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ABSTRACT 

Cellular automata and discrete iterations are employed to develop a new simula- 
tion method for gas-solid reactions. This approach overcomes many of the limita- 
tions of earlier models since it can handle heterogeneous systems with multiple 
porous reactants and arbitrary pore/solid geometries. The new models are used to 
simulate the gasification of porous char particles under conditions leading to 
strong intraparticle diffusional limitations and to low utilization of the micro- 
pores. In order to accurately account for the effects of the macropore structure 
on char reactivity, the new models employ computational grids obtained by digi- 
tizing images of actual char particle cross-sections using an optical microscope 
equipped with a video camera and an image processing computer. Simulation results 
are presented from multiple runs performed on several char samples that were pre- 
pared in o u r  laboratory by pyrolyzing two parent coals under various operating 
conditions. Model predictions are compared and analyzed in order to elucidate the 
effects of the macropore structure on the gasification rates and particle 
burn-out times. 

MODEL DEVELOPMENT 

This study will consider a porous solid that reacts with one o r  more gaseous 
reactants to produce one or more gaseous products. Thus, the developed model can 
be applied to all the important coal gasification and combustion reactions. 

Discrete models employ rectangular arrays of usually square cells to simulate the 
temporal evolution of pore structures in reacting systems. Our earlier discrete 
models (Sandmann and Zygourakis, 1986) defined the pores of a solid reactant 
(char) by randomly distributing on the grid overlapping regular geometrical 
entities (circles, spheres o r  cylinders) of a given size distribution. Direct 
microscopic measurements, however, revealed that char particles exhibit highly 
irregular pore structures (Zygourakis and Glass, 1988; Zygourakis, 1988). 

Cellular Arrays and Reaction R u l e s  

A new discrete simulation approach was developed to overcome the computational 
complexities introduced when considering heterogeneous reactions in system with 
arbitrary pore/solid geometries and multiple porous reactants. The new approach 
is based on cellular automata and discrete iterations. The evolving pore struc- 
ture of multicomponent systems is again modeled on rectangular arrays of cells. 
Each cell can exist in one of several possible states. It can represent, for ex- 
ample, a small volume element of either solid reactant, a pore that is accessible 
to the gaseous reactants etc. 

The important thing to notice about our  simulations approach is that the initial 
configurations of the cellular arrays are obtained directly from the digitized 
images of actual char particle cross-sections. For example, Fig. 1A is a 
1024x1040 binary image of a char particle cross-section. Black pixels correspond 
to the char matrix, while the particle exterior and the interior macropores are 
denoted by white. 

The number of possible states for each cell depends on the assumed reaction 



regime. This  s t u d y  w i l l  c o n s i d e r  t h e  fo l lowing  two l i m i t i n g  c a s e s  of r e a c t i o n  
regimes. 

Regime A: When t h e r e  a r e  no d i f f u s i o n a l  l i m i t a t i o n s  i n  t h e  macropores, t h e  e n t i r e  
s u r f a c e  a r e a  a s s o c i a t e d  with t h e  macropores i s  a v a i l a b l e  f o r  r e a c t i o n .  Then each 
c e l l  of our computa t iona l  g r i d  can e x i s t  i n  one of two p o s s i b l e  s t a t e s :  it can 
r e p r e s e n t  a small volume element of  e i t h e r  s o l i d  r e a c t a n t  or pore  void .  A n  i n i -  
t i a l  computa t iona l  g r i d  f o r  t h i s  regime i s  shown i n  F ig .  1A.  The e v o l u t i o n  of t h e  
pore  s t r u c t u r e  i s  modeled by updat ing  t h e  i n i t i a l  c e l l u l a r  a r r a y  a t  e q u a l l y  
spaced t ime i n s t a n t s  t1,t2, ..., t r , t r t l ,  ... a s  fo l lows:  If a t  t i m e  tr a s o l i d  
r e a c t a n t  (black) c e l l  is adjacent  t o  one or more gaseous r e a c t a n t  (white) c e l l s ,  
then t h i s  s o l i d  cell may b e  changed to a p o r e  void  c e l l  o r  r e a c t e d  a t  t h e  next 
t i m e  l e v e l  t r + l = t ' + A t .  The s o l i d  c e l l s  a r e  r e a c t e d  accord ing  t o  a p r o b a b i l i s t i c  
a lgor i thm t h a t  guarantees  i s o t r o p i c  consumption of t h e  S o l i d  r e a c t a n t .  This a l -  
gorithm erodes  a s i n g l e  l a y e r  of p i x e l s  from t h e  e n t i r e  s u r f a c e  a r e a  exposed t o  
gaseous r e a c t a n t s  d u r i n g  each i t e r a t i o n  s t e p  At. F i g s .  1B and 1 C  show t h e  compu- 
t a t i o n a l  g r i d  of F ig .  1 A  a f t e r  1 0  and 1 6  i t e r a t i o n  s t e p s  t h a t  cor respond t o  s o l i d  
conversions of 2 4 . 9 %  and 3 8 . 4 % .  F i g .  1D shows t h e  temporal e v o l u t i o n  of  t h e  pre-  
d i c t e d  r e a c t i o n  r a t e  a s  a f u n c t i o n  of t h e  number of i t e r a t i o n s .  

R e g i m e  E :  In t h i s  regime, on ly  t h e  s u r f a c e  a r e a  d i r e c t l y  a c c e s s i b l e  t o  r e a c t a n t s  
from t h e  i r r e g u l a r  p a r t i c l e  e x t e r i o r  p a r t i c i p a t e s  i n  t h e  r e a c t i o n .  I n t e r n a l  
macropores a r e  not  i n i t i a l l y  a c c e s s i b l e  t o  t h e  gaseous r e a c t a n t s .  when t h e  reac- 
t i o n  f r o n t  "opens" t h e s e  i n t e r i o r  pores ,  however, t h e i r  s u r f a c e  a r e a  becomes 
a v a i l a b l e  f o r  r e a c t i o n .  These r u l e s  a r e  implemented by a l lowing  each c e l l  of t h e  
computational g r i d  t o  e x i s t  i n  one of t h r e e  p o s s i b l e  s t a t e s  (see Fig.  2A): it can 
be a s o l i d  r e a c t a n t  c e l l  ( b l a c k ) ,  a c e l l  occupied by gaseous r e a c t a n t s  or "open 
pore c e l l "  (whi te )  or a cel l  belonging t o  a "c losed  macropore" ( g r e y ) .  The i n i -  
t i a l  c e l l u l a r  a r r a y  i s  updated accord ing  t o  t h e  f o l l o w i n g  r u l e s :  (1) A s o l i d  
r e a c t a n t  ( b l a c k )  c e l l  may " reac t"  (changing i t s  s t a t e  t o  w h i t e ) ,  if i t s  i m e d i a t e  
neighborhood c o n t a i n s  one or more gaseous r e a c t a n t  (whi te )  C e l l s ;  (2) A s o l i d  
r e a c t a n t  (b lack)  c e l l  w i l l  not change i t s  s t a t e ,  i f  i t  is surrounded only by 
s o l i d  (b lack)  or "c losed  pore'' (g rey)  c e l l s ;  (3) I f  "c losed  pore" ( g r e y )  c e l l s  
g e t  exposed t o  gaseous r e a c t a n t  (whi te )  c e l l s ,  t h e i r  s t a t e  may change t o  gaseous 
r e a c t a n t  ( w h i t e ) .  F i g s .  28 and 2C show t h e  c o n f i g u r a t i o n  of t h e  c e l l u l a r  a r r a y  a t  
two d i f f e r e n t  i t e r a t i o n  s t e p s  and Fig .  2D aga in  shows t h e  e v o l u t i o n  of t h e  pre- 
d i c t e d  r e a c t i o n  r a t e .  I n  g e n e r a l ,  gaseous r e a c t a n t  c e l l s  "consume" s o l i d  o r  
c l o s e d  pore  c e l l s  a t  d i f f e r e n t  r a t e s .  These r a t e s  can  be a p p r o p r i a t e l y  a d j u s t e d  
t o  account f o r  d i f f e r e n t  degrees  of d i f f u s i o n a l  l i m i t a t i o n s  i n  t h e  macropores 
opening up f o r  r e a c t i o n .  

Es t imat ing  Reac t ion  Rates from D i s c r e t e  S imula t ions  

The s imula t ion  r e s u l t s  can b e  r e l a t e d  t o  exper imenta l  g a s i f i c a t i o n  d a t a  a s  f o l -  
lows. If m ( t )  is t h e  mass of s o l i d  remaining a t  t i m e  t ,  t h e  s p e c i f i c  r a t e  R,,, of 
t h e  heterogeneous r e a c t i o n  can be expressed  a s  

where Sg i s  t h e  specific p o r e  s u r f a c e  a r e a  a v a i l a b l e  f o r  r e a c t i o n  (expressed  i n  
m2 of s u r f a c e  a r e a  p e r  kg of s o l i d ) ,  K ( c , T ; a )  i s  t h e  i n t r i n s i c  r e a c t i o n  r a t e  ex- 
pressed  i n  (kg of s o l i d ) / ( s )  (m2 of s u r f a c e  a r e a ) ,  c denotes  t h e  gaseous r e a c t a n t  
concent ra t ions ,  T i s  t h e  tempera ture  and a ( X )  i s  a measure of t h e  s u r f a c e  ac- 
t i v i t y .  Since t h e  porous S o l i d  i s  consumed dur ing  t h e  r e a c t i o n ,  t h e  s u r f a c e  a r e a  
Sg changes d r a s t i c a l l y  with t h e  s o l i d  convers ion  X d e f i n e d  by 

m - m ( t )  
m ( 2 )  

x = o  

where m, is t h e  mass of t h e  unreac ted  s o l i d .  I n t r a p a r t i c l e  d i f f u s i o n a l  l i m i t a -  
t i o n s  a r e  accounted by Eq. ( 2 ) ,  s i n c e  such l i m i t a t i o n s  ( i n  t h e  micropores,  f o r  
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example) 
t i o n .  

may d r a m a t i c a l l y  decrease  t h e  t o t a l  s u r f a c e  a r e a  Sg a v a i l a b l e  f o r  reac- 

Let dv be t h e  volume of  s o l i d  consumed by t h e  heterogeneous r e a c t i o n  over  a t i m e  
p e r i o d  e q u a l  t o  d t .  Then 

where p, i s  t h e  d e n s i t y  of t h e  s o l i d  r e a c t a n t .  If t h e  r e a c t i o n  r a t e  i s  uniform 
o v e r  t h e  e n t i r e  s u r f a c e  a r e a  Sg, a l a y e r  of s o l i d  with uniform t h i c k n e s s  dz w i l l  
be consumed over t h e  t ime p e r i o d  d t .  Thus, dV = Sg m ( t )  dz and Eq. ( 3 )  becomes 

dz - % ( c , T ; a )  
d t  ( 4 )  _ _  

PS 
The previous  e q u a t i o n s  can  be used t o  normalize t h e  r e a c t i o n  r a t e s  p r e d i c t e d  by 
t h e  d i s c r e t e  models. A t  every  s i m u l a t i o n  s t e p ,  we erode  a s i n g l e  l a y e r  of p i x e l s  
from t h e  s o l i d  s u r f a c e  a r e a  a v a i l a b l e  f o r  r e a c t i o n .  Thus, every  e r o s i o n  S t e p  cor- 
responds t o  a t ime i n t e r v a l  A t  t h a t  e q u a l s  t h e  t ime r e q u i r e d  t o  conver t  a s o l i d  
l a y e r  of uniform t h i c k n e s s  AT., where Az i s  t h e  p i x e l  s i z e .  From Eq. ( 4 )  

% ( c , T ; a )  

PS 
-_  
A t  

and i f  two s i m u l a t i o n s  a r e  c a r r i e d  o u t  on images with d i f f e r e n t  p i x e l  s i z e s  Az 
and Az*, t h e i r  t i m e  s t e p s  w i l l  be r e l a t e d  accord ing  t o  t h e  formula 

(6) Az - 
A t  At* 
_ -  

The measured r e a c t i o n  r a t e s  a r e  most o f t e n  normalized with r e s p e c t  t o  t h e  mass m, 
o f  t h e  unreac ted  s o l i d  or 

L e t  now No be t h e  number of s o l i d  r e a c t a n t  p i x e l s  on t h e  i n i t i a l  computational 
g r i d  and l e t  ( A N ) =  b e  t h e  number of s o l i d  p i x e l s  t h a t  r e a c t  i n  t h e  t i m e  i n t e r v a l  
[ tr , tr t l  I .  The s p e c i f i c  r a t e  RE f o r  t h i s  s t e p  can be computed a s  

L e t  Az be t h e  p i x e l  s i z e  ( i n  p~) f o r  t h i s  image and let A t *  b e  t h e  t i m e  r e q u i r e d  
t o  r e a c t  a l a y e r  of s o l i d  with uniform t h i c k n e s s  e q u a l  t o  Az* = 1 pm. Eqs. ( 8 )  
and (6) y i e l d  

( 9 )  

Thus, Eq. ( 9 )  provides  s p e c i f i c  r e a c t i o n  r a t e s  t h a t  a r e  independent of t h e  p i x e l  
s i z e  of t h e  d i g i t i z e d  images used i n  t h e  s i m u l a t i o n s .  

Using Eq. (51, t h e  v a l u e  of A t '  can be computed from t h e  va lue  of t h e  i n t r i n s i c  
r a t e  q ( c , T ; a )  a t  t h e  a p p r o p r i a t e  c o n d i t i o n s .  Most o f t e n ,  however, t h e  r e a c t i v i t y  
d a t a  obta ined  a t  v a r i o u s  tempera tures  and r e a c t a n t  c o n c e n t r a t i o n s  a r e  normalized 
so a s  t o  o b t a i n  master c u r v e s  t h a t  y i e l d  ( w i t h i n  exper imenta l  e r r o r )  t h e  depen- 
dence  of t h e  a c t i v e  s u r f a c e  a r e a  on convers ion .  Such mas ter  curves  can b e  ob- 
t a i n e d  d i r e c t l y  from t h e  s i m u l a t i o n s  by p l o t t i n g  t h e  d imens ionless  r a t e  
R: E Ri A t *  v s .  e i t h e r  t h e  conversion or a d imens ionless  t ime €I where 

t ZRs(c,T;a) 
(10) 

The p r e d i c t i o n s  of observed r e a c t i o n  r a t e s  assume, of course ,  t h a t  t h e  s u r f a c e  
a c t i v i t y  and t h e  i n t r i n s i c  r e a c t i o n  r a t e  % do not  change a p p r e c i a b l y  con- 
v e r s i o n .  S ince  s e v e r a l  s i m u l a t i o n s  a r e  performed f o r  each c h a r  sample, t h e  

A t  * Az* P, 
with 
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average rate 8: is computed by the formula 

~ 

where the summations age taken over all simulation runs performed for different 
particle cross-sections from the same char sample. The reaction rates computed 
according to Eq. (11) can be directly compared regardless of the amount of solid 
in each sample or the magnification used when acquiring the digitized images. 

The simulations described here are performed on two-dimensional cellular arrays 
that are discrete approximations of cross-sections of actual char particles. At 
each iteration step, heterogeneous reactions occur at the boundaries (perimeter) 
of the two-dimensional pore profiles (see Figs. 1 and 2 ) .  Results from 
two-dimensional simulations, however, can be used to obtain accurate estimates of 
reaction rates occurring on our three-dimensional structures. If we assume that 
the cross-sections used for our simulations form a "random plane section" through 
our  population of char particles, unbiased estimators of the macroporosity E and 
of the macropore surface density S, (in (cm2 pore surface) / (cm3 particle)) are 
given (Weibel, 1980) by 

where A, is the total area of pore profiles, 8, is the total pore profile boun- 
dary length and A, is the total area of particle cross-sections. Note that S, can 
be estimated from two-dimensional sections without any restricting assumptions 
concerning the geometrical shape of the pores (DeHoff, 1983). The three primary 
quantities A,, A, and B, can be easily obtained from the particle cross-sections 
via image processing techniques, and the total specific macropore surface area S, 
(expressed in m2 per kg of solid) can be easily computed as 

I 

When reaction takes place in Regime A, there are no diffusional limitations in 
the macropores and the entire macropore surface area reacts at the same. rate 
(S, = S c ) .  If we assume that the evolving cross-sections continue to constitute 
"random sections" for our char particle population, the discrete simulations pro- 
vide accurate estimates of the changing surface area of the three-dimensional 
macropores and, consequently, of the temporal evolution of reaction rates in Re- 
gime A (see Eqs. 1 o r  7). Although these arguments do not hold in the general 
case of reaction in Regime B (where the internal macropores are assumed to be 
"closed" and Sg f S , ) ,  approximate estimates of reaction rates can be obtained if 
we assume that the internal pores for any cross-section do not become available 
f o r  reaction due to burn-through occurring at planes above or below the studied 
one. Although this assumption can be easily relaxed in our discrete models, such 
an extension of the models would require information about the connectivity of 
the three-dimensional macropores. Such structural information is not currently 
available. 

RESULTS AND DISCUSSION 

An earlier study (Zygourakis, 1988) presented the results from microscopic in- 
vestigations on the macropore structure of coal chars prepared under different 
pyrolysis conditions. Char particles collected from several runs at each set of 
conditions were embedded in an epoxy-resin block, and one side of the block was 
polished to reveal random cross-sections. Digitized images of particle 
cross-sections were then acquired and segmented on an image processing computer 
to identify the char matrix and macropores with diameter greater than 1 p ~ .  
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The o r i g i n a l  b i n a r y  images had a r e s o l u t i o n  of 640x480 p i x e l s .  Many cha r  Samples, 
however, e x h i b i t e d  macropores with ve ry  t h i n  wa l l s  t h a t  were consumed i n  Only a 
few i t e r a t i o n s .  In o r d e r  t o  i n c r e a s e  t h e  accuracy of t h e  s imula t ions ,  each 
640x480 image was f i rs t  magnif ied by a f a c t o r  of 4 .  The magnif ied 2560x1920 i m -  
ages  were smoothed t o  remove t h e  edge "jaggedness" t h a t  i s  in t roduced  by s imple 
magn i f i ca t ion  o p e r a t i o n s .  Seve ra l  runs were a l s o  c a r r i e d  o u t  by magnifying t h e  
o r i g i n a l  images by a f a c t o r  of 8 and smoothing them. Resu l t s  ob ta ined  from simu- 
l a t i o n s  wi th  5120x3840 images showed only sma l l  d i f f e r e n c e s  from t h o s e  obtained 
from s imula t ions  wi th  2560x1920 images. For each cha r  sample, 48 runs were per-  
formed with d i f f e r e n t  p a r t i c l e  c ros s - sec t ions  and t h e  r e s u l t s  were averaged a s  
p rev ious ly  d i s c u s s e d .  

W e  s imula t ed  f i r s t  a g a s - s o l i d  r e a c t i o n  t a k i n g  p l a c e  i n  Regime A, where t h e r e  a r e  
no d i f f u s i o n a l  l i m i t a t i o n s  i n  t h e  macropores and t h e  e n t i r e  macropore s u r f a c e  
a r e a  r e a c t s  a t  t h e  same r a t e .  F ig .  3 p r e s e n t s  t h e  r e a c t i v i t y  p a t t e r n s  p red ic t ed  
f o r  4 cha r s  produced from an  I l l i n o i s  1 6  coal a t  d i f f e r e n t  p y r o l y s i s  hea t ing  
r a t e s .  The model p r e d i c t i o n s  r e f l e c t  t h e  w i d e  d i f f e r e n c e s  i n  t h e  po re  s t r u c t u r e  
of t h e s e  c h a r s  (Zygourakis,  1988) .  A l l  c h a r s  e x h i b i t  an i n i t i a l  i n c r e a s e  in reac-  
t i v i t y  caused by macropore growth. Such a behavior  cannot  be p red ic t ed  by 
sh r ink ing -co re  models.  Since t h e  c h a r s  produced a t  h igh  h e a t i n g  r a t e s  I10 and 
1000 ' C / s )  have a l m o s t  e x c l u s i v e l y  l a r g e  thin-wal led c a v i t i e s  ( i b i d . ) ,  t h e  pre-  
d i c t e d  r a t e s  d r o p  d r a m a t i c a l l y  when t h e  t h i n  wa l l s  s e p a r a t i n g  t h e  macropores a r e  
consumed. The r a t e  v s .  conversion p a t t e r n s  e x h i b i t  a sma l l  maximum t h a t  i s  
s h i f t e d  towards h i g h e r  conversion l e v e l s  f o r  t h e  c h a r s  produced a t  high hea t ing  
r a t e s .  F i g .  4 shows t h e  p r e d i c t e d  r e a c t i v i t y  behavior  f o r  t h r e e  c h a r s  produced 
from d i f f e r e n t  s i z e  f r a c t i o n s  o f  I l l i n o i s  (t6 c o a l  p a r t i c l e s  at a p y r o l y s i s  heat-  
i n g  r a t e  of 1 0  " C / s .  Small  c o a l  p a r t i c l e  s i z e s  lead t o  cha r s  with l a r g e r  macro- 
pore s u r f a c e  a r e a s  and, hence, with higher  r e a c t i v i t y .  These high r e a c t i o n  r a t e s  
f a l l  r ap id ly ,  however, and t h e  maximum i n  t h e  r a t e  v s .  conversion p a t t e r n  s h i f t s  
towards lower conve r s ions .  F ig .  5 shows t h e  p r e d i c t e d  r e a c t i v i t y  behavior  f o r  two 
c h a r s  produced from a l i g n i t e  c o a l  a t  0 . 1  and 1 0 0 0  ' C / s .  Small  d i f f e r e n c e s  i n  
c h a r  r e a c t i v i t y  can be seen  from t h e s e  graphs,  an obse rva t ion  c o n s i s t e n t  with t h e  
p y r o l y s i s  mechanism and  t h e  po re  s t r u c t u r e  of t h e s e  c h a r s .  

F ig .  6 p r e s e n t s  s i m u l a t i o n  r e s u l t s  obtained when 4 I l l i n o i s  #6 c h a r s  ( s e e  F ig .  3)  
r e a c t  i n  Regime 8 ,  where t h e  i n t e r n a l  macropores a r e  no t  i n i t i a l l y  a c c e s s i b l e  t o  
t h e  gaseous r e a c t a n t s .  Due t o  t h e  p rogres s ive  opening of i n t e r n a l  macropores,  t h e  
r e a c t i v i t y  of c h a r s  produced a t  low p y r o l y s i s  h e a t i n g  r a t e s  ( e .g .  0 .1  " C / s )  
remains h igh  even a t  f a i r l y  l a r g e  values  of conversion.  The r e a c t i v i t y  p a t t e r n s  
of c h a r s  produced a t  h igh  p y r o l y s i s  r a t e s  (e.9. 1000 " C / s )  show s e v e r a l  l o c a l  
maxima t h a t  co r re spond  t o  t h e  opening up of i n t e r n a l  l a r g e  macropores and of t h e  
sma l l e r  secondary v e s i c l e s  formed i n  t h e  wa l l s  s e p a r a t i n g  t h e  l a r g e r  macropores 
( s e e  Zygourakis,  1 9 8 8 ) .  Such jumps i n  t h e  r e a c t i o n  r a t e  have been observed du r ing  
s i n g l e - p a r t i c l e  g a s i f i c a t i o n  experiments  (Sundback e t .  a l . ,  1984) .  
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Figure 1: Binary images showing the computational grids at three con- 
version levels (A: X=O.OO, B: X=24.9%, C: X=38.4%) and the 
evolution of normalized reaction rates f o r  a simulation in 
reaction Regime A (two-state computational cells). 
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Figure 2: Binary images showing the computational grids at three con- 
version levels (A: X=O.OO, B: X=30.9%, C: X=49.1%) and the 
evolution of normalized reaction rates f o r  a simulation in 
reaction Regime B (three-state computational cells). 
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Figure 3 :  R e a c t i v i t y  p a t t e r n s  p r e d i c t e d  f o r  r e a c t i o n  i n  Regime A of 
f o u r  I l l i n o i s  #6 c h a r s  produced a t  d i f f e r e n t  p y r o l y s i s  hea t -  
i n g  r a t e s  (Coal p a r t i c l e  s i z e :  50-60 m e s h ) .  Each curve is  t h e  
ave rage  computed from 4 8  runs with d i f f e r e n t  p a r t i c l e  
c r o s s - s e c t i o n s .  
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Figure 4 :  Reactivity patterns predicted for reaction in Regime A of 
three I l l i n o i s  #6 chars produced from d i f f erent  coa l  p a r t i c l e  
s i z e  fract ions (Pyrolysis  heating ra te :  1 0  " C / s ) .  Each curve 
i s  the average computed from 4 8  run8 with d i f f erent  p a r t i c l e  
cross - sec t ions .  
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Figure 5 :  React iv i ty  patterns predicted for reaction i n  Regime A of two 
l i g n i t e  chars produced a t  d i f f erent  pyro lys i s  heating ra tes  
(Coal p a r t i c l e  s i z e :  50-60 mesh). Each curve i s  the average 
computed from 4 8  runs with d i f f erent  p a r t i c l e  cross - sec t ions .  
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Figure 6 :  Reactivity patterns predicted for  reaction in Regime B of 
f o u r  I l l i n o i s  116 chars produced a t  d i f f erent  pyro lys i s  heat- 
ing  rates  (Coal p a r t i c l e  s i z e :  50-60 m e s h ) .  Each curve is  t h e  
average computed from 4 8  runs with d i f f e r e n t  par t i c l e  
cross - sec t ions .  
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