t i o n a l  work is now noinn  on t o  

The l i q u i d  y i e l d  

S i n c e ,  i n  a base-load p i p e l i n e  gas p l a n t  t h e  o r g a n i c  l i q u i d  p roduc t ion  w i l l  b e  
- -  

c h a r a c t e r i z e  ti?ese o rgan ic  l i q u i d s .  
*Balanced o p e r a t i o n  n;cans the o v c r n l l  p l z n t  produces no s u r p l u s  c h a r .  To ach ieve  
ba lanced  o e r a t i o n ,  t h e  f r a c t i o n  of  carbon i n  t t i c . c o d  convcqtcd t o  methaie is regu- 
l a t e d  so t l a t  t h e  remaining carbon i s  j u s t  s u f i i c i e n c  t o  prouuce process  Lydrogen 
and p l a n t  power. 



Water is produced by b o t h  t h e  s imple  v a p o r i z a t i o n  of moi s tu re  i n  t h e  coal and 
by t h e  r e a c t i o n  of hydrogen w i t h  oxygen i n  t h e  coa l .  Recover ies  of  water both  from 
condensers  and as mois ture  on t h e  char  ranged from .01 t o  .08 l b / l b  of c o a l  fed .  
However, a s  t a b l e  1 i n d i c a t e s ,  t h e  w a t e r  r e c o v e r i e s  d i d  n o t  e x h i b i t  t h e  same degree 
of f l u c t u a t i o n  a s  d i d  t h e  o r g a n i c  l i q u i d  r e c o v e r i e s  and most of t h e  measured y i e l d s  
were between .05 and .06 l b / l b  c o a l  fed.  The w a t e r  r e c o v e r i e s  measured f o r  t h e  Illi- 
n o i s  16 hvcb c o a l  and t h e  s i n g l e  r u n  made wi th  l i g n i t e  were h i g h e r  because of t h e  
h i g h e r  oxygen c o n t e n t s  of t h e s e  f e e d s .  
from about  .OS t o  .09 l b / l b  c o a l .  
oxygen is e i t h e r  p r e s e n t  as bound water o r  combines w i t h  hydrogen to  form water dur- 
i n g  hydrogas i f  i c a t i o n .  

For t h e  I l l i n o i s  c o a l ,  water y i e l d s  v a r i e d  
These water y i e l d  d a t a  i n d i c a t e  t h a t  much of t h e  

Char Yie lds  and D e s u l f u r i z a t i o n  

I n  t h e  overaAl Hydrane p r o c e s s ,  t h e  char  from t h e  FDP r e a c t o r  w i l l  b e  f u r t h e r  
converted i n  a f luid-bed r e a c t o r  which is i n  s e r i e s  w i t h  t h e  FDP r e a c t o r .  The y i e l d  
of char  from t h e  FDP r e a c t o r  depends on t h e  carbon conversion l e v e l  a s  shown i n  
f i g u r e  1. 

L 
S u l f u r  i s  e l imina ted  from t h e  char  d u r i n g  h y d r o g a s i f i c a t i o n  a s  H2S and t h e  degree 

of e l i m i n a t i o n  i s  r e l a t e d  t o  t h e  carbon conversion as shown i n  f i g u r e  2 .  The s c a t t e r  
may b e  due t o  e i t h e r  t h e  i n f l u e n c e  of  parameters  o t h e r  than carbon conversion and/or  
t o  i n a c c u r a c i e s  i n  the s u l f u r  de te rmina t ions .  The impor tan t  p o i n t  t o  b e  demonstrated 
i s  t h a t  t h e  c o a l  s u l f u r  is extremely r e a c t i v e  under h y d r o g a s i f i c a t i o n  c o n d i t i o n s  a s  
evidenced by t h e  f a c t  t h a t  t h e  c o a l  r e s i d e n c e  t ime i n  t h e  FDP r e a c t o r  is on t h e  o r d e r  
of  one t o  two seconds.  I n  f a c t ,  f i g u r e  2 i n d i c a t e s  t h e  s u l f u r  i n  t h e  c o a l  t o  b e  more 
r e a c t i v e  than t h e  carbon i n  t h e  c o a l .  
mately equal  amounts of p y r i t i c  and o r g a n i c  s u l f u r .  
been made on t h e  c h a r  t o  i n d i c a t e  whether  e i t h e r  type is s e l e c t i v e l y  removed d u r i n g  
f r e e - f a l l  h y d r o g a s i f i c a t i o n .  
a d d i t i o n a l  r e s i d e n c e  time i n  a f l u i d  bed a t  h i g h e r  hydrogen p a r t i a l  p r e s s u r e s  than  
e x i s t  i n  t h e  FDP r e a c t o r ,  a d d i t i o n a l  char  d e s u l f u r i z a t i o n  w i l l  occur  i n  t h e  f l u i d  
bed. 
s u l f u r  removal from t h e  P i t t s b u r g h  Seam c o a l  has  been on t h e  o r d e r  o f  85 p e r c e n t .  
results a r e  encouraging because they  i n d i c a t e  t h a t  char  from t h e  Hydrane r e a c t o r  may 
b e  an a c c e p t a b l e  f u e l  t o  provide t h e  p lanes  energy and s t eam requirements  without  com- 
p l i c a t e d  s u l f u r  removal systems and wi thout  exceeding a i r  q u a l i t y  r e s t r i c t i o n s  on a t -  
mospheric r e l e a s e  of s u l f u r  compomds. 

The Pi t t . sburgh Seam hvab coal c o n t a i n s  approxi-  
However, as y e t  no tests have 

S ince ,  i n  t h e  i n t e g r a t e d  Hydrane process  t h e  char  spends 

In pre l iminary  experiments  w i t h  an i n t e g r a t e d  FDP f lu id-bed  r e a c t o r  system, t h e  
These 

Scale-UD of t h e  FDP Reactor  

The FDP r e a c t o r  h a s  two impor tan t  f u n c t i o n s .  It must conver t  t h e  c o a l  t o  a non- 
agglomerat ing char  f o r  t h e  subsequent  f l u i d  bed and i t  m u s t  conver t  enough carbon t o  
methane s o  t h a t  t h e  FDP proauct  gas i s ,  a f t e r  a c i d  gas  removal and l i g h t  methanat ion,  
a n  a c c e p t a b l e  p i p e l i n e  gas .  

I n  t h e  3-inch i d  FDP r e a c t o r  used i n  o u r  experiments ,  t h e  c o a l  p a r t i c l e s  a r e  
hea ted  t o  r e a c t i o n  tempera ture  i n  t h e  r e a c t o r  by mixing w i t h  t h e  prehea ted  feed  gas 
and by h e a t  t r a n s f e r  from t h e  h o t  w a l l s  of t h e  FDP r e a c t o r .  However, h e a t  t r a n s f e r  
a n a l y s i s  of l a r g e r  r e a c t o r s "  i n d i c a t e s  t h a t  a s  one i n c r e a s e s  t h e  r e a c t o r  d i a m e t e r ,  
t h e  amount of  h e a t  t r a n s f e r  from h o t  r e a c t o r  w a l l s  t o  t h e  p a r t i c l e s  i n s i d e  becomes n e g l i -  
g i b l e .  Therefore ,  i n  l a r g e r  diameter  r e a c t o r s ,  t h e  c o a l  p a r t i c l e s  can b e  r a i s e d  
t o  r e a c t i o n  temperature  only  by  mixing wi th  t h e  h o t  methane-hydrogen mixture  shunted  
from the  f l u i d  b e d .  C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  n i s i n g  temperature  of t h e  h o t  gas 
and coal a t  the  t o p  of a l a r g e  FDP r e a c t o r  w i l l  be on t h e  o r d e r  of 480" t o  5LO" C .  
I t  i s  t h e r e f o r e  impor tan t  t o  e v a l u a t e  t h e  FDP h y d r o g a s i f i c a t i o n  behavior  a t  t h e s e  
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r e l a t i v e l y  low tempera tures .  Th i s  i s  d i f f i c u l t  t o  do i n  t h e  p r e s e n t  3-inch i d  FDP 
r e a c t o r  because  t h e  c o a l  q u i c k l y  heats t o  t h e  r e a c t o r  w a l l  t empera ture  and ,  i f  t h e  
wall t empera ture  is below 725" t o  800' C, t h e  c o a l  adheres  t o  t h e  r e a c t o r  wa l l s  and 
e v e n t u a l l y  p lugs  t h e  r e a c t o r .  
a t  reduced r e a c t o r  w a l l  t empera tu res  of 485', 530", and 580' C .  
ments,  c o a l  h i t t i n g  the reactor w a l l s  s t u c k  t o  them and e v e n t u a l l y  plugged t h e  r e a c t o r .  
However, t h e  c o a l  t h a t  d id  n o t  c o n t a c t  t h e  wa l l s ,  passed  through t h e  r e a c t o r  and was 
c o l l e c t e d  and i t s  conve r s ion  and cak ing  p r o p e r t i e s  determined. R e s u l t s  of t h e s e  lower 
r e a c t o r  w a l l  t empera ture  exper iments  are shown i n  f i g u r e s  3 and 4 where t h e  e f f e c t  of 
tempera ture  on bo th  t h e  v o l a t i l e  matter and t h e  carbon convers ion  of t h e  FDP r e a c t o r  
c h a r  a r e  shown a t  t h e  reduced w a l l  t empera tures .  F i g u r e  3 shows a n  i n t e r i o r  thermo- 
couple  tempera ture  a t  t h e  r e a c t o r  bot tom and f i g u r e  4 shows t h e  ave rage  r e a c t o r  w a l l  
t empera ture  because t h e  a c t u a l  p a r t i c l e  t empera tu re  is  no t  known. 
p a r t i c l e  tempera ture  is  probably  between t h e  i n t e r i o r  thermocouple tzmpera ture  and 
t h e  r e a c t o r  w a l l  t empera ture .  Also  shown i n  f i g u r e s  3 and 4 is t h e  tempera ture  boundary 
above which t h e  cha r  is n o t  agglomera t ing  when t e s t e d  i n  a f l u i d  bed wi th  hydrogen a t  
1,000 p s i g  and 900' C .  Chars produced a t  r e a c t o r  w a l l  t empera tures  below t h e  boundary 
tempera tures  agglomerated when t e s t e d  a t  t h e  above c o n d i t i o n s .  Thus, i f  one conserva- 
t i v e l y  assumes t h a t  t h e  p a r t i c l e  t empera tu re  i s  c l o s e  t o  t h e  w a l l  t empera tu re ,  i t  ap- 
p e a r s  tha t  s imply  mixing t h e  h o t  methane-hydrogen mix tu re  produced i n  the f lu id-bed  
r e a c t o r  w i t h  t h e  c o a l  a t  t h e  t o p  o f  t h e  FDP r e a c t o r  w i l l  produce an a c c e p t a b l e  non- 
agglomera t ing  cha r  i f  t h e  c h a r  t empera tu re  r eaches  580' C even i f  f o r  r e s i d e n c e  times 
of only  a second o r  two. 

Previous  r e a c t i o n  ra te  a n a l y s e s  o f  FDP r e a c t o r  datal '  a t  h i g h e r  hydrogen p a r t i a l  

In s p i t e  of t h i s  drawback, exper iments  were conducted 
I n  t h e s e  expe r i -  

The t r u e  ave rage  

p r e s s u r e s  (1,500 t o  3,000 p s i g )  and a t  r e a c t o r  w a l l  t empera tures  o f  725" and 900" C 
i n d i c a t e d  t h a t  t h e  convers ion  of ca rbon  i n  r a w  c o a l  occu r s  in t h r e e  s t a g e s  wi th  each 
s t a g e  hav ing  g r e a t l y  d i f f e r e n t  reac t iv i t ies  toward hydrogen. A t  t h e  s h o r t  (one t o  
two seconds)  p a r t i c l e  r e s i d e n c e  t ines  i n  t h e  DF r e a c t o r  a t  3,000 p s i g  and wi th  w a l l  
t empera tures  of 900" C ,  a l l  of  t h e  f i r s t  s t a g e  ( t h e  most r e a c t i v e )  carbon behaved a s  
i f  i t  were conver ted  " ins tan taneous ly" .  However; t h e  convers ion  of t h e  second s t a g e  
carbon v a r i e d  w i t h  r e a c t o r  c o n d i t i o n s  and t h i s  v a r i a t i o n  of r a t e  w i t h  r e a c t o r  condi- 
t i o n s  w a s  c o r r e l a t e d  by t h i s  s i m p l e  ra te  equat ion:  

where U 
t h e  p a r T i a l  p r e s s u r e  of hydrogen; L t h e  l o c a t i o n  i n  t h e  r e a c t o r  ( t h e  d i s t a n c e  from thg2  
c o a l  i n l e t ) ,  and x t h e  carbon conve r s ion  l e v e l .  The f r a c t i o n  of carbon t h a t  behaved a s  
though i t  were i n s t a n t a n e o u s l y  conver ted  w a s  denoted  by E and was determined by f i n d i n g  
t h e  v a l u e  t h a t  a l lowed t h e  b e s t  f i t  of expe r imen ta l  d a t a  w i t h  t h e  i n t e g r a t e d  form o f  
equa t ion  (1) : 

is the ave rage  t e r m i n a l  v e l o c i t y  o f  the p a r t i c l e s ,  k i s  the r a t e  c o n s t a n t ,  p 

A t  c o n d i t i o n s  where t h e  convers ion  o f  second s t a g e  carbon,  x-E, w a s  s m a l l ,  e r r o r s  o r  
v a r i a t i o n s  i n  e i t h e r  x o r  E caused l a r g e  f l u c t u a t i o n s  i n  the  v a l u e  of k ,  making a kin- 
e t i c  a n a l y s i s  of t h e  d a t a  d i f f i c u l t .  
is most ly  due t o  t he  " ins t an taneous"  carbon r e a c t i o n  because  c o n d i t i o n s  a r e  no t  s e v e r e  
enough t o  r e a c t  a s u b s t a n t i a l  f r a c t i o n  of t h e  second s t a g e  carbon. 

Th i s  occur s  where t h e  t o t a l  carbon convers ion  

As an example of  
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, 
"severe condi t ions" ,  o p e r a t i o n  at  3,000 p s i g ,  900' C w a l l  t empera tu res  and w i t h  p u r e  
hydrogen feed  gas allowed t o t a l  carbon conve r s ions ,  x,  r ang ing  from 0.40 t o  0.50 i n  
t h e  FDP r e a c t o r .  
sp read  between x and E is s u f f i c i e n t l y  l a r g e  t o  a l l o w  a reasonab le  de t e rmina t ion  o f  
k. For t h e  exper iments  r epor t ed  i n  r e f e r e n c e  1 0 ,  E v a r i e d  from abou t  0.15 t o  0.20. 

A t  the c o n d i t i o n s  r e p o r t e d  i n  t h i s  pape r  where t h e  t o t a l  p r e s s u r e  is c l o s e r  t o  

I 

\ 

i 

A t  these cond i t ions  the v a l u e  o f  E is approximate ly  0.14 and t h e  

1,000 p s i g ,  and t h e  f eed  gas  t o  t h e  E'DP r e a c t o r  is an  approximate ly  equimolar mix- 
t u r e  of hydrogen and methane, t h e  t o t a l  carbon convers ions  a r e  closer to  t h e  f r a c t i o n  
o f  carbon t h a t  i n s t a n t a n e o u s l y  reacts and k i n e t i c  i n t e r p r e t a t i o n  is even more d i f f i -  

poses  of FDP r e a c t o r  s i m u l a t i o n ,  a mathemat ica l  model w a s  used  t h a t  assumed a l l  the 
carbon reacts a t  a rate d i c t a t e d  by t h e  equa t ion ,  

\\ c u l t .  The re fo re ,  t h e  k i n e t i c  a n a l y s i s  is n o t  y e t  complete.  However, f o r  the pur- 

(3) - -- dx - (1-x) 
d L  - UT 'Hz 

This equa t ion  is f e l t  t o  b e  conse rva t ive  because  i t  does n o t  a l low f o r  t h e  f r a c t i o n  
o f  carbon t h a t  may react a t  a cons ide rab ly  f a s t e r  rate than t h e  f i n a l  amount o f  car- 
bon convers ion  which was used t o  e v a l u a t e  t h e  rate c o n s t a n t  k. The t empera tu re  de- 
pendency o f  k used f o r  ou r  i n i t i a l  r e a c t o r  s i m u l a t i o n  s t u d i e s ' '  h a s  been r epor t ed . '  
While t h e  more d e t a i l e d  k i n e t i c  a n a l y s i s  may r e s u l t  i n  a modi f ied  rate e q u a t i o n ,  the  
r e s u l t s  o f  o u r  s i n u l a t i o n  s t u d y l l  i n d i c a t e  t h a t  r a d i a n t  heat t r a n s f e r  p l a y s  a dom- 
i n a n t  r o l e  i n  s m a l l  FDP r e a c t o r s  such  as t h e  one used i n  t h i s  s t u d y .  Due t o  t h e  d i -  
min ish ing  e f f e c t  of r a d i a n t  h e a t  t r a n s f e r  f rom t h e  r e a c t o r  walls as t h e  d i ame te r  o f  
t h e  r e a c t o r  i n c r e a s e s ,  t empera ture  p r o f i l e s  i n  commercial r e a c t o r s  w i l l  b e  cons ide r -  
ab ly  d i f f e r e n t  t han  t h o s e  e x i s t i n g  i n  o u r  p r e s e n t  3-inch i d  FDP r e a c t o r  t hus  i n d i c a t -  
i n g  t h e  n e c e s s i t y  of u s ing  l a r g e r  d iameter  p i l o t  p l a n t s  t o  o b t a i n  r e l i a b l e  sca l e -up  
d a t a .  

' 

I 
i 

L- CONCLUSIONS 

The f e a s i b i l i t y  of  producing on t h e  o r d e r  o f . 9 5  p e r c e n t  of the t o t a l  methane 
p roduc t ion  by t h e  d i r e c t  r e a c t i o n  of raw caking  c o a l s  w i t h  hydrogen i n  an  FDP p l u s  
f lu id-bed  r e a c t o r  sys tem has  been e s t a b l i s h e d .  The expe r imen ta l  r e s u l t s  show t h a t  
t h e  product  gas  is of p i p e l i n e  q u a l i t y  a f t e r  minor methanat ion  of t h e  s m a l l  amount 
of carbon monoxide (only  4 p e r c e n t )  withoilt  any need f o r  hydrogen s e p a r a t i o n .  

F u r t h e r ,  t h e  experiments i n d i c a t e  t h e  above d e s i r a b l e  r e s u l t s  can b e  achieved  
wi thou t  encoun te r ing  agglomera t ion  problems even when u n p r e t r e a t e d  h i g h l y  caking  
c o a l s  are used. 
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TABLE 1.- Operat ing d a t a  f o r  FDP h y d r o g a s i f i c a t i o n  of r a w c o a l  
Feed c o a l  is 50 x 100 mesh except  where noted  . 

T e s t  No., IHR- .......... 146 

Temperature.  . C .......... 900 
Pressure .  p s i g  ............. 1000 
Coal ....................... hvab 
Coal rate. l b f h r  ......... 1 2 . 1 1  
Feed gas ra te .  s c f h  ....... 153.5 

Vol %. Hydrogen ...... 50.5 
do . Methane ........ 41.9 
do . Nit rogen  ....... 6.3 

Tota I. s c f / l b  ......... 12.61 

Hydrogen. s c f f l b  ...... 6.37 
Hydrogen. s c f h  ....... 77.5 

Product  gas .  s c f h  .......... 169.6 
Vol %. Hydrogen ....... 22.7 

do . Methane ........ 66.4 
do . Ethane ......... 0.3 
do . Carbon monoxide . 2.7 
do . Carbon d i o x i d e  . 1.0 
do . Nit rogen  ....... 6.4 

Product  y i e l d .  Methane ..... 3.97 

do  . c02 ......... 0.00 
Feed Hg r e a c t e d .  s c f / l b  ..... 3.21 

Scf / l b .  Ethane ...... 0.04 
do . CO .......... 0.38 

Char r e s i d u e .  l b / l b  ....... 0.697 
Condensed l i q u i d .  l b / l b  

Water ................. 0.051 
Oil ................... 0.013 

Residue moisture .  l b / l b  .... 0.009 

Conversion. maf coal ....... 32.5 
( W t  p c t ) .  Carbon ......... 25;6 

do . Hydrogen ....... 64.2 
do . S u l f u r  ......... 48.8 
do . Nitrogen ....... 25.1 

Recovery. o v e r a l l  .......... 96.3 
( V t  p c t )  Carbon ......... 94.6 

do . Hydrogen ....... 98.9 
do . Ash ............ 100.2 

14 7 

900 
1000 
hvab 
12.44 

155.2 
56.0 
42.3 
1.8 

11.99 
86.9 
6.72 

171.8 
25.5 
67.8 

0.4 
3.2 
1.1 
1 . 7  

3.93 
0.05 
0.43 
0.15 
3.33 
0.702 

0.037 
0.009 
0.012 

32.5 
25.0 
66.6 
44.3 
24.6 

96.0 
96.3 
95.2 

100.2 

149 

900 
1200 
hvab 
12.38 

161.0 . 
53.0 
44.5 

2.5 
1.3.00 
85.3 

6.89 

175 .5  
23.6 
69.7 

0 . 3  
3.0 
0 .8  
2.3 

4.09 
0.04 
0 .43  
0.11 
3.55 
0.698 

0.033 
0.014 
0.011 

33.1 
25.5 
66.4 
43.9 
27.2 

96 .3  
9 6 . 1  
9 7 . 1  

104 . 0 

151 

9 00 
1100 
hvab 
11 .88  

158.6 
48.0 
49.2 

2 .6  
13 .35  . 
76.1 

6.41 

167'.1 
22 .1  
71.7 
0.1 
2 . 5  
0.5 
2 .7  

3.52 
0.01 
0.35 
0.04 
2.46 
0.698 

0.029 
0.008 
0.008 

32 .8  
25.3 
65.2 
46.5 
30.6 

93.2 
94.4 
92.4 
99.4 a 

153 

900 
1100 
hvab 
10.92 

150.6 
99.2 

0 .2  
0.6 

13.82 
149.4 
13 .71  

143.0 
49 . 0 
46.5 
0.3 
3.4 
0 .2  
0.5 

6.10 
0.04 
0.45 
0.03 
7.23 
0.663 

0.032 
0.005 
0.003 

36.5 
28.5 
70.0 
55.9 
38.0 

95.7 
99.0 
94.5 

103.4 

154 

900  
2000 
hvab 
12.51 

164.5 
52.5 
46.4 
1.0 

13.15 
86 .3  
6.90 

175 . 0 
19 .8  
75.9 
0 .1  
2.2 
0 . 4  
1 .5  

4.52 
0.01 
0.31 
0.06 
4.13 
0.694 

0.038 
0.005 
0.018 

33.0 
25.1 
66.6 
4 6 . 8  
26.4 

96.2 
97.2 
97.3 
92.4 

. 
1 

P 

(Continued on next  page) 
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TABLE 1.- (Continued) 

156.2 
48.0 
49.4 1 

T e s t  No., IHR- ............ 156 157 158 160 165 176* 

Temperature. C .......... 850 850 900 900 850 850 

Coal  ....................... hvab .................................-.... hvab 
P r e s s u r e .  p s i g  ............. 1000 2000 2000 1500 1500 1000 
-~ 

Coal rate. l b / h r  .......... 12.84 
Feed. gas  r a t e .  s c f h  ....... 157.8 

Vol X .  Hydrogen ....... 49.0 
do . Methane ........ 49.4 
do. Nitrogen ....... 1.6  

T o t a l  s c f f l b  .......... 12.29 
Hydrogen. s c f h  ........ 77.3 
Hydrogen. s c f / l b  ...... 6.02 

Product  gas. s c f h  ......... 171.8 
Vol %. Hydrogen ....... 22.4 

do . Methane ........ 71.4 
do . Ethane ......... 0 . 5  
do . Carbon monoxide . 3.2 
do . Carbon d i o x i d e  .. 0.7 
do . Nitrogen ....... 1.4  

Product  y i e l d .  Methane ..... 3.48 
S c f l l b .  Ethane ...... 0.06 

do . co .......... 0.43 
do . c02 ......... 0.09 

Feed H2 r e a c t e d .  s c f / l b  .... 3.02 
Char r e s i d u e .  l b / l b  ........ 0.700 
Condensed l i q u i d .  l b / l b  

Water ................. 0.036 
O i l  .................... 0. 018 

Residue mois ture .  l b / l b  .... 0.015 

Conversion.  maf c o a l  ....... 32.8 

do . Hydrogen ..... 62.6 
do . S u l f u r  ....... 30 . 0 
do . Nit rogen  ..... 21.3 

Recovery. o v e r a l l  .......... 9 5 . 1  
(wt p c t ) .  Carbon ....... 95.1  

do . Hydrogen ..... 95.4 
do . Ash ......... ,106 .8  

( W t  PCt). Carbon ....... 25 . 0 

13.CO 
161.7 

49.9 
48.4 

1 . 7  
12.44 
80.7 
6 .21  

180.8 
. 18.1 

79.0 
0.1 
0.5 
0 :4 
1.7 

4 .97 '  
0 . 0 1  
0 . 0 7 .  
0 .06 
3.69 
0.658 

0.042 
0.015 

. 0.023 

37.3 
30.0 
65.9 
40.2 
34.2 

94.1 
94.1 

102.0 
102.2 

12.61 
160.9 

51.8 
46.6 

1 . 6  
12.76 
82.9 

6.61 

177.0 
18.0 
78.7 

0 . 1  
1.1 
0.4 
1.6 

5.10 
0.01 
0.15 
0.06 
4.08 
0.703 

0.050 
0.004 
0.014 

32.2 
25.0 
68.0 
45.4 
29.7 

9 8 . 1  
97.9 

100.6 
104.3 

*Feed c o a l  p a r t i c l e  s i z e  r a n g e  i s  100 x 200 mesh . 
(Continued on n e x t  page) 

12.29 12.94 
161.3 158.8 
53.8 51.3 
43.4 47.0' 

2.6 1.7 
13 .. 1 2  12.27 
86.8 81.5 

7.06 6.30 

166.4 173.8 
19.7 21.7 
75.2 73.4 
0.3 0.1 
1 . 4  2 . 1  
0.8 0.6 
2.4 2.0 

4.49 4.13 
0.04 0 . 0 1  
0.19 0 . 2 8  
0.08 0 .08  
4.39 3.38 
0.697 0.696 

0.049 0.058' 
0.005 0.012 
0.019 0.017 

33.7 33.1 
24.2 23.3 
66.0 62.4 
49.2 46.4 
30.6 25.8 

9 5 . 8 .  96.8 
96.7 97.6 
96.9 100.9 

101.8 96.9 

0 . 048 
0.022 
0.008 

32.2 
24.0 
63.5 
45.9 
24.7 

96.9 

98.5 
98.0 

I 
98.5 < 
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TABLE 1.- (Continued) 

I 

I 

f 

T e s t  No., IHR-  ............ 166 
Temperature. . C ........... 850 
P r e s s u r e .  p s i g  ............. 1200 
Coal ....................... hvab.. .. 
Coal r a t e .  l b / h r  ........... 12.68 
Feed gas  ra te .  s c f h  ....... 156.3 

Vol %. Hydrogen ....... 49.2 
do . Methane ........ 48.7 
do . Nit rogen  ....... 2.1 

T o t a l  s c f / l b  .......... 12.33 
Hydrogen. s c f h  ........ 76.9 
Hydrogen. s c f / l b  ...... 6.07 

Product  gas .  scfh ......... 168.7 
Vol %. Hydrogen ....... 22.7 

do . Methane ........ 72.2 
do . Ethane ......... 0.1 
do . Carbon monoxide . 2.3 

. do . Carbon d i o x i d e  . 0.5 
do . Nit rogen  ....... 2.3 

Product  y i e l d .  Methane ..... 3.60 
S c f l l b .  Ethane ...... 0.01 

do . CO .......... 0.31 
do . C02 ......... 0.07 

Feed H 2  r e a c t e d .  s c f / l b  .... 3.04 
Char r e s i d u e .  l b / l b  ........ 0.691 
Condensed l i q u i d .  l b / l b  

Water ................. 0.049 
O i l  ................... 0.018 

Residue moisture .  l b / l b  .... 0.019 
Conversion.  maf c o a l  ....... 34.8 
( W t  pet), Carbon ...... 25.6 

do . Hydrogen .... 63.5 
do . S u l f u r  ...... 42.8 
do . Nitrogen .... 21.7 

Recovery. o v e r a l l  .......... 94.5 
. ( W t  PCt) .  Carbon ...... 92.9 
. do Hydrogen .... 97.3 

do . Ash ......... 110.1 

16 7 
800 
1000 

13.21 
153.1 
48.4 
48.2 
3.3 
11.60 
74.1 
5.62 

.......... 

170.3 
27.3 
67.0 
1.0 
1.2 
0.2 
3.1 
3.05 
0.13 
0.15 
0.03 
2.10 
0.709 

0.041 
0.029 
0.014 
30.5 
25.0 
59.1 
52.7 . 
20.3 
94.1 
94.0 
98.9 
100.7 

172 
850 
2000 

12.40 
163.4 
50.6 
,46.4 
3.0 
13.18 
82.7 
6.11 

171.9 
20.4 
75.8 
0.1 
0.7 
0.2 
2.6 
4.39 
0.01 
0.10 
0.03 
3.84 
0.674 

0.053 
0.012 
0.015 

......... 

35 . 0 
28.0 
64.3 
44.9 
32.6 
93.6 
93.4 
99.3 
104.1 

173 
goo* 
1000 

12.61 
149.1 
52.7 
45.2 
2.1 
11.82 
78.6 
6.23 

......... 

163.0 
25.0 
70.4 
0.2 
1.6 
0.4 
2.1 
3.76 
0.03 
0.21 
0.05 
3.00 
0.721 

0.037 
0.029 
0.018 
31.4 
21.4 
62.4 
61.8 
23.7 
96.0 
99.1' 
98.5 
99.4 

174 
850* 
1000 

12.86 
156.8 
49.6 
47.0 
3.3 
12.19 
77.8 
6.05 

174.1 
27.9 
66.4 
0.8 
1.4 
0.6 
2.6 
3.26 
0.11 
0.19 
0.08 
2.27 
0.692 

0.041 
0.030 
0.019 

.......... 

33.7 
23.4 
59.1 
42.1 
21.5 
95.0 
96.9 
100.8 
98.0 

177 
850 
1000 

-hvab 
11.70 
155.3 
99.3 
0.4 
0.3 
13.18 
154.2 
13.11 
150.9 
52.9 
43.6 
0.2 
2.1 
0.3 
0.5 
5.57 
0.03 
0.27 
0.04 
7.21 
0.646 

0.042 

0.014 
o . m a  

38.2 
30.8 
67.1 
45.9 
27.8 
93.8 
95.5 
97.2 
99.2 

4 
* Reactor  l e n g t h  . 3 f t  . 

(Continued on next  page) 
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TABLE 1 . (Continued) 

T e s t  No., IHR; ............ 1 7 8  180 181* 182 183* 186 
Temperature. C ........... 800 900 900 900 850 900 
P r e s s u r e .  p s i g  ............. 1000 1000 1000 1000 1000 500 ....................... ......................................... C o a l  hvab hvab 
Coal rate. l b / h r  ........... 11.70 
Feed gas r a t e .  s c f h  ....... 161.1  

Vol %. Hydrogen ....... 98.9 

do . Nitrogen ....... 0.4 

Hydrogen. s c f  / l b  ...... 13.59 

do . Methane ........ 0.4 

T o t a l  s c f / l b  .......... 13.77 
Hydrogen. s c f h  ....... 159.0 

Product  gas .  s c f h  ......... 147.5  
Vol %. Hydrogen ....... 73.0 

do . Methane ........ 23.9 
do . Ethane ......... 0 . 7  
do . Carbon monoxide . 1.5 
do . Carbon d i o x i d e  . 0 . 2  
do . Nit rogen  ....... 0.4 

Product  y i e l d .  Methane ..... 2.96 
E c f / l b  . Ethane ...... 0.09 

do . co .......... 0.19 
do . c02 ......... 0 . 00 

Feed H2 r e a c t e d .  s c f l l b  .... 4.38 
Char r e s i d u e .  l b / l b  ........ 0.705 
Condensed l i q u i d .  l b / l b  

Water ................. 0.039 
O i l  ................... 0.029 

Residue m o i s t u r e ;  l b / l b  .... 0.011 

Conversion. maf c o a l  ....... 34.7 
(Wt pet), Carbon ...... 28.1  

do  . Hydrogen .... 61.0  
do . S u l f u r  ...... 48.4 
do . Nit rogen  .... 21.9 

Recovery. o v e r a l l  .......... 81.8 
( W t  p c t ) .  Carbon ...... 88.8 
. do . Hydrogen .... 86.3 

do  . Ash ......... 112.6 

12.53 
441.2 

99.3 
0.5 
0.2 

35.21 
438.1 

34.96 

412.6 
76.3 
21.9 

trace 
1 .4  
0.0 . 
0.2 

7.04 
trace 

0.46 
0.00 
9.84 
0.648 

0.028 
0.010 
0.013 

12.72 
168.0 
99.2 
0.5 
0.3, 

13.20 

13.11 

155.1  
44.2 
50.2 
0.0 
4.7 
0 .2  
0 .4  

6.06 
0.00 
0.57 
0.04 
7 . 7 1  
0.630 

0.042 
0.007 
0.015-  

166.7 

' 3 7 . 7  40.5 
31.6 33.2 
71.3 71.8 
52.5 56.7 
38.1 41.6 

96.6 95.9 
98.6 95.2 
99.6 92.9 
97.7 99.4 

*Feed c o a l  p a r t i c l e  s i z e  range  i s  100 x 200 mesh . 
(Continued on next  page) 

192 

24.10 
323.1 

52.6 
45.7 

1 . 7  
1 3 . 4 1  

170.0 
7.05 

335 . 0 
28 .5  
66 ;9 

0 .2  
2 .1  
0.3 
1 . 7  

3.17 
0 . 0 3  
0.29 
0.04 
3.09 
0.708 

0.038 
0.019 
0.014 

3.94 
151.4 

51.6 
46.5 

1 .9  
38.43 
78.1 
19 .. 83 

152.1  
39.8 
57.3 

trace 
1 . 0  
0.1 
1.7 

4.25 

0.38 
0.04 
4.46 
0 .  602 

0.004 
0.054 
0.010 

0 . 0. 

32.8 43.0 
26.0 36.2 
61.5 71.2 
49 .1  61.6 
25.3 43.7 

92.6 91.9 
92.5 90.2 
94.3 97.2 

107.7 101.8 

6.73 
70.0 
99. 0 

0 .4  
0.6 

10.40 
69.3 
10.30 

76.8 
50.9 
44 .1  
0.0 
4.2 
0.0 
0 . 5  

5.12 
0.0 
0.47 
0.0 
4.59 
0.618 

0.036 
0.017 
0.006 

40.5 
33.4 
74.4 
64. 0 
46.0 

90 .6  
91.0 
95.5 
99.6 



TABLE 1.- (Continued) 

Y 

x 
I 

I 

T e s t  N O . ,  IHR- .................... 
Temperature. . C ................... 

Coal rate. l b f h r  ................... 
Feed gas rate. s c f h  ................ 

Vol %. Hydrogen ............... 
do . Methane ................ 
do . Nit rogen  ............... 

T o t a l  s c f / l b  .................. 
Hydrogen. s c f h  ................ 
Hydrogen. s c f f l b  .............. 

Product  gas .  s c f h  .................. 
Vol %. Hydrogen ............... 

do . Methane ................ 
do . Ethane ................. 
do . Carbon monoxide ........ 
do . Carbon d i o x i d e  ......... 
do . Nit rogen  ............... 

Product  y i e l d .  Methane ............. 
S c f f l b .  Ethane .............. 

do . co .................. 
do . c02 ................. 

Feed H2 r e a c t e d .  s c f / l b  ............ 
Char r e s i d u e .  I b / l b  ................ 
Condensed l i q u i d .  i b / i b  

Water ......................... 
O i l  ........................... 

Residue mois ture .  l b f l b  ............ 
Conversion. m a f  c o a l  ............... 
(Wt p c t ) .  Carbon ................. 

do . Hydrogen ............... 
do . S u l f u r  ................. 
do . Nit rogen  ............... 

Recovery. o v e r a l l  .................. 
(Wt p c t ) .  Carbon ................. 

do . Hydrogen ............... 
do . Ash .................... 

P r e s s u r e .  p s i g  ..................... 
Coal ............................... 

189 

850 
1000 
hvab 
12.94 

166.9 
52.4 
44.0 

3.4 
12.90 
87.5 

6.76 

191.4 
25.1 
68.0 

0.2 
2.7 
0.8 
3.0 

4.38 
0.03 
0.37 
0.12 
3 .05  
0.714 

0.008 
0.020 
0.009 

3 3 . 1  
23.9 
66.4 
47.5 
30 .1  

95 .7  
9 8 . 8  
98.7 

109 .1  

190 

850 
1000 
hvab 
13.01 

165.1 
49.4 
46.0 

4.3 
12.69 
81.6 

6.27 

184.2 
23.3 
69.2 

0.2  
2.6 
0 .6  
3.9 

3.98 
0 .03  
0.34 
0.07 
2.99 
0.714 

184 

850 
1000 
l i g n i t e  
13.23 

162.6 
50.1 
47.8 
1.8 

12.29 
81.5 

6.16 

204.1 
27.9 
57.5 
0.1 
6 . 3  
5.9 
2.1 
3.25 
0.02 
1 .03  . 
0.99 
2 .01  
0.494 

0.033 
0.017 
0.018 

30.6 
22.0 
60.9 
38.6 
19.0 

96.7 
96.9 

106.9 
89.6 

(Continued on n e x t  page) 

1 9 3  

0.102 
0.018 
0.020 

50.7 
32 .1  
77.4 
51.0 
51.0 

93.5 
97.6 

101 .8  
97.0 



TABLE 1.- (Continued) 

T e s t  No., IHR- ........... 161  
Temperature. . C .......... 900 
P res su re .  p e i g  ............ 1000 

Coal  r a t e .  l b / h r  .......... 10.53  
Feed gas  rate. s c f h  ....... 157.2 

Vol %. Hydrogen ...... 54.5 . do . Methane ....... 44.5 
do . Nitrogen ...... 1.0  

T o t a l  s c f l l b  ......... 14 .93  
Hydrogen. s c f h  ....... 85.6 
Hydrogen. s c f / l b  ..... 8.14 

Product  gas .  s c f h  ......... 182.3 
Vol %. Hydrogen ...... 27.9 

do . Methane ....... 68.6 
do . Ethane ........ t r a c e  
do . Carbon monoxide . 1 .4  
do . Carbon d iox ide  . 0.6 

Coal  ...................... 111.116 

do . Nitrogen ...... 1.4 

Product  y i e l d .  Methane .... 5.28 
Scf / l b  . Ethane ..... t r a c e  

do . CO ......... 0.24 

Feed H2 r eac t ed .  s c f / l b  .... 3.31 
Char r e s i d u e .  l b / l b  ........ 0.622 
Condensed l i q u i d .  l b / l b  

Water ................. 0.079 
O i l  ................... 0.032 

Residue mois ture .  l b / l b  .... 0.012 

Conversion.  maf c o a l  ....... 38.0 
( W t  p c t ) .  Carbon ......... 29.8 

do . Hydrogen ....... 70.1 
do . S u l f u r  ......... 43.8  
do . Nit rogen  ....... 26.2 

Recovery. o v e r a l l  .......... 94.6  
( W t  p c t ) .  Carbon ......... 96.5 

do . Hydrogen ...... 104.7 
do . Ash ........... 102.4 

do! c02 ......... 0.10 

162 
900 

1500 
I11.#6 
12 .31  

156.2 
48.8 
49.3 
1.8 

12.69 
76.2 

6.19 

185.3 
20.4 
75.0 

t r a c e  
1 .9  
0 . 8  
1 .7  

5.03 

0.29 
0 .11  
3.12 
0.658 

0.068 
0.011 
0 .013  

t r a c e  

37.6 
27.8 
70.3 
50.9 
30.5 

97.2 
96 .. 1 

106.0 
100 . 0 

163 164 
900 900 

2000 1200 
111.16 I11.#6 

12.77 11.78 
158.8 165 .1  

52.0 50.1 

1.9 2.2 
12.94 14.02 
82.6 82.7 

6.73 7.02 

46 .. 1 47.7 

190 .1  199.4 
20.0, 21.9 
73.8 72.8 
0.2 t r a c e  
2.2 2.4 
1 .3  0.7 
2.3 1 .9  

5.47 5.64 
0.03 t r a c e  
0.34 0 .41  
0.20 0.12 
3.63 3 .31  
0.663 0.653 

0.048 0.063 
0.006 0.010 
0.013 0.014 

36.6 35.5 
26.3 27.8 
72 . 0 70.6 
63.8 51.2 
.3 7.9 34.1 

99 . 0 98.7 

19 1 
725 

1000 
I11 . 116 

12.19 
169.8 

56.5 
42.8 

0.7 
13.93 
96.0 

7.87 
190.4 

43 . 0 
52.0 

2.3 
1.6 
0.6 
0.4 

2.16 
0.36 
0.25 
0.09 
1.15 
0.702 

0.043 
0.062 
0.010 

31.4 
25.1 
55.5 
51.8 
17.4 

95 .8  
100.0 99.5 . 97.1  
105.4 106;7 100.6 
100.6 102 .1  101.6 

192 
650 

1000 
111.16 

12.04 
188.9 

60 .1  
39.4 

0 .5  
15.69 

113.5 
9.43 

202 . 0 
52.2 
45.3 

0.9 
0.9 
0.2 
0.4 

1.42 
0 .15  
0 .15  
0.03 
0.67 
0.782 

0.038 
0.035 
0.009 

24 .3  
1 9 . 1  
47.0 
42 .1  
13 .7  

94 .5  
95 .1  
97 .3  

105.7 

t 

m 
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TABLE 2.- Typica l  ana lyses  of coals used i n  
t h i s  s tudy  

P i t t s b u r g h  
Seam hvab 

coal  

Proximate Analys is  

Mois ture  ............ 1.2 
V o l a t i l e  matter ..... 36.4 
Fixed carbon ........ 56.7 
Ash ................. 5.7 

Ul t ima te  Analys is  (Dry Bas is )  

c ................... 79.09 
H ................... 5.22 
N ................... 1.60 
s ................... 1.10 
0 (by d i f f e r e n c e )  .... 7.22 
Ash ................. 5.77 

100 .oo 
- 

I l l i n o i s  #6 
hvcb 
c o a l  

1.4 
36.8 
55.9 
5.9 

75.45 
5.12 
1.72 
1.32 

10.41  
5.98 

100.00 

N .  Dakota 
l i g n i t e  

7.8 
39.7 
46.9 
5.6 

64.64 
4.48 
0.76 
0.76 
23.29 
6.07 

100.00 

~- 

Hvab c o a l  from U . S .  BuMines exper imenta l  mine, Bruceton,  Pa.  
Hvcb c o a l  from Or ien t  #3 mine, Freeman Coal  Co., W a l t o n v i l l e ,  I l l .  
L i g n i t e  from Baukol-Noonan mine, Burke Co., N .  Dakota. 

c 
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TABLE 3.- Product ion  of p i p e l i n e  q u a l i t y  gas  i n  FDP r e a c t o r  

T e s t  No., IHR- .................. 
P r e s s u r e ,  p s i g  .................... 
Feed g a s / c o a l  r a t i o ,  s c f  l l b  ....... Coal  .............................. 
Feed gas composi t ion,  v o l  p c t  

Hydrogen ..................... 
Methane ...................... 
Nit rogen  ..................... 
Carbon monoxide .............. 
Carbon d i o x i d e  ............... 

Carbon convers ion ,  w t  p c t  ......... 
r a t i o ,  s c f / l b  ................... Product  g a s  (water - f ree)  / c o a l  

Product  g a s  composi t ion,  water-free 
Hydrogen ..................... 
Methane ...................... 
Ethane ....................... 
Carbon monoxide .............. 
Carbon d i o x i d e  ............... 
Nitrogen ..................... 
Hydrogen s u l f i d e  ............ 

Methanelhydrogen i n  product  ....... 
Heat ing  v a l u e ,  as - rece ived ,  Btu/ 

scf ............................. 
. Methanat ion,  Btu/scf  ......... . Heat ing  v a l u e  w/4% CO 

P c t  methane e q u i v a l e n t  
(CHL,+C~H~) made d i r e c t l y  ..... 

Base 
1000 
hvab 
11.1 

46.1 
47.5 
0.0 
4 .O 
1.7  

20.0 

14 .8  

21.4 
68.8 
0.0 
4.2 
1.3 
1 . 0  

3 . 2 1  

779 

927 

94.2 

156 
1000 
hvab 
12 .3  

49 .O 
49.4 

1.6 
0.0 
0 .o 

25 .O 

13.4 

22.4 
71.4 
0.5 
3.2 

1.4 
0.4 

3.19 

81 7 

918 

94.7 

0.7-. 

176 
1000 
hvab 
12.5 

48.0 
49.4 

2.2 
0.0 
0.0 

24 .O 

13.9 

22.8 
71.6 
0.2 
2.5 
0.7 
1.9 
0.2 

3.14 

812 

908 

94.7 

(Continued on n e x t  page) 
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1 5 1  
1100 
hvab 
11.9 

48.0 
49.2 

2.6 
0.0 
0.2 

25.3 

14.1. 

22.1 
71.7 
0.1 
2 .5  
0.5 
2.7 
0.4 

3.24 

80 2 

903 

94.7 

166 
1200 
hvab 
12 .3  

49.2 
48.7 

2.1 
0.0 
0.0 

_ _  . . . .  

13.3 

22,7 
72.2 
0.1 
2.3 
0.5 
2.3 
0.2 

3.18 

815 

9 14 

94.8 



(TABLE 3.- Continued) 

154 

2000 
hvab 

1 2  :5 

52.5 
46.4 

1.0 
0.0 
0.0 

25.1 

1 4  .O 

19.8 
75.9 
0 .1  
2.2 
0.4 
1 . 5  
0 .1  

3.83 

842 

9 36 

95.0 

T e s t  No., IHR- ............ 
P r e s s u r e ,  p s i g  ............. 
Coal  ....................... 
Feed ga8/coa l  r a t i o ,  

s c f / l b  ................... 
Feed gas  composi t ion 

Hydrogen .............. 
Methane ............... 
Nit rogen  .............. 
Carbon monoxide ....... 
Carbon d i o x i d e  ........ 

Carbon conversion,  w t  p c t  .. 

160 

1500 
hvab 

13.1 

53.8 
43.4 

2.6 
0.0 
0 .2  

24.2 

165 

1500 
hvab 

12 .3  

51.3 
47 .O 

1 . 7  
0 .o 
0.0 

23.3 

13.4 

21.7 
73.4 
0 . 1  
2 . 1  
0 .6  
2.0 
0 .2  

3.38 

823 

9 1 6  

9 4 . 8  

157  

2000 
hvab 

15 8 

2000 
hvab 

172 

2000 
hvab 

12.4 1 2 . 8  13.2 

49.9 
48.4 

1 . 7  
0.0 
0 .o 

30 .O 

51.8 
46.6 

1 . 6  
0.0 
0.0 

25.0 

14.0 

2 

50.6 
46.4 

3.0 
0.0 
0.0 

28.0 

Product  gas (water-free)  / 

Product  gas  comp., water-free 
c o a l  r a t i o ,  s c f / l b  ....... 13.5 

Hydrogen 19.7 
Methane ............... 75.2 
Ethane ................ 0.3 
Carbon monoxide ....... 1 . 4  
Carbon d i o x i d e  ........ 0.8 
Nitrogen .............. 2.4 

.Hydrogen s u l f i d e  ...... 0.1 

Plethane/hydrogen i n  product .  3.82 
Heat ing v a l u e ,  as - rece ived ,  

Btu lscf  .................. 835 
Heat ing v a l u e  w i t h  4% CO 

methanat ion,  B t u l s c f  ..... 928 

P c t  methane e q u i v a l e n t  
I (CHt,+C2Hg) made d i r e c t l y  . 95.0 

I 
P 

13.9 13.9 

18.1 
79 .O 
0.1 
0.5 
0.4 
1 . 7  
0 .2  

4.36 

18 .0  
78.7 

0 .1  
1.1 
0.4 
1 . 6  
0.2 

4.37 

20.4 
75.8 
0.1 
0.7 
0.2 
2.6 
0.2 

3.7-2 

839 863 862 

948 949 920 

95.2 95.0 95.2 

(Continued on n e x t  page) 
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(TABLE 3.- Continued) 

T e s t  No., IHR- .................... 
P r e s s u r e ,  p s i g  ..................... 
Coal ............................... 
Feed gas /coa l  r a t i o ,  s c f / l b  ........ 
Feed gas composition . Hydrogen ....................... 

Methane ....................... 
Ni t rogen  ...................... 
Carbon monoxide ............... 

.. . .  . . .  

Carbon convers ion ,  w t  p c t  .......... 
Produc t  gas  (water-free)  / c o a l  

P roduc t  gas  composi t ion,  w a t e r - f r e e  
. r a t i o ,  s c f / l b  .................... 

Hydrogen ...................... 
Methane ....................... 
Ethane ........................ 

'- Carbon monoxide ............... 
. Carbon d i o x i d e  ................ 

Ni t rogen  ...................... 
Hydrogen s u l f i d e  .............. 

Methanelhydrogen i n  product  ........ 
Hea t ing  v a l u e ,  as - rece ived ,  B t u / s c f .  
Hea t ing  va lue  wi th  4% CO methana- 

t i o n ,  B t u l s c f  .................... 
P c t  methane e q u i v a l e n t  

( C H I + + C ~ H ~ >  m a d e  d i r e c t l y  ......... 

164 
1200 
hvcb 
1.4 .o 

50.1 
47.7 ' 

2.2 
0.0 

27.8 

16.9 

21.9 
72.8 
t r a c e  
2.4 
0.7 
1.9 
0.3 
3.32 
81 8 

914 

94.8 

162 
1500 
hvcb 
12.7 

48.8 
49.3 
1.8 
0.0 

27.8 
-.- 

15.0 

20.4 
75.0 
t r a c e  
1.9 
0.8 
1.7 
0.2 
3.68 
833 

928 

94.9 

16 3 
2000 
hvcb 
12.9 

52 .O 
46.1 
1.9 
0.0 

u - - -  
26.3 

15.5 

20.0 
73.8 
0.2 
2.2 
1.3 
2.3 
0.2 
3.69 
824 

925 

94.9 

198 

184 
1000 

l i g n i t e  
12.3 

50.1 
47.8 
1.8 
0.2 
w . w  

32.1 

10.6 

27.9 
57.5 
0.1 
6.3 
5.9 
2.1 
0.1  

2.06 
695 

902 

90.1 
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