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INTRODUCTION 

Wide v a r i a t i o n  i n  repor ted  k i n e t i c  parameters  f o r  t h e  p y r o l y t i c  decomposition 
of coa l  p a r t i c l e s  i n  vary ing  experimental  c o n d i t i o n s  causes  cons iderable  s p e c u l a t i o n  
as t o  whether coa l  p a r t i c l e  behaviour  i s  capable  of g e n e r a l i z a t i o n .  
account  t h e  prec is ion  and s e n s i t i v i t y  of  t h e  experimental  work performed, with 
r e s p e c t  t o  weight l o s s ,  t h e  tempta t ion  i s  t o  a t t r i b u t e  t h e  d i f f e r e n c e s  i n  k i n e t i c  
parameters  t o  the  chemical and p h y s i c a l  n a t u r e  of  c o a l  i t s e l f .  The complexity of 
c o a l  s t r u c t u r e  i s  then s a i d  t o  impart  t o  c o a l  a chameleon-like behaviour .  

Taking i n t o  

Assuming f i r s t  o rder  mechanisms f o r  t h e  decomposition of c o a l ,  some r e s u l t s  
i n d i c a t e  p y r o l y t i c  decomposition with a s i n g u l a r  va lue  f o r  t h e  a c t i v a t i o n  energy 
and frequency f a c t o r ,  whereas o t h e r s  d i s p l a y  behaviour  corresponding t o  d i s t r i -  
b u t i o n s  of k i n e t i c  parameters  (1,2). With vary ing  r e s u l t s ,  apparent ly  r e l a t e d  
t o  t h e  unique apparatus  and des ign  used i n  each s t u d y ,  t h e  ques t ion  n a t u r a l l y  
arises as t o  whether s u f f i c i e n t  a t t e n t i o n  i s  be ing  given t o  t r a n s p o r t  p rocesses  
involved i n  p y r o l y t i c  decomposition. 

In p a r t i c u l a r ,  i t  might b e  asked as t o  what combination of chemical and 
phys ica l  parameters  could i n f l u e n c e  t h e  i n t e r n a l  temperature  p r o f i l e  of t h e  c o a l  
p a r t i c l e s  such t h a t  t h e  temperature  can n o t  be s a i d  t o  be i d e n t i c a l  t o  t h a t  of 
t h e  e x t e r n a l  dr iv ing  system dur ing  t h e  t i m e  o f  i n i t i a l  pyro lys i s?  In o t h e r  words, 
can t h e  i n i t i a l  p y r o l y t i c  r e a c t i o n s  themselves s i g n i f i c a n t l y  inf luence  t h e  tempera- 
t u r e  p r o f i l e  of t h e  p a r t i c l e ,  and i f  s o ,  what combination of phys ica l  and chemical 
parameters  would be  needed t o  produce o r  main ta in  a s i g n i f i c a n t  temperature  
g r a d i e n t  wi th in  t h e  p a r t i c l e  dur ing  i n i t i a l  p y r o l y s i s ?  
c a p a b i l i t y  e x i s t s ,  and the  range of parameter  va lues  l i e s  wi th in  those  employed 
i n  decomposition s t u d i e s ,  then  r e s u l t s  from s t u d i e s  d e a l i n g  with coupled 
t r a n s p o r t  and r e a c t i o n  p r i n c i p l e s  may a i d  i n  t h e  understanding o f  observed 
p y r o l y t i c  behavior .  

I f  a combination of such 

PHYSICAL MODEL USED AS THE BASIS OF NUMERICAL CALCULATIONS 

In order  t o  numerical ly  determine t h e  e f f e c t  of chemical and phys ica l  para- 
meters upon p a r t i c l e  temperature  p r o f i l e s  dur ing  p y r o l y s i s ,  a b a s i c  composi- 
t i o n  model of coa l  i t s e l f  needs t o  be p o s t u l a t e d .  It i s  d e s i r a b l e  t o  make t h e  
model a s  s t ra ight forward  and g e n e r a l  as p o s s i b l e  i n  order  t o  more c l e a r l y  a s c e r t a i n  
t h e  e f f e c t s  of sys temat ic  paramet r ic  changes upon r e s u l t s .  Keeping t h e  model 
i n i t i a l l y  genera l  a l s o  al lows maximum freedom i n  r e f i n i n g  the  model t o  take  i n t o  
account  a d d i t i o n a l  processes  which may change t h e  form of the  o r i g i n a l  t r a n s p o r t  
equat ion .  
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The b a s i c  model proposed h e r e  f o r  c a l c u l a t i o n  purposes  views c o a l  a s  
c o n s i s t i n g  of two " f r a c t i o n s . " -  a p y r o l y t i c  f r a c t i o n  and an i n e r t  f r a c t i o n .  The 
"pyro ly t ic"  f r a c t i o n  i s  taken to  mean t h e  thermal ly  a c t i v e  or responsive m a t e r i a l  
p resent  i n  t h e  coa l  mat r ix .  The response is assumed t o  t a k e  t h e  form of a f i r s t  
o rder  express ion  of t h e  Arrehenius  type. The p y r o l y t i c  f r a c t i o n  e x i s t s  uniformly 
throughout t h e  p a r t i c l e .  " I n e r t "  is taken t o  mean t h e  p a r t  of t h e  c o a l  matrix 
which i s  not  s u b j e c t  t o  thermal  decomposition b u t  on ly  t o  s imple h e a t  absorp t ion .  
Although proposed h e r e  f o r  t h e  s a k e  of c l a r i t y  i n  c a l c u l a t i o n s ,  hypotheses  of 
t h e  two-part t y p e  a r e  c e r t a i n l y  not  novices  i n  c o a l  s t r u c t u r e  s t u d i e s .  Note t h a t  
"two f r a c t i o n "  h e r e  is taken t o  r e f e r  t o  t h e  i n e r t  and p y r o l y t i c  p a r t s  o f  t h e  coa l  
matrix t o  d i s t i n g u i s h  from s imi la r  terms used elsewhere which r e f e r  t o  t h e  thermally 
responsive m a t e r i a l  a lone  ( 3 ) .  

NUMERICAL FORMULATION AND SOLUTION TECHNIQUES 

A heat  ba lance  f o r  c o n c e n t r i c  s h e l l s  w i t h i n  s p h e r i c a l ,  i s o t r o p i c  p a r t i c l e s  
t a k e s  the  fol lowing form when c o n s i d e r a t i o n  i s  given f o r  p o s s i b l e  h e a t  absorp t ion  
by p y r o l y t i c  r e a c t i o n s :  

. .  
a * _  

'in- 'out - qrn + 'p 

where m r e f e r s  t o  t h e  a b s o r p t i o n  by unreac t ing  s o l i d  mat r ix  and p r e f e r s  t o  
hea t  absorp t ion  due t o  t h e  p y r o l y s i s  process .  The ba lance  leads  t o  t h e  unsteady- 
state p a r t i a l  d i f f e r e n t i a l  equat ion  f o r  conduct ive h e a t  t r a n s p o r t  of t h e  form: 

aT k a2T 2 aT  at = (-)[> + (-)-I - B(Pyro1ysis React ion Rate) 2) 
pCP a r  r ar 

where, k= thermal  c o n d u c t i v i t y ,  cal/cm-sec- OK 

p= s o l i d  m a t r i x  d e n s i t y ,  g /cc  

C = s o l i d  m a t r i x h e a t  capac i ty ,  cal/g-OK 
P 
B= h e a t  of  r e a c t i o n ,  c a l / g  o€  P ( s ) .  

k'C 
' P  

A s  noted above, t h e  i n i t i a l  g loba l  p y r o l y t i c  process  is assumed t o  fo l low a 
f i r s t  order  Arrehenius  type  of express ion  and,  consequent ly ,  has t h e  form: 

3) 

where, P(s l  i s  i n  g / c c ,  d e n s i t y  of p y r o l y t i c  m a t e r i a l ,  

k= k x exp(-EactjRxT) 

wi th  k i n  s e c  , 
Eact  i n  cal/"mole", 

R= 1.99 cal/"mole"-°K, 

-1 

T i n  OK. 
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One of s e v e r a l  boundary condi t ions  could b e  chosen f o r  t h e  numerical  process:  

T r  = T = C ,  C a cons tan t  i n  OK; 4 )  O e  

5) - dT r = m, m a l i n e a r  h e a t i n g  r a t e  i n  O K / s e c ;  

- ::)ro= H(T -T ) ,  H a p o s t u l a t e d ,  combined h e a t  t r a n s -  6 )  

d t )  o 

f e r  c o e f f i c i e n t ;  e s  

7) 2 dQ =F, F a cons tan t  h e a t  f l u x  i n  cal/cm -sec 
X ) r O  

where "ro" r e f e r s  t o  p a r t i c l e  s u r f a c e  and 'le'' r e f e r s  t o  t h e  e x t e r n a l ,  d r i v i n g  
environment. 

The r e s u l t s  shown i n  t h i s  s tudy  a r e  obta ined  us ing  t h e  f i r s t  type  of  
boundary condi t ion  noted above. R e s u l t s  f o r  t h e  o t h e r  type  of boundary condi- 
t i o n s  a r e  t o  be compared i n  a subsequent s tudy .  

I n i t i a l  condi t ions  w i t h i n  t h e  p a r t i c l e  need a l s o  t o  be s p e c i f i e d  before  
t h e  c a l c u l a t i o n  process  begins .  I n  t h i s  case  t h e  i n i t i a l  temperature  d i s t r i b u -  
t i o n  i s  assumed t o  be  f l a t ,  and a t  298°K. A'uniform concent ra t ion  of p y r o l y t i c  
material, such a s  40% of t o t a l  p a r t i c l e  mass and expressed i n  g /cc ,  i s  postu- 
l a t e d  and assumed t o  be present  uniformly throughout  t h e  p a r t i c l e .  

S ince  t h e  r e a c t i o n  r a t e  term of t h e  t r a n s p o r t  equat ion  conta ins  t h e  temper- 
a t u r e  v a r i a b l e  i n  an exponent ia l  manner, no a n a l y t i c a l  s o l u t i o n  e x i s t s  and re- 
course t o  numerical methods is appropr ia te .  R e s u l t s  were obta ined  using both 
e x p l i c i t  and i m p l i c i t  f i n i t e  d i f f e r e n c e  schemes. Displayed r e s u l t s  a r e  from an 
i m p l i c i t  Crank-Nicholson scheme with i t e r a t i v e  s o l u t i o n  of t h e  node equat ions  
obta ined  a t  each time s t e p .  Inc lus ion  of a f l o a t i n g  t i m e  s t e p ,  whose va lue  i s  
decreased a t  l a r g e  hea t  f l u x  c o n d i t i o n s ,  a i d s  i n  reducing  time requi red  t o  reach 
t h e  predetermined to l@rance  i n  t h e  i t e r a t i v e  process .  
t r a n s p o r t  equat ion  i s  accompanied by i n t e g r a t i o n  of t h e  f i r s t  order  equat ion  
d e s c r i b i n g  the  decay of condensed p y r o l y t i c  m a t e r i a l  w i t h i n  t h e  p a r t i c l e  mat r ix .  

I n t e g r a t i o n  of t h e  

RESULTS AND DISCUSSION 

Given t h e  computat ional  model and scheme above, i t  remains t o  determine 
what paramet r ic  va lue  sets,  f o r  a given p a r t i c l e  s i z e ,  l ead  t o  chemical c o n t r o l  
of p a r t i c l e  decomposition and what v a l u e  sets l e a d  t o  h e a t  t r a n s p o r t  c o n t r o l .  
O r ,  g iven a se t  of  k i n e t i c  parameters  and r e a c t i o n  c o n d i t i o n s ,  can a change i n  
p a r t i c l e  s i z e  lead  t o  a t r a n s i t i o n  from chemical c o n t r o l  t o  h e a t  t r a n s p o r t  
c o n t r o l  of t h e  i n i t i a l  p y r o l y t i c  process? 

I n  chemical c o n t r o l ,  t h e  process  is p i c t u r e d  a s  t a k i n g  p l a c e  uniformly 
throughout t h e  p a r t i c l e  and a t ,  o r  very  n e a r ,  t h e  s t a t e d  e x t e r n a l  d r i v i n g  
temperature .  In  h e a t  t r a n s p o r t  c o n t r o l ,  t h e  p y r o l y t i c  process  is viewed as 
tak ing  p lace  i n  a r e l a t i v e l y  t h i n - s h e l l ,  r e a c t i o n  zone. The r e a c t i o n  zone shr inks  
toward t h e  p a r t i c l e  c e n t e r  a s  t h e  p y r o l y t i c  process  d e p l e t e s  t h e  Concentrat ion of 
p y r o l y t i c  m a t e r i a l .  
behaviourof  coa l  p a r t i c l e s  ( 1 , 4 ) .  Experimental condi t ions  and p a r t i c l e  s i z e s  
v a r i e d  cons iderably ,  however, and t h e  r e s u l t s  shown below i n d i c a t e  t h a t  such ex- 
treme v a r i a t i o n  i n  behaviour  i s  indeed p l a u s i b l e ,  even f o r  t h e  same c o a l  type.  

I d e a l l y  t h e  s h r i n k i n g  c o r e  process  can  be descr ibed  by means of t h e  fol lowing 

Both t y p e s  of  p rocess  have been p o s t u l a t e d  t o  e x p l a i n  

l i m i t  d e f i n i t i o n s :  
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a t  t h e  r e a c t i o n  f r o n t ,  corresponding t o  i n f i n i t e  g r a d i e n t s  f o r  t h e  remaining 
s o l i d  p y r o l y t i c  m a t e r i a l  and t h e  temperature  of t h e  s o l i d  matr ix .  
volumetr ic ,  chemical  c o n t r o l  c a s e  might be descr ibed  by: 

The isothermal-  

P (Tr + Ar) - O r )  
] =O 1 0 , l l )  A r  lim 

A r-tO 

(s ) ) r - ( ' ( s ) ) r  + A r  ] = 0,  and l i m  [ 

A r+C O r  

corresponding t o  f l a t  concent ra t ion  and temperature  g r a d i e n t s  w i t h i n  t h e  p a r t i c l e  
dur ing  the  p y r o l y t i c  process .  

I n  p r a c t i c e ,  one  must dec ide  i n  advance upon some f i n i t e  g r a d i e n t  va lues  
It would seem d e s i r a b l e  t o  s p e c i f y  o p e r a t i o n a l  which approximate t h e  i d e a l s .  

g r a d i e n t s  f o r  t h e  c l a s s i f i c a t i o n  of decomposition t y p e  i n  t e r m s  of P , concent ra t ion  
of o r i g i n a l  p y r o l y t i c  m a t e r i a l  p r e s e n t ,  and r , p a r t i c l e  rad ius .  
h e a t  t r a n s f e r  c o n t r o l ,  working g r a d i e n t  i n d i c g s  could be  s p e c i f i e d  as follows: 

In'the case  of  

L e t ,  = ( P ( s ) ) r - ( P ( s ) ) r  + Ar = (0.5) Po 

w i t h i n  a r a d i a l  displacement ,  A r ,  of 0 .2ro .  
g rad ien t  at t h e  r e a c t i o n  f r o n t  of  2.5po. An analogous,  opera t iona l  

This  would give a concent ra t ion  

gradien t  index could be der ived  f o r  t h e  temperature  denot ing h e a t  t r a n s f e r  cont ro l .  
S i m i l a r  i n d i c e s  can a l s o  be formulated f o r  t h e  chemical c o n t r o l  c a s e ,  b u t  i n  t h i s -  
c a s e  r a d i a l  displacement  would be  taken as 1 . 0 r  . As a r e s u l t  a working t a b l e  
might have t h e  form: 0 

Concent r a t  i o n  

I n  f i g u r e s  1, 2 ,  and 3 below a r e  shown t h e  r e s u l t s  of t h e  numerical  c a l c u l a t i o n s  
f o r  two d i f f e r e n t  p a r t i c l e  s i z e s  h e l d  under t h e  same s u r f a c e  boundary condi t ions  
and made t o  decompose by t h e  same s e t  of chemical parameters .  C l e a r l y ,  t h e  500um 
p a r t i c l e  approximates t h e  t r a n s p o r t  c o n t r o l  i d e a l  dur ing  t h e  major p a r t  of t h e  
i n i t i a l  p y r o l y t i c  process  whereas t h e  25ym p a r t i c l e  approximates t h e  chemical 
c o n t r o l  l i m i t .  Examination of  t h e  f i g u r e s  i n d i c a t e ,  t h a t ,  i n  t h e  c a s e  of h e a t  
t r a n s p o r t  c o n t r o l ,  t h e  r e a c t i o n  process  i s  t a k i n g  p l a c e  a c r o s s  a temperature  
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range s i g n i f i c a n t l y  d i f f e r e n t  from t h e  s t a t e d  d r i v i n g  temperature .  
shows t h e  temperature-time h i s t o r y  of  t h e  c e n t e r  of  t h e  500pm p a r t i c l e .  It  can 
be seen t h a t  t h e  endothermici ty  of the p y r o l y t i c  process  in t roduces  an a p p r e c i a b l e  
t i m e  l a g  i n  the  p a r t i c l e ' s  response t o  t h e  d r i v i n g  temperature .  

Figure 4 

Calcula t ions  performed with v a r i a t i o n  of  allowed chemical and phys ica l  
parameters  f o r  t h e  same p a r t i c l e  s i z e  i n d i c a t e  t h e r e  i s  a wide range of 
experimental  condi t ions  i n  which t h e  i n i t i a l  p y r o l y t i c  process  i s  non-isother-  
mal and non-uniform w i t h i n  t h e  p a r t i c l e ,  depending upon t h e  parameters  chosen 
f o r  t h e  thermal decomposition process .  These r e s u l t s  a r e  being examined more 
c l o s e l y  i n  conjunct ion w i t h  var ious  boundary c o n d i t i o n s .  
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