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Reaction Model f o r  Bituminous Coal Hydrogas i f ica t ion  

i n  a D i l u t e  Phase 

H.  F. Feldmann, W .  H. Simons>/J. A .  Mima; and R.  W .  Hi teshue  

U . S .  Bureau of Mines, 4800 Forbes Avenue 
P i t t s b u r g h ,  Pennsylvania 15213 

INTRODUCTION 
. 

Increas ing  demands and decreas ing  reserves of n a t u r a l  gas=/ have i n t e n s i f i e d  
research  and development e f f o r t s  d i r ec t ed  towards t h e  product ig  
p ipe  l i n e  gas .  Severa l  processes a r e  c u r r e n t l y  being developed-' which w i l l  u t i l i z e  
our abundant f o s s i l  f u e l  r e se rves  t o  m e e t  t he  a n t i c i p a t e d  need f o r  supplementary gas .  
One o f  these  processes under i n v e s t i g a t i o n  a t  the  U . S .  Bureau of Mines i s  the hydro- 
g a s i f i c a t i o n  of raw bituminous c o a l  to produce a p i p e l i n e  q u a l i t y  gas  c o n s i s t i n g  
p r imar i ly  a f  methane. 
of r a w  bituminous c o a l  which a r e  economically and t echn ica l ly  a t t r a c t i v e :  
a s  s h o 4  by t h i s  s tudy ,  the  ex te rna l  hydrogen consumption r equ i r ed  pe r  u n i t  o f  methane 
produced i s  low because of t he  e f f i c i e n t  u t i l i z a t i o n  of t h e  hydrogen a l r eady  i n  t h e  
c o a l ;  secondly,  d i r e c t  production of a high-Btu gas  and use of a d i lu t e -phase  con- 
c u r r e n t  r e a c t o r  (which minimizes agglomeration problems) a r e  bo th  p o s s i b l e  because 
of t he  high r e a c t i v i t y  which r a w  coa l  has f o r  methane formation; and t h i r d l y ,  process 
c o s t s  a s soc ia t ed  wi th  pre t rea tment ,  i nhe ren t  i n  o t h e r  c o a l  convers ion  processes  based 
on bituminous coa l  feed s tocks ,  a r e  e l imina ted .  

o f  supplementary 

There a r e  c e r t a i n  f e a t u r e s  involved i n  t h e  hydrogas i f i ca t ion  
F i r s t ,  

I n  t h i s  paper we desc r ibe  a k i n e t i c  model f o r  the  o v e r a l l  r e a c t i o n  occurr ing  i n  
the  hydrogas i f i ca t ion  r e a c t o r ;  t h a t  i s  

(a) c o a l  + AH, -f char  + CH,. 
This model i s  being used i n  o t h e r  s t u d i e s  t o  eva lua te  and optimize var ious  types of 
hydrogas i f i e r  schemes a s  w e l l  as t o  p r e d i c t  by 'computer s imula t ion  temperature p r o f i l e s  
i n  commercial s i zed  r e a c t o r s .  

Most of our experimental  da t a  on  the hydrogas i f i ca t ion  of c o a l  comes from a r e -  
a c t o r  us ing  concurren t  gas - so l id s  flow wi th  the  s o l i d s  f r e e l y  f a l l i n g  through the  re- 
a c t o r .  Although the primary reason f o r  using t h i s  con tac t ing  system i s  t o  avoid ag- 
glomeration problems $1 t h i s  d i lu t e -phase  ope ra t ion  may a l s o  o f f e r  some advantages i n  
temperature c o n t r o l  because of the  reduced h e a t  gene ra t ion  pe r  u n i t  volume of r e a c t o r  
compared t o  moving bed o r  f l u i d i z e d  sys  terns. 

- EXPERIMENTAL 

Equipment and Procedure 

The bas i c  elements of the  hydrogas i f i ca t ion  system are shown i n  f i g u r e  1. Hydro- 
gen from a gasholder a t  atmospheric p re s su re  i s  metered and compressed t o  r e a c t i o n  
pressure  i n  a 5-stage r ec ip roca t ing  compressor and i s  heated i n  tubing co i l ed  around 
the r eac to r  before  being in j ec t ed  i n t o  the  top of t he  r e a c t o r .  Heat i s  supplied to 
the  r e a c t o r  and gas prehea t  c o i l s  w i th  banks of i n d i v i d u a l l y  c o n t r o l l e d  e l e c t r i c -  
r e s i s t a n c e  furnaces .  Coal i s  fed t o  the  r e a c t o r  a t  system p res su re  us ing  a 4-vaned 
feeder  connected t o  a variable-speed.motor;  i t  passes  by g r a v i t y  flow through a nozzle 
of 5/16-inch diameter before  e n t e r i n g  the  r e a c t o r .  This nozzle i s  water-cooled t o  
keep the  m a l  belod i t s  sof ten ing  temperature and i s  in su la t ed  t o  minimize hea t  l o s s e s .  
The coa l  i s  d ispersed  i n t o  the  r e a c t o r  where i t  con tac t s  and r e a c t s  w i th  the hydrogen. 
The r e a c t o r  i s  of 3-inch inner  diameter and the he i t ed  sec t ion  below c o a l  e n t r y  poin t  
has been vqr ied  frEm 3 t o  6 f e e t  i n  l eng th .  
- i f  Mathematician, Department of Mathematics, West V i rg in i a  Un ive r s i ty ,  Morgantown, 

West Va. 26506. 
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through i t s  p l a s t i c  temperature  (350°-480° C f o r  hvab c o a l ,  P i t t s b u r g h  seam) i n  order  
to produce a dry  char ,  f r e e  of  agglomerates. Residence t i m e  of v o l a t i l e  products  
v a r i e s  with system p r e s s u r e  and gas  r a t e  bu t  f o r  most experiments made a t  3,000 p s i g ,  
t h i s  res idence t i m e  runs about  5 minutes.  
these  experiments. For experiments made a t  725O-75Ot (Jim s e r i e s ) ,  thick-walled 
s t a i n l e s s  steel r e a c t o r  w i t h  a 6-inch od x 3-inch i d  was used. For ex- 
periments a t  900' C (IHR s e r i e s ) ,  an in te rna l ly-hea ted  r e a c t o r  was designed i n  which 
t h e  r e a c t o r  proper c o n s i s t s  o f  3-inch schedule 10 s t a i n l e s s  steel p ipe .  The IHR re- 
a c t o r  and hea t ing  elements are enclosed i n  a 10-inch pressure  v e s s e l  and a r e  insu la ted  
so t h a t  wal l  temperatures on t h i s  v e s s e l  do not  exceed 150° C a t  r e a c t i o n  tempera- 
t u r e s  of 900° C. 
a c t o r .  

Two types of r e a c t o r s  have been used f o r  

Equalized pressure  i s  maintained across  the  w a l l  of the  3-inch re- 

Char is c o l l e c t e d  i n  an  a i r -cooled  r e c e i v e r  loca ted  below the  r e a c t o r .  Product 
g a s  passes  through a water-cooled v e s s e l  i n  which water ,  t r a c e s  of o i l ,  and some vola-  
t i l e  salts  a r e  condensed and c o l l e c t e d .  The gas  i s  then expanded t o  abnospheric pres-  
s u r e  through a r e g u l a t o r ,  metered, and f l a r e d .  A separa te  sample stream, taken from 
a p o i n t  near t h e  bottom of t h e  r e a c t i o n  zone, passes  through a continuous analyzer  
t h a t  determines the c o n c e n t r a t i o n  of hydrogen i n  the  stream. 
a r e  taken f o r  complete a n a l y s i s  by chromatography. 
weighed and u l t i m a t e  and proximate analyses  made. 

Per iodic  samples 
The char  from the r e c e i v e r  i s  

Experiments w e r e  made w i t h  hvab coa l  from the  P i t t s b u r g h  seam having a f ree-  
swel l ing  index of  8 and a v o l a t i l e  conten t  of  39-41 percent ,  moisture-ash-free b a s i s .  
U l t i m a t e  and proximate a n a l y s e s  are given in  t a b l e  1. The feed was s ized  t o  50 x 100 
m e s h  s i e v e  f r a c t i o n ,  U.S. Standard.  

Table 1.- Analyses of h i g h - v o l a t i l e  A bituminous c o a l  

AS 

m percent  percent  
. received,  Maf , 

U 1  tima te . .  
Carbon ..................... 78.5 84.0 
Hydrogen ................... . 5.4 5.7. 

. Nitrogen .................... 1.6 - 1.7 
S u l f u r  .................. 1.4 1.5 

Ash ..:. - 
O x y g e d ' . :  .................. 7.2 7.1 ..................... 5.9 - 

100.0 . .  
Proximate 

Moisture  ..................... 0.7 - 
Fixed carbon ............... 55.2-  . 59.1 
V o l a t i l e  m a t t e r  .. >... ...... 38.2 . 40.9 

Ash ............................ 5 . 9  - 
- I/ By d i f f e r e n c e .  

Development of  Reaction Model 

! 

1 

i 

n.".4<..?.-.. VLUAL.ULLJ methods of t r e a t i n g  i n t e g r a l  r e a c t o r  da ta  a're n o t  appl iceble  t o  our data 
because,  judging from product  gas ana lyses ,  the system never reached s teady s t a t e  i n  
t h e  t i m e  al lowed by t h e  c o a l  c a p a c i t y  of t h e  pressur ized  hopper. The gas concentra- 
t i o n  versus  o r c r a t i n g  time curves  i n d i c a t c  s u b s t a n t i a l  b a c h i x i n g  was occurr ing i n  
t h e  r e a c t o r  and t h i s  backmixing was respons ib le  f o r  the delay i n  reaching steady s t a t e .  
A t r a c e r  experiment was conducted under c o n t r o l l e d  condi t ions  and without the  compli- 
c a t i o n s  of  chemical r e a c t i o n s  to  observe t h e  prec ise  behavior of the  IHR r e a c t o r  a s  a 

. .  
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mixer. I n  t h i s  experiment the  hopper w a s  charged wi th  an  i n e r t  s o l i d  ( an th rac i t e )  
and t h e  same opera t ing  procedure was followed a s  i n  a run except t h a t  s h o r t l y  a f t e r  
t h e  s t a r t  of feeding t h e  a n t h r a c i t e ,  t h e  hydrogen flow was turned o f f  and i n e r t  gas 
f ed  i n  i t s  place.  The dimensionless concen t r a t ion  o f  n i t rogen  i n  the  sample gas  i s  

.shown i n  f igu re  2 a s  a func t 'on  of t i m e .  These r e s u l t s  i n d i c a t e  t h a t  based upon the  
so-ca l led  d i spe r s ion  model,%' the  r e a c t o r  may be t r e a t e d  a s  i f  the gas phase were 
p e r f e c t l y  mixed. 

Because the  r e a c t o r  i s  backmixed and the res idence  time of the f r e e - f a l l  p a r t i -  
cles is  s h o r t  compared t o  t h e  t i m e  over which a s i g n i f i c a n t  change i n  gas  composition 
occurs ,  each p a r t i c l e  en te r ing  the  r e a c t o r  sees an e s s e n t i a l l y  cons t an t  gas  composi- 
t i o n  wh i l e  passing through the  r e a c t i o n  zone. Of course ,  p a r t i c l e s  f a l l i n g  through 
the  r e a c t o r  a t  d i f f e r e n t  ope ra t ing  times see d i f f e r e n t  gas  compositions so the char  
c o l l e c t e d  a t  the end o f  a n  experiment i s  a nonhomogeneous m a t e r i a l  composed of p a r t i -  
cles a l l  o f  which experienced d i f f e r e n t  r e a c t i o n  cond i t ions .  Thus, i n  t he  formula- 
t i o n  of t he  hydrogas i f i ca t ion  model two t i m e  s c a l e s  a r e  necessary .  
t e r p r e t a t i o n  of these  two t i m e  scales i s  i l l u s t r a t e d  by t h e  following r a t e  equat ion  
which was found t o  b e s t  f i t  the  experimental  d a t a ,  

The phys ica l  i n -  

(1) az*(t,e)/ae = kpH2(t)(1-z*), 

where z* i s  the  carbon conversion a t  p a r t i c l e  res idence  t i m e  0 and a t  opera t ing  time 
t ,  k i s  the  r e a c t i o n  ra te  cons t an t ,  and p ~ , ( t )  is t h e  hydrogen p a r t i a l  pressure a t  
ope ra t ing  time t.  Since  the  measured carbon conversion, Z ,  i s  based on t h e  t o t a l  
char  c o l l e c t e d ,  i t  is an average conversion and the re fo re  may be assumed t o  be re- 
l a t ed  t o  the  ins tan taneous  conversion by 

where % is t he  du ra t ion  of the  run ,  z ( t )  = z*(t,Oo) apd Bo is the p a r t i c l e  r e s i d e y e  
time. 

Because the  change i n  gas  composition i s  n e g l i g i b l e  over a t i m e  span equal  to  
t h e  p a r t i c l e  res idence  t i m e  eo, equat ion  (1) may be in t eg ra t ed  wi th  r e s p e c t  t o  8 w i t h  
t held cons t an t .  This  y i e l d s  

(3) f(tk.*(taQ/(l-z*) E = kpH,(t)e0, 

where t h e  phys ica l  i n t e r p r e t a t i o n  of E i s  t h e  f r a c t i o n  o f  carbon t h a t  i s  immediately 
vaporized. 
c o a l  f a l l i n g  through the r e a c t o r  a t  ope ra t ing  time t i s  g iven  by 

From equat ion  (4) and- the  d e f i n i t i o n  8, = L/UT,the carbon-convers ion  of 

As previous ly  mentioned, t he  s o l i d  carbon conversion measured i s  an average con- 
ve r s ion  so s u b s t i t u t i o n  o f  equat ion  (4) i n t o  equat ion  (2) g ives  

as the express ion  f o r  t h e  average s o l i d  carbon conversion over the run  t i m e  t R .  

i ng 
used 

We have experimental  va lues  f o r  2 ,  t R ,  L, pH,(t) a s  a d i s c r e t e  func t ion  of opera t -  

t o  c o r r e l a t e  t he  hydrogas i f i ca t ion  d a t a  by the following s t eps :  
t i m e  t ,  and a rough e s t ima te  for'UT of 32,400 f t / h r  a t  205 atm. Equation (5) was 

' 1. S e l e c t  a va lue  f o r  E 
2 .  For each experiment,  w i th  t h i s  E so lve  equat ion  ( 5 )  f o r  k by numerical  methods. 

I 

c 
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3. 
same temperature ,  and using t h i s  k value i n  (5 ) ,  c a l c u l a t e  a ?. f o r  each of these 
experiments. 

Calcu la te  the  average k value f o r  those experiments a l l  performed a t  t he  

M R  Run S e r i e s ,  T = 900° C ,  E = 0.14 
Average 

Reactor Sol ids  s o l i d  Gas Reac t i o &  i 
press -  feed carbon feed Hydrogen Reactor r a t e  

u r e  , r a t e ,  conver- r a t e ,  i n  feed length ,  cons tan t  k, 

i 4 .  Determine t h e  value of E Lhat miuiuiizes , 

measured - i ca lcu la ted  1 ,  1 
where the sumnation is taken over  the  experiments of s t e p  ‘ (3) .  

36 
37 

39 
61  
96 

10 1 
104 
107 

109 
110 
111 
113 
12 9 
130 
131 
132 
133 
136 

- 125 

38 

io8 

128 

205 
205 . 
205 
205 
205 
205 
205 
205 
205 
205 
205 
205 
205 
205 
205 
205 
205 
205 
205 
205 

69 
69 

6.4 
13.6 
13.0 
13.2 
13.4 
4.3 
6 .1  
6.9 
8.8 
7.2 
8 .1  
8.2 
7.9 
8 .3  
8.4 
8 . 1  
8.4 
8.8 , 

8.2 

8 . 1  
8.2 

7.8 . 

31.0 
2 7 . 1  
22 .o 

26.0 
47.6 
49.6 

,42 .7 
53 .O 

28.1  

49.8 
47 .a  

39.8 
41.6 

43.0 
40.0 
40.2 
42.0 
37.7 
40.5 
39!9 
36.8 
37 .a  

0.447 
0.550 
0.434 
0.695 
0.663 
0.329. 
0 - 347 
0.363 

0.450 
0.480 
0.468 
0.463 
0.405 
0.423 
0.437 

0.432 

0.447 
0.516 

0.480 

o .408 

0 . 3 8  

0.368 . 

1 / 4 8  5 23.7 
L150 5 ‘21.4 
L145 . 5 13.4 

;!;; 5 19.4 
98 5 19.2 
96 5 23.4 
99 5 16.7 
99 5 25:4 
98 5 24.0 

5 23.1 
3 27.5 - 99 3 25.2 

99 3 21.7 
100 5 19.5 

97 5 ’ 18.8 
96 5 21.2 
99 . 5 14.3 
99 5 15.7 

97 5 39 
93 5 43 
Average = 2 1  atm’lhr-l 

5 21 .0  * 

98 L 

99 __ - 

99 5 17 .a 

r 

- I /  
a/ 
a/ 

Except f o r  abou t  2 vo l  p c t  the  remainder of the  gas i s  methane. 
Based on est imated average p a r t i c l e  ve loc i ty  of 32,400 f t / h r  with char  produced 
a t  205 atm. 
Runs a t  I 69 atm cor rec ted  f o r  p a r t i c l e  res idence  t i m e  f o r  i nc lus ion  i n  average k. 

Ip I 

(Table 2 continued on next page.)  

. .  - .  
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Table 2-continued- 

EHR Run S e r i e s ,  T = 725O C, E + 0.22 

Reactor So l ids  s o l i d  Gas React io& 
press -  feed carbon feed Hydrogen Reactor r a t e  

. 
Average 

ure  , r a t e ,  conver- r a t e ,  i n  feed length ,  cons tan t  k, 
Run atm lb /h r  d o n , %  lb-mole/hr Eas, vol% f t  a tm-' hr-' 

346 
347 
349 
3 52 
377 
394 
399 

369 
370 
373 
374 
37 5 
397 
398 
404 

205 6.4 
205 6.3 
205 6 .6  
205 5.3 
205 6 .O 
205 6.2 
205 6.4 

103 6 . 3  . 
10 3 6.7 
103 5.9 
103 7.6 
103 6 .O 
103 6.5 
10 3 6.7 
10 3 6.5 

22.8 
25.2 
25.6 
23.4 
39.4 
23.8 
24.0 

29.6 
27 .O 
27.7  
25.1 
31.0 
24.8 
25.9 
29.8 

0.458 
0.458 
0.466 
0.458 
0.478 
0.416 
0.548 

0.461 
0.461 
0.455 
0.463 
0.455 
0.422 
0.548 
0.950 

L' 58 6 5.89 
L152 6 2.87 

6 3.13 
'149 6 12.38 

98 6 7.08 
9 6 3.00 

L/27 6 3.29 
Average k a t  205 atm = 5.4 
a t m - l  hr'' 

1-155 6 12 .oo 
LJ 56 6 7.03 
Ll57 6 8.63 
L/54 6 4 .81  

96 6 7.64 

LI2 4 6 13.98 
L146 6 12 -48 

'I23 6 11.11 

Average k a t  103 atm = 9.7 
a tm" hr" 
Average k a t  725O C cor rec ted  
f o r  res idence  t i m e  e f f e c t s  = 
6 atm-l hr-l 

- i /  
a/ 

Except f o r  about 2 vo l  p c t  the  remainder of t he  gas  i s  methane. 
Based on estimated average p a r t i c l e  v e l o c i t y  of 32,400 f t / h r  w i th  char  produced 
a t  205 atm. 

a r e  those ca l cu la t ed  using the  value of E i n  s t e p  (4). These r e s u l t s  i n d i c a t e  an 
e f f e c t  of pressure  on k; however, t h i s  is merely a res idence  t i m e  e f f e c t  due t o  the 
dependency of the char dens i ty  on the  system pressure .  This  dependency i s  shown i n  
f igu re  3 where the  bulk d e n s i t y  of the  char  i s  p l o t t e d  a s  a func t ion  of the  r eac to r  
pressure .  Apparently, t he  hollow spheres o f  which most of the char  cons i s t s  a r e  
smal le r  when formed under h igher  pressure .  
bulk dens i ty  d i f f e rence .  
ponding p a r t i c l e  res idence  t i m e  g ives  k values  t h a t  a r e  independent of pressure ,  and 
these  a r e  the average va lues  repor ted  i n  t a b l e  2 .  

Photographs of char  i n  f igu re  4 show t h i s  
Correc t ion  f o r  the  change i n  bulk dens i ty  and the  cor res -  

There i s  considerably more spread i n  the  ca l cu la t ed  k values a t  725' C than a t  
900° C f o r  the  following reasons: 
d e v o l a t i l i z a t i o n  because of r e l a t i v e l y  low k va lues ,  the s h o r t  res idence  time (<1 sec) 
i n  f r e e - f a l l ,  and the  low hydrogen p a r t i a l  p ressure  due t o  the  h igher  methane concen- 
t r a t i o n s  i n  the  feed gas. 
small  e r r o r s  i n  z ( t )  and E gene ra t e ' l a rge  e r r o r s  i n  k. 
b i l i t y ,  the c a l c u l a t i o n a l  scheme descr ibed above was c a r r i e d  out under the add i t iona l  
c o n s t r a i n t  t h a t  E be l e s s  than the lowest measured carbon conversion. 
the  measured values of carbon conversion wi th  those p red ic t ed  by the  model using the 
average k i s  show1 i n  f i g u r e  5. 

Extensive carbon conversion a t  725' C i s  due t o  

Thus, i n  .equation (3) z ( t )  i s  c l o s e  t o  E ,  and the re fo re ,  
I n  view of t h i s  inherent  i n s t a -  

A comparison of 

. .  
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An apparent  a c t i v a t i o n  energy i s  c a l c u l a t e d  by p l o t t i n g  111 k versus  1 / T  f o r  

the  two temperature l e v e l s  s udied i n  f i g u r e  6. 
repor ted  by Wen and Hueb leS5  u s i  g a coal-char  and a k value c a l c u l a t e d  from d a t a  
reported by Moseley and P a t e r s o a 9  a l s o  op char  hydrogas i f ica t ion .  The apparent  

. a c t i v a t i o n  energy c a l c u l a t e d  from f i g u r e  5 is  about 16 k cal/grarn-mole carbon re- 
acted.  ydrogas i f ica t ion  a c t i v a t i o n  energy of 

Also shown in f i g u r e  6 is a k value 

This i s  in  b a s i c  agreement with a 
15 k c a l  reported by Zahradnik and Glenn.- 7 7  

Phys ica l  I n t e r p r e t a t i o n  of  t h e  Reaction Model 

I n  t h i s  sec t ion  w e  e s t a b l i s h  a phys ica l  b a s i s  f o r  our r e a c t i o n  model, no t  only 
t o  g a i n  confidence i n  the  model b u t  a l s o  to a s c e r t a i n  the limits of i t s  a p p l i c a b i l i t y .  
I n  order  t o  provide this phys ica l  b a s i s  we must r e l y  on i n t u i t i o n  and t h e  experimental  
work of o t h e r s  even though t h e  bulk of the  l a t t e r  was generated with coal-char a s  a 
feed m a t e r i a l  r a t h e r  than c o a l .  

W e  have already compared i n  f i g u r e  6 the  temperature dependency of the  rate con- 
s t a n t s  ca lcu la ted  i n  t h i s  s tudy  with those repor ted  o r  ca lcu la ted  from references  5, 
6 ,  and 7.  This  comparison i s  encouraging i n  the  sense t h a t  it tells  us what w e  in -  
t u i t i v e l y  would suspec t ;  t h a t  is ,  the  a c t i v a t i o n  energ ies  f o r  the hydrogas i f ica t ion  
of c o a l  and char  are n o t  g r e a t l y  d i f f e r e n t .  
of r e a c t o r  conf igura t ions  and so l id-gas  contac t ing  schemes employed i n  t h e  s t u d i e s  
used t o  c a l c u l a t e  a c t i v a t i o n  energ ies .  For e x a m p l e , y s e l e y  and P a t e r s o d  used an 
en t ra ined  r e a c t o r  f o r  t h e i r  s t u d i e s ,  Wen and Rueb leP  
a semiflow (fixed c o a l  charge and flowing hydrogen) and continuous countercur ren t  
tubular  r e a c t o r .  
f i c a t i o n  r e a c t i o n  rate c o n s t a n t  decreases  w i t h  increas ing  char  prepara t ion  tempera- 
t u r e  and would thereby be expected t o  be h i g h e s t  f o r  raw coa l ,  a s  our  d a t a  confirm. 

Another encouraging f a c t o r  i s  t h e  v a r i e t y  

t r e a t e d  d a t a  generated i n  both 

Moseley and Pa terson ' s  char  d a t a  a l s o  i n d i c a t e  t h a t  t h e  hydrogasi- 

Since Moseley and Pa terson  conducted t h e i r  e n t r a i n e d  r e a c t o r  s t u d i e s  with excess 
hydrogen, t h e  hydrogen p a r t i a l  p ressure  remains e s s e n t i a l l y  cons tan t ;  t h e r e f o r e ,  i t  is 
p o s s i b l e  t o  c a l c u l a t e  r e a c t i o n  rates i n  t h e i r  en t ra ined  r e a c t o r  because mixing pa t te rns  
need n o t  be considered. In f i g u r e  7 ,  using a k value  ca lcu la ted  from t h e i r  d a t a ,  the 
r a t e s  pred ic ted  by our  model a r e  compared w i t h  t h e i r  experimental ly  measured r a t e s  a t  
the  var ious  hydrogen p a r t i a l  p r e s s u r e s  used i n  t h e i r  s t u d i e s .  The goodness of the f i t  
is a f u r t h e r  i n d i c a t i o n  t h a t  t h i s  r e a c t i o n  model can be used under a r a t h e r  wide range 
of  conta/cting schemes and r e a c t o r  condi t ions.  

Since,  i n  t h i s  model, the  hydrogas i f ica t ion  rate is  a func t ion  of temperature,  
hydrogen p a r t i a l  p r e s s u r e ,  and carbon conversion l e v e l ,  we.should e s t a b l i s h  a range 
f o r  these  v a r i a b l e s  over which t h e  model appl ies .  
obtained by simply r e s t r i c t i h g  t h e  v a r i a b l e s  t o  t h e  range covered by t h e  present  ex- 

-per imental  study. From a process  viewpoint,  the  range of v a r i a b l e s  i n  t h i s  s tudy,  a s  
shown i n  t a b l e  2,  i s  s u f f i c i e n t l y  wide t o  cover  most p r a c t i c a l  process  s i t u a t i o n s .  
Thus, the  model can be used t o  des ign  most r e a c t o r  systems without  e x t r a p o l a t i n g  be- 
yond the  range of experimental  condi t ions.  

Equation (11, which d e s c r i b e s  the  r a t e  of hydrogas i f ica t ion ,  has the  simple phys- 

A very conservat ive es t imate  i s  

i c a l  i n t e r p r e t a t i o n  t h a t  the c o a l  p a r t i c l e  c o n s i s t s  of  a number of  r e a c t i o n  s i t e s  a l l  
equa l ly  a c c e s s i b l e  t o  hydrogen. The porous na ture  of coal-chars  fonned during hydro- 
g a s i f i c a t i o n  (as  shown by a c r o s s  s e c t i o n a l  view of some t y p i c a l  char  p a r t i c l e s  i n  
f i g u r e  8), i n d i c a t e s  t h a t  t h i s  i n t e r p r e t a t i o n  i s  reasonable .  The rate of  r e a c t i o n  
under these  circumstances is given by,. 

- -  1 dNs/dQ = kpH& , 
Nso Nso 

which can be d < r s c t l y  w r i t t e n  i n  terms of cunver.aion a s  

1 dz/de kp&( 1-Z) . 

. .  
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Hiteshue and co-workers conducted semiflow experiment&-/ a t  the  r ap id  hea t ing  

r a t e s  t yp ica l  of continuous opera t ion .  Thei r  r e s u l t s  i n d i c a t e  t h a t  t h e  number of so- 
c a l l e d  r e a c t i o n  sites Nso capable  of being converted i n  the r e l a t i v e l y  s h o r t  res idence  
times of f r e e - f a l l  opera t ion  a r e  not equa l  t o  the  number of carbon atoms i n  the coa l .  

'Data  from reference  8 a r e  p l o t t e d  i n  f i g u r e  9 to show how the  f r a c t i o n  of t o t a l  carbon 
a v a i l a b l e  f o r  r e a c t i o n  a t  s h o r t  res idence  t i m e s  i s  increased  by inc reases  i n  tempera- 
t u r e  and hydrogen p a r t i a l  p ressure .  The inc rease  i n  t h e  amount of more h igh  y r e a c t i v e  
carbon wi th  inc reas ing  temperature was a l s o  pointed ou t  by Wen and Huebler.B) A f a i r l y  
reasonable phys ica l  i n t e r p r e t a t i o n  of t h i s  phenomena i s  t h a t  the carbon conta in ing  mole- 
cu le s  i n  the  c o a l  a r e  uns t ab le  a t  the  hydrogas i f i ca t ion  temperatures and can  e i t h e r  
form molecules amenable t o  f u r t h e r  hydrogenation by t h e  add i t ion  of hydrogen t o  the  
s o l i d  phase o r  form more h ighly  aromatic,  and hence un reac t ive ,  s t r u c t u r e s  by poly- 
merization. Th i s  bas i c  ex l ana t ion  of hydrogas i f ica t 'on  has a l s o  been pos tu l a t ed  by 
both Moseley and P a t e r s o d  and Zahradnik and G l e n n d  The m a t e r i a l  r ema inhg  a f t e r  
t h e  h ighly  r e a c t i v e  carbon i s  hydrogas i f ied  a l s o  hydrogas i f i e s ,  b u t  a t  a much lower 
rate. 
being analyzed us ing  t h e  da t a  i n  r e fe rence  8. 
d r o g a s i f i c a t i o n  of t h e  more unreac t ive  f r a c t i o n  of carbon i s  incomplete,  i t  a l s o  seems 
to  follow the  b a s i c  rate l a w  

The k i n e t i c s  of hydrogas i f i ca t ion  o f  t h i s  more un reac t ive  carbon are c u r r e n t l y  
Though t h e  k i n e t i c  a n a l y s i s  of t h e  hy- 

a 
dz/d@ = kpk( l -z ) ,  

where a i s  the  y e t  undetermined order  of t h e  r e a c t i o n  wi th  r e s p e c t  t o  hydrogen par- 
t i a l  pressure .  

Thus, hydrogas i f i ca t ion  o f  raw c o a l  can be explained by assuming the  ex i s t ence  o f  
t h e  following three types of carbon: 

Type 1. The h igh ly  reactive s o l i d  carbon contained i n  s i d e  cha ins  which i s  extremely 
easy  to  s p l i t  off from the  s o l i d  molecule. This  is t he  f r a c t i o n  of carbon denoted by 
E i n  th i s  r e p o r t .  

Type 2 .  
rate than the  carbon denoted by E. 
c a t i o n  rate i s  descr ibed  i n  t h i s  paper. As shown i n  f igu re  8 ,  t h e  f r a c t i o n  of re- 
a c t i v e  carbon depends on both the  temperature and hydrogen p a r t i a l  p re s su re  i n  the  
r e a c t o r  .' 

The h igh ly  r e a c t i v e  s o l i d  carbon which x e a d i l y  hydrogas i f i e s  bu t  a t  a lower 
This  i s  the  f r a c t i o n  of carbbn whose hydrogas i f i -  

Type 3. The low-reac t iv i ty  r e s i d u a l  carbon which seems t o  r e a c t  accord ing  t o  the  
same rate law as type 2 bu t  w i th  a much lower va lue  of k. 

have been proposed by Wen and Huebler and Blackwood and McCarthy.- 
A l t e rna te  models based on char  conta in ing  carbon of two d i f fgf jen t  r e a c t i v i t i e s  

Our a t t e n t i o n  has  thus  f a r  been focused on t h e  s o l i d  carbon phase,  and we should 
IWW cons ider  the important r o l e  of t h e  gaseous products on t h e  hydrogas i f i ca t ion  re- 
ac t ion .  One major e f f e c t  of t hese  gaseous products i s ,  o f  course ,  t h e  lowering of 
hydrogen p a r t i a l  p ressure .  Also, s ince  the  ob jec t ive  o f  these  s t u d i e s  i s  to produce 
high-Btu gas ,  the maximum concent ra t ion  of methane t h a t  can be produced and how it  
depends on the  con tac t ing  scheme and r e a c t o r  condi t ions  should be determined. O u r  
system i s  no t  a p a r t i c u l a r l y  good one f o r  determining t h e  maximum methane concentra- 
t i o n s  a t t a i n a b l e  because o f  t he  s h o r t  s o l i d s  res idence  t i m e  and the  non-optimum s o l i d -  
gas contac t ing  system. I n  s p i t e  of these  drawbacks, i t  i s  p o s s i b l e  to  produce a high- 
Btu gas  a f t e r  methanating the  low concent ra t ions  of carbon monoxide t o  b r ing  t h e  gas  
i n t o  compliance wi th  p i p e l i n e  s tandards .  For example, r e s u l t s  of some experiments 
w i th  hydrogen-methane feed gas  a t  900° C a r e  presented  i n  t a b l e  3. he feed  gas com- 

the  f e a s i b i l i t y  of a two-stage hydrogas i f i ca t ion  system i n  which t h e  r a w  coa l  i s  con- 
t ac t ed  while i n  f r e e - f a l l  w i th  the  product gas coming from a moving-bed cha r  hydro- 
g a s i f i e r .  

p o s i t i o n  used i n  these  experiments comes from an experimental  stud$ 0 7  which e s t ab l i shed  

Details o f  t h i s  system a r e  g iven  i n  r e fe rence  10 and r e fe rence  3. 



C(@-graphite) + 2H2 -f (34. 

This is  very  important t o  process  des ign  because the  r e l a t i o n  between the p a r t i a l  
p re s su res  of methane and hydrogen and the  s o l i d  carbon conta in ing  phase has  been ex- 
p la ined  on thermodynamic grounds%&E/as i f  there e x i s t s  an  equi l ibr ium between a 
s o l i d  o f  changing a c t i v i t y  level and t h e  r e a c t i n g  species i n  t h e  gas  phase. 
explana t ion  leads  t o  t e exper imenta l ly  u n j u s t i f i e d  conclusion t h a t  l o w  temperatures 
(1,300' t o  1,500' *)E7 are necessary  to  achieve t h e  d i r e c t  production of a high-Btu 
g a s  i n  continuous systems. Indeed, th i s  thermodynamic analogy i s  causing concern r e -  
gard ing  t h e  f e a s i b i l i t y  of d i r e c t  hydrogas i f i ca t ion  because i t  impl ies  t h e  necess i ty  
o f  remoding h e a t  from hydrogas i f i ca t ion  systems t o  maintain temperatures a t  the levels 
p red ic t ed  by thermodynamic cons ide ra t ions  t o  y i e l d  high-Btu gas. 

1 

This  1 

That these  h e a t  re- 

g a s i f i c a t i o n  o f  brown c o a l  i n  a f lu id i zed  bed where l a r g e  inc reases  i n  both g a s i f i -  
c a t i o n  ra te  and methane y i e l d  are obtained by inc reas ing  temperatures from 750° C t o  
950° C (1,742' P). 
gases  can  be  produced a t  temperatures a t  least as h igh  as 1,650° F. Kine t ic  s t u d i e s  
a t  h ighe r  temperature are needed t o  determine whether h e a t  removal from l a r g e  re- 
a c t o r s  w i l l  be necessary-or i f  i t  w i l l  s imply s u f f i c e  t o  provide wall cool ing  
to p r o t e c t  ma te r i a l s  o f  cons t ruc t ion .  

So, based on p resen t ly  a v a i l a b l e  d a t a ,  i t  appears t h a t  high-Btu 

The danger in apply ing  thermodynamic cons ide ra t ions  ( e spec ia l ly  f o r  ex t rapola-  
t i o n a l  purposes) t o  hydrogas i f i ca t ion  systems-becomes c l e a r  when one cons iders  t h a t  
the r e a c t i o n s  involved i n  the production o f  methane from c o a l  of char  are not i n  any 
sense  r e v e r s i b l e  and r e v e r s i b i l i t y  i s  a fundamental condi t ion  a system must s a t i s f y  
t o  g i v e  t h e  concept of equ i l ib r ium meaning. For example, t h e  r e a c t i o n  

/ 

c h a r  + C& -f c o a l  i H2 
has never been known to-occur .  
must be considered t o  be d i c t a t e d ,  a t  l e a s t  to  a l a r g e  degree,  by the  k i n e t i c s  of 
t h e  above reac t ion .  

Therefore the  behavior of hydrogas i f ica t ion  systems 

A q u a l i t a t i v e  k i n e t i c  explana t ion  f o r  t he  behavior of hydrogas i f i ca t ion  systems 
i s  n o t  d i f f i c u l t .  
be represented  by the rate equat ion  developed i n  t h i s  paper which shows t h a t  t h e  
rate of methane formation inc reases  exponent ia l ly  wi th  temperature up t o  the  h ighes t  
temperature s tud ied  (900' C ) .  Figure 9 a s  w e l l  a s  d a t a  i n  r e fe rence  8 i n d i c a t e s  

For example, t h e  genera t ion  of methane from raw c o a l  o r  cha r  can 

that  t h i s  i nc rease  i n  hydrogas i f i ca t ion  ra te  wi th  temperature ex tends  t o  1,200° C .  1 

.. 
I 

W e  have a l r eady  seen  t h a t  a t  900° C methanelhydrogen r a t i o s  g r e a t l y  exceed t h e  r a t i o  
r equ i r ed  f o r  t he  formation o f  g -g raph i t e  and t h a t  t he  only e f f e c t  of methane on hy- 
d r o g a s i f i c a t i o n  ra te  even a t  these  h igh  methane l e v e l s  i s  the  reduct ion  i n  hydrogen 
p a r t i a l  p ressure .  T h i s  simply means t h a t  t he  carbon depos i t i on  r e a c t i o n  

a= -f 2H2 t C(soLid) I 
i is slow compared t o  the formation r a t e  of methane i n  s p i t e  of a thermodynamic d r iv ing  

fo rce  f o r  t he  carbon depos i t i on  r eac t ion .  
such  a s  t h e  lack o f  c a t a l y t i c  su r faces  f o r  depos i t i on  t o  occur on o r  t h e i r  r zp id  poi- 
soning by s u l f u r  md!or n i t rogen  compounds i n  the  coa l .  

This .could be due to a number of f a c t o r s  

, 
I 
t 



U 
0 

a 
w 
Pi 

d 
9 

a 
al 
F 

U 
0 

a 
w 
Pi m 

m 

2 

U 
0 

a 
e, 
P4 

W 
m 
a 

2 

U 
0 

a 
w 
Pi 

I- 
m 
a al 
al 
F 

U 
0 
7 a 
e, 
Pi 

9 
0 

a 
al 
Fr4 

F 4 G  
E3 N S 0 . O  N N 0 

X V U V Z V H  

- 9 -  

h O  a u  
6 
ala 
U S  m a  

.. - 



- 10 - 
Based on these k i n e t i c s ,  one suspec ts  t h a t  the carbon depos i t ion  r eac t ion  would 

be most predoininant at: high carbon conversions , because of the  low me thane formation 
r a t e s  due t o  the  inf luence  of the  (1-2) term, and a t  long gas phase res idence  tinies 
which g ive  the  methane formed time to  c rack .  Both of these  condi t ions  can be mini- 
mized i n  continuous systems where carbon conversion l e v e l s  w i l l  probably bc on thc  
o rde r  of 45 percent and the  vapor phase res idence  time can be kept  sho r t .  
continuous s y s t e m  may be a b l e  to  ope ra t e  a t  s u b s t a n t i a l l y  h igher  temperatures and 
methane concent ra t ions  than ba tch  systems without encountering apprec iab le  carbon 
depos i t i on .  

Behavior of Experimental Reactor Using Model 

Thus, the 

Bas i ca l ly ,  what we have thus f a r  developed i s  a model t h a t  allows t h e  r a t e  of 
conversion of carbon t o  be  c a l c u l a t e d  when t h e  environment of the char p a r t i c l e s  is  
known. I n  o rde r  to use t h i s  model to s imula te  r e a c t o r  behavior,  we must be ab le  t o  
e s t a b l i s h  the  p a r t i c l e  environment a s  a func t ion  of c o n t r o l l a b l e  r e a c t i o n  parameters. 
I n  the  l abora to ry  r e a c t o r  descr ibed  w e  can c o n t r o l  feed gas r a t e  Go, coa l  feed r a t e  
Wso,  temperature T ( i n  a l a r g e r  a d i a b a t i c  r e a c t o r  the  temperature would be a func t ion  
of input  va r i ab le s  r a t h e r  than independently c o n t r o l l a b l e ) ,  t o t a l  p ressure  P ,  t h e  
composition of the i n l e t  gas ,  and the  l eng th  of the r e a c t o r  (within c e r t a i n  l i m i t s ) .  
S ince  w e  have already e s t a b l i s h e d  t h a t  t he  flow regime i n  our r e a c t o r  is  backmixed, 
t h e  unsteady s t a t e  methane f l u x  i n  the  r e a c t o r  i s  descr ibed  a t  opera t ing  t i m e  t by 

( 6 )  GoYmo-GYm(t) + wsofcoz(t)  uvRdy( t ) /d t ,  

where Go = feed gas r a t e ,  ymo = concent ra t ion  of methane i n  the  feed gas ,  G = e x i t  gas 
r a t e ,  ym(t) = concent ra t ion  of methane i n  t h e  e x i t  gas  a t  t i m e  t ,  Wso = c o a l  r a t e ,  fco = 
molar concent ra t ion  o f  carbon i n  the  c o a l ,  z ( t )  = c o a l  carbon conversion l e v e l ,  QL = 
e f f e c t i v e  gas  capac i ty  o f  t h e  r e a c t o r ,  and VR = e f f e c t i v e  r eac to r  volume. 
i ng  equat ion  ( 4 )  i n t o  (6) and us ing  the  approximate empir ica l  r e l a t i o n  

yH2 ( t )  0.98-ym(t) , 

S u b s t i t u t -  

f o r  t he  methane-hydrogen mixtures used i n  these  t e s t s  g ive  

(7) Goymo-Gym(t) + Wsofco (1- (l-E)exp (-@((I. 98-ym( t )  )L/UT)) = mRdYm(t) / d t  3 

The r e l a t i o n  between G and Go i n  terms of A ,  Wso ,  fco,  and z i s  
which may be used t o  s imula t e  unsteady s t a t e  r e a c t o r  behavior when G and CY a r e  
determined. 

(8) G 5 G o - ( ~ - l ) W s o f , - ~ ~ .  
I 

I 

Figure  10 shows A, as de f ined  by equat ion  (8), as a func t ion  of s o l i d  carbon conver- 
The curve determined by t h e  

experimental  po in ts  i s  based on measured s o l i d  carbon conversion and the r a t i o  of 
i n l e t / e x i t  gas  r a t e s .  Average r e s i d u e  and raw coa l  ana lyses  w e r e  used t o  compute 
curves  (a) and (b). 
form water ;  curve (b) assumes no hydrogen i s  consumed by the  oxygen i n  t h e  c o a l .  
shown a re ' po in t s  based on d a t a  presented  by Pyrcioch and Linden (15) as w e l l  as a few 
p o i n t s  from reference  (5) both  o f  which are based on t h e  hydrogas i f i ca t ion  of p re -  
treated coal. The d i f f e r e n c e  between the  curves f o r  raw c o a l  and p re t r ea t ed  c o a l  i s  
of primary economic importance because i t  r e f l e c t s  the  d i f f e r e n c e  i n  hydrogen consump- 
t i o n  requi red  t o  produce methane from the  two feed s tocks .  
t h e  d i f f e r e n c e  i n  hydrogen consumption a r e  t h e  H/C atom r a t i o  of the  raw coa l  i s  
about 0.83 whi le  it i s  only about 0.52 f o r  t he  p re t r ea t ed  c o a l  and the  oxygen con ten t  
of t he  raw c o a l  i s  lower. 

' s i o n  f o r  the  raw coa l  ca l cu la t ed  two d i f f e r e n t  ways. 

Curve (a) assumes a l l  t h e  coa l  oxygen consumes hydrogen to 
Also 

The primary reasons f o r  

. .  
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A s  f igu re  10 i n d i c a t e s ,  f o r  a raw coa l  feed a t  z<.45 h= 1 so  under these  condi t ions  
G = G o .  Equations (7)  and (8) toge ther  w i th  an es t imate  of CY may be  used t o  s imula te  
thc behavior of the experimental  r eac to r .  Because of the  i n t e r n a l  cons t ruc t ion  o f  
the  IHR r e a c t o r  used t o  t e s t  the s imula t ion  model, i t  i s  d i f f i c u l t  t o  determine t h e  
e f f e c t i v e  volume fo r  gas  mixing and i t  was the re fo re  necessary to  f i n d  the  value of CY 
from experimental  da t a  r a t h e r  than ca l cu la t ing  i t  from r e a c t o r  volume, temperature,  
and pressure .  The use of t h i s  technique t o  s imula te  a t y p i c a l  unsteady s t a t e  per- 
formance of the experimental r eac to r  with hydrogen feed i s  i l l u s t r a t e d  i n  f igu re  11 
by comparing the pred ic ted  methane concent ra t ion  wi th  t h a t  measured. Figure 1 2  shows 
the s imula t ion  of the  unsteady s t a t e  per iod  of some runs using a hydrogen-methane feed 
gas.  Resul t s  i n  f igu res  11 and 12  i nd ica t e  t h a t  the r e a c t o r  approaches s teady  s t a t e  
quicker w i th  hydrogen-methane mixtures than wi th  hydrogen a lone .  The reason fo r  t h e  
lowering of CY with  inc reas ing  methane concent ra t ion ,  which i s  a l s o  ind ica t ed  i n  f i g -  
u re  11, i s  no t  known bu t  might be due t o  e i t h e r  the  increased  d e n s i t y  of t he  gas ,  
causing l e s s  t r a n s f e r  of hydrogen-rich hopper gas i n t o  the  sample system, Or due t o  
the  lower d i f f u s i v i t y  of the mixture which would a l s o  r e s u l t  i n  less t r a n s f e r  between 
the r e a c t o r  and in su la t ing  s h e l l .  Thus, average va lues  of CY may be ca l cu la t ed  from 
experimental  d a t a  and the average (Y toge ther  wi th  equat ions  (7)  and (8) can be used 
t o  simulate unsteady s t a t e  behavior of t h e  r eac to r .  However, whi le  s imula t ion  o f  
the  uns teady-s ta te  behavior of the  r eac to r  i s  u se fu l  i n  t h a t  i t  lends  c r e d i b i l i t y  t o  
the  model, e s t a b l i s h e s  the opera t ing  t i m e  necessary t o  approach s t eady  s t a t e ,  and 
allows experiments t o  be simulated a t  condi t ions  no t  experimentally a t t a i n a b l e ,  i t  
i s  the  s teady  s t a t e  behavior of t he  r e a c t o r  t h a t  i s  most important.  
s t eady- s t a t e  opera t ing  parameters i s  accomplished by simply s e t t i n g  dym( t ) /d t  = 0 i n  
equat ion  ( 7 ) .  Steady s t a t e  behavior i n  terms of i npu t  parameters i s  then summarized 

Goymo-yms (Go-@ -1)Wsofcoz3) + Wsofco(l-(l-E)exp (-kP(O.98-yms)L/UT)) = 0,  

Calcu la t ion  of 

by 
(9) 

(10) z s  = 1- (1-E)exp (-kP (0.98-yms)L/UT) , 
and 

where the  subsc r ip t  s r e f e r s  t o  steady s ta te  condi t ions .  

CONCLUSIONS 

A r e a c t i o n  model f o r  t he  hydrogas i f ica t ion  of raw bituminous c o a l  has been 
developed. 
t i o n  of char  hydrogas i f i ca t ion  da ta  a s  w e l l  a s  the  d a t a  f o r  raw coa l .  The hydro- 
g a s i f i c a t i o n  d a t a  ind ica t e s  t h a t  the  s o l i d  carbon r e a c t s  with hydrogen i n  th ree  
d e f i n i t e  modes each of which has a d i f f e r e n t  r e a c t i v i t y  than the  preceding. 

This model i s  shown to  be phys ica l ly  reasonable  and t o  a l low f o r  the c o r r e l a -  

The hydrogas i f i ca t ion  of raw coa l  i s  found t o  have two process ing  advantages over 
coa l -chars  i n  add i t ion  t o  t h e  savings i n  pre t rea tment  c o s t .  These are a cons iderably  
h igher  hydrogas i f i ca t ion  r a t e  than coal-chars and a much lower hydrogen consumption 
t o  produce a u n i t  of methane. 

F i n a l l y ,  t he  thermodynamic analogue, which has  been widely used t o  p r e d i c t  de- 
s i r a b l e  cond i t ions  f o r  high methane concent ra t ions  i n  hydrogas i f i ca t ion  processes ,  
i s  questioned and an a l t e r n a t e  approach v i a  k i n e t i c s  i s  suggested a s  a means of de- 
termining the r e l a t i o n s h i p s  between concent ra t ions  of gas phase spec ie s  and the  
s o l i d  phase. 

SUMMARY OV NOTATION AND UNITS 

0 = t he  p a r t i c l e  res idence  time a t  any p o i n t  i n  the  r e a c t o r ,  h r .  
eo = the  p a r t i c l e  res idence  t i m e  a t  ‘the r e a c t o r  e x i t ,  h r .  
t = t he  ope ra t ing  t i m e  def ined  a s  t = o when the  c o a l  feed s t a r t s  and t = tR when 

Z* = t he  ins tan taneous  s o l i d  carbon conversion a t  any po in t  i n  the  r e a c t o r ,  z*=z*(t,B). 
z ( t )  = t h e  ins tan taneous  carbon conversion a t  t he  r e a c t o r  e x i t ,  z ( t )  = z?c(t,Bo). 

t he  c o a l  feed i s  terminated, h r .  
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2 = t h e  in t eg ra t ed  average s o l i d  carbon conversion over  t he  run t i m e  t . 
z s  = t he  s teady s t a t e  s o l i d  carbon conversion l eve l .  
k E t he  r e a c t i o n  r a t e  c o n s t a n t ,  atm-lhr-'. 
p ~ , ( t )  = the  hydrogen p a r t i a l  p re s su re  i n  the r e a c t o r  a t  t i m e  t, atm. 
Y = t o t a l  r eac to r  p re s su re ,  atm. 
L = r e a c t o r  length,  f t .  

E = f r a c t i o n  of  carbon i n  c o a l  t h a t  i s  immediately devolat ized.  
N, = number of carbon atoms i n  c o a l ,  Ns = f ( t , e ) .  
Nso = i n i t i a l  number of  carbon atoms i n  coal .  
ym(t) = mole f r a c t i o n  of  methane i n  e x i t  gas a t  operat ing time t. 
ymo = mole f r a c t i o n  of methane i n  feed gas. 
yms = mole f r a c t i o n  of  methane i n  e x i t  gas a t  steady s t a t e .  
m,( t )  = mole f r a c t i o n  of hydrogen i n  feed gas a t  operat ing time t. 
Go = gas feed r a t e ,  lb-mole/hr. 
G = e x i t  gas rate, lb-mole/hr. 
Wso = c o a l  f eed  rate, lb /h r .  
fco = carbon content of  c o a l  f eed ,  lb-mole/lb-coal. 
VR; e f f e c t i v e  volume of  r e a c t o r ,  cu f t .  
CY = e f f e c t i v e  r e a c t o r  gas c a p a c i t y ,  lb-mole/cu f t  r e a c t o r .  
)c = a s toichiometr ic  c o e f f i c i e n t .  

= p a r t i c l e  terminal v e l o c i t y ,  f t / h r .  
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