
, Qwu97a&a- 7 
KINETICS OF CHAR GASIFICATION REA ONS UNDER CONDITIONS 

OF UNDERGROUND COAL GASIFICATION 

J. E. Young, J. Fischer, and J. E. Johnson 

Prepared for 

nth ,apen nn p m p d  u en arrolut of 4 
,pamlad by lw Vdld stam Govmmmt. Nahs 
11* ulasa som nor lw lkdtod S h t a  &aeg 
~ & l e d ~ k d a d a m ~ ~ ~ ~  

*nnro. axp Iorer *ag%d,or -WtgJ  
wty ; ~ ~ f o r i k a ~ , ~  
m ,if w wonmtia. wPmt.*podoctor 
- ~ , ~ r ~ n t h r l i u u w * o l d d n o t  

3rd Annual Symposium 
on Underground Coal Conversion 

Fallen Leaf Lake, CA. 
June 6-9, 1977 

A * ,dC,, 
ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS 

9 DISTRIBUTION OF THIS DOCUMENT IS UNLlMlED 

operated under contract W-31-109-Eng-38 for the 

U. S. ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



The facilities of Argonne National Laboratory a r e  owned by the United States Govern- 
ment. Under the terms of a contract (W-31-109-Eng-38)between the U. S. EnergyResearch and 
Development Administration, Argonne UniversitieS WSElocLaliull aud Thc University of Ckiicagn, 
the University employs the staff and operates the Laboratory in accordance with policies and 
progxams formulated, approved and reviewed by the Association. 

MEMBERS oh' AKCrOl'JITE UIJIVERSITIEE MSQCUTJSIN 

The University of Arizona 
Carnegie-Mellon University 
Case Western Reserve University 
The University of Chicago 
University of Cincinnati 
Illinois Institute of Technology 
University of Illinois 
Indiana University 
Iowa State University 
The University of Iowa 

Kansas State University 
The University of Kansas 
Loyola University 
Marquette University 
&Arehigall Stale U~r iv  croity 
The University of Michigan 
University of Minnesota 
University of Missouri 
Northweatcrn University 
University ot 1Vt)tce Dame 

The Ohio State University 
Ohio University 
The Pennsylvania State University 
Purdue University 
Saint L w ~ i  a I T n i v ~ r ~ f t ~  
Suutl~ern Illinois Unive~ eity 
The University of Texas a t  Austin 
Washington University 
Wayne State University 
Tho U l ~ i v e r  sitr of Wioooaain 

I NOTICE 

'I'his report was prapdred as  an account of work spon~ored 
by the United States Government. Neither the United Stales 
nor the United States Energy Research and Uevelopment Ad- 
ministration, uor any of thcir employees, nor any of their 
contractors, subcontractors, or their ernpluyees, ~llakba any 
warranty, express or implied, or assumes any legal liabil- 
ity or reapu~~sibility for l11c ~c~urdcy., complctcnncs or  uee=  
fulness of any information, apparatus, product or process 
disclosed, or feppesentu 111~1 ils uac would not infrings 
privately-owned rights. Mention of commercial products, 
their manufacturers, or their suppliers in  this publication 
does not imply or  connote approval or disapproval of the 
product by Argonne National Laboratory or the U. S. Energy 
Research and Development Administration. 



'Kinetics-of Char Gasification Reactions Under Conditions 
. , o f .  Underground Coal Gasification 

J. E., Young, J .  Fischer, and J.  'E:Johnson 

Chemical Engineering Division 
. . Argonne National Laboratory 

9700 S. Cass Avenue 
Argonne, I1 1. 60439 

' ABSTRACT 

T h i s  project,  which i s  par t  of the Argonne National Laboratory energy 
prqgram f o r  ERDA, i s  directed toward support s tudies  f o r  the .national endeavor 
on in s i t u  coal gasif!cation. The objective of th i s  work i s  t o  determine the 
reaction-control 1 ing variables and reaction kinetics f o r  the gasif icat lon of 
chars resul t ing from pyrolysis of coal i n  underground gasif icat ion.  The data 
obtained from these studies a r e  used in the mathematica.1 modeling of i n  s i t u  
gasif icat ion systems, i n  order t o  understand and in terpre t  f i e l d  experimental 
data and t o  design fu ture  f i e l d , s t u d i e s .  The reactions-being studied include 
steam-char, C02-char, and water gas s h i f t  reactions,  as well as methane-producing 
reacttons such as the methanation of CO or the hydrogen-char reaction. 

The klnetics s tudies  a re  carr ied out in a packed bed d i f fe rent ia l  reactor 
i n  which steam, hydrogen, carbon dioxide, and/or other reactants a re  blended 
w j t h  nitrogen t o  obtain the desired to t a l  pressure and part ia l  pressures of 
reactants.  The preparation of the char i s  carr ied out immediately pr ior  to  
gasif icat ion in the reactor under conditions of pressure, heating r a t e ,  and 
sweeping gas composition s imilar  t o  those encountered i n  underground gasification. 
The coal s studied i ncl ude Wyodak and Hanna subbi t u m i  nous coal s and Pittsburgh 
seam high vo la t i l e  bituminous coal . 

Kinetic data a re  reported f o r  the reaction of steam with chars prepared from 
the Wyodak and Hanna coals. The dependence of the reaction r a t e  on the partial,: 
pressures of reactant steam and product hydrogen i s  described. The temperature 
dependence of the reaction ra tes  indicates tha t  diffusion of the reactants and 
products through the pore s t ruc ture  of the Hanna char l imi ts  the reaction more 
severely than in the case of the Wyodak char. The r a t e  of reaction of steam 
w i t h  Wyodak char i s  approximately f i f t y  percent greater  than the r a t e  observed 
w i t h  t he  Hanna char. The reaction order with respect t o  steam a t  low part ia l  
pressures of steam varies from 0 .5 ' to  approximately 1. 

Preliminary information i s  a l so  reported fo r  the reaction of steam. with chars 
prepared from Pittsburgh seam coal. 



INTRODUCTION . . 

The purpose of our work a t  Argonne National Laboratory i s  . t o  obtain kinetic 

information tha t  i s  d i rec t ly  applicable t o  mathematical models fo r  i n  s i t u  

gasification..  These studies will  a1 low the important processing variables in 

.underground gasif icat ion to  be ident i f ied.  The coals u t i l ized  a re  s imilar  t o  

those used i n  current f i e l d  t e s t s  or proposed fo r  use in commercial underground 

gasification. The processing conditions surveyed include those expected to  be 

encountered i n  i n  situ gasif icat ion.  

The kinetics of the reac t ion  of oxygen with carbon are  not included in our 

. work. T h i s  reaction is  rapid,. and the r e s u l t s  obtained in the mathematical 

models a re  qui te  insensit ive t o  e r rors  i n  the r a t e  constants f o r  t h i s  reaction. 

: T h e r e a c t i o n s b e i n g s t u d i e d i n t h i s  programinclude: 

Only the f i r s t  three o f  the above reactions contribute d i rec t ly  t o  conversion of 

char t o  gaseous products. The f ina l  two reactions a f f e c t  the composition of the 

product gases and a r e  of considerable economic importance in relat ion t o  ta i lor ing  

the product gas t o  the needs o f  various industr ies  which would make use of the 

end products of i n ,  s i  t u  gasif icat ion.  

Variables be ing  investigated in  t h i s  study include to ta l  pressure, reaction 

temperature, 'coai devolati 1 i za t i  on conditions , and- par t ia l  pressure of reactants.  



\ K i ne t i c  data t o ' b e  obtained Inc lude r a t e  constants, reac t ion  orders w i t h  - .  

respect . . t o  each o f '  the reactants, and apparent a c t i v a t i o n  energies. These 

parameters are c u r r e n t l y  being determined f o r  subbituminous coals from 

Wyodak and Hanna seams of .  Wyoming and a r e ' t o  be determined. f o r  bitumlnous 

coal from the P i t tsburgh seam. I n  addi t ion,  the e f f e c t s  on the  reac t i on  

k i n e t i c s  o f  in t roduc lng various const i tuents  o f  bracklsh water w i  11 be 

determi ned . 

EXPERIMENTAL 

The k i n e t i c s  studies a re  ca r r i ed  out  i n  a packed bed d i f f e r e n t i a l  reac to r  
\ .  

i n  which steam, carbon dioxide, and/or o ther  reactants are  blended w.lth 

n i t rogen  t o  ob ta in  the  desired t o t a l  pressure and p a r t i a l  pressures o f  reactants. 

The experimental apparatus and de ta i l ed  operat ing procedures have been described 

i n  Ref. 1. . . 

L 

Pyro lys is  of the char I s  ca r r i ed  ou t  lmnediately p r i o r  t o  I n  the 

reac to r  under condl t ions o f  pressure, heat lng ra te ,  and sweeplng gas composition 

s i m i l a r  t o  those encountered i n  underground gas i f l ca t i on .  The heat ing r a t e  

cu r ren t i y  being used i s  39C/min, the system pressure I s  0.79MPa (100 ps ig )  , and 

the sweeplng gas cons is ts  of a blend o f  approximately 20- mol % hydrogen I n  ni t rogen. 

.... 'RESULTS AND DISClJSSION 

The product gas from the underground gas1 f i c a t l o n  process cons1 s t s  p r imar i  l y  

o f  hydrogen, carbon monoxide, carbon dioxide,  methane, and n i  trogen . This  
. . 

m ix tu re .  const-ttutes a reducing atmosphere which sweeps through. the coal ' d u r l  ng 

py ro lys is .  I n  o rder ,  t o  ob ta in  a t r u e  simulation o f  these condi t lons dur ing the 

py ro l ys i s  p r l o r  t o  our g a s i f i c a t i o n  k i n e t i c s  studies, our sweeplng gas mix ture  

should contain a l l  o f  these 'components. 



. . 

However, add i t i on  o f  carbon monoxide t o  the py ro lys is  sweeping gas 
- .  

r e s u l t s  i n  'depos i t ion o f  carbon, which i s  added to .  the char i n  t he  g a s i f i  cat1 on . 
. 

'. reactor .  Th is  add i t i ona l  carbon i s  a  r e s u l t  o f  the reverse ~ o u d a r t , ' r e a c t i o n  

catalyzed by th2  coal  ash and the alumina packing mater ia ls  i n  the reactor :  

2CO 3 C + CO2 

The deposited carbon i s  no t  q u a n t i t a t i v e l y  determinable and must be e l iminated 

o r  made n e g l i g i b l e  i n  order t o  ob ta in  carbon balances; Therefore, our py ro l ys i s  

' react ions have been c a r r i e d  out  i n  a  reducing atmosphere cons is t ing  o f  on ly  

hydrogen and n i t rogen.  Our experiments indicate-  t h a t  i n  the case o f  ~ y o d a k  coal, 

py ro lys is  i n  a  reducing atmosphere (20% H2, balance N2) r e s u l t s  i n  recovery of 

approximately t en  percent. l ess  char ' fo l lowing py ro l ys i s  than when pure n i t rogen  

i s  used as the sweeping gas. However, the r e a c t i v i t y  o f  t h i s  char produced 

i n  hydrogen i s  t he  same as t h a t  f o r  char produced 1.n pure ni t rogen. 

The r a t e  o f  reac t ion  o f  steam w i t h  chars prepared from Wyodak coal has 

been measured i n  the temperature range of 6b0-7750~, w i t h  a  p a r t i a l  pressure of 

steam of 2.5-2.6 atmospheres and a t o t a l  pressure o f  approximately n ine 

atmospheres. 

P lo t s  o f  the reac t ion  r a t e  vs. f r ac t i on  o f  carbon converted a t  600, 650, 700, 
/ 

and 750°C are shown i n  ~ i g s .  1-4, respect ive ly .  The reac t i on  r a t e  i s  expressed 

as g carbon gas i f ied/hr /g  ash-free. carbon remaining. A t  600°C (Fig.  I), i t  i s  

apparent t h a t  the char . i n i t i a l l y  g a s i f i e d  i s  q u i t e  react ive,  bu t  t h i s  r e a c t i v i t y  

decreases t o  an approximate constant value wh i le  the next  10-35% o f  the carbon 

i s  gas i f i ed .  The r e a c t i v i t y  o f  t h e  res idua l  carbon then decreases rap id ly .  A t  - 
. . 

650°C (Fig.  2 ) ,  the very h igh i n i t i a l  r e a c t i v i t y  i s  no longer apparent and the 

. react ion r a t e  remains f a i r l y  constant u n t i l  approximately 40% o f  the carbon i .s 

'gas i f ied.  A t  h igher temperatures (Figs.' 3 and 4), the reac t i on  r a t e  f o r  the 



f r esh  carbon i s  a c t u a l l y  less  than t h a t  f o r  carbon which has been p a r t i a l  l y  

gasi f ied:  (At  750°C, the  f i r s t  two data po in ts  a re  o f  questionable v a l i d i t y  

because the reac t ion  r a t e  was so rap id  t h a t  dur ing the t ime necessary f o r  the 
. . 
product gases t o  f l u s h  t he  reac to r  the product gas concentrat ions were 

excessively d i ' lu ted by ni t rogen. ) The most 1 i ke7y cause f o r  t h i s  decreased 

reac t ion  r a t e  f o r  f r e s h  char would be r e s t r i c t e d .  d i f f u s i o n  o f  the steam reactant  

and the product gases through the pore s t r uc tu re  . o f  the char. A t  h igh 

'temperatures, the r e a c t i v i t y  o f  the  carbon i s  great  enough t h a t  the  pore s t r uc tu re  

must be opened up t o  provide more reactant  .surface before the reac t i on  can 

proceed a t  i t s  f u l l  ra te .  A t  750°C, t5e  reac t ion  r a t e  does n o t  reach i t s  

maximum u n t i l  approximately 65% o f  t he  carbon has been consumed, i n d i c a t i n g  a very 

severe d i f f u s i o n  l i m i t a t i o n  a t  these h igh temperatures. 

The  r a t e  o f  reac t lon  f o r  the Wyodak char w i t h  steam i s  p l o t t e d  as a func t ion  

o f  rec ip roca l  temperature (Arrhenius p l o t )  i n  Fig.. 5. The range o f  temperatures 

i s  600 t o  775OC. A t  each temperature, the reac t ion  ra tes  f o l l ow ing  g a s i f i c a t i o n  

o f  10% o f  the  carbon and a lso  f o l l o w i n g . g a s i f i c a t i o n  o f  50% o f  the carbon are 

shown. The r a t e  f o r  10% carbon conversion would correspond t o  the r a t e  f o r  fresh 

char; the r a t e  f o r  50% conversion would co~respond t o  t h a t  f o r  the more 

r e f r a c t o r y  res idua l  char. 
.. . 

The e f f e c t  o f  the reac t ion  r a t e  be.ing l i m i t e d  by d i f f u s i o n  appears i n  t h i s  

p l o t  a s ' a  f l a t t e n i n g  o f  the curves a t  h igher temperatures. The decrease i n  

slope a t  h igh temperatures i s  much more apparent a t  10% conversion than a t  

50% conversion, again suggesting the phenomenon' t h a t  the pore s t r uc tu re  must 

open a t  h igh temperatures, t o  g ive  the enhanced reac t ion  rate.' 



- .  
I f  a s t r a i g h t  l i n e  i s  f i t t e d  t o  the m a j o r i t y  o f  t he ' da ta  po in ts ,  t he  s o l i d  

l i n e  i n  Fig. 5 i s  obtained, which corresponds t o  an average apparent a c t i v a t i o n  

energy of 44 kcal/mole. Tay lor  and l ow en' i nves t iga ted  the  r eac t i on  o f  steam 

and carbon d iox ide w i t h  Roland seam char a t  atmospheric pressure. The' r e a c t i v i t y  

o f  Roland seam char i s  very s i m i l a r  t o  t h a t  o f  Wyodak. char. The i r  s tudy . ' 

i nd i ca ted  no curvature o f  the  Arrhenius p l o t  ( they inc luded temperatures on ly  

as h igh  as 675°C). They a l s o  obtained a value .of 44 kcal/mole f o r  the  temperature 

. . range of t h e i r  study. Since t h e i  r study was ' c a r r i e d  ou t  u t i l i z i n g  a lower 

p a r t i a l  pressure o f  steam, i t  would be expected t h a t .  the  d i f f u s i o n  1 i m i t a t i o n  

would be c less  ser ious problem. Our e a r l i e r  experiments3 i nd i ca ted  t h a t  a t  

a steam p a r t i a l  pressure of 7.0 atm, the curvature  o f  t he  Arrhenius p l o t  cairsed 

by d i f f u s i o n  l i m i t a t i o n s  i s  even greater  than t h a t  observed a t  2.5 atm. 

$n Figs. 6-9, ra tes  o f  r eac t i on  o f  steam w i t h  chars prepared from Hanna 

No. 1, coal are  shown. Th is  coal  i s  a p o r t i o n  o f  . the core sample obtained f r o m  Well 

No. 4 a t  t he  Hanna I V  t e s t  s i t e .  The sample was suppl ied t o  us by the  Laramie 

Energy Research Center. The temperatures, which a re  shown i n  Figs. 6-9, are  

-'600, 650, 700, and. 750°C, respect ive ly .  The reac t i on  o f  Hanna char e x h i b i t s  the 

. l  i m i t a t i o n s  caused by d i f f u s i o n  through t he  pore s t r u c t u r e  of the char throughout 

t he  temperature range studied; t h e  shape o f  a l l  o f . t h e  r eac t i on  r a t e  curves i s  i n  

general t h e  same as the shape o f  ' the h igh temperature cu.rve f o r .  the Wyodak char. 

A t  the lower temperatures (600°, 650°C), the re  .are i nd i ca t i ons  t h a t  a very small 

p ropor t ion  o f  h igher  r e a c t i v i t y  char i s  present du r ing  t h2  very e a r l y  stages of 

the react ion,  al though i t appears t h a t  t h i s  makes an i n s i g n i f i c a n t  con t r i bu t i on  

t o  t h e  o v e r a l l  rdact ion.  

The Arrhenius p l o t  f o r ' t h e  Hanna char i s  shown i n  Fig.  10. A t  conversion 

o f  t en  percent  o f  t he  carbon, the  apparent. a c t i v a t i o n  .energy va r i es  from 34.1 

kcal/mole a t  low temperatures t o  21.2 kcal/mole I n  the  h lgher  temperature region. 



For 50% carbon conversion, the apparent activation energy varies from 37.2 
- . 

kcal/mole t o  26.2 kcal./mole. T h i s  dependence of th'e apparent activation energy 

on both temperature and extent of carbon conversion i s  consistent wlth 

d i f ferent  reaction mechanisms predominating a t  d i f ferent  temperatures. A t  higher 

temperature, the reaction occurs largely on the more available outer surface, 

and there is  insuff icient  time for  diffusion of gases through the f ine  pore 

structure.  
I 

Wyodak chars prepared by pyrolysis a t  3OC/min in ei ther .ni t rogen or  20% 

HZ in nitrogen were a t  700°C w i t h  'steam a t  part ia l  pressures of 1.2 

t o  6.5 athi. Reaction r a t e  i s  plotted as a function of steam.partia1 pressure 
. . 

i n  Fig. 11. A t  lower par t ia l  pressures of steam, the curve i s  nearly l inear ,  

w l t h  a s l o p e  of approximately 0.85. . This corresponds t o  a reaction order of 

0.85 w i t h  respect t o  steam, i .e . ,  the dependence of the  reaction ra t e  on the 

part ia l  pressure of.steam. A t  higher steam part ial  pressures, the reaction order 

decreases. s l i c e  underground gasification of coal would generally involve part ia l  

pressures of steam a t  the  lower end of this range, the reaction order of .0.85 i s  

probably applicable f o r  use i n  the mathematical models proposed for  th i s  process. 

Figure 12 shows the dependence of the reaction ra t e  on. the part ia l  pressure 

of steam fo r  Hanna char. The reaction ra t e  i s  plotted for  conversion of 10, 30, 

and 50% of the carbon, i n '  the range. of 1.07 t o  2.7 atm steam. In the case of 

the Hanna char, a se r i e s  of paral lel  s t r a igh t  l ines can be f i t  through the 

f o r  the three extents of carbon. conversion. The slope of these s t ra ight  l ines  

corresponds to  a .  reaction order of 0.56 w i t h  respect t o  steam. .This value i s  

considerably lower than tha t  obtained for  the Wyodak char--undoubtedly due t o  

diffusion of steam being limited by the f ine r  pore s t ruc ture  of the Hanna char. 



A l l  experimental runs made i n  the  past  have been designed t o  main ta in  ' t he  . . 

p a r t i a l  pressures o f  product gases a t  values as low as possib le.  . Runs w i t h  

very h igh gas i f i ca t i on  ra tes  (e.g., a t  h i gh  temperatures o r  h igh p a r t i a l  

pressures of steam) resu l ted  i n  hydrogen l e v e l s  o f  2-4 mol X However, i n  the 

m a j o r i t y  of the -iSuns, hydrogen content  o f  the .product was considerably less  

than 1 mol .%. I n  order t o  i nves t i ga te  i n h i b i t i o n  o f  t he  steam-char r eac t i on  

by product hydrogen, a ser ies  of experiments was c a r r i e d  ou t  i n  which hydrogen 

was added t o  t he  reactant  steam. The range o f  hydrogen ~ a r t i a l  pressures 

inves t iga ted  inc ludes those expected t o  be.encountered i n  the  cu r ren t  low-pressure 

underground f i e l d  t e s t s  ( i  .e., up t o  approximately 1 atm) . Four ternppratures 

have been investigated--600, 650, 700, and 750°C. 

The r e s u l t s  o f  these experiments are  shown i n  Fig.  13-16. A t  600°C (Fig.  13), 

i n h i b i t i o n  o f  the reac t ion  by hydrogen r e s u l t s  i n  a r a p i d  dec l ine i n  r eac t i on  

r a t e  as t he  char i s  consumed. A t  700°C (Fig.  15), i n h i b i t i o n  o f  the steam-char 

reac t ion  by hydrogen i s  s u f f i c i e n t  t o  e l im ina te  the  e f f e c t s  o f  d i f f u s i o n  l i m i t a t i o n s  

dur ing the  e a r l y  stages o f  the  react ion.  A t  750°C (Fig. 16), the  d i f f u s i o n  

l i m i t a t i o n s  a re  severe enough t h a t  they are  apparent even i n  the presence of 

0.75 atm. hydrogen. A t  a l l  temperatures, the r a p i d  decrease i n  the  r e a c t i v i t y  

of the char ( a t  the l a t e r  stages o f  the  reac t ion )  occurs e a r l i e r .  i n  the reac t ion  

as the p a r t i a l  pressure o f .  hydrogen increases. Hydrogen exer ts  a greater  

i n h i b i t o r y  e f f e c t  a t  h igher temperatures and as the ex ten t  o f  g a s i f i c a t i o n  

increases. 

We have n o t  y e t  obtained data showing the e f f e c t s  o f  hydrogen on the r eac t i on  

r a t e  o f  steam w i t h  Hanna char. Such s tud ies  are c u r r e n t l y  under way. 

Because o f  the  severe hydrogen i n h i b i t i o n  o f  the  s team-char react ion,  we 

cannot use a simple Arrhenius expression t o  descr ibe t h e ,  k i n e t i c s  : 



where . 

- -  dC - di f ferent ia l  r a t e  df conversion of carbons to  gas 
d t 
X c  = fract ion of carbon remaining 

= par t ia l  pressure of steam ' ~ ~ 0  . . 

m = reaction order with respect t o  carbon 

n = reaction order w i t h  respect t o  steam 

Ea = apparent activation energy . . 

. . . . 
T '  = reaction temperatire, K . 

T h e  simplest way t o  account f o r  inhibi t ion by the product hydrogen would be 

t o  add 'a  Langmuir adsorption term t o  Eq. 1 ,  yielding: 
. . . . 

dc - ' I ; X = ~  PH,7t exp (3) - -  
d t  

+ kl P ~ ,  
where L .  

Px, = part i  a1 pressure of product hydrogen. : 

Unfortunately, Eq. 2 s t i l l  does not adequately describe the kinetics of the 
\ 

steam-char reaction as determined by our experimental measurements. Equation 2 

includes no term describing the opening of the pore s t ructure and the res'ulting 

change i n  apparent activation energy a t  higher temperatures. T h i s  equation a lso  

f a i l s  t o  account f o r  the dependence of the inhibi t ion term on temperature and 

the extent of Carbon conversion ( X c )  When additional data a re  obtained f o r  

Hanna and Pittsburgh seam coals,  a mathematical expression wiil be derived which 

will  improve the correlation of the data obtained w i t h  the variables being studied. 

These data will then have maximum u t i l i t y  fo r  use in the mathematical models of 

the underground gasif icat ion process. 



CONCLUSIONS 

A t  high temperatures (700-750°C), the Wyodak char i s  50-1001 more 

reactive with steam than i s  Hanna char, although a t  lower temperatures 

(600-650°C), the two have essent ia l ly  equal react i  vi t i e s  with steam. The 

1ower.apparent activation'energy observed f o r  the Hanna char indicates - tha t  

i t s  average pore s i ze  i s  small.er than tha t  of the Wyodak char. The reaction 

order w i t h  respect t o  steam is  greater f o r  the Wyodak char than f o r  the 

Hanna chars, undoubtedly a l so  because of the differences i n  the pore s t ructure.  
. . . . 

Hydrogen severely inh ib i t s .  the reaction of steam w i t h  Wyodak char;' this 

inhibition i s  greater  i n  magnitude as temperature increases .and as a greater 

f ract ion of the carbon is gasified. 

A conventional- Arrhenius kinet ic  expression modified by the Langmiur 

adsorption t e n  ( f o r  hydrogen inhibi t ion)  has been found t o  be unsuitable f o r  

adequately describing the dependence of the react i  on r a t e  on the variables : 

par t ia l  pressure of steam, temperature of reaction, extent of gasif icat ion,  and 

part i  a1 pressure of hydrogen. 
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