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Unsteady s t a t e  c a l c u i a t i s n s  of pyrolyzinc; coa l  ?epar:ic:es uzder slow snd r a p i d  

hea t ing  have been compared wi th  experimental  &?a f o r  p a r t i c l e s  i n  t h e  size r snge  20 
microns t a  4 am.; and the  compsr n h&s shown, con t r a ry  t.3 i a ~ n o n  assumpti:.n, t h a t  
t h e  diFfusic.na1 escape i s  an impartant  f a i t o r  i n  determininc t h e  p y r o l y s i s  times far  
a i l  p a r t i c l e  siz.5. Py ro lys i s  t imes fcr : a r t i c l e s  g r e a t e r  chan 5C10 microns ran2e 
from 0.1 t o  10 sec: s::3 for p a r t i c l e s  l e s z  than 102 Xicrons ranpe f-;m 0.05 ti. .?.E. 
s r c  u i t h  an  unaspected ove r l ap  i n  t imes.  ?.'.is c.verlap is accwnted  for L:; assuminq 
t h a t  the d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  rscapinq v o l a t i l e ?  a r e  about 100 t imes 
g r e a t e r  (o rde r  o f  l0-'cp2/sec) .for t h e  l a r g e r  p a r t i c l e s  . t h a n  for  the  sma l l e r  
p a r t i c l e s  ( o r d e r  of 10-"cnL/sec!.  This  r e s u l t  r a i s e s  t h e  ques t ions  regarding pu re ly  
k i n e t i c  i n t e r p r e t a t i o n s  of py ro lys i s  r a t e  d a t a  fo r  nail p a r t i c l e s .  

1. INTRODUCTION 

In t h i s  paper w e  present  :omparison t.etween calcuzated and experimental  v a l u e s  
o f  py ro lys i s  : ines i n  the  p a r t i c l e  s i z e  range 20 microns tz 4 mi l l ime te r .  ?he 
experimental  d a t a  were taken from t h e  l i t e r a t u r e  C 1 - 1 7 1 .  The c a l c c l a t i o n s  at-* based 
on an  unsteady s t a t e  heat t r a n z f e r  model. with escape of v o l a t i l e s  a f t e r  chemical 
r e l e a s e  i n s l d e  t h e  p a r t i c l e  cont.rolled,  we assume, by d i f f u s i a r , a l  o r  convect ive 
escape. The model and a number of ot!ier r e s u l t s .  notably Lemperature-time 
d i s t r i b u t i o n  through a p a r t i c l e  and p r o f i l e s  of py ro lys i s  r e l e a s e  r a t e s ,  have been 
descr ibed e a r l i e r  [18,1?3. I n  t h i s  paper ,  we surrmarize t h e  elements G f  t h e  mcdel, 
t he  equat ions and computational procedures;  Focus h e r e  i s  rJn the  con t r ibu t ion  s f  the 
d i f f u s i o n a i  escape. 

In  pas t  e v a l u a t i x  of p y r o l y s i s  s t x d i e s ,  i t  has  gene ra l ly  teen concluded t h a t  
escape of py ro lys i s  products  fr-om p a r t i c l e s  below about 100 microns i s  so f a s t  a s  to 
b e  e f f e i t i v e l y  " instantaneous".  This  c o n c l u s i m .  however. i s  not I n  f a c t  supported 
by vali les of py ro lys i s  t imes i n  :he l a r g e r  da t a  j a s e  now ava i l ab le ;  and, as  we s h a l l  
show ir. t h i s  zaper ,  we have on ly  been a b l e  to  o b t a i n  aood agreement between the 
experimental  va lues  and our p red ic t ions  f o r  t h e  t imes,  and t h e i r  v a r i a t i o n s  u i t h  
diameter .  when a s i g n i f i c a n t  d i f f u s i o n a l  escape f a c t o r  i s  included i n  the  
c a l c u l a t i o n s ,  even f o r  p a r t i c l e s  a s  m a i l  a s  3% microns. T h i s  r e s u l t  c l e a r l y  r a i s e s  
ques t ions  regarding t h e  purely k i n e t i c  i n t e r p r e t a t i o n s  of py ro lys i s  r a t e  d a t a  f o r  
small  p a r t i c l e s  p re sen t& i n  t h e  pas t .  

A d a t a  base cons i s t inv  of t o t 6 1  py ro lys i s  t imes under d i f f e r e n t  cond i t ions  
from the  l i t e r a t u r e  was compiled for  compariscmn wi th  c u r  predicted va lues  of t imes 
and t h e i r  v a r i a t i o n  with p a r t i c l e  s i x .  The experimental  methods used included 
(mos t ly )  Drop-tube and or Heated-grid experiments,  c a r r i e d  out i n  i n e r t  atmospheres;  
and from experiments performed i n  t h e  presence of ox id iz ing '  atmospheres (most ly  
flame experiments) .  A summary of t h e  da t a  along with t h e  i n v e s t i g a t o r s  and the  
na tu re  of experimentat ion is g iven  i n  Tables 1 and 2 and i n  Figure 1. 

I n  t h e  majori ty  a f  the measuregents on cap t ive  p a r t i c l e s  E 1 1  (650 v a l u e s )  c o a l  
p a r t i c l e s  were cemented t o  s i l i c a  f i b e r s  and burnt between two e l e c t r i c a l l y  heated,  
F l a t  s p i r a l  c o i l s .  The burning t imes of t h e  v o l a t i l e s  were determined using a PE 
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ce l l ,  and t h e s e  t imes were assumed to  be equal  t o  the  py ro lys i s  t imes.  The 
experiment was c a r r i e d  out f o r  10 d i f f e r e n t  c o a l s  H i th  p a r t i c l e  s i z e s  i n  each case  
ranging from about 700 microns to 4 mi l l ime te r s .  For each coa l  type,  t h e  py ro lys i s  
t i m e  and t h e  p a r t i c l e  s i z e  could be r e l a t e d  Sy t h e  expression 

The va lues  of L and n a r e  l i s t e d  i n  Table 2: i t  can be seen t h a t  t h e  va lues  of K 
a r e  about 100 c.g\ls u n i t s ,  and t h e  index n i s  about 2 .  A s i m i i a r  r e s u l t  was ob ta ine8  
by Kallend and Ne t t l e ton  E21 i n  a similar experiment,  but with t h e  p a r t i c l e s  mounted 
on thermocouples. F igu re  1 shows t h a t  t h e  r e s u l t s  of t h e  two experiments a r e  i n  
c lose  agreement. Other  d a t a  a r e  fo r  p a r t i c l e s  smaller than  ZOO microns and have been 
taken most ly  from some of t h e  Drop-tube, Heated-grid,and flame experiments.  The 
py ro lys i s  times i n  t h e s e  c a s e s  have been def ined a s  t h e  time period between t h e  1% 
and 99% loss by weight of t he  u l t i m a t e  y i e l d  of V o l a t i l e  Matter.  The da ta  co l l ec t ed  
a r e  for heat ing r a t e s  ranging from l o 3  t o  10’ deg.K/sec. 

F i g u r e  1 shows an  unexpected ove r l ap  i n  t h e  p y r o l y s i s  t imes between t h e  l a r g e r  
p a r t i c l e s  below 100 microns,  and t h e  smaller  of t h e  cap t ive  p a r t i c l e s  above 700 
microns. A cont inuous curve from a s i n b l e  equat ion passing approximately through a l l  
d a t a  s e t s  would be a dog-leg,  which i s  unexpected. Also unexpected i s  t h e  appa ren t ly  
s t rong dependence o f  p y r o l y s i s  t imes on diameter  below 100 microns, con t r a ry  t o  t h e  
common b e l i e f .  It i s  t h e s e  two aspec t s  of behavior ,  i n  p a r t i c u l a r ,  t h a t  we a r e  
addressing i n  t h i s  paper.  

3. PHYSICAL 

The model i s  t h a t  o f  a p a r t i c l e  plunged i n t o  an  enclcsiire whose Temperature i s  
r i s i n g .  Heat t r a n s f e r  can be j o i n t l y  by conduction ( convec t ion )  and by r a d i a t i o n .  
The c a l c u l a t i o n s  show t h a t ,  i n  t h e  case  e f  t h e  cap t ive  p a r t i c l e s ,  r a d i a t i o n  on ly  
dominated over  conduct ion f o r  p a r t i c l e a  g r e a t e r  t han  2 mil l ime te r s .  The behavior i s  
an  unsteady s t a t e  so t h a t  temperature  nun-uniformit ies  can exist through t h e  
p a r t i c l e s ,  r e s u l t i n g  i n  v a r i a b l e  r a t e s . o f  p y r o l y s i s  a t  d i f f e r e n t  points .  Escape of 
t h e  products  is t r e a t e d  phenomenologically a s  a d i f f u s i o n a l  process ,  e i t h e r  a c t u a l ,  
and dependent on concen t r a t ion  d i f f e r e n c e s ,  or e f f e c t i v e ,  where t h e  a c t u a l  d r i v i n g  
fo rce  may be p r e s s u r e  d i f f e r e n c e s .  Cne o b j e c t i v e  he re  i s  t o  e s t a b l i s h  t h e  a c t u a l  or 
apparent d i f f u s i o n  c o e f f i c i e n t s  required t o  account f o r  t h e  experimental  r e s u l t s  as  
t a r g e t s  f o r  f u r t h e r  mechanis t ic  a n a l y s i s  using approximate pore and po re - t r ee  
models. 

4. M?iATHPIATICAL MODEL 

4 . 1  Governinq Equations: 

Heat Transfer :  For a p a r t i c l e  i n  a thermal  enclosure,  t h e  dimensionless  equa t ions  
f o r  hea t  t r a n s f e r  i n s i d e  and o u t s i d e  t h e  p a r t i c l e ,  desc r ib ing  t h e  change i n  
temperature.  8 ,  a s  a func t ion  o f  r a d i a l  d i s t ance ,  q, and t ime,  T, i s  

R, a w a T  = )acq2  3e/aqwan - c e x p ( - l / e ) &  ( 2 )  

where t h e  dimensionless  groups a r e  de f ined  a s  

e = RTIE ( 3 )  

( 4 )  
0 )  

T = (a /rz ) t  ; q = ( r / r  
P 

R = 1 f o r  q < 1: R = a /aa for q > 1. 
C P  

a n d 6 = l f o r q ( l  ; & = O f o r q > l  
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The q u a n t i t y  C i s  I 

The i n i t i a l  cond i t ions  a r e  ( f o r  T = 0) :  

for  0 ( q ( 1, e = 1 and f o r  1 i n < m. @ = e, 
and t h e  boundary condi t ions a r e  

Ca@/anlq=O = 0 ; Cel = 0 ( 6 )  q=m 

A t  t h e  p a r t i c l e  su r face ,  t h e  temperatures of t he  p a r t i c l e  and t h e  gas a r e  equa l ,  and 
t h e  hea t  f l ux  t o  the  p a r t i c l e  i s  the  sum of hea t  f l ux  from t h e  gas  and t h e  n e t  
r a d i a t i v e  heat  f l ux  from t h e  enclosure.  This  shows t h a t  t he  r a d i a t i o n  appears  as  a 
boundary cond i t ion  a t  t h e  p a r t i c l e  su r face .  

Py ro lys i s  i s  assumed t o  be a f i r s t - o r d e r ,  one-step r e a c t i o n ;  and t h e  h e a t  
absorbed i n  py ro lys i s  i s  

h = ok exp(-E/RT)(&H)(V - V) (7) 

Mass Transfer :  The governing equa t ions  f o r  t h e  d i f f u s i o n  o f  v o l a t i l e s  throuah t h e  
coa l  matrix a r e  of t h e  same form as  t h e  hea t  t r a n s f e r  equa t ions  and can be w r i t t e n  
a s  

am/at = ( i / r 2 ) a ( r Z D . a m / a i ) / a r  t Sm (8) 
1 9 where 

and 
m = u k exp(-E/RT)(Vo - V )  (9) 

0. 
S = l . D . = D  f o r r ( r  ; S = O , D . = D  f o r r ) r  i a  The boundar: conRit ions are' 

cam/arJrlo = o 

amjar = o a t o r  = m. 

CD 3 1 n / a r I ~ = ~  = L'Daam/arIr=r and mpart  = m . (10) a i r  
0 P 

Mass Loss: A t  any i n s t a n t  of t ime, t h e  flow r a t e  of v o l a t i l e s  o u t  of t h e  p a r t i c l e  
su r face  i s  

mt = 411rZD C a m / a ~ - I ~ = ~  (11) 
O P  

and t h e  t o t a l  mass loss d e r  a period t i s  g iven  by 
II 

Mt = 1: mtdt (12 )  
4 

4.2 So lu t ion  Procedures Eqn.(?) is transformed i n t o  a p p r o p r i a t e  d i f f e r e n c e  forms 
and 

a backward d i f f e r e n c e  approximation on t h e  t i m e  co-ordinate .  Qua t i c ins  Z and 8 can  
be w r i t t e n  i n  t h e  common dimensionless ,  d i f f e r e n c e  form 

1 f o r  s o l u t i o n  using a Cen t ra l  d i f f e r e n c e  approximation on t h e  s p a t i a l  coo rd ina te ,  

-n7f- , , ,e~~t/Aqz t CR c 1  qf/Ar + (!litlIz t q ~ - l , z ) / A q 2 % 3 ~ + 1  - 

' i t i / z  @nt1/Aq2 it1 = SCqfexp(-l/@:) t q f R  1 C l  @?/A= (13) 
B 
I 
i 

The r e l evan t  d i f f e r e n c e  equa t ions  were then solved numerical ly  us ing  a 
f u l l y  i m p l i c i t  backward-difference scheme and i t e r a t i n g  a t  each time s t e p  f o r  t h e  
non-l inear  terms. 

t 
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5.1 ?=lysis T i m e s :  Instantaneous Escape of V o l a t i l e  Matter: The r e s u l t s  of 
e a r l i e r  a t t empt s  t o  p r e d i c t  py ro lys i s  times and t h e i r  v a r i a t i o n  with p a r t i c l e  s i z e  
wi th  on ly  chemical k i n e t i c s  i n  t h e  model and d i t f u s i o n a l  escape omi t t ed ,  a r e  
presented i n  Fig.  2 ,  with the  experimental  da t a  of Fig.  1 included for comparison. 
These r e s u l t s  a r e  obtained by s e l e c t i n g  2 .  = m. 

It can be seen i n  Figure 2 t h a t  the' p red ic t ed  curve i s  sigmoid shaped -- 
l a r g e l y  under-predict ing t imes f o r  l a r g e  p a r t i c l e s  ( g r e a t e r  than 1000 microns)  and 
over-predict ing times f o r  small p a r t i c l e s .  The shape of t h e  curve a l s o  i n d i c a t e s  
t h a t  p y r o l y s i s  times a r e  i n s e n s i t i v e  t o  the  v a r i a t i o n  of p a r t i c l e  size i n  t h e  small  
s i z e  range. The p r e d i c t i o n s  a r e  good f o r  a small  i n t e rmed ia t e  range (1000 miilrons t o  
2000 microns) but t h i s  agreement would now appear to be f o r t u i t o u s .  Inc reas ing  t h e  
k i n e t i c  r a t e  by dec reas ing  t h e  a c t i v a t i o n  energy from 30 kcal lmole t o  25 kcal lmole 
d i d  not improve t h e  p red ic t ions .  Though t h e  py ro lys i s  t imes were reduced, t h e  
c a l c u l a t i o n s  s t i l l  over-predicted times f o r  smail  p a r t i c l e s  and under-predicted f o r  
l a r g e  p a r t i c l e s .  

Examination o f  t h e  ca l cu la t ed  temperatures of t h e  small p a r t i c l e s  du r ing  
p y r o l y s i s  showed t h a t  t he  p a r t i c l e s  would heat up t o  a f i n a l  temperature of about 
950 K without  s i g n i f i c a n t  py ro lys i s ,  and t h a t  t hey  then  pyrclyzed a t  cons t an t  
temperature;  i t  was a l s o  found t h a t  t h e  temperature  g r a d i e n t s  w i th in  t h e  small  
p a r t i c l e s  ( less  than  500 microns)  were i n s i g n i f i c a n t .  A t  constant  temperature ,  
p y r o l y s i s  i s  a volumetr ic  process:  t h e  p y r o l y s i s  t ime then depends on t h e  
temperatures  of t h e  p a r t i c l e s ,  and i s  independent o f  t h e  p a r t i c l e  s i z e .  The f i n a l  
temperatures  a t t a i n e d  by the  small  p a r t i c l e s  were about the same. This  i s  the  sou rce  
o f  t h e  f l a t t e n i n g  o f  t h e  p red ic t ed  curve i n  t h e  small  p a r t i c l e  range. Althoogh t h i s  
supports  t h e  common b e l i e f  t h a t  p y r o l y s i s  being independent of partiacle s i z e  below 
100 microns,  i t  i s  c l e a r l y  con t r a ry  to t h e  f a c t s .  It a l s o  emphasizes t h e  
inadequacies  of t h e  assumptions,  and t h e  need t o  re-examine them ( fo l lowing) .  

The under-predict ion of py ro lys i s  t imes f o r  l a r g e  p a r t i c l e s  i nd ica t ed  by Fig.  
2 suggests  t h a t  escape time is  important  f o r  such p a r t i c l e s .  When t h i s  assumption 
was incorporated i n  t h e  model equat ions,  i t  was then  found to  be app l i cab le  t o  a l l  
p a r t i c l e  s i z e s .  

5 .2  Pyro lys i s  Times: D i f fus ion  of Pyro lvs i s  Products :  With d i f f u s i o n a l  escape 
included i n  t h e  mcde:, the r e s u l t s  i l l u s t r a t e d  i n  Fig.  3 were obtained.  F i a u r e  3 
shgws 3 d i f f u s i o n a l  e scape  t imes,  using d i f f u s i o n  c o e f f i c i e n t s  of lo-' 
cm /sec.  Tu o b t a i n  t h e  l i n e s  shown, an adjustment t o  t h e  v e l o c i t y  cons t an t  
c o e f f i c i e n t s  was necessary:  otherwise,  t h e  ca l cu la t ed  times were high bj: one or two 
o r d e r s  of magnitude. The f i t  was obtained by reducing t h e  a c t i v a t i o n  energy from 30 
t o  12 kcal lmole.  T h i s  i s  s u b s t a n t i a l l y  below t h e  va lues  quoted f o r  i n d i v i d u a l  
r e a c t i o n s  i n  a m u l t i p l e  p y r o l y s i s  model, but i t  i s  of t he  t y p i c a l  magnitude found by 
f i t t i n g  a s i n g l e  s t e p  to m u l t i p l e  r e a c t i o n s  C31. 

The f i t  t hen  shows t h a t  t h e  s e p a r a t e  t r ends  of t h e  l a r g e  and t h e  small 
diameters  can  be accounted f o r  by a t t r i b u t i n g  t h e  major d i f f e r e n c e s  t o  t h e  d i f f e r e n t  
d i f f u s i o n  r a t e s .  Second o r d e r  v a r i a t i o n s ,  to t h e  e x t e n t  t h a t  t hese  can be 
i d e n t i f i e d ,  can be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  t h e  a c t u a l  k i n e t i c s .  

. 

6. DISCUSSION 

The p r i n c i p a l  problem then  remaining is t o  account f o r  t h e  very d i f f e r e n t  
d i f f u s i o n  c o e f f i c i e n t s  ( by two o r d e r s  of magnitude) between the " l a rge"  and t h e  
"small" p a r t i c l e s .  It is no t  a ma t t e r  of ox id iz ing  or non-oxidizing ambient 

. atmospheres s i n c e  t h e  small  p a r t i c l e  group inc lude  some va lues  obtained i n  f lames.  
Two p o s s i b l e  exp lana t ions  can  be advanced. One f a c t o r  t h a t  can be s i g n i f i c a n t  i s  t h e  
ex ten t  of swel l ing.  It i s  now gene ra l ly  agreed t h a t  ( s m a l l )  p a r t i c l e s  hea t ing  
r a p i d l y  swe l l  on ly  marginal ly  or  not a t  a l l  C191. With t h e  l a r g e  p a r t i c l e s ,  swe l l ing  
was ve ry  ev iden t  -- wi th  t h e  except ion of t h e  a n t h r a c i t e  -- with measured swe l l ing  
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f a c t o r s  average 1.5 f o r  a l l  t h e  c o a l s  (except  f o r  t h e  a n t h r a c i t e )  CZOI. This  
explanat ion,  however, does not  account f o r  t h e  behavior of t h e  non-swelling 
a n t h r a c i t e  whose l a r g e - p a r t i c l e  p y r o l y s i s  times do not d i f f e r  s i g n i f i c a n t l y  from 
those  of t h e  bituminous coal .  

I f  swel l ing i s  not  r e spons ib l e  f o r  t h e  d i f f e r e n c e s  we must p o s t u l a t e ,  i t  would 
seem, some un iden t i f i ed  d i f f e r e n c e s  i n  t h e  mechanical p r o p e r t i e s  of t h e  c o a l s  t h a t  
a r e  s o l e l y  p a r t i c l e  s i z e  dependent,  and which inc lude  a n t h r a c i t e .  One such p rope r ty  
could be microcracks i n  a l l  p a r t i c l e s  g r e a t e r  than about 100 microns so t h a t  t h e  VM 
escape r a t e  i n  smaller  p a r t i c l e s  can be diffusion-dominated, generat ing t h e  l e f t -  
hand d a t a  s e t  of Fig.  3. I f  t h e  VM escape through t h e  microcracks of l a r g e r  
p a r t i c l e s  was then instantaneous,  a l l  p y r o l y s i s  times of p a r t i c l e s  about 100 microns 
would l e v e l  off  a t  about 0.5 sec. ,and t h e  l i n e  would become hor i zon ta l  i n  t h e  r i g h t -  
hand segment of t h e  graph. I f  escape through t h e  microcracks i s  no t  i n s t an taneous ,  
and i s  governed by some form of d i f f u s i o n  mechanism, t h e  l i n e  t o  t h e  r i g h t  would 
then  rise with p a r t i c l e  s i z e ,  as  it does  i n  f a c t .  

The same q u a l i t a t i v e  r e s u l t  i s  obtained i f  we assume, a l t e r n a t i v e l y ,  an a r r a y  
o f  microcracks a t  a l l  p a r t i c l e  s i z e s ,  and with microcrack s i z e  diminishing wi th  
p a r t i c l e  size. 

Th i s  i s  a l l  hypo the t i ca l  a t  t h i s  t i m e  but i t  does i n d i c a t e  t h e  l i n e  of 
t h ink ing  t h a t  would appear t o  be necessary a t  t h i s  time t o  account f o r  t h e  observed 
r e s u l t s .  

7. MNUUSIONS 

1. The experimental  d a t a  on t h e  v a r i a t i o n  of p y r o l y s i s  t i n e s  wi th  diameter  
c l e a r l y  show in f luence  of p a r t i c l e  s i z e  over  t h e  s i z e  range 20 t o  4000 
microns. 

2. The dependence of p y r o l y s i s  t imes on diameter  i s  i n t e r p r e t e d  a t  t h i s  t i m e  
as being due t o  t h e  in f luence  of ( d i f f u s i o n a l )  escape i n  t h e  p y r o l y s i s  
mechanism. This  is i n  agreement with convent ional  views of p y r o l y s i s  
g r e a t e r  than 100 microns; but  i t  con t r a ry  t o  those  views f o r  p a r t i c l e s  l e s s  
t han  100 microns.  

3. A s i n g l e  l i n e  or  band drawn ( e m p i r i c a l l y )  through a l l  t h e  d a t a  has  a 
sigmoid (dog-leg)  shape t h a t  cannot a t  t h i s  t ime be accounted f o r ,  
t h e o r e t i c a l l y ,  by any model t h a t  excludes diameter-dependent parameter 
c o e f f i c i e n t s .  

4.  The two extreme segments of t h e  sigmoid curve can be p red ic t ed  by 
a r b i t r a r i l y  assuming t h a t  va lues  of a d i f f u s i o n  c o e f f i c i e n t  governing VM 
escape d i f f e r  by two o rde r s  of magnitude. 

5. Mechanistic reasons f o r  any such d i f f e r e n c e  i n  d i f f u s i o n  c o e f f i c i e n t s  a r e  
not  c l e a r  a t  t h i s  time. Some f a c t o r s ,  such as t h e  in f luence  of t h e  
composition of t h e  ambient atmosphere (ox id iz ing  or non-oxidizing)  can 
appa ren t ly  be ru l ed  ou t .  A t e n t a t i v e  exp lana t ion  i n  terms of microcracks i s  
suggested but  t h i s  needs t o  be t e s t e d  by approximate a n a l y t i c a l  
developments and phys ica l  examinations.  

We would l i k e  t o  acknowledge t h e  support  of M r .  J. Hickerson, Department of 
Energy ( c o n t r a c t  # DE-AC22-84PC-70768) and ET. D. Seery,  United Technologies 
Research Center ( c o n t r a c t  # 101404) i n  funding t h i s  p ro jec t .  

: d i f f u s i o n  coe f f .  i n  a i r  (cmZ/s) D 
kp : r a t e  cons t an t  ( 6  ) 

: d i f f .  coe f f .  i n  p y t i c l e  (cm2/s)  $ : a c t i v a t i o n  energy (kcal lmyle)  
ko : preexponent ia l  f a c t o r  ( 8  ) m : mass conc. of VM ( g l c c )  
m : v o l a t i l e  gene ra t ion  r a t e  (g/cm3s) qr : r a d i a t i v e  heat  f l u x  (callcm's) 
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r : r a d i a l  d i s t a n c e  (cm) 
R : g a s  constant  ( ca l /mole  deg.K) 
T : Temperature (deg.K) 
T : I n i t i a l  Temperature (de5.K) 

V z  : u l t i m a t e  v o l a t i l e  y i e l d  ( % )  
a : thermal  d i f f u s i v i t y  i n  p a r t i c l e  
qp : dimensionless  r a d i a l  d i s t a n c e  
A : thermal  conduc t iv i ty  of c o a l  
oP : d e n s i t y  of c o a l  (gram/cc)  
ep : dimensionless  temperature  

r : r a d i u s  of a p a r t i c l e  (cm) 
t' : t ime ( s )  

V : v o l a t i l e  y i e ld  ( 5 )  
a : thermal d i f f u s i v i t y  i n  a i r  
hil 
.Aa u : d e n s i t y  of a i r  (aram/cc)  
-ra : dimensionless  t ime 

: hea t  of r e a c t i o n  ( ca l /g ram)  
: thermal conduct ivi ty  of a i r  
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Table 1: Pyrolyris Times from Drop-tube (DT) 
Heated -grid (HG), and Flame (F) Experiments. 

Investigators Particle Size Heating Bate Pyrolysis 
(microns) (deg.l[/sec) Time (sec) 

Anthony C31 

Nsakala [91 
Niksa CB3 
Kobayashi C61 
Howard C53 
Smoot E131 
Thriny C151 
Ubhayakar C161 
Seeker C121 
Peter C103 
Desypris C41 

Maloney C71 
Solomon C143 

53-83 

64 
125 
37-44 
< 200 
21 
< 100 
< 74 
80 
1200 
126 
44 
62 
53-74 
44-74 
44-74 

lou 0.1 

9 y l o 3  0.2  

> loy 0.1 
10' 0.2 
lo4 0.05 

3 x 103 0.3 

10--10" 0.5 

- 0.1 
> 10" 0.011 
lo9 0.08 
200 3.5 

0.5 
0.5 
0.17 

- 

lou 0.064 

4 x lo4 0.023 
3 x lou 0.02 

HG 

ET 
HG 
DT 
F 
F 
F 
DT 
Shock Tube 

HG 

DT 
DT 
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Table 2: Valuer of the vo la t i l e  combuation conatanta (Kv and n ). 
(Source: Ref. 1) 

percentage.) 
(The e r r o r s  i n  Kv a r e  between 2 and 5% , t h e  e r r o r s  given aga ins t  n a r e  i n  

COAL VM% (d .a . f )  K, (c.g.s u n i t s )  n 

1. S t a r l l y d  
2. Five f t .  
3. Two f t .  Nine 
4. Red Vein 
5. Garw 
6. Si lks tone  
7.  Winter 
8. Cowpen 
9. High Hazel 
10. Lorraine 

9.9 
14.9 
28.8 
23.3 
30.6 
41.5 
39.3 
40.2 
40.7 
40.2 

44.6 
30.0 
120.0 
86.6 
96.8 
91.6 
93.6 
91.4 
134.0 
98.9 

1.82 f 4.13% 
2.32 2 4.378 
2.63 f 3.33% 
2.19 f 4.22% 
2.06 2 2.14% 
2.19 f 3.86% 
2.24 f 3.188 
2.15 f 3.28% 
2.23 2 2.79% 
2.14 2 2.55% 

4 

-b 

F .  
+* 
n q  

1: 
0 

Figure 1. Experimental values  of  v a r i a t i o n  of t o t a l  pyro lys i s  times 
wi th  p a r t i c l e  s ize .  Values a r e  l i s t e d  i n  Tables 1 and 2. 

0 Anthony.. Nsakala. 4 N i k s a . V  Howard. & Kobayashi. II Smoot. * Thring. 1 Solomon. X Maloney. +Desypris, Oubhayakar. 
o Pe ters .  v Seeker. 
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C .  

- k= 1 E 8 l/sec. 
f E = 30 kcal/mole. 

0 --c k = 1 E 10 l / S e C .  
E = 25 kcal/mole. 

Figure 2. Comparison of the calculated and experimental variat ion of 
pyro lys i s  times with par t i c l e  s i z e .  The calculat ions do not  
include the d i f fus iona l  escape of VM. 

Figure 3.  Comparison of calculated and experimental variat ion of 
pyrolysis  tines with par t i c l e  size. The calculat ions include 
the d i f fus iona l  escape of VM. 
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