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INTRODUCTION 

The changes in pore s t r u c t u r e ,  i n t e r n a l  sur face  area, and t r a n s p o r t  charac te r i s -  
t i cs  of  porous carbonaceous materials play a major r o l e  in t h e i r  g a s i f i c a t i o n  behav- 
i o r .  To descr ibe  the  complex i n t e r a c t i o n s  of phys ica l  and t ranspor t  p r o p e r t i e s  dur- 
ing  char  g a s i f i c a t i o n ,  it is e s s e n t i a l  t o  have a r e a l i s t i c  model f o r  the  evolut ion 
of geometr ical  and topologica l  f e a t u r e s  of the  pore space. Several  models f o r  the 
s t r u c t u r a l  changes during gas-sol id  reac t ions  have been developed (1-11) r e s u l t i n g  
i n  important c o n t r i b u t i o n s  t o  the  understanding of char  g a s i f i c a t i o n  reac t ions .  
Nevertheless ,  ref inements  a r e  needed s i n c e  a v a i l a b l e  models can s u c c e s s f u l l y  pred ic t  
on ly  a subset  of experimental  observat ions.  Even though a v a i l a b l e  s t r u c t u r a l  models 
i n c l u d e  key f e a t u r e s  of pore branching, important topologica l  e f f e c t s  are l o s t  when 
t h e  inf luence  of c losed  p o r o s i t y  is not  taken i n t o  account and e f f e c t i v e  d i f f u s i o n  
c o e f f i c i e n t s  a r e  evaluated through t o r t u o s i t y  f a c t o r s .  Another key topologica l ly  
dependent property is the  eventual  f ragmentat ion of t h e  p a r t i c l e  a t  a cr i t ical  por- 
o s i t y .  The uniform development of poros i ty  in t h e  k i n e t i c  regime causes  p a r t i c l e  
d i s i n t e g r a t i o n  p r e f e r e n t i a l l y  a t  h igh  conversions.  On t h e  o ther  hand, when d i f fu-  
s i o n a l  res i s tances  are important ,  the  c r i t i c a l  poros i ty  of f ragmentat ion is reached 
f i r s t  a t  the  particle s u r f a c e ,  causing the continuous shr inkage of the  p a r t i c l e  from 
t h e  e a r l y  s tages  of  conversion.  Consequently, the  o v e r a l l  conversion is not only 
determined by the conversion l e v e l  of the  shr inking  p a r t i c l e  but a l s o  by the  h i s t o r y  
o f  re leased  fragments. An i n t e r e s t i n g  t reatment  of particle shrinkage during char  
p a r t i c l e  combustion has been presented by Gavalas ( 9 ) .  However, more d e t a i l e d  anal- 
y s i s  is required t o  relate the  c r i t i c a l  poros i ty  of fragmentation t o  the  topology of 
t h e  i n t e r n a l  s t r u c t u r e .  

t o  t h e  a n a l y s i s  of coa l  g a s i f i c a t i o n .  It is  well known t h a t  inorganic  impur i t ies  
n a t u r a l l y  present  i n  char  particles can ca ta lyze  gas i f icaEion  r e a c t i o n s  (12) .  How 
e v e r ,  our primary o b j e c t i v e  i s  t o  improve the s t r u c t u r a l  models. Realist ic exten- 
sions may then be made t o  include c a t a l y t i c  e f f e c t s .  The present  particle descrip- 
t i o n  focuses on s t r u c t u r a l  and topologica l  f e a t u r e s  not  included' i n  previous models. 
The use of percola t ion  theory  provides  a n a t u r a l  framework f o r  understanding and 
eva lua t ing  the  r o l e  of pore opening. pore enlargement and pore over lap  in t h e  evolu- 
t i o n  of poros i ty  and i n t e r n a l  sur face  a rea .  Moreover, it accura te ly  descr ibes  the 
fundamental in f luence  of pore topology on t r a n s p o r t  c h a r a c t e r i s t i c s  of t h e  i n t e r n a l  
s t r u c t u r e ,  a s  well a s  particle fragmentat ion phenomena a t  high p o r o s i t i e s .  

PERCOLATION CONCEPTS AND STRUCTIlRAL PROPERTIES 

A general  d e s c r i p t i o n  of char  g a s i f i c a t i o n  r e q u i r e s  a model r e l a t i n g  physical  

The objec t ive  of t h i s  paper is t o  present  an a p p l i c a t i o n  of percola t ion  theory 

and t ranspor t  p r o p e r t i e s  to  l o c a l  s t r u c t u r a l  changes. This model should accura te ly  
d e s c r i b e  the  a c c e s s i b l e  p o r o s i t y  (.+A), a c c e s s i b l e  i n t e r n a l  sur face  area per uni t  
volume ( iA) .  and e f f e c t i v e  t r a n s p o r t  c o e f f i c i e n t s  ( E ~ )  a s  funct ions of l o c a l  carbon 
Conversion. 
(i) and t o t a l  poros i ty  (4)  can be l o c a l l y  descr ibed through the r e l a t i o n s :  

The p o t e n t i a l  c o n t r i b u t i o n s  from closed pores  t o  the  t o t a l  sur face  a r e a  
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where the superscript I on $ and 2 identify the isolated porosity and surface area. 
Equations 1 and 2 are necessary to account for pore opening by chemical reactions of 
the internal structure. 

of $A as well as on the size and geometry of the pores. 
main topological features of the internal structure, such as dead ends and tortuous 
paths, which determine the extent of mass transport through the pore space. More- 
over. if Knudsen diffusion is significant, the evolution of the pore size distribu- 
tion also becomes a key factor in predicting transport. 

Since a complete characterization of pore space morphology cannot be obtained by 
regular geometrical and topological simplifications, it is desirable to resort to 
some statistical description. This is supported by the observation that the major- 
ity of porous solids exhibit highly disordered structures. Consequently the sta- 
tistical means of p&rcolation theory are ideally suited for evaluating + A s  &A and 
in terms of $. Percolation theory, first introduced by Broadbent and Eammersley 
(13), has been successfully applied to describe numerous physical and mechanical 
phenomena in disordered media. Key concepts and details of the theory can be found 
in available review papers (e.g. (14-16)). 

Transport and reactions in porous solids can be modelled, in principle, by con- 
structing large space filling random structures. However, the computational effort 
involved surpasses available resources even in large scale computing facilities. 
Fortunately, key features of these models are captured by simple networks. Reyes 
and Jensen (17) have recently demonstrated that a network model of pore topology, a 
so-called Bethe network may be used to evaluate + A  and EE in porous solids. 
network is an endlessly branching tree lacking reconnections and completely charac- 
terized by its coordination number Z. The coordination number is the number of 
bonds connecting each site. If a fraction $ of randomly selected bonds are labeled 
as "pores", $A is a unique function of $ and Z .  

old value $=, called the percolation threshold. the pore space consists of discon- 
nected regions, 1.e. isolated pores. The threshold value for Bethe networks is 
given by (18): 

The effective transport coefficients are strongly dependent on the development 
That is, $A reflects the 

A Bethe 

If $ is less than a nonzero thresh- 

$c * U(z-1) 3) 
i- 

The network thus defined can be conveniently w e d  to simulate topological features 
in porous solids. Since its topological properties are preserved by increasing or 
decreasing the length and/or the cross-section of the bonds, the experimentally 
measured porosity, $A, and pore size distribution, f(r), can be readily matched to 
the network model by randomly removing a fraction l-$($A,z) of bonds and distribut- 
ing sizes to a fraction $($A,z) according to f(r). To completely specify the appro- 
priate network model simulating the pore space of the porous solid, the coordination 
number of the Bethe network must be selected. This number is chosen to match the 
percolation threshold of the Bethe network and the porous solid. OC for the solid 
can be determined from fragmentation studies (19) through the relation: 

oc = 1 - $* 4 )  

where +* is the critical porosity of fragmentation. 
directly determine z from experimental data on effective diffusion coefficients (17). 
A schematic representation of accessible pore space simulated by a 3-coordinated 
Bethe network is shown in Figure 1 for arbitrary inputs of $A and f(r). 
tiveness of this approach is that effective transport coefficients can be exactly 
evaluated for binary mixtures without resorting to tortuosity factors while explic- 

Close agreement has been found between predictions with this method and published 
experimental data on effective diffusion coefficients (17). 
shows experimentally measured diffusion coefficients for the pair CD-CO2 in porous 

An alternative approach is to 

The attrac- 

, itly accounting for the influences of narrow necks, tortuous paths and dead ends. 

As an example, Table 1 

' 

I 
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e l e c t r o d e  g r a p h i t e  (20). and predicted values  with a 5-coordinated Bethe network. 
Predicted values  a r e  i n  e x c e l l e n t  agreement with measurements f o r  a wide range of 
temperatures  (18-900°C) and pressures  (0.1-10 atm). Moreover, t h i s  approach allows 
a n a t u r a l  ex tens ion  f o r  eva lua t ing  cE i n  changing s t r u c t u r e s .  s i n c e  input  values  of 
@ and f ( r ) ,  c h a r a c t e r i z i n g  the l o c a l  morphology, can be determined from independent 
balance equat ions.  

f ragmentat ion may be modelled by Equations 3 and 4. Once the appropr ia te  coordina- 
t i o n  number has been s e l e c t e d ,  both +c and +* a r e  determined. 
emphasized t h a t  +* is based s o l e l y  on topologica l  f e a t u r e s  of two-phase s t r u c t u r e s  
l e a d i n g  t o  p a r t i c l e  breakup by r e a c t i o n s ,  and not  to mechanical phenomena, such a s  
abrasion.  

By using the  present  Bethe network representa t ion  of t h e  pore space, p a r t i c l e  

However, it should be 

The mass d i s t r i b u t i o n  of re leased  fragments may be est imated a s  (21): 

where n is an i n t e g e r  number represent ing  the  s i z e  of the c l u s t e r  whose mass is amf.  
wi th  mf being the  mass of the  smal les t  f r a c t a l  u n i t  c h a r a c t e r i z i n g  the  s t r u c t u r e .  

To complete t h e  framework f o r  a g a s i f i c a t i o n  model, t h e  a c c e s s i b l e  i n t e r n a l  SUP 

f a c e  a r e a  must be r e l a t e d  t o  t h e  l o c a l  s t r u c t u r e .  Consis tent  with the Bethe network 
formulat ion,  and based on p r o b a b i l i s t i c  arguments. iA can be est imated a s  (21): 

The constant  K is r e l a t e d  t o  the  mass per  u n i t  volume of a f r a c t a l  u n i t ,  and can be 
obtained by matching gA t o  a s i n g l e  s u r f a c e  a r e a  determinat ion.  
p l i c a t i o n s  of t h i s  approach a r e  t h a t  e f f e c t s  of pore enlargement and pore overlap 
become n a t u r a l  consequences of increas ing  0 i n  a random fashion. 

The important im-  

GASIFICATION MODEL 

G a s i f i c a t i o n  of a s i n g l e  char  p a r t i c l e  in CO2 is chosen t o  i l l u s t r a t e  the perco- 
l a t i o n  based approach o u t l i n e d  i n  the previous sec t ion .  It is f u r t h e r  assumed tha t  
t h e r e  a re  no c a t a l y t i c a l l y  a c t i v e  mineral  impur i t ies  in t h e  char. The eva lua t ion  of 
phys ica l ,  t r a n s p o r t  and fragmentat ion p r o p e r t i e s  r e q u i r e  i n i t i a l  da ta  r e a d i l y  avaf l -  
a b l e  by convent ional  c h a r a c t e r i z a t i o n  of porous s o l i d s  (e.g. +$, $6, f o ( r ) ) ,  except 
f o r  the coord ina t ion  number of the  network. This number can be implied from experi- 
mental  d a t a  on d i f f u s i o n  c o e f f i c i e n t s  or f ragmentat ion s t u d i e s .  HOWeVeK, here  it is 
considered as a parameter t o  s imulate  g a s i f i c a t i o n  behavior of char  p a r t i c l e s  with 
varo ius  l e v e l s  of pore space connec t iv i ty .  
(17) - 
t o  an increase  i n  the number of moles, mass t r a n s f e r  c o n t r i b u t i o n s  from both concen- 
t r a t i o n  and pressure  g r a d i e n t s  must be included in the  model equat ions.  The der iva-  
t i o n  of t h e  appropr ia te  equat ions descr ib ing  t h e  g a s i f i c a t i o n  behavior f o r  the above 
condi t ions  has been presented elsewhere (22). 
t i o n s  may be summarized as:  

Mass balances f o r  gaseous components: 

Typical  va lues  f a l l  i n  t h e  range 4 t o  8 

Since t h i s  r e a c t i o n  leads The r e a c t i o n  is considered t o  be f i r s t  order  i n  C02. 

I n  dimensionless form, modelling equa- 

i # j - CO,COz 
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i 

Mass balance f o r  s o l i d  phase: 

Y(E.0)  = 0, 

Rate of p a r t i c l e  shrinkage: 

T < T* 

T > T* 

The dimensionless v a r i a b l e s  were chosen t o  f a c i l i t a t e  the numerical s o l u t i o n  of 
t h e  modeling equat ions and expose time cons tan ts  f o r  key physicochemical processes  
involved. S, (. A ,  X a r e  dimensionless  sur face  area, pore r a d i u s ,  p ressure  and gas 

E:; and cEP a r e  dimensionless l o c a l  e f f e c t i v e  d i f f u -  concent ra t ion ,  respec t ive ly .  
s i o n  and permeabi l i ty  c o e f f i c i e n t s .  r e s p e c t i v e l y .  
r/r*, where r* is the  ins tan taneous  p a r t i c l e  rad ius .  t h e  moving boundary problem is 
transformed t o  a f ixed  one. The second term on the  r i g h t  hand s i d e  of Equation 11 
accounts  for  t h e  e f f e c t  of the  moving boundary a r i s i n g  from shr inking  p a r t i c l e  s i z e .  
The e x t e r n a l  sur face  of the  particle receeds by two major mechanisms: chemical 
r e a c t i o n  on t h e  e x t e r n a l  sur face  and per imeter  f ragmentat ion.  as descr ibed  by 
Equat ions 13 and 1 4 ,  r e s p e c t i v e l y .  T* is the  dimensionless  t i m e  a t  which + i n  
Equation 11 reaches the c r i t i c a l  p o r o s i t y  of f ragmentat ion +*. 
f i c a t i o n  of the  modelling equat ions requi res  working express ions  f o r  OA(+ ,z) and 
EE(z,+,f(r) ,L(r))  developed i n  Reyes and Jensen (17). 

i j  
By def in ing  q = r*/rOc and 5 = 

The complete speci- 

GASIFICATION I N  THE KINETIC REGIME 

I n  the  k i n e t i c  regime CO2 is uniformly d i s t r i b u t e d  throughout the  p a r t i c l e  so 
only t h e  r a t e  of carbon consumption, according to  Equation 11, is  required t o  
d e s c r i b e  the g a s i f i c a t i o n  behavior. Furthermore. s i n c e  only a n e g l i g i b l e  p a r t i c l e  
shr inkage occurs  due t o  chemical r e a c t i o n  on the  e x t e r n a l  sur face ,  the  second term 
on the  r i g h t  hand s i d e  of Equation 11 can be neglected.  Because of t h e  uniform por- 
o s i t y  increase  throughout the  p a r t i c l e ,  Equation 14 p r e d i c t s  an ins tan taneous  d is in-  
t e g r a t i o n  of t h e  p a r t i c l e  when + reaches +*- For 0 > +* i t  can be shown t h a t  (21): 

where roc is t h e  i n i t i a l  p a r t i c l e  r a d i u s ,  and $ is now a pseudo-porosity whose com- 
plementary f r a c t i o n  (1-0) represents  t h e  remaining f r a c t i o n  of the  i n i t i a l  s o l i d  
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mater ia l .  I f  conversion is r e l a t e d  t o  0 through the  r e l a t i o n :  

then  the g a s i f i c a t i o n  r a t e  is  evaluated as:  

Therefore ,  by using Equations 11, 16,  17 and 18 t h e  complete ga Lfic 

18s) 

18b) 

t i o n  be- 
havior  of a char  p a r t i c l e  can be simulated. 
chosen for t h i s  purpose are summarized i n  Table 2 .  It is assumed t h a t  micro- and 
mesopores a r e  pr imar i ly  respons ib le  f o r  t h e  sur face  a r e a  and t h a t  they account for  
213 and 113 of the  pore volume, respec t ive ly .  By using the genera l  model equat ions 
it was v e r i f i e d  t h a t  t h e  parameter values  i n  Table 2 correspond t o  g a s i f i c a t i o n  
under k i n e t i c a l l y  c o n t r o l l e d  condi t ions .  F igure  2 summarizes g a s i f i c a t i o n  behavior 
f o r  porous char  p a r t i c l e s  with d i f f e r e n t  i n i t i a l  a c c e s s i b l e  p o r o s i t i e s .  A coordina- 
t i o n  number of 2-7 was chosen to s imula te  a complex random s t r u c t u r e  g iv ing  a criti- 
cal  poros i ty  of f ragmentat ion of approximately 5 /6 ,  s i m i l a r  t o  values  observed by 
Dutta  et a l .  (23) and Kers te in  and Niksa (19). The s o l i d  l i n e s  descr ibe  t h e  gas i f i -  
c a t i o n  before  p a r t i c l e  d i s i n t e g r a t i o n .  As expected,  t h e  higher  the  i n i t i a l  porosi ty  
t h e  lower t h e  conversion a t  which p a r t i c l e  d i s i n t e g r a t i o n  takes  place. Beyond t h i s  
c r i t i c a l  conversion,  t h e  g a s i f i c a t i o n  o f  fragments is descr ibed by the  dashed l i n e s ,  
as evaluated by Equat ions 16. 17 and lab .  The shapes of the  r a t e  curves  r e f l e c t  com- 
p e t i t i o n  between s u r f a c e  a r e a  enlargement due to pore growth a t  low conversion, and 
s u r f a c e  a r e a  decay due t o  pore coalescence a t  l a r g e r  p o r o s i t i e s .  With increas ing  
va lues  of i n i t i a l  p o r o s i t i e s  the  coalescence process  becomes important at s h o r t e r  
t i m e s ,  causing t h e  maximum r a t e  t o  decrease and s h i f t  towards lower values  of con- 
vers ion .  Further  i n c r e a s e s  i n  poros i ty  cause t h e  maximum t o  disappear .  

The ex is tence  of c losed  pores ,  a topologica l  f e a t u r e  of the  i n t e r n a l  s t r u c t u r e ,  
a l s o  plays a r o l e  i n  t h e  g a s i f i c a t i o n .  Their  ex is tence  has been experimental ly  de- 
termined by s e v e r a l  i n v e s t i g a t o r s  (e.g. 20 ,25).  This e f f e c t  can be r e a d i l y  i l l u s -  
t r a t e d  by analyzing the  behavior of char  p a r t i c l e s  with d i f f e r e n t  pore space connec- 
t i v i t i e s .  
i n t e r n a l  s t r u c t u r e  is t h e  higher  t h e  conversion a t  which particle d i s i n t e g r a t i o n  
t a k e s  place.  In a d d i t i o n ,  as t h e  connec t iv i ty  is increased ,  t h e  maximum rates de- 
crease i n  magnitude and s h i f t  toward h igher  values  of conversion. These phenomena 
are r e a d i l y  explained by not ing t h a t  t h e  lower the  connec t iv i ty  of the  pore space 
i s .  t h e  g r e a t e r  t h e  amount of c losed  pores  t h a t  can be made a c c e s s i b l e  by chemical 
r e a c t i o n s  of pore walls. This  i n  turn causes  t h e  a c c e s s i b l e  sur face  a r e a  t o  in- 
crease but a l s o  makes t h e  r a t e  of pore coalescence dominant a t  low conversions.  

Typical  k i n e t i c  and physical  parameters 

A s  observed from Figure 3, f o r  a $6 - 0.20, t h e  more connected the  t h e  

GASIFICATION IN THE DIFFUSIONAL REGIME 

To c l e a r l y  focus  on t r a n s p o r t  l i m i t a t i o n s  caused by i n t r a p a r t i c l e  phenomena, it 
w i l l  be assumed t h a t  t h e r e  is no boundary l a y e r  r e s i s t a n c e  f o r  mass t r a n s p o r t  t o  the 
e x t e r n a l  sur face  (1.e. 
r e a d i l y  be included in t h e  numerical s o l u t i o n  but  the  i n t e r p r e t a t i o n  of the r e s u l t s  
become unnecessar i ly  more complicated. 
numerical ly  by us ing  or thogonal  c o l l o c a t i o n  on f i n i t e  elements (23) .  

s i o n  and g a s i f i c a t i o n  rate depend not  on ly  on t h e  g a s i f i c a t i o n  behavior of the  

>> 1). The ex is tence  of boundary l a y e r  r e s i s t a n c e  can 

The modelling equat ions  7-15 were solved 

Once the onse t  of per imeter  f ragmentat ion has  been reached, t h e  g loba l  conver- 
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shr inking  particle but a l s o  on t h e  g a s i f i c a t i o n  h i s t o r y  of the re leased  fragments. 
By i n t e g r a t i n g  Equation 17 throughout the  p a r t i c l e  and d iv id ing  by the  p a r t i c l e  

i 
I volume, t h e  g loba l  particle conversion is evaluated as:  

I 1 
19) 

2 
i c p ( T )  3 f Xcp(C,T)S dC 

Since released fragments r e a c t  i n  a k i n e t i c  regime (21) .  t h e i r  conversions and 

0 

g a s i f i c a t i o n  r a t e s  are obtained by Equations 16 ,  17  and 18b. The g l o b a l  conversion 
of  the fragments re leased  a t  t i m e  TI i s  evaluated as: 

1 - +,{I + ((I-+*)/+*) exp[-Kroc(~-Ti)]} 

(l-+o)(l + ((I-+*)/+*) exP[-Kroc(T-Ti)]} 
X C f ( ~ , ~ i )  = , T > T i > T *  20 ) 

By weighting cont r ibu t ions  from thd shr inking  p a r t i c l e  and re leased  fragments, 
t h e  o v e r a l l  conversion behavior may be evaluated as :  

The corresponding p v e r a l l  g a s i f i c a t i o n  rate, dGg(T)/dT,  is obtained by taking 
t h e  t i m e  d e r i v a t i v e  of q g ( i )  i n  Equation 21. 

I n  order  to  i l l u s t r a t e  the  model pred ic t ions ,  the  g a s i f i c a t i o n  behavior of a 
c h a r  p a r t i c l e  at 1OOO'C with +& = 0.20 and s imulated with 2-7 is presented.  
condi t ions  as those i n  Table 2. Figure 4 shows COP concent ra t ion  p r o f i l e s  f o r  d i f -  
f e r e n t  l e v e l s  of carbon conversion. It i s  observed t h a t  as conversion increases ,  
t h e  p r o f i l e s  f l a t t e n  out  and approach the  bulk concent ra t ion .  This  increase  i n  con- 
c e n t r a t i o n  with burnoff is pr imar i ly  caused by improved t ranspor t  c h a r a c t e r i s t i c s  of 
t h e  i n t e r n a l  pore s t r u c t u r e ,  as pore space is widened and made access ib le .  Since 
conversion increases  most r a p i d l y  near  the  e x t e r n a l  sur face ,  where the  CO2 concen- 
t r a t i o n  is high. t h e - i n i t i a l  poros i ty  f o r  f ragmentat ion is f i r s t  reached a t  the  par- 
t icle sur face  when Xcg - 0.65. 
o f  chemical reac t ion  on the  p a r t i c l e  sur face ,  a rap id  decrease in p a r t i c l e  rad ius  
t a k e s  place by per imeter  f ragmentat ion.  

The evolu t ion  of t h e  dimensionless  a c c e s s i b l e  sur face  a rea  with carbon conver- 
s i o n  i s  shown i n  Figure 5. I n  t h e  ear ly  s tages  of conversion the  sur face  a r e a  grad- 
u a l l y  grows due t o  pore enlargment a s  wel l  as  the  cont r ibu t ions  from c losed  p re s .  
However, with increas ing  conversion. pore overlap between growing neighboring sur-  
faces .dominates  over pore enlargement, causing the  sur face  area t o  decrease.  
Because of the r a d i a l l y  nonuniform condi t ions  wi th in  the  p a r t i c l e ,  the  same q u a l i t a -  
t i v e  sur face  a r e a  behavior occurs  a t  each r a d i a l  p o s i t i o n  but a t  d i f f e r e n t  t i m e s .  
Even though t h i s  f i g u r e  i l l u s t r a t e s  t y p i c a l  behavior during char  g a s i f i c a t i o n ,  i t  
was previously shown t h a t  the  sur face  a rea  w i l l  not  e x h i b i t  a maximum under condi- 
t i o n s  where pore overlap is a l ready  dominant from t h e  beginning of the  g a s i f i c a t i o n .  

The o v e r a l l  g a s i f i c a t i o n  curve f o r  the  above example is shown i n  Figure 6. This 
curve represents  t h e  o f t e n  observed behavior where the r a t e  goes through a maximum 
a t  some in te rmedia te  conversion. As  i n t u i t i v e l y  expected,  the conversion f o r  maxi- 
mum r a t e  s h i f t s  toward higher  values  when the temperature is increased  from a kinet-  
i c  t o  a d i f f u s i o n a l  regime. Further  temperature increase  causes  the c r i t i c a l  con- 
vers ion  t o  decrease again,  and eventua l ly  the  maximum disappears ,  s i n c e  in  the  l i m i t  
of  high temperature the particle r e a c t s  with a pure ly  shr inking  core behavior (SC).  
A t  Xcg D 0.65 the  onset  of per imeter  f ragmentat ion is observed. 
rate e x h i b i t s  an increase  i n  i t s  s lope ,  which i n d i c a t e s  an a c c e l e r a t i o n  i n  the  gasi-  
f i c a t i o n  process  due t o  f ragmentat ion phenomena. This a c c e l e r a t i o n  e f f e c t  is small 
i n  the  present  example because t h e  high sur face  area of the p a r t i c l e  segrega tes  the 
s o l i d  s t r u c t u r e  i n t o  very small fragments ( 2 1 ) ,  whose concent ra t ion  before  t h e i r  
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re lease  is not much d i f f e r e n t  from the  bulk concent ra t ion .  I n  t h i s  case, the,acce-  
l e r a t i o n  is pr imar i ly  due to t h e  higher  r a t e s  i n  the shr inking  particle because of 
increasing o v e r a l l  t r a n s p o r t  r a t e s  with decreasing particle s i z e .  A much s t ronger  
e f f e c t  would have been observed i f  e x t e r n a l  mass t r a n s p o r t  r e s i s t a n c e s  were s i g n i f i -  
can t  (1.e. B,,,i << 1 ) .  

Figure 7 i l l u s t r a t e s  the change i n  p a r t i c l e  s i z e  wi th  p a r t i c l e  conversion f o r  
d i f f e r e n t  temperatures. At low temperatures the  p a r t i c l e  g a s i f i e s  i n  the  k i n e t i c  
regime and d i s i n t e g r a t e s  spontaneously when the  c r i t i c a l  poros i ty  is  reached. A s  
d i f f u s i o n  r e s i s t a n c e  i n c r e a s e s  i n  importance with higher  temperatures ,  perimeter 
fragementation occurs  a t  lower conversions.  I n  the  l i m i t  of very high temperatures 
(1.e. reac t ion  r a t e s )  per imeter  f ragmentat ion takes  place from the beginning and the 
p a r t i c l e  then fol lows t h e  c l a s s i c a l  shr inking  core (SC) behavior. 

CONCLUSION 

The a p p l i c a t i o n  of p e r c o l a t i o n  theory concepts  to  modelling of a s i n g l e  p a r t i c l e  
char  g a s i f i c a t i o n  has  been summarized. Emphasis has been placed on the  in te rpre ta -  
t i o n  and eva lua t ion  of t r a n s p o r t  and fragmentat ion p r o p e r t i e s  of the changing pore 
s t r u c t u r e  during g a s i f i c a t i o n .  The q u a l i t a t i v e  behavior of t h e  model i n  both the 
k i n e t i c a l l y  and the d i f f u s i o n a l l y  cont ro l led  regimes c l e a r l y  r e f l e c t  the  s t rong  
inf luence  of StrUCtUKal p r o p e r t i e s  on g a s i f i c a t i o n .  Furthermore, the  good agreement 
between these model p r e d i c t i o n s  and reported experimental  observat ions (11,20,24-33) 
are encouraging f o r  f u r t h e r  use of percola t ion  theory i n  modelling changing coa l  
s t r u c t u r e s .  
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2 
Cm /s 

2 atm. cm /s 

1 .o 0.0018 0.0014 
1 .o 0.0060 0.0069 
1 .o 0.0072 0.0083 
0.1 0.043 0.041 
0.2 0.035 0.032 
0.5 0.018 0.019 
1 .o 0.0099 0.011 
10 .o 0.0012 0.0014 
1 .o 0.012 0.011 
1 .o 0.014 0.013 

Preexponential factor : k - 5.0 x lo3 (m/s) 
Activation energy : Ea - 60.0 (kcal/mol) 
Specific surface area : So - 300.0 (m2/gr) 
Particle radius : roc - 200 (p) 
Carbon density : pp - 1500 (kg/m3) 
Rayleigh distribution 

smallest micropore radius : rwo - 10A 
average micropore radius : rwa - 20A 
smallest mesopore radius : Q~ - 50A 
average mesopore radius : rya - 20OA 

Table 2. Kinetic and structural parameters used in the present simulations. 

185 

k 



Figure 1. A schematic s imula t ion  of a c c e s s i b l e  
porespace w i t h  a 3-coordinated Bethe net- 
work for arbitrary d a t a  of porosity and 
pore size d i s t r i b u t i o n .  
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