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H i s  t o r y  and Development o f  t h e  CS-SRT P r o c e s s  

C i t i c s  S e r v i c e  Research and Development Company (CSRD) , t h e  r e s e a r c h  
a r m  o f  t h e  C i t i e s  S e r v i c e  Company, has  been developing  a p r o c e s s  scheme 
named The CS-SRT P r o c e s s ,  f o r  t h e  n o n - c a t a l y t i c ,  vapor-phase,  hydro- 
g e n a t i o n  of  carbonaceous f e e d s t o c k s .  The i n i t i a l  and pr imary  emphasis 
i n  our  Energy Research Labora tory  was t o  apply  t h i s  technology t o  conver t  
c o a l  i n t o  p i p e l i n e  q u a l i t y  gas  and a t t r a c t i v e  byproduct  y i e l d s  of l i g h t  
aromatic (BTX) l i q u i d s .  

t h e  most p r o d u c t i v e  area o f  p r o c e s s  development would b e  t h a t  of s h o r t  
r e s i d e n c e  t i m e  hydrogenat ion .  A b r i e f  l i t e r a t u r e  review h a s  been p r e -  
s e n t e d  i n  our  p r e v i o u s  paper  a t  t h e  1976 ACS (San F r a n c i s c o )  meet ing (1). 

I n  t h e  summer o f  1974,  w e  d e s i g n e d  a 1-4 l b / h r  bench-sca le  u n i t  
c a p a b l e  of  o p e r a t i o n  a t  t empera tures  and p r e s s u r e s  t h a t  are s c a l a b l e  
w i t h i n  present -day ,  commercial t echnology.  A cold-f low model t o  t e s t  
coal-hydrogen mixing i n j e c t o r s  and t o  s t u d y  coal-hydrogen s l i p  v e l o c i t i e s  
was des igned  and c o n s t r u c t e d  i n  Autumn, 1974. C o n s t r u c t i o n  o f  t h e  bench- 
s c a l e  u n i t  began i n  December, 1974 and was completed i n  J u n e ,  1975 wi th  
t h e  shakedown o p e r a t i o n s  o c c u r r i n g  i n  t h e  Summer of 1975.  The f i r s t  
complete  m a t e r i a l  b a l a n c e  run w a s  made i n  August, 1975. S ince  t h a t  t i m e ,  
o v e r  125 runs have been  made w i t h  a v a r i e t y  of  f e e d s t o c k s  i n c l u d i n g  
l i g n i t e ,  bi tuminous and subbitmuninous c o a l s ,  o i l  s h a l e ,  t a r  sands  and 
c o a l  t a r s .  

a c o n c e p t u a l i z e d ,  commercial a p p l i c a t i o n  of  t h e  CS-SRT P r o c e s s  f o r  
producing  250 MM SCFD o f  p i p e l i n e  g a s  (and t h e  a s s o c i a t e d  byproduct  BTX- 
l i q u i d s )  from a mine-mouth p l a n t  i n  t h e  Montana/North Dakota r e g i o n .  
The r e s u l t s  o f  t h i s  work p o i n t e d  o u t  t h e  d r a m a t i c  e f f e c t  of  benzene 
byproduct  y i e l d  on lower ing  t h e  c o s t  of  s e r v i c e s  f o r  producing  p i p e l i n e  
g a s .  I n  September, 1976, CSRD r e t a i n e d  t h e  F o s t e r  Wheeler Energy Corp- 
wat ion t o  perform a prelininarv ensineerina design and cost study o f  the 
CS-SRT Process  t o  v a l i d a t e  t h e  r e s u l t s  o f  t h e  ea r l i e r  economic s t u d y .  
The r e s u l t s  of  t h i s  s t u d y  w i l l  b e  r e p o r t e d  i n  a s e p a r a t e  p a p e r .  

F u r t h e r  development o f  t h e  CS-SRT P r o c e s s  i s  b e i n g  undertaken i n  
s e v e r a l  programs s u p p o r t e d  j o i n t l y  by C i t i e s  S e r v i c e ,  Rocketdyne Div is ion  
o f  Rockwell I n t e r n a t i o n a l ,  and ERDA. Exper imenta l  tests a r e  c o n t i n u i n g  
i n  t h e  bench-sca le  u n i t  t o  e x p l o r e  c o n d i t i o n s  f o r  maximizing l i q u i d s  
y i e l d s  and a l s o  f o r  maximizing g a s  (methane, e t h a n e )  y i e l d s .  Process  
f l o w s h e e t  s t u d i e s  a r e  a l so  be ing  made. The n e x t  s t e p  of development 
o f  t h e  CS-SRT P r o c e s s  would r e q u i r e  about  a 6- inch d i a m e t e r ,  p i l o t  p l a n t  
r e a c t o r  capable  o f  p r o c e s s i n g  a b o u t  1 0 0  TPD c o a l .  T h i s  p i l o t - p l a n t  
would b e  one s c a l e u p  s t e p  away from a 12-inch d i a m e t e r ,  s i n g l e  tube, 
commercial-type o p e r a t i o n .  

when p r o c e s s i n g  a North Dakota l i g n i t e .  Some c o n c e p t u a l  commercial 
p r o c e s s i n g  a l t e r n a t i v e s  which a p p e a r  q u i t e  a t t r a c t i v e  are a l so  d iscussed .  

A review of  t h e  l i t e r a t u r e  e a r l y  i n  1974 l e d  t o  o u r  c o n c l u s i o n  t h a t  

I n  September, 1974 w o r k  was i n i t i a t e d  t o  e s t i m a t e  t h e  economics i n  

This  paper  summarizes t h e  a n a l y s i s  o f  t h e  bench-sca le  d a t a  o b t a i n e d  
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Experimental  Apparatus  

The bench-scale  u n i t ,  as d e s c r i b e d  i n  our  p r e v i o u s  paper ,  u t i l i z e d  
i n i t i a l l y  a d i l u t e - p h a s e ,  f r e e - f a l l  reactor w i t h  a movable quench 
probe.  Coal w a s  d e l i v e r e d  t o  t h e  hydrogen-coal mixing i n j e c t o r s  under  
g r a v i t y  f low from a s t a r - w h e e l ,  v o l u m e t r i c  f e e d e r  f e d  by a l o c k  hopper .  
The feeder-hopper  assembly s a t  d i r e c t l y  on  t o p  o f  t h e  reactor.  

t o  improve t h e  running  e f f i c i e n c y  of  t h e  tes t  program. T h i s  system 
a l s o  al lowed f o r  t h e  remote l o c a t i o n  and s a f e  access o f  t h e  c o a l  f e e d -  
i n g  equipment i n  an a d j a c e n t  l a b o r a t o r y  p r e s s u r e  ce l l .  The t r a n s p o r t e d  
coal was s e p a r a t e d  i n  a c y c l o n e  immediately upstream o f  t h e  coa l -hot  
hydrogen i n j e c t o r s  and c a r r i e d  i n t o  t h e  r e a c t o r .  The " c o l d "  hydrogen 
w a s  r e c y c l e d  back t o  a diaphragm compressor .  The compressor  diaphragms 
w e r e  p r o t e c t e d  a g a i n s t  e n t r a i n e d  s o l i d s  by use  of a s e t t l i n g  chamber 
and f i l t e r s  located on t h e  s u c t i o n - s i d e  o f  t h e  compressor .  

scale u n i t  s i n c e  t h e  i n i t i a l  t e s t i n g .  A d e s c r i p t i o n  of  t h e s e  r e a c t o r s  
is shown i n  F i g u r e  1. I n  t h e s e  "en t ra ined- f low" r e a c t o r s ,  a w i d e r  range  
o f  v a l u e s  of  s e v e r a l  i m p o r t a n t  parameters  i s  achieved  o v e r  t h a t  o f  t h e  
f r e e - f a l l  r e a c t o r :  

S i n c e  t h e  i n i t i a l  t e s t i n g ,  a c o a l  t r a n s p o r t  sys tem w a s  developed 

S e v e r a l  o t h e r  r e a c t o r  d e s i g n s  were a l so  i n c o r p o r a t e d  i n t o  t h e  bench- 

F r e e  F a l l  Entrained-Flow 

C o a l  F lux ,  l b / h r  f t 2  100-300 1500-35,000 
G a s  V e l o c i t y ,  f p s  0 -1-0.5 2-50 
Par t ic le  V e l o c i t y ,  f p s  0.5-8 2-50 
Gas Reynolds N o .  100-500 1000-6000 
P a r t i c l e  Residence T i m e ,  sec. 0.10-4 0.05-10 
Vapor Residence T i m e ,  sec. 2-30 0 -05-5 

The v e r t i c a l  e n t r a i n e d - f l o w  r e a c t o r  i s  used g e n e r a l l y  f o r  v e r y  
s h o r t  r e s i d e n c e  t i m e  s t u d i e s  (less t h a n  200 m i l l i s e c o n d s )  whereas  t h e  
h e l i c a l  en t ra ined- f low r e a c t o r s  a r e  used f o r  l o n g e r  r e s i d e n c e  t i m e s  
( c .a . ,  1-5 s ec . ) .  All of t h e  r e a c t o r s  used  i n  t h e  bench-sca le  u n i t  
are f a b r i c a t e d  from s t a i n l e s s  steel  316 a l l o y .  A " h o t  w a l l "  p r e s s u r e  
r e a c t o r  was used as t h e  b a s i s  of  d e s i g n  t o  e x p e d i t e  t h e  t e s t i n g  program. 
The l i f e  o f  t h e  h o t  w a l l  r e a c t o r ,  even a t  t h e  smal l  d i a m e t r a l  r a t i o s  used, 
i s  l i m i t e d  because o f  o p e r a t i o n  a t  h igh  stress levels .  T h e r e f o r e ,  c a r e -  
f u l  watch i s  m a i n t a i n e d  on t h e  i n s t a n t a n e o u s  c r e e p  s t r e n g t h  of each r e a c t o r  
and p r e h e a t e r  v e s s e l .  R e a c t o r s  are removed from s e r v i c e  b e f o r e  the cumu- 
l a t i v e  approach e q u a l s  25% o f  t h e  r u p t u r e  t i m e .  All reactors a r e  opera ted  
i n  t h e  c o n f i n e s  of  a h i g h - p r e s s u r e ,  e x p l o s i o n - p r o o f ,  l a b o r a t o r y  ce l l  wi th  
l o c k o u t  c o n t r o l s  d u r i n g  t e s t i n g .  

Temperature  and Residence Time Measurements 

Temperature o f  t h e  coal-hydrogen stream is a n  ex t remely  i m p o r t a n t  
v a r i a b l e  a f f e c t i n g  t h e  r a t e s  o f  h y d r o p y r o l y s i s  under  s h o r t  r e s i d e n c e  t i m e  
c o n d i t i o n s .  M o s t  e x p e r i m e n t e r s  involved  i n  c o n t i n u o u s ,  two-phase, c o a l -  
g a s  r e a c t i o n s  r e p o r t  r e a c t a n t  o r  r e a c t o r  t e m p e r a t u r e  as maximum r e a c t o r  
W a l l  t empera ture .  T h i s  l a t t e r  tempera ture  can v a r y  q u i t e  markedly from 
t h e  r e a c t a n t  t e m p e r a t u r e  depending  upon t h e  s i z e  and m a s s  o f  t h e  r e a c t o r ,  
c o a l  th roughput ,  e x o t h e r m i c i t y  of  r e a c t i o n ,  h e a t  l o s s e s ,  e t c .  Accordingly,  
w e  have developed s e v e r a l  m u l t i - d i m e n s i o n a l ,  computer ized ,  h e a t  t r a n s f e r  
models f o r  e s t i m a t i n g  r e a c t a n t  t e m p e r a t u r e s  from r e a c t o r  w a l l  thermocouple 
r e a d i n g s .  We have also used  e q u i v a l e n t ' i s o t h e r m a l  t e m p e r a t u r e  ( E I T )  
c a l c u l a t i o n s  t o  c h a r a c t e r i z e  t h e  non-isothermal  r e a c t i o n  c o n d i t i o n s .  E I T  
h a s  been found t o  be  a good c h a r a c t e r i z a t i o n  f a c t o r  i n  c o r r e l a t i n g  t r e n d s  
of h y d r o p y r o l y s i s  y i e l d s  w i t h  tempera ture .  
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P a r t i c l e  r e s i d e n c e  t i m e  i s  a n o t h e r  ex t remely  i m p o r t a n t  parameter  
a f f e c t i n g  h y d r o p y r o l y s i s  y i e l d s ,  p a r t i c u l a r y  under  s h o r t  r e s i d e n c e  t ime 
c o n d i t i o n s .  I n  t h e  case of  t h e  f r e e - f a l l  reactor, p a r t i c l e s  t r a v e r s e  
t h e  reactor under  t h e  i n f l u e n c e  of both  g r a v i t y  and e n t r a i n m e n t  by 
hydrogen. Char s e t t l i n g  veloci t ies  were c a l c u l a t e d  u s i n g  t h e  S tokes  
e q u a t i o n  f o r  nar row-s ize  ranges  of p a r t i c l e s .  C o r r e c t i o n s  w e r e  a p p l i e d  
f o r  t h e  wider-range s i z e  d i s t r i b u t i o n s  used  i n  t h e  bench-sca le  o p e r a t i o n  
by c a l c u l a t i n g  a surface-volume average p a r t i c l e  d i a m e t e r .  Based o n  
s t u d i e s  by Wen and Huebler  (2), c o r r e c t i o n s  f o r  gas  e n t r a i n m e n t ,  uneven 
p a r t i c l e  d i s t r i b u t i o n s  and p a r t i c l e  c loud  d e n s i t y  w e r e  a lso made. 

For  t h e  c a s e  o f  e n t r a i n e d - f l o w  reactors, p a r t i c l e  r e s i d e n c e  t i m e s  
are d i r e c t l y  c o r r e l a t e d  w i t h  t h e  s u p e r f i c i a l  hydrogen v e l o c i t i e s .  For  
b o t h  cases, a comprehensive exper imenta l  (cold-f low) program i s  underway 
i n  o r d e r  t o  measure a c c u r a t e l y  p a r t i c l e  r e s i d e n c e  t i m e s  i n  bo th  f r e e -  
f a l l  and en t ra ined- f low reactors. 

Coal P r e p a r a t i o n  

W e t  North Dakota l i g n i t e  was r e c e i v e d  i n  drums from t h e  Grand Forks 
Energy Research Center .  P r i o r  t o  d r y i n g ,  t h e  l i g n i t e  w a s  reduced t o  
l /2- inch  x 0 p a r t i c l e  s i z e  u s i n g  a r o t a r y  j a w  m i l l  b l a n k e t e d  w i t h  n i t r o g e n .  
Drying w a s  done e i t h e r  i n  a l a b o r a t o r y ,  f ixed-bed d r i e r  a t  1 5 "  Hg vacuum 
or i n  a n  i n d u s t r i a l ,  f l u i d - b e d  d r y e r ,  b o t h  under  n i t r o g e n  b l a n k e t i n g .  
I n  both  cases, t h e  maximum l i g n i t e  tempera ture  was l i m i t e d  t o  230-250°F. 
Mois ture  w a s  reduced  from 35% t o  less t h a n  5%. The l i g n i t e  w a s  t h e n  
p u l v e r i z e d  u s i n g  e i t h e r  a Sweco b a l l  m i l l  o r  a Mikropul  hammer m i l l .  I n  
b o t h  cases, a n i t r o g e n  atmosphere w a s  m a i n t a i n e d .  An 18- inch ,  cont inuous  
Sweco siever, f e d  by a Synt ron  v i b r a t i n g  f e e d e r ,  w a s  used  t o  s i e v e  t h e  
d r i e d ,  p u l v e r i z e d  l i g n i t e  t o  s p e c i f i c a t i o n .  

Immediately p r i o r  t o  a r u n ,  t h e  l i g n i t e  c h a r g e  t o  t h e  u n i t  was d r i e d  
a g a i n ,  under vacuum, i n  t h e  l a b o r a t o r y  t r a y  d r i e r .  An a l i q u o t  sample 
from a r i f f l e r  was . taken  f o r  every  b a t c h  o f  c o a l  f e d  t o  t h e  bench-sca le  
u n i t .  The a n a l y s i s  o f  t h i s  sample was used  as t h e  b a s i s  f o r  t h e  m a t e r i a l  
b a l a n c e  c a l c u l a t i o n s  f o r  each run.  A t y p i c a l  a n a l y s i s  w a s  shown i n  our  
p r e v i o u s  paper  (1). 

M a t e r i a l  Balance C a l c u l a t i o n s  

A s  a r e s u l t  o f  u s i n g  hydrogen as b o t h  t h e  p r e h e a t i n g  gas  and t h e  
quenching gas ,  t h e  c o a l - d e r i v e d ,  r e a c t i o n  p r o d u c t s  are v e r y  d i l u t e  i n  
hydrogen. Liquor  and a r o m a t i c  o i l s  ( b o i l i n g  above BTX) are condensed 
u s i n g  c o n v e n t i o n a l  i n d i r e c t  h e a t  exchange. The l i g h t e r  p r o d u c t s ,  methane 
through BTX, are measured u s i n g  gas  chromatography combined w i t h  ca l i -  
b r a t e d  f low meters. Rotameters ,  o r i f i c e  m e t e r s  and t u r b i n e  meters are 
used t o  measure g a s  f low.  Redundancy i n  f low meter ing  w a s  i n c o r p o r a t e d  
i n t o  t h e  d e s i g n  of  t h e  bench-scale  u n i t  i n  o r d e r  t o  minimize u n c e r t a i n t y  
i n  c a l c u l a t i o n  o f  t h e  gaseous product  y i e l d s .  

A l l  s o l i d  and l i q u i d  p r o d u c t s  are weighed a f t e r  e v e r y  run.  The re- 
actors were examined a f t e r  each run  and found t o  be  f r e e  o f  d e p o s i t s .  
The recovery  sys tem i s  purged w i t h  high p r e s s u r e  steam a f t e r  e v e r y  r u n  i n  
o r d e r  t o  remove any hydrocarbons o r  c h a r  t h a t  does  n o t  r e a d i l y  d isengage  
from t h e  t u b i n g  s u r f a c e s ,  v a l v e s ,  receivers, etc. These hydrocarbons and 
c h a r  are recovered  from t h e  steam condensa te  by e x t r a c t i o n  w i t h  e t h e r  and 
are inc luded  i n  t h e  mater ia l  ba lance .  

BTX m a t e r i a l  f rom t h e  ambient  (7OoF) hydrogen stream a f t e r  G .  C. a n a l y s i s .  
The weighed amount o f  BTX l i q u i d s  r e c o v e r e d  from t h i s  condenser  checked 

A packed c r y o g e n i c  condenser  w a s  developed t o  condense t h e  r e s i d u a l  
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w i t h  t h e  chromatographica l ly-de termined ,  BTX c o n t e n t  of t h e  g a s  stream 
e n t e r i n g  t h e  c r y o g e n i c  condenser .  Carbon b a l a n c e s  of  90-105% are  ob- 
t a i n a b l e .  Hydrogen consumption is c a l c u l a t e d  b o t h  1) by d i f f e r e n c e  of 
measured feed and p r o d u c t  s t r e a m s  and 2 )  by  e lementa l  hydrogen ba lance  
between f e e d  and product  streams. Ash b a l a n c e s  are 90-100%.  The c a l c u -  
l a t e d  oxygen b a l a n c e s  are 100+10%. Ni t rogen  and s u l f u r  b a l a n c e s  a r e  
c a l c u l a t e d  by d i f f e r e n c e  b e c a u s e  o f  t h e  v e r y  low q u a n t i t i e s  o f  t h e s e  
elements i n  l i g n i t e  and l i g n i t e - d e r i v e d ,  h y d r o p y r o l y s i s  p r o d u c t s .  G a s  
y i e l d s  a re  c a l c u l a t e d  based  on  c o a l  f e d  t o  t h e  r a c t o r  and c o r r e c t e d  t o  
100% carbon b a l a n c e .  

CS-SRT Process  T e c h n o l o w  

Mechanism 
The mechanisms i n v o l v e d  i n  s h o r t  r e s i d e n c e  t i m e  h y d r o p y r o l y s i s  of 

c o a l  are exceedingly  complex. Coal c o n s i s t s  of  many t y p e s  o f  s t r u c t u r e s  
each  w i t h  d i f f e r e n t  bond s t r e n g t h s .  The i n i t i a l  coal convers ion  r e a c t i o n s  
are c o n t r o l l e d  b y  a thermal mechanism. Bond breaking  w i l l  c l o s e l y  fo l low 
t h e  r a p i d  h e a t i n g  p r o f i l e  imposed on  t h e  coal.  Weak bonds w i l l  r u p t u r e  
a t  t h e  lower t e m p e r a t u r e s  and  decomposi t ion p r o d u c t s  t h a t  a r e  v o l a t i l e  
w i l l  e scape  t h e  p a r t i c l e  u n d e r  t h e  d r i v i n g  f o r c e  o f  a c o n c e n t r a t i o n  o r  
p a r t i a l  p r e s s u r e  g r a d i e n t .  As t empera ture  i s  i n c r e a s e d ,  s t r o n g e r  bonds 
w i l l  b reak  and t h e  v o l a t i l e s  w i l l  f o l l o w  t h e  s a m e  escape  mechanism. These 
r e a c t i o n s  are ex t remely  r a p i d ,  o f  the  o r d e r  of  m i l l i s e c o n d s .  Many of  
t h e s e  d e v o l a t i l i  zed s p e c i e s  are h i g h l y  r e a c t i v e  and w i l l  undergo secondary 
decomposi t ion r e a c t i o n s  t o  form condensed and polymerized molecules  gen- 
e r a l l y  c l a s s i f i e d  as a s p h a l t e n e s  and c h a r .  However, these a s p h a l t e n e s  
can b e  s t a b i l i z e d  i n  t h e  b u l k  phase and removed as s i n g l e  or double-r ing 
aromatics by imposing t h e  p r o p e r  hydrogen p a r t i a l  p ressure- tempera ture-  
r e s i d e n c e  t i m e  p r o f i l e .  

d e s c r i b e s  t h e  vapor-phase,  s h o r t  r e s i d e n c e  t i m e ,  hydrogenat ion  p r o c e s s  : 
I n  terms o f  macro- reac t ions ,  t h e  f o l l o w i n g  s i m p l i f i e d  mechanism 

GAS GAS 
H2 

A GAS 
H2 + COAL- TAR OIL BENZENE 

CHAR 

Although benzene is v e r y  stable, it t o o  w i l l  decompose a t  e l e v a t e d  t e m -  
p e r a t u r e s  a s  shown by R. Graf f  and coworkers a t  CUNY ( 3 ) .  Extended 
r e s i d e n c e  t i m e s  w i l l  also r e s u l t  i n  benzene decomposi t ion as r e p o r t e d  by 
V i r k ,  e t .  a l .  ( 4 ) .  Normally,  benzene decomposi t ion i n  a hydrogen atmos- 
phere  would r e s u l t  i n  methane as t h e  main decomposi t ion product .  However, 
it a p p e a r s  t h a t  i n  the case of benzene format ion  v i a  s h o r t  r e s i d e n c e  time 
c o a l  h y d r o p y r o l y s i s ,  c h a r  p a r t i c l e s  c a t a l y z e  t h e  benzene-to-coke r o u t e  of  
decomposi t ion.  T h e r e f o r e ,  r a p i d  quenching o f  t h e  product  v a p o r s  is 
n e c e s s a r y  f o r  t h e  s t a b i l i z a t i o n  and recovery  of a r o m a t i c  l i q u i d s .  The 
q u a n t i t a t i v e  sequence of t h e  i n  s i t u  hydrogenat ion  of t a r s  t o  heavy o i l  
t o  l i g h t  a romat ics  is  shown i n  F i g u r e  2 .  

Coal Oxygen Reac t ions  
Process ing  of l i g n i t e ,  because  of i t s  high oxygen c o n t e n t ,  p rovides  

Some i n t e r e s t i n g  o b s e r v a t i o n s  a b o u t  t h e  mechanism of  s h o r t  r e s i d e n c e  t i m e  
h y d r o p y r o l y s i s .  The g a s e o u s  p r o d u c t s  o b t a i n e d  a t  v e r y  s h o r t  r e s i d e n c e  
t i m e  w e r e  r i c h  i n  carbon d i o x i d e  w h i l e  t h o s e  o b t a i n e d  a t  l o n g e r  res idence  
t i m e  w e r e  d e p l e t e d  o f  e s s e n t i a l l y  al l  carbon d i o x i d e .  This  l e a d  to t h e  
c o n c l u s i o n  t h a t  one of  t h e  i n i t i a l  r e a c t i o n s  of s h o r t  r e s i d e n c e  t i m e  

I 

I 
i 
i 
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hydrogenat ion of  l i g n i t e  is t h e  p y r o l y s i s  o f  c a r b o x y l i c  oxygen s t r u c t -  
u r e s  ( d e c a r b o x y l a t i o n ) .  T h i s  a g r e e s  w i t h  t h e  work r e p o r t e d  by James 
Johnson a t  IGT ( 5 ) .  Once i n t o  t h e  vapor  phase ,  carbon d i o x i d e  hydro- 
g e n a t e s  t o  form carbon monoxide and water by t h e  r e v e r s e  water-gas  
s h i f t  r e a c t i o n .  Carbon monoxide w i l l  react  f u r t h e r  w i t h  hydrogen t o  
form methane and a d d i t i o n a l  water by t h e  methanat ion  r e a c t i o n .  These 
r e l a t i o n s h i p s  are shown i n  F i g u r e s  3 and 4 which show t h e  y i e l d s  o f  
water and methane r e s p e c t i v e l y  a s  a f u n c t i o n  o f  CO2/CO r a t i o .  The f a c t  
t h a t  t h e s e  r e l a t i o n s h i p s  w e r e  found i n  t h e  l / l - i n c h  e n t r a i n e d - f l o w  
r e a c t o r  and i n  t h e  1 .1- inch ,  f r e e - f a l l  r e a c t o r ,  where t h e  surface/volume 
r a t io  v a r i e d  from about  50 t o  500 i n  -I, t e n d s  t o  i n d i c a t e  t h a t  t h e s e  
vapor-phase r e a c t i o n s  were n o t  c a t a l y z e d  by t h e  SS 316 reactor w a l l .  
E q u i l i b r i u m  c a l c u l a t i o n s  of  t h e  reactor e f f l u e n t  a l s o  show t h a t  a)  methane 
is approached from t h e  carbon monoxide s i d e  of t h e  s team-reforming 
r e a c t i o n  and b )  carbon monoxide i s  approached from t h e  carbon d i o x i d e  
s i d e  of t h e  water-gas  s h i f t  r e a c t i o n .  

C o a l  Hydrogen Reac t ions  
Another f e a t u r e  o f  t h e  CS-SRT Process  ( a s  w e l l  as manv o t h e r  d i r e c t  

c o a l  hydrogenat ion p r o c e s s e s )  i s  . the  u t i l i z a t i o n  o f  coal hGdrogen. Coal 
dehydrogenat ion i n c r e a s e s  c o n t i n u o u s l y  a s  hydrogenat ion  s e v e r i t y  and 
coal convers ion  are i n c r e a s e d .  During t h e  i n i t i a l  p y r o l y s i s  s t a g e  o f  
s h o r t  r e s i d e n c e  t i m e  hydrogenat ion ,  t h e  r a t e  o f  c o a l  dehydrogenat ion  is 
i n c r e a s i n g  f a s t e r  t h a n  hydrogen i s  b e i n g  consumed. The ra te  o f  c o a l  de- 
hydrogenat ion appears  t o  reach  a maximum a t  a b o u t  3 0 %  carbon c o n v e r s i o n  
as shown i n  F i g u r e  5.  A t  t h i s  p o i n t ,  approximate ly  50% o f  t h e  hydrogen 
consumption i s  coming d i r e c t l y  from t h e  c o a l .  T h i s  p o i n t  a lso c o r r e -  
sponds t o  t h e  end o f  t h e  p y r o l y s i s  mechanism and t h e  i n i t i a t i o n  of t h e  
c h a r  hydrogenat ion s t a g e .  T h i s  i s  n o t  s u r p r i s i n g  s i n c e  3 0 %  carbon con- 
v e r s i o n  corresponds t o  43% c o a l  (MF b a s i s )  convers ion  which i s  i d e n t i c a l  
t o  t h e  ASTM v o l a t i l e  matter f o r  l i g n i t e .  

Furthermore,  a t  carbon convers ions  g r e a t e r  t h a n  a b o u t  3 0 % ,  hydrogen 
p a r t i a l  p r e s s u r e  has  a pronounced e f f e c t  on carbon c o n v e r s i o n .  The f l u x  
of  v o l a t i l e s  e s c a p i n g  t h e  coal p a r t i c l e s  d e c r e a s e s  g r e a t l y  above t h e  30% 
carbon convers ion  l e v e l .  This  r e s u l t s  i n  i n c r e a s e d  hydrogen c o u n t e r d i f -  
f u s i o n  i n t o  t h e  c h a r  s t r u c t u r e  a l l o w i n g  more r e a c t i o n  between hydrogen and 
carbon s i t e s .  Higher  hydrogen p r e s s u r e s  g r e a t l y  i n f l u e n c e  t h e  d i f f u s i o n  
o f  hydrogen i n t o  t h e  p a r t i c l e .  T h i s  i s  shown i n  F i g u r e  6 and a g r e e s  wi th  
t h e  work of  James Gray and coworkers a t  PERC ( 6 ) .  

Rapid-Rate Carbon 
One o f  t h e  p r i n c i p a l  c o r r e l a t i o n  tools  o f  s h o r t  r e s i d e n c e  t i m e  

h y d r o p y r o l y s i s  is  t h e  ;ate of  convers ion  o f  r a p i d - r a t e . c a r b o n  ( 7 ) .  The 
l a t t e r  i s  a measure of t h e  t o t a l  t h e o r e t i c a l  amount o f  c o a 1 , c a r b o n  t h a t  
can be  conver ted  under  " r a p i d "  hydrogenat ion  c o n d i t i o n s .  The ra te  i t s e l f  
is p r o p o r t i o n a l  t o  hydrogen p a r t i a l  p r e s s u r e  and t h e  amount of r a p i d - r a t e  
carbon m a t e r i a l  remaining.  Rapid- ra te  carbon i s  a f u n c t i o n  o f  c o a l  t y p e ,  
p a r t i c l e  s i z e ,  t e m p e r a t u r e  and p r e s s u r e  and is a d i f f i c u l t  parameter  t o  
measure. Although t h i s  k i n e t i c  tool  cannot  be  used  as a p r e d i c t i v e  tech-  
n i q u e  u n l e s s  a l l  of  t h e s e  f u n c t i o n a l i t i e s  are known, it can  be  used t o  
demonst ra te  t h e  re la t ive  e f f e c t s  o f  d i f f e r e n t  h y d r o p y r o l y s i s  d a t a  ac-  
q u i s i t i o n  methods. 

a c a p t i v e  sample t e c h n i q u e  f o r  d a t a  a c q u i s i t i o n  r e p o r t e d  a pseudo-ra te  
c o n s t a n t  of 50 a t m - l  h r - l .  
from f r e e - f a l l  reactor t e s t  aata r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 8 )  r e s u l t s  i n  
a v a l u e  of a b o u t  8 a t m - l  h r  f o r  l i g n i t e .  Both sets o f  d a t a  were based 
on t h e  assumption t h a t  t h e  r a p i d - r a t e  l i g n i t e  carbon a v a i l a b l e  f o r  r a p i d  
hydrogenat ion  i s  100%.  I f  t h e  a c t u a l  r a p i d - r a t e  carbon f o r  l i g n i t e  i s  less 

When- p r o c e s s i n g  a l i g n i t e  a t  about  85OoC, r e s e a r c h e r s  ( 7 )  u t i l i z i n g  

C a l c u l a t i o n  of  t h e  pseudo-ra te  c o n s t a n t  
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t h a n  l o o % ,  then t h e  r e s p e c t i v e  pseudo-ra te  c o n s t a n t s  would b o t h  show 
cor responding  i n c r e a s e s .  

i s  230 a t m  -1 h r -  , 5 t o  30 t i m e s  g r e a t e r  t h a n  t h a t  o f  t h e  l i t e r a t u r e  
d a t a ,  r e s p e c t i v e l y .  T h i s  CS-SRT pseudo-ra te  c o n s t a n t  w a s  based  on d a t a  
o b t a i n e d  wi th  t h e  t u r b u l e n t ,  en t ra ined- f low reactor equipped w i t h  a 
h i g h l y  e f f i c i e n t ,  c o a x i a l ,  coal-hydrogen mixing i n j e c t o r .  Thus, it can  
be  s e e n  t h a t  i n  o r d e r  t o  maximize carbon and t h e r m a l  e f f i c i e n c i e s  i n  t h e  
-conceptua l  CS-SRT reactor ,  it is i m p e r a t i v e  t o  u t i l i z e  a reactor d e s i g n  
based  on d a t a  a c q u i r e d  from a bench-scale  u n i t  t h a t  h a s  been o p e r a t e d  under 
c o n d i t i o n s  c l o s e l y  scalable t o  t h e  commercial reactor concept .  

The pseudo-rate  c o n s t a n t  for l i g n i t e  a t  85OoC f o r  t h e  CS-SRT Process 

CS-SRT Conceptual  P r o c e s s  

A conceptua l  p l a n t  d e s i g n  f o r  producing  250 MM SCFD of  p i p e l i n e  gas  
and 6300 BPD o f  aromatic l i q u i d s  has  been developed.  The d e s i g n  was based 
on d a t a  o b t a i n e d  when p r o c e s s i n g  a North Dakota l i g n i t e  i n  t h e  bench-scale  
u n i t .  S e v e r a l  a l t e r n a t i v e  p r o c e s s i n g  sequences  have been  examined b u t  an  
o p t i m i z a t i o n  has  n o t  been  under taken .  When more d e f i n i t i v e  test  d a t a  be- 
come a v a i l a b l e ,  as would be g e n e r a t e d  i n  a p i l o t  p l a n t ,  a c o n c e p t u a l  process  
o p t i m i z a t i o n  w i l l  be  performed.  The b a l a n c e  o f  t h i s  p a p e r  d e a l s  w i t h  t h e  
p r o c e s s i n g  requi rements  a b o u t  t h e  r e a c t o r  system i n c l u d i n g  coal d r y i n g ,  
c o a l  f e e d i n g ,  S R T - r e a c t o r  d e s i g n s  and quench. Detai ls  of  t h e  downstream 
p r o c e s s i n g ,  hydrogen p r o d u c t i o n  and o f f s i t e s  are p r e s e n t e d  i n  a n o t h e r  
p a p e r  a t  t h i s  meet ing.  

Design Basis 
A f t e r  c a r e f u l  a n a l y s i s  of  t h e  CS-SRT P r o c e s s  d a t a  and p a t e n t s ,  t h e  

1. "Slow" h e a t i n g  o f  coal t o  t h e  i n c i p i e n t  d e v o l a t i l i z a t i o n  temper- 

2 .  "Rapid" h e a t i n g  o f  coal from t h e  i n c i p i e n t  d e v o l a t i l i z a t i o n  t e m -  

f o l l o w i n g  r e a c t o r  d e s i g n  basis w a s  e s t a b l i s h e d  f o r  t h e  c o n c e p t u a l  p l a n t :  

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

p e r a t u r e  t o  h y d r o g e n a t i o n  t e m p e r a t u r e  i n  o r d e r  t o  maximize ra te  
o f  convers ion:  

minimize t h e  number of  streams t o  be  handled:  
3 .  U s e  o f  t h e  r e a c t a n t ,  hydrogen,  as t h e  h e a t  carrier i n  o r d e r  t o  

4 .  T o t a l  r e s i d e n c e  t i m e  less t h a n  two seconds:  
5. Rapid quenching o f  p r o d u c t  vapors  t o  p r e v e n t  secondary  decom- 

6 .  Recovery o f  h i g h  t e m p e r a t u r e  h e a t  from t h e  r e a c t o r  e f f l u e n t .  

C o a l  Dryin 
L i g n i t e  dr;ing on t h e  commercial-scale  t y p i c a l  o f  a n  SNG p l a n t  h a s  

an energy  requi rement  o f  a b o u t  16 b i l l i o n  BTU/day which e q u a t e s  t o  about  
5.5% o f  t h e  h e a t i n g  v a l u e  (HHV) of  t h e  l i g n i t e .  I n  c o n v e n t i o n a l  d r y i n g  
methods, t h i s  h e a t  i s  s u p p l i e d  from h o t  combusted f u e l  gas .  E f f i c i e n t  
l i g n i t e  d r y i n g  is a r e l a t i v e l y  new technology and c o n v e n t i o n a l  p r o c e s s e s  
have been  a p p l i e d  t o  r e d u c i n g  t h e  m o i s t u r e  from 35% t o  o n l y  a b o u t  10-15%. 
I n  t h e  case of t h e  CS-SRT P r o c e s s ,  any m o i s t u r e  e n t e r i n g  t h e  r e a c t o r  w i l l  
b e  evapora ted  a t  t h e  r e l a t i v e l y  h igh  SRT r e a c t i o n  t e m p e r a t u r e s .  This  
h e a t  d u t y  w i l l  o f  c o u r s e  c o m e  from t h e  h o t  r e c y c l e  hydrogen stream. There- 
f o r e ,  a d e s i g n  s p e c i f i c a t i o n  of 3% l i g n i t e  m o i s t u r e  w a s  set  i n  o r d e r  t o  
improve t h e  r e a c t o r  h e a t  b a l a n c e .  Reduct ion t o  3 %  u s i n g  c o n v e n t i o n a l  
d r y i n g  technology may p r o v e  d i f f i c u l t  due t o  t h e  long  r e s i d e n c e  times 
r e q u i r e d  i n  gas  conveyor- type d r y e r s .  

make us  o f  t h e  l a r g e  q u a n t i t y  o f  low l e v e l  h e a t  a v a i l a b l e  i n  t h e  form of 
60 P s i  s team. T h i s  steam i s  a s s o c i a t e d  w i t h  t h e  i n e f f i c i e n c i e s  i n  t h e  

p o s i t i o n  r e a c t i o n s :  

To circumvent  t h e s e * p r o b l e m s ,  coal d r y i n g  i n  t h e  CS-SRT P r o c e s s  w i l l  
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a many p r o c e s s i n g  s t e p s  i n  a l l  c o a l  c o n v e r s i o n  p l a n t s .  I n  t h e  CS-SRT Process ,  

it i s  b e l i e v e d  t h a t  60 p s i  steam w i l l  account  f o r  a b o u t  5% o f  t h e  h e a t i n g  
value of  t h e  c o a l  f e d  t o  t h e  p l a n t .  

w a t e r  as a r e s u l t  o f  t h e  a z e o t r o p e  formed between w a t e r  and benzene (156OF, 
1 a t m ,  30 m o l %  water, 70 m o l %  benzene) .  Benzene is chosen s i n c e  it is 
a byproduct  o f  t h e  CS-SRT P r o c e s s  t h e r e b y  minimiz ing  t h e  h a n d l i n g  of  
a d d i t i o n a l  chemica ls .  Accordingly,  w e t  l i g n i t e  w i l l  be p u l v e r i z e d  and 
s l u r r i e d  w i t h  benzene as shown i n  F i g u r e  7 .  The s l u r r y  w i l l  t h e n  b e  f e d  t o  
a n  ebul la ted-bed  c o n t a c t o r  where it is  h e a t e d  by an i n e r t  r e c y c l e  gas stream. 
The g a s  Stream w i l l  o b t a i n  i t s  h e a t  by i n d i r e c t  h e a t  exchange w i t h  t h e  
60 p s i  steam s o u r c e .  Proper  d e s i g n  of t h e  e b u l l a t e d - b e d ,  which f a l l s  wi th-  
i n  C i t i e s  S e r v i c e ' s  LC-Fining technology,  w i l l  r e s u l t  i n  t h e  v a p o r i z a t i o n  
o f  t h e  benzene-water a z e o t r o p e .  Condensat ion o f  t h e  a z e o t r o p i c  vapors  
r e s u l t s  i n  t h e  recovery  of  a r e l a t i v e l y  p u r e  l i q u i d  benzene stream and a 
l i q u i d  w a t e r  stream. The benzene is  r e c y c l e d  and t h i s  w a t e r ,  g e n e r a t e d  
i n t e r n a l l y  w i t h i n  t h e  p r o c e s s ,  w i l l  b e  a v a i l a b l e  f o r  p l a n t  use  i n  t h e  
g a s i f i e r s  o r  s h i f t  reactors. T h i s  w a t e r  can account  f o r  approximate ly  40% 
o f  t h e  t o t a l  p r o c e s s  water needed i n  t h e  CS-SRT complex and can r e s u l t  i n  
water s a v i n g s  o f  a b o u t  2000 a c r e - f t / y r .  

The " d r i e d "  coal-benzene s l u r r y  w i l l  be  drawn from t h e  ebul la ted-bed  
w i t h  less t h a n  3% water  c o n t e n t .  The s l u r r y  w i l l  now r e a d i l y  be a v a i l -  
a b l e  f o r  downstream p r o c e s s i n g  i n  t h e  coal f e e d  s e c t i o n .  

Furthermore,  advantage  i s  t a k e n  of  t h e  b o i l i n g  p o i n t  d e p r e s s i o n  o f  

Coal Feedinq 
S i n c e  t h e  CS-SRT P r o c e s s  u t i l i z e s  a p r e s s u r i z e d  g a s i f i e r ,  it h a s  t h e  

same problems r e g a r d i n g  t h e  f e e d i n g  o f  c o a l  i n t o  a p r e s s u r e  v e s s e l  as do 
o t h e r  p r e s s u r i z e d  g a s i f i c a t i o n  p r o c e s s e s ,  s u c h  as BI-GAS, HYGAS, and 
SYNTHANE. One major  d i f f e r e n c e  and advantage  i s  t h a t  t h e  CS-SRT Process 
produces benzene, a s o l v e n t  t h a t  can be  used t o  m a i n t a i n  a p r e s s u r e  seal. 
T h e r e f o r e ,  t h e  low p r e s s u r e ,  l i g n i t e - b e n z e n e  s l u r r y  from t h e  c o a l  d r y i n g  
s e c t i o n  w i l l  be pumped t o  sys tem p r e s s u r e  w i t h  a p o s i t i v e  d isp lacement  
i n j e c t i o n  pump. The benzene w i l l  b e  s u b s e q u e n t l y  f l a s h e d  away from t h e  
l i g n i t e  i n  a d r i e r  n e a r  i t s  c r i t i c a l  p o i n t .  Benzene c o n t e n t  o f  t h e  d r i e d  
coal should  be ex t remely  low as a r e s u l t  o f  t h e  purg ing  e f f e c t  o f  t h e  
benzene- f ree ,  f l u i d i z i n g  g a s .  

d e l i v e r e d  t o  a dense-phase t r a n s p o r t  system (see F i g u r e  8 )  s imi l a r  t o  t h a t  
d e s c r i b e d  by Rocketdyne D i v i s i o n  of Rockwell I n t e r n a t i o n a l  ( 9 ) .  Laboratory 
tests havesshown l i g n i t e  d r i e d  from a benzene s l u r r y  to  be f ree- f lowing .  
I t  i s  b e l i e v e d  t h a t  t h e  s m a l l  q u a n t i t y  o f  benzene remain ing  i n  t h e  c o a l  
p o r e s  w i l l  e n t e r  t h e  r e a c t o r  and be  c a r r i e d  through a l o n g  w i t h  t h e  product  
g a s e s  w i t h o u t  undergoing decomposi t ion.  

L i g n i t e  w i t h  less t h a n  3% water and a t  system p r e s s u r e  w i l l  then  be 

Reac tor  Design 
Rapid h e a t i n g  of  c o a l  may be  achieved  by mixing h o t  r e c y c l e  hydrogen 

w i t h  t h e  dense-phase, t r a n s p o r t e d  c o a l  i n  an i n j e c t o r  assembly a t  t h e  in-  
l e t  o f  t h e  reactor.  With p r o p e r l y  d e s i g n e d  i n j e c t o r s ,  mixing i s  r a p i d  on 
t h e  o r d e r  of a few m i l l i s e c o n d s .  Once mixed t h e  c o a l  and hydrogen w i l l  
t r a v e r s e  t h e  reactor upwards under  c o n d i t i o n s  of  f a s t  f l u i d i z a t i o n  t o  
allow i n t i m a t e  c o n t a c t  between hydrogen and c o a l  p a r t i c l e s .  The temper- 
a t u r e  and f l o w r a t e s  o f  t h e  h o t  r e c y c l e  g a s  and coal r e s p e c t i v e l y  w i l l  be 
se t  t o  a l low t h e  CS-SRT r e a c t i o n s  t o  proceed  a d i a b a t i c a l l y  and exotherm- 
i c a l l y .  The r e c y c l e  hydrogen/coal  r a t i o  is a c r i t i c a l  parameter  a f f e c t i n g  
n o t  o n l y  t h e  r e a c t o r  h e a t  b a l a n c e  and r e a c t o r  k i n e t i c s  b u t  a l so  t h e  cost 
of  downstream p r o c e s s i n g  equipment. 

A s  a r e s u l t  o f  t h e  r a p i d  h e a t u p  and s h o r t  r e s i d e n c e  t i m e  f e a t u r e s  of 
t h e  CS-SRT P r o c e s s ,  ex t remely  high coal t h r o u g h p u t s  are p o s s i b l e ,  o f  t h e  
o r d e r  o f  2000 l b / h r  f t 3  o f  reactor volume. F o r  t h e  case of a 250 MM SCFD 
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p l a n t  (and a s s o c i a t e d  BTX p r o d u c t i o n ) ,  o n l y  t h r e e  r e a c t o r s  w i l l  be  re- 
q u i r e d ,  each c a p a b l e  of p r o c e s s i n g  roughly  200 TPH c o a l  th rough a 3 1 / 2  
f t  i n s i d e  d iameter .  

Multi-Tube Reac tor  Concept  
The combinat ion o f  o p e r a t i n q  a t  a minimum hydroqen/coal  recycle r a t i o  

under  exothermic  c o n d i t i o n s  can G e s u l t  i n  e x c e s s i v e  tempera ture  Gises . 
T h i s  could  r e s u l t  i n  loss o f  v a l u a b l e  benzene due to  t h e  a d v e r s e  k i n e t i c s  
f a v o r i n g  benzene decomposi t ion .  Fur thermore ,  s i n c e  c o a l  i s  b e i n g  t r a n s -  
p o r t e d  i n  dense-phase i n  a series o f  t u b e s  t o  a mul t i -e lement  i n j e c t o r  
assembly,  a mul t i - tube  reactor concept  appears  p l a u s i b l e .  

exchange i s  b e i n g  developed.  High p r e s s u r e  s t e a m  g e n e r a t i o n  (1500 p s i )  
can b e  used on t h e  c o o l a n t  s i d e  t o  m a i n t a i n  an i s o t h e r m a l  t u b e  w a l l .  
However, by u s i n g  a c o o l a n t ,  such a s  a molten meta l ,  h e a t  can  b e  absorbed 
non- i so thermal ly  w h i l e  a l l o w i n g  c o n t r o l  of t h e  t e m p e r a t u r e  p r o f i l e  w i t h i n  
t h e  r e a c t o r  t u b e .  T h i s  h e a t  can a l s o  b e  used f o r  h i g h  t e m p e r a t u r e  h e a t  
exchange e l sewhere  i n  t h e  p r o c e s s .  C o n t r o l  of t h e  reactor t e m p e r a t u r e  
p r o f i l e  w i l l  a f f o r d  t h e  p l a n t  o p e r a t o r  t h e  a b i l i t y  t o  v a r y  p r o d u c t  spectrum, 
c o n v e r s i o n  and turndown. 

I n  one c o n c e p t u a l  case, molten sodium i s  used  t o  1) c o n t r o l  t h e  
reactor tempera ture  p r o f i l e  and 2 )  l i m i t  tube w a l l  t e m p e r a t u r e  i n  c o n t a c t  
w i t h  coal-hydrogen r e a c t a n t s  t o  1200°F. O t h e r  molten meta l  sys tems,  such 
as molten lead  o r  a 2 2 %  sodium/78% potass ium e u t e c t i c ,  a re  a lso under 
c o n s i d e r a t i o n .  The r e a c t o r  d e s i g n  might  c o n s i s t  o f  1 2  a l l o y  h e a t  t r a n s f e r  
tubes c o n t a i n i n g  t h e  r e a c t a n t s  a t  sys tem p r e s s u r e .  The t u b e s  are immersed 
i n  t h e  molten m e t a l  envi ronment ,  a l s o  a t  sys tem p r e s s u r e ,  w i t h i n  a re- 
f r a c t o r y - l i n e d  p r e s s u r e  v e s s e l .  The t u b e s  w i l l  b e  a b o u t  12-inches i n  
d i a m e t e r  and f i t  w i t h i n  t h e  3 1 / 2  f t .  i . d .  v e s s e l .  The major  advantages 
of t h i s  r e a c t o r  d e s i g n  are b e l i e v e d  t o  be:  

Accord ingly ,  a m u l t i - t u b e ,  h i g h  p r e s s u r e  reactor w i t h  i n t e r n a l  h e a t  

1. High coal t h r o u g h p u t  p e r  volume of reactor;  
2 .  E x c e l l e n t  turndown (8-100% f u l l  c a p a c i t y )  ; 
3 .  E x c e l l e n t  reactor t e m p e r a t u r e  c o n t r o l ;  
4 .  Overcomes h e a t  t r a n s f e r  l i m i t a t i o n s  of  c o n v e n t i o n a l  p r e s s u r e  

5.  P o t e n t i a l  l o w  r i s k  t o  s c a l e u p  from p i l o t  o p e r a t i o n s .  
ves se 1 s ; 

Molten Metal  Heat Exchange 
High thermal  e f f i c i e n c y  i n  t h e  CS-SRT P r o c e s s  may b e  achieved  by 

r e c o v e r y  o f  t h e  h i g h  t e m p e r a t u r e  h e a t  o f  t h e  r e a c t o r  e f f l u e n t .  However, 
t h i s  h a s  t o  be  accomplished w i t h i n  t h e  c o n s t r a i n t s  of r a p i d  quenching.  
T h i s  problem h a s  been r e c o g n i z e d  and s o l v e d  i n  t h e  a s s o c i a t e d  technology 
o f  e t h y l e n e  p r o d u c t i o n  v i a  steam c r a c k i n g  ( 1 0 , 1 1 1 .  I n  t h e  l a t t e r  r e f e r -  
e n c e ,  i n d i c a t i o n s  a r e  t n a t  mol ten  metal i s  used t o  r a p i d l y  quench steam 
c r a c k e r  e f f l u e n t  w h i l e  a t  t h e  same t i m e  r e c o v e r i n g  h i g h  t e m p e r a t u r e  h e a t .  
Quenching requi rements  f o r  e t h y l e n e  product ion  a r e  even more s t r i n g e n t  
t h a n  f o r  t h e  CS-SRT P r o c e s s ,  of t h e  o r d e r  of  10-15 m i l l i s e c o n d s  compared t o  
a b o u t  1 0 0  m i l l i s e c o n d s .  

A molten m e t a l  h e a t  exchanger  sys tem has  been c o n c e p t u a l i z e d  and 
a p p l i e d  t o  t h e  CS-SRT P r o c e s s .  The bulk  of  t h e  h e a t  s t o r e d  i n  t h e  molten 
m e t a l  r e s u l t s  from h e a t  r e c o v e r y  i n  t h e  r e a c t o r  e f f l u e n t  quench exchanger. 
T h i s  h e a t  can t h e n  b e  exchanged t o  p r o v i d e  t h e  d u t i e s  f o r  r e c y c l e  gas  
p r e h e a t i n g ,  coal m o i s t u r e  removal  and coal-benzene s l u r r y  d r y i n g .  These 
t o t a l  d u t i e s  a r e  e q u i v a l e n t  t o  a b o u t  1 . 5  thermal  e f f i c i e n c y  p o i n t s .  

Our c a l c u l a t i o n s  have shown t h a t  t h i s  concept  i s  f e a s i b l e  from both  
a p r o c e s s  and a m e t a l l u r g i c a l  s t a n d p o i n t .  The concept  u t i l i z e s  molten 
m e t a l  t echnology a l r e a d y  developed  f o r  t h e  C l i n c h  River  b r e e d e r  r e a c t o r .  
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S t u d i e s  of t h e  economics and o p t i m i z a t i o n  o f  t h i s  molten m e t a l  technology 
t o  t h e  CS-SRT P r o c e s s  are c o n t i n u i n g .  

Conclus ion  

Bench-scale t e s t i n g  w i t h  a North Dakota l i g n i t e  h a s  shown t h a t  t h e  
CS-SRT Process  scheme may b e  an a t t r a c t i v e  p r o c e s s  f o r  c o n v e r t i n g  c o a l  
t o  p i p e l i n e  q u a l i t y  g a s ,  e t h a n e  and BTX l i q u i d s .  
(and e t h a n e  f e e d s t o c k  f o r  e t h y l e n e  p r o d u c t i o n )  i n  t h e  CS-SRT Process  i s  
a key f a c t o r  i n  lower ing  t h e  o v e r a l l  c o s t  o f  s e r v i c e s  f o r  producing SNG 
from coal. A s  a r e s u l t  o f  t h e  r a p i d  h e a t u p ,  s h o r t  r e s i d e n c e  t i m e  and r a p i d  
quench f e a t u r e s  of  t h e  p r o c e s s ,  a s i m p l e ,  h i g h  throughput  r e a c t o r  concept  
may be  u t i l i z e d  w i t h o u t  s u f f e r i n g  l o s s  i n  convers ion  and u n d e s i r a b l e ,  
secondary-decomposi t ion r e a c t i o n s .  

I n  o r d e r  t o  maximize carbon and t h e r m a l  e f f i c i e n c i e s  i n  t h e  con- 
c e p t u a l  CS-SRT r e a c t o r ,  i t  i s  i m p e r a t i v e  t o  u t i l i z e  a reactor d e s i g n  based 
on d a t a  a c q u i r e d  from a bench-sca le  u n i t  t h a t  h a s  been  o p e r a t e d  under 
c o n d i t i o n s  c l o s e l y  s c a l a b l e  t o  t h e  commercial r e a c t o r  concept .  

Flowsheet  s t u d i e s  of  t h e  CS-SRT P r o c e s s  have r e s u l t e d  i n  i d e n t i f y i n g  
s e v e r a l  promising p r o c e s s i n g  s t e p s  a p p l i c a b l e  t o  c o a l  g a s i f i c a t i o n :  

1. Drying of  c o a l  u s i n g  a z e o t r o p i c  benzene v a p o r i z a t i o n  i n  an 
e b u l l a t e d - b e d  c o n t a c t o r ;  

2. Mult i - tube ,  h i g h  p r e s s u r e ,  e n t r a i n e d - f l o w  r e a c t o r  concept  w i t h  
i n t e r n a l  h e a t  exchange and l o w  s c a l e u p  r a t i o  t o  commercial 
o p e r a t i o n ;  

Product ion  o f  BTX l i q u i d s  

3 .  High t e m p e r a t u r e ,  h e a t  recovery  u s i n g  molten metal h e a t  exchange. 

The n e x t  s t e p  of development o f  t h e  CS-SRT Process  would r e q u i r e  
a b o u t  a 6-inch d i a m e t e r ,  p i l o t - p l a n t  r e a c t o r  c a p a b l e  o f  p r o c e s s i n g  about  
100 TPD c o a l .  T h i s  p i l o t - p l a n t  would b e  one s c a l e u p  s t e p  away from a 
12-inch d i a m e t e r ,  s i n g l e  t u b e ,  commercial-type o p e r a t i o n .  
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Figure 1 
COMPARISON OF REACTORS U T I L I Z E D  IN ENERGY RESEARCH L A B O R A T O R Y  
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Figure 7 
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