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INTRODUCTION 

Coal p y r o l y s i s  i s  a complex phenomenon and when it i s  accompanied wi th  
r a p i d  h e a t i n g  c o n d i t i o n s ,  it becomes even more complex. A r o b u s t  b u t  
ma themat i ca l ly  s imple  approach i s  needed when such  c o m p l e x i t i e s  a r e  
encoun te red .  L i t e r a t u r e  on  c o a l  p y r o l y s i s  modeling are e x t e n s i v e .  P a r t  
o f  t h i s  l i t e r a t u r e  d e s c r i b e s  e m p i r i c a l  a p p r o a c h e s ( l - 2 ) ,  wh i l e  o t h e r s  
i n c l u d e  phenomenological and /o r  phys ico-chemica l  approaches  (3-6) toward 
model l ing  t h i s  complex system. Due t o  t h e s e  c o m p l e x i t i e s  t h e  outcomes 
o f  t h e  models appea r  t o  be more of a mathemat ica l  c o r r e l a t i o n  t h a n  
mechan i s t i c  r e l a t i o n s .  Accura te  knowledge o f  p y r o l y s i s  t empera tu re  is 
one of t h e  e s s e n t i a l s  i n  t h e s e  s t u d i e s .  This  becomes more dominant when 
h e a t i n g  rates approach  ex t r eme ly  h i g h  v a l u e s .  According t o  H a j a l i g o l  e t  
a l .  (7 ,8 )  and o t h e r s  (2,9,15), a t  lower h e a t i n g  r a t e s ,  p y r o l y s i s  occur s  
v o l u m e t r i c a l l y  and t h e r e  e x i s t  c o n d i t i o n s  where p y r o l y s i s  i s  c o n t r o l l e d  
by chemica l  k i n e t i c s .  With h i g h e r  h e a t i n g  r a t e s  p y r o l y s i s  becomes 
c o n t r o l l e d  by h e a t  t r a n s f e r  t o  t h e  p a r t i c l e  t h a t  e v e n t u a l l y  e n t e r s  an 
a b l a t i o n  regime ( 9 ) .  On t h e  o t h e r  hand t h e r e  a r e  i n d i c a t i o n s  t h a t  
p y r o l y s i s  k i n e t i c s  i s  i n f l u e n c e d  by h e a t i n g  r a t e  (11). S i n c e  p y r o l y s i s  
o c c u r s  a t  h i g h e r  t empera tu res  f o r  h ighe r  h e a t i n g  r a t e s ,  t h e  mechanism of  
r e a c t i o n  might have been a l t e r e d .  These . complex i t i e s  have l e d  some 
i n v e s t i g a t o r s  t o  b e l i e v e  t h a t  p y r o l y s i s  has  t o  be e x p l a i n e d  wi th  a 
scheme d i f f e r e n t  t h a n  chemica l  r e a c t i o n s  ( 1 2 ) .  

The f o c u s  of t h i s  s t u d y  is  t o  show t h a t  for high  h e a t i n g  r a t e s  (> l o 5  
K / s ) ,  p y r o l y s i s  i n  a p a r t i c l e  o c c u r s  acco rd ing  t o  a s h r i n k i n g  c o r e  model 
r a t h e r  t h a n  a v o l u m e t r i c  model i n  which t empera tu re  g r a d i e n t  i s  t h e  
d r i v i n g  f o r c e .  Q u i t e  s imply  it is  shown t h a t  t empera tu re  a t  p y r o l y s i s  
f r o n t  i s  d i f f e r e n t  t h a n  t h a t  of p a r t i c l e  s u r f a c e  t empera tu re  under  t h i s  
ex t reme h e a t i n g  c o n d i t i o n .  T h i s  t empera tu re  i s  un ique ly  dependent  upon 
t h e  p y r o l y s i s  k i n e t i c s ,  bu t  n o t  on t h e  e x t e r n a l  h e a t i n g  c o n d i t i o n s  nor 
on t h e  the rma l  p r o p e r t i e s  of t h e  p a r t i c l e .  Th i s  s t u d y  p r o v i d e s  
i n f o r m a t i o n  on t h e  pr imary  p y r o l y s i s  k i n e t i c s  of c o a l  which can be 
e s t i m a t e d  under  t h e s e  h e a t i n g  c o n d i t i o n s .  

MATHEMATICAL ANALYSIS 

P y r o l y s i s  i s  modelled f o r  a s i n g l e  s p h e r i c a l  c o a l  p a r t i c l e  which i s  
pyro lyzed  v i a  a s i n g l e  f i r s t - o r d e r  r e a c t i o n  wi th  Ar rehen ius  k i n e t i c s  

dV 
d t  
_ -  - (V - V)  k,EXP ( -E /RT)  

(1 )  
1 - 1  

Thermophysical p r o p e r t i e s  of t h e  p a r t i c l e  can be c o n s t a n t  or v a r i a b l e  
and depend on t h e  t e m p e r a t u r e .  
conduc t ion .  Other  modes of  h e a t  t r a n s f e r  a r e  shown t o  be less 
s i g n i f i c a n t  under  t h e s e  h e a t i n g  c o n d i t i o n s .  A s t a n d a r d  h e a t  ba l ance  on 

Heat i s  t r a n s m i t t e d  i n t o  t h e  p a r t i c l e  by 
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t h e  p a r t i c l e  l e a d s  t o  t h e  fo l lowing  govern ing  p a r t i a l  d i f f e r e n t i a l  
e q u a t i o n s  

2 a T  a T  a r h-) - puC - + (-AH) p (V* - V)  koEXP ( -E /RT)  
a T  1 pc - = - -( 

p a t  2 a r  a r  par r ( 2 )  

aP  l a  - = - - -(r pu) + p ( V  - V)koEXP(-E/RT) 
a t  r 2 ar  

(2a )  
Equat ion  ( 2 )  i s  s o l v e d  numer i ca l ly  f o r  t h e  p a r t i c l e  t empera tu re  f i e l d  ' 

w i t h  f o l l o w i n g  i n i t i a l  and  boundary c o n d i t i o n s .  The i n i t i a l  c o n d i t i o n  
i s  a un i form t e m p e r a t u r e ,  TO, th roughout  t h e  p a r t i c l e  

T = To f o r  t 2 0 and a l l  r 
(3a)  

The f i r s t  boundary c o n d i t i o n  i s  t h e  mathemat ica l  e x p r e s s i o n  f o r  c e n t e r -  
l i n e  symmetry of t h e  p a r t i c l e  t empera tu re  f i e l d  

aT - = 0 a t  r = 0 f o r  a l l  t 
(3b) 

ar 
Second boundary c o n d i t i o n  can  b e  chosen a s  a h e a t i n g  r a t e  c o n d i t i o n  
g r e a t e r  t h a n  lo5 K / s  o r  a h e a t  f l u x  d e n s i t y  greater t h a n  1 0 0  w a t t  a t  t h e  
s u r f a c e  t o  a d e s i r e d  f i n a l  t empera tu re  as fo l lows:  

c a s e  a )  

T = T o + m t  a t r = R p ,  t S t l  

c a s e  b) 

T = Ts a t  r = R p ,  t > t l  
(3c )  

T = Ts a t r = R p , t > t l  

The s o l u t i o n  t o  Equa t ion  ( 2 )  i s  p r e d i c t i o n  o f  t h e  t empera tu re  f i e l d  
throughout  t h e  p a r t i c l e .  This  i n fo rma t ion  is  t h e n  used  t o  compute t h e  
i n s t a n t a n e o u s  c o n v e r s i o n  a t  any  g iven  p o i n t  t o  moni tor ,  ( i )  t h e  
p y r o l y s i s  f r o n t  w i t h i n  t h e  p a r t i c l e  ( p o i n t s  of > 98% conver s ion )  (ii) 
t h e  t e m p e r a t u r e  where 9 8  % of convers ion  has  been reached  a t  t h a t  p o i n t ,  
and  (iii) t h e  p a r t i c l e  f r a c t i o n a l  conve r s ion  and t h e  t o t a l  p y r o l y s i s  
t ime f o r  t h e  c o n v e r s i o n .  

(3d)  

RESULTS AND DISCUSSION 

E i t h e r  boundary c o n d i t i o n  p r e s c r i b e d  by a h e a t  f l u x  d e n s i t y  (3d)  o r  a 
s u r f a c e  h e a t i n g  ra te  (3c )  t o  p rov ide  a s u r f a c e  h e a t i n g  t i m e  of 1 m s .  i s  
used i n  t h e  above a n a l y s i s  t o  p r e d i c t  p y r o l y s i s  behav io r  under t h e s e  
the rma l  c o n d i t i o n s .  Unless  s t a t e d ,  the fo l lowing  numer i ca l  v a l u e s  w e r e  
used f o r  t h e  a n a l y s i s :  p=1.3g/cm3, ~ = 0 . 0 0 0 6  c a l / c m - s - K ,  Cp=0.4cal/g-K, 
AH=lOOOcal/g, k,= 1013 sec-l, and E=50Kcal/mole. 

F i g u r e  1 shows t h e  e f f e c t s  of p y r o l y s i s  t ime on t h e  r a d i a l  p o s i t i o n ,  and 
t h e  shape  of  t h e  p y r o l y s i s  f r o n t  f o r  a 100  prn d iame te r  p a r t i c l e .  I t  
c l e a r l y  demons t r a t e s  t h a t  under t h e s e  h e a t i n g  c o n d i t i o n s  t h e  r e g i o n  
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where 98 % convers ion  h a s  occur red  i s  conf ined  i n  a t h i n  l a y e r  which 
moves inward wi th  a v e l o c i t y  t h a t  depends on t h e  thermo-chemical 
p r o p e r t i e s  of t h e  p a r t i c l e  and e x t e r n a l  h e a t i n g  l o a d s  imposed on t h e  
p a r t i c l e .  F igu re  2 p r e s e n t s  t h e  e f f e c t s  of d i f f e r e n t  s u r f a c e  
t empera tu res  f o r  a g iven  p y r o l y s i s  t i m e  on t h e  shape  and p o s i t i o n  o f  t h e  
p y r o l y s i s  f r o n t .  A s  expec ted ,  t h e  h i g h e r  t h e  s u r f a c e  t empera tu re ,  t h e  
l a r g e r  t h e  d r i v i n g  f o r c e  ( A T ) ,  t h u s  t h e  h i g h e r  t h e  v e l o c i t y  of  a 
p y r o l y s i s  f r o n t  and  t h e  s h o r t e r  t h e  p y r o l y s i s  t i m e .  F igu re  2 a l s o  shows 
t h a t  t h e  shape  of t h e  p y r o l y s i s  f r o n t  ( r e g i o n  wi th  98 % conver s ion )  does 
no t  change wi th  t h e  s u r f a c e  t empera tu re .  Th i s  i s  t r u e  u n l e s s  t h e  
s u r f a c e  t empera tu re  d rops  below a t h r e s h o l d  v a l u e .  

R e s u l t s  from F i g u r e s  1, 2 a s  w e l l  a s  r e s u l t s  f o r  o t h e r  p a r t i c l e  
d i ame te r s  (up t o  2 mm) show t h a t  r e g a r d l e s s  of t h e  p o s i t i o n  o f  p y r o l y s i s  
f r o n t ,  p a r t i c l e  d i ame te r  and s u r f a c e  t empera tu re ,  t h e  t empera tu re  o f  t h e  
p y r o l y s i s  f r o n t  i s  c o n s t a n t .  A s  w i l l  be  d i s c u s s e d  f u r t h e r ,  when the rma l  
p r o p e r t i e s  of t h e  p a r t i c l e  were changed (h ,  AH, e t c . )  o r  v a r i a b l e  
thermal  p r o p e r t i e s  were assumed o r  o t h e r  h e a t i n g  rates ( l o 5  K / S )  were 
a p p l i e d ,  t h e  t empera tu re  a t  t h e  p y r o l y s i s  f r o n t  (where 98 % conver s ion  
i s  reached)  d i d  n o t  change .  Ana lys i s  shows t h a t  t h i s  t empera tu re  ( T , ) i s  
a un ique  f u n c t i o n  of p y r o l y s i s  k i n e t i c s ,  i . e . ,  if k, o r  E were t o  
change, t h e  t empera tu re  would change a c c o r d i n g l y .  T h i s  i s  what we 
c a l l e d  t h r e s h o l d  va lue  f o r  t empera tu re .  

A l l  t h e  above o b s e r v a t i o n s  i n d i c a t e  t h a t  t h e  p y r o l y s i s  under  t h e s e  
c i r cums tances  cou ld  be approximated by a s h r i n k i n g  u n r e a c t e d  c o r e  model. 
Fol lowing  Szekly  e t  a l .  (13), b u t  exchanging h e a t  f o r  mass d i f f u s i o n  i n  
t h e i r  d e s c r i p t i o n  l e a d s  t o  

where p ( x )  and g ( x )  are g iven  e l sewhere  (13). I t  can  be shown t h a t  
under r a p i d  h e a t i n g  c o n d i t i o n s ,  t h e  f i r s t  t e r m  on t h e  r i g h t  hand s i d e  
(which d e s c r i b e s  t h e  k i n e t i c  e f f e c t s )  i s  i n s i g n i f i c a n t  and t h u s  
p y r o l y s i s  i s  c o n t r o l l e d  by d i f f u s i o n a l  r e s i s t a n c e  (second t e r m ) .  In  
o r d e r  t o  obse rve  t h e  v a l i d i t y  of t h i s  hypo thes i s ,  a p a r a m e t r i c  s t u d y  was 
conducted u s i n g  Equat ion  ( 2 ) .  The p y r o l y s i s  t i m e  f o r  comple te  
convers ion  was compared wi th  t h a t  o f  Equat ion  (4). Given T,, E ,  k,, and 
AH, when h o r  R, i s  v a r i e d ,  p y r o l y s i s  t ime w i l l  s c a l e  w i th  h and 
i n c r e a s e  w i t h  t h e  squa re  of Rp (F igu re  3). A s  can b e  seen  t h i s  matches 
w e l l  wi th  Equat ion  ( 4 ) .  When AH o r  T, v a r i e d ,  t h e  r e s u l t s  from 
Equat ion  ( 2 )  d i d  n o t  match w e l l  w i th  what p r e d i c t e d  from Equa t ion  ( 4 ) ,  
a l though  t h e y  d i d  show t h e  same t r e n d  ( F i g u r e  4). AH i n  t h e  range  of 0 
t o  1000 c a l / g  does not  have a s i g n i f i c a n t  e f f e c t  on Equat ion  ( 2 ) .  Th i s  
i s  due t o  t h e  f a c t  t h a t  under t h e s e  h e a t i n g  c o n d i t i o n s  t h e  r a t i o  o f  hea t  
t r a n s m i t t e d  i n t o  t h e  p a r t i c l e  t o  t h e  h e a t  consumed by t h e  p y r o l y s i s  a t  
t h e  f r o n t  i s  h i g h .  When h ighe r  v a l u e s  of AH (>10000 c a l / g )  were 
examined (a  h y p o t h e t i c a l  c a s e )  t h e  p y r o l y s i s  t i m e  and AH c o r r e l a t i o n  
would come o u t  t h e  same from bo th  Equat ions  (2) and ( 4 ) .  P a r t  o f  t h e  
h e a t  which is  t r a n s m i t t e d  i n t o  t h e  p a r t i c l e  w i l l  a l s o  b e  used  t o  h e a t  up 
t h a t  p a r t  o f  t h e  p a r t i c l e  th rough which t h e  p y r o l y s i s  f r o n t  w i l l  p a s s ,  
t h i s  e f f e c t  becomes l e s s  n o t i c e a b l e  wi th  i n c r e a s i n g  T ,a s  p r e d i c t e d  by 
Equation ( 4 ) .  Again for t h e  ve ry  l a r g e  T, o r  (T,-Ti) where t h e  p o r t i o n  
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of t o t a l  h e a t  which i s  needed f o r  s e n s i b l e  h e a t  of  p a r t i c l e  i s  v e r y  
s m a l l  i n  compar ison  t o  t h e  t o t a l  h e a t  t r a n s m i t t e d  i n t o  the p a r t i c l e ,  
p r e d i c t i o n  o f  E q u a t i o n s  (2) and (4) a r e  e x a c t l y  t h e  same. 

A s  p r e s e n t e d  above when any combination o f  E and k, a c c o r d i n g  t o  Nsakala  
e t  a l .  ( 1 4 )  w e r e  chosen ,  r e g a r d l e s s  of  T,, x, AH, R,, t h e  t e m p e r a t u r e  a t  
t h e  p y r o l y s i s  f r o n t  (Ti )  showed a dependency o n l y  on k, a n d  E .  R e s u l t s  
can  b e  seen  i n  F i g u r e  5 where k, i s  c o n s t a n t  and T i  i n c r e a s e s  as E 
i n c r e a s e s .  When d i m e n s i o n l e s s  t i m e  ( t=a t /RpZ)  w a s  p l o t t e d  a g a i n s t  t h e  
p y r o l y s i s  ra te  c o n s t a n t  (k ,e(-E/RTi)) ,  t h e  r e s u l t s  f a l l  on a s i n g l e  l i n e  
f o r  any g i v e n  T, ( F i g u r e  6). T h i s  i n d i c a t e s  a un ique  c o r r e l a t i o n  
between p y r o l y s i s  k i n e t i c s  and t h e  t o t a l  p y r o l y s i s  t i m e .  T h i s  i s  d u e  t o  
t h e  s t r o n g  f u n c t i o n a l i t y  of p y r o l y s i s  t i m e  w i t h  h and R, (embedded i n  
d i m e n s i o n l e s s  t i m e )  and p y r o l y s i s  k i n e t i c s  as d i s c u s s e d  above .  
Furthermore,  t h e  r e s u l t s  o f  p y r o l y s i s  t i m e  f o r  t o t a l  c o n v e r s i o n  a r e  
c o n s i s t e n t  w i t h  Essenhigh  (10,14) and O t h e r s .  E f f e c t s  o f  T, can be 
c a l c u l a t e d  f r o m  F i g u r e  4 and  p r e s e n t e d  w i t h  f a m i l i e s  of c u r v e s  i n  F i g u r e  
6 u s i n g  T, as a p a r a m e t e r .  

E f f e c t s  of  v a r i a b l e  t h e r m a l  p r o p e r t i e s  were a l so  s t u d i e d .  F o r  i n s t a n c e ,  
i f  a v a r i a b l e  ~(t)=1.226~l0-~[1.3+0.96x(V/V*) 13.5T1'z w a s  assumed i n s t e a d  
of h=0.006 cal/cm-s-k t h e  t o t a l  p y r o l y s i s  t i m e  would have  changed o n l y  
b y  1 0 % .  T h i s  is  b e c a u s e  t h e  e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y  i s  
c o n t r o l l e d  b y  t h e  c h a r  t h e r m a l  c o n d u c t i v i t y  ( o u t e r  l a y e r  of  p y r o l y s i s  
f r o n t )  and t h a t  i s  r e l a t i v e l y  c o n s t a n t  f o r  t h e  t e m p e r a t u r e  range  s t u d i e d  
( 1 2 0 0  - 1500 K). T h i s  e f f e c t  i s  even less s i g n i f i c a n t  f o r  h e a t  of 

p y r o l y s i s ,  as d i s c u s s e d  above where AH was v a r i e d  from 0 t o  1 0 0 0  c a l / g .  

The p r a c t i c a l  i m p l i c a t i o n  of  t h e s e  r e s u l t s  i s  t h a t  by measuring 
p y r o l y s i s  t i m e  f o r  a g iven  p a r t i c l e  d i a m e t e r  and s u r f a c e  t e m p e r a t u r e ,  
one c o u l d  u s e  F i g u r e  6 t o  e s t i m a t e  Tiand k. T h i s  T i  and  k can be u s e d  
a long  w i t h  F i g u r e  5 t o  e s t i m a t e  the  k i n e t i c  p a r a m e t e r s  f o r  pr imary  
p y r o l y s i s  of c o a l  under  s e v e r e  t h e r m a l  c o n d i t i o n s .  

CONCLUSIONS 

1. For  t h e  r a p i d  h e a t i n g  r a t e s  ( > l o 5  K/s), p y r o l y s i s  i s  c o n f i n e d  t o  
a t h i n  l a y e r  and  r e a c t i o n  o c c u r s  a c c o r d i n g  t o  t h e  s h r i n k i n g  core model 
r a t h e r  t h a n  a v o l u m e t r i c  r e a c t i o n  model. 

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  a b l a t i o n  regime) . 
s t r i n g e n t  p a r a m e t e r s  on p y r o l y s i s  fo l lowed by h e a t  of r e a c t i o n  and t he  
s u r f a c e  t e m p e r a t u r e .  

4 .  Tempera ture  a t  t h e  p y r o l y s i s  f r o n t  i s  d i f f e r e n t  from t h e  
s u r f a c e  t e m p e r a t u r e  and is uniquely  c o r r e l a t e d  t o  t h e  p y r o l y s i s  
k i n e t i c s .  

b e  e s t i m a t e d  u s i n g  r e s u l t s  of e x i s t i n g  a n a l y s i s .  
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NOMENCLATURES 

h e a t  c a p a c i t y ,  [Cal/g-XI 
a c t i v a t i o n  energy ,  [Cal/gmolel 

CP 
E 
k0 f requency  f a c t o r ,  [ l /sl  
m h e a t i n g  r a t e ,  [ K / s l  
g (x) , p ( x )  c o n v e r s i o n  f u n c t i o n s  [ - I  
q h e a t  f l u x  d e n s i t y ,  [ C a l / c m 2 - s l  
r r a d i u s ,  [cml 
RC p y r o l y s i s  f r o n t ,  [ c m l  

p a r t i c l e  r a d i u s ,  [ c m l  
t e m p e r a t u r e  [ K l  T 

TO i n i t i a l  t e m p e r a t u r e  [ K l  
T i  t e m p e r a t u r e  a t  p y r o l y s i s  f r o n t  [ K l  
T S  s u r f a c e  t e m p e r a t u r e  [ K l  
t t i m e  [ S I  

V p e r c e n t  weight l o s s  
V* u l t i m a t e  weight loss 
AH h e a t  o f  p y r o l y s i s  [Cal /g]  
h t h e r m a l  c o n d u c t i v i t y  [Cal/cm-s-Kl 

z d i m e n s i o n l e s s  time [ - I  
P 

RP 

U v o l a t i l e s  v e l o c i t y  [cm/secl 

d e n s i t y  [g/cm31 
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F i g u r e  2 .  E f f e c t  o f  s u r f a c e  t empera tu re  on t h e  p o s i t i o n  and shape 
of  p y r o l y s i s  f r o n t  (Rp=50~m, 5ms) 
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F i g u r e  3 .  Effect  of t h e r m a l  c o n d u c t i v i t y  and r a d i u s  on t h e  t o t a l  
p y r o l y s i s  t i m e  (T3=1500 K, Rp=50pn) 
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F i g u r e  4 .  E f f e c t  o f  h e a t  of  p y r o l y s i s  and s u r f a c e  t e m p e r a t u r e  on 
t h e  t o t a l  p y r o l y s i s  t i m e  (T,=1500 K, Rp=50p) 
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