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ABSTRACT 
The r e a c t i o n  mechanism for  coa l  py ro lys i s  and d e v o l a t i l i z a t i o n  involves  t h e  

inward progression from the exposed su r face  of a decomposition wave, whose speed Of 
propagation determines t h e  py ro lys i s  r a t e .  
d r iv ing  the wave and by thermodynamic t r a n s p o r t  c o n s t r a i n t s  w i th in  the  p a r t i c l e .  
Microscopic d a t a  a r e  presented t h a t  r e v e a l  t h e  s t r u c t u r e  of t h a t  wave f r o n t  for 
u n i d i r e c t i o n a l  l a s e r  exposure of both macroscopic coa l  sam l e 3  and microscopic d u s t  
p a r t i c l e s .  
t h i ckness  is l e s s  t han  50 pm. 

12-115 W/cm2 t h a t  g ive  a py ro lys i s  and d e v o l a t i l i z a t i o n  " r a t e  c o e f f i c i e n t "  o f ,  

REALITIES I N  COAL AND POLYMER PYROLYSIS A N D  DEVOLATILIZATION: 

The speed is con t ro l l ed  by t h e  hea t  f lux 

A t  bu rne r - l eve l  hea t  f l u x e s  of 100 t o  125 W/cm 3 , t he  wave f r o n t  

New d a t a  are a130 presented fo r  polymethylmethacrylate (PMMA) a t  f lux  l e v e l s  of 

k t  = C(T)dT + AHv]-' , 
whose va lue  is p r e d i c t a b l e  from thermodynamic t r a n s p o r t  c o n s t r a i n t s  alone. Except 
fo r  t h e  complicat ion of t he  c o a l ' s  char- layer  r e s idue  and its increasing th i ckness ,  
which i n s u l a t e s  t h e  wave f r o n t  from the  hea t  sou rce  f lux  t h a t  d r i v e s  i t ,  both c o a l  
and PMMA behave s i m i l a r l y .  For PMMA, t h e  decomposition temperature ,  T a l  is 
350-400° C; f o r  c o a l  i t  is 450-600° C. 

r eac t ion  p rocesses  occur  isothermally under chemical r a t e  c o n t r o l  and t h a t  they a r e  
desc r ibab le  by unimolecular .  Arrhenius func t ions  of the source temperature.  

ro l e s  i n  t h e  o v e r a l l  mechanism of flame propagat ion i n  dus t - a i r  mixtures.  Data f o r  
the p a r t i c l e  s i z e  dependences of t h e  l e a n  limits of f lammabil i ty  f o r  coa l s  and 
polymers r e v e a l  t hose  r o l e s .  The above measured r a t e  c o e f f i c i e n t  f o r  PMMA gives  a 
reasonable  p r e d i c t i o n  of the coa r se  s i z e  a t  which the  p a r t i c l e  d e v o l a t i l i z a t i o n  
process becomes r a t e  l i m i t i n g  i n  a PMMA dus t  explosion.  

There is no s u b s t a n t i v e  evidence t o  support  t h e  t r a d i t i o n a l  viewpoint t h a t  t h e  

The v o l a t i l i t y  y i e l d  of a dus t  and its r a t e  of d e v o l a t i l i z a t i o n  play dominant 

INTRODUCTION 
Two t h e o r i e s  o r  models have been used t o  desc r ibe  t h e  process  of coal p a r t i c l e  

py ro lys i s  and d e v o l a t i l i z a t i o n .  The f i rs t  is t he  t r a d i t i o n a l  viewpoint,  which 
considers  t h e  r e a c t i o n  process  t o  be under chemical r a t e  con t ro l  ( 1 ,  2, 3 ) ;  t h e  
second is a newer viewpoint t h a t  cons ide r s  the r e a c t i o n  process  t o  be under heat  
t r anspor t  c o n t r o l  ( 4 ,  5, 6 ,  7) .  In  t h e  t r a d i t i o n a l  model t h e  r e a c t i o n  or r e a c t i o n s  
a r e  viewed a s  occur r ing  i so the rma l ly  throughout t h e  p a r t i c l e  and are described by 
c l a s s i c a l ,  unimolecular ,  Arrhenius func t ions  of t h e  p a r t i c l e  temperature,  T. The 
r eac t ion  r a t e  is given by 

= ko [,-Ea/RT 1 C V ( - )  - V ( t ) l ,  1 )  dV( t )  
d t  

where V ( t )  is the  v o l a t i l e  y i e l d  ( i n  p c t )  a f t e r  an exposure t ime,  t ;  V ( - )  is the 
maximum v o l a t i l e  y i e l d  a s  t + m ;  ko is t h e  preexponent ia l  f a c t o r ;  Ea is t h e  
a c t i v a t i o n  energy; R is t h e  un ive r sa l  gas  cons t an t ;  and T is t h e  temperature  of t h e  
pyrolyzing p a r t i c l e .  Considerable  e f f o r t  has gone i n t o  t h e  development of complex, 
p a r a l l e l  or s e q u e n t i a l  r e a c t i o n  schemes t o  p r e d i c t  t h e  o v e r a l l  r a t e  of py ro lys i s  and 
the  y i e l d s  of v o l a t i l e  products .  Su rp r i s ing ly ,  however, l i t t l e  e f f o r t  has been 
devoted t o  a ,  r e a l i s t i c  a n a l y s i s  of the hea t  t r a n s p o r t  processes  by which p a r t i c l e  

' 

temperatures ,  i n i t i a l l y  a t  To, a r e  e l eva ted  t o  t h e  r e a c t i o n  temperature T a f t e r  
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t h e i r  exposure to some high temperature  source a t  Th. 
assumed t h a t  t h e  exposed coa l  p a r t i c l e s  r a p i d l y  reached the high temperatures  of the 
furnace walls, or t he  hot gases ,  or t h e  e l e c t r i c a l l y - h e a t e d  sc reens  t o  which they  
were exposed. The temperature used i n  Equation 1 was gene ra l ly  t h e  source 
temperature ,  Th. A major except ion was Z i e l i n s k i  (7). whose independent a n a l y s i s  of 
t he  d a t a  of many i n v e s t i g a t o r s  l ed  t o  t h e  conclusion t h a t  t h e  r a t e  of t h e  hea t  
t r a n s f e r  from the high-temperature source t o  t h e  coa l  p a r t i c l e s  exer ted t h e  dominant 
i n f luence  on t h e  r a t e  of v o l a t i l e 3  evo lu t ion .  He noted t h a t  coa l  p a r t i c l e  
temperature measurements were "very r a r e  indeed,"  and caut ioned r e s e a r c h e r s  a g a i n s t  
a s s ign ing  " the temperature of t h e  hea t  c a r r i e r  or the  con ta ine r  walls" t o  t h e  
temperature  of " the coal  p a r t i c l e s  themselves." Z i e l i n s k i ' s  a n a l y s i s  was g e n e r a l l y  
ignored u n t i l  t h e  more r e c e n t  s t u d i e s  o f  F re ihau t  and V a s t o l a , ( 8 ) ,  and t h e  
r e a n a l y s i s  of p a r t i c l e  p y r o l y s i s  da t a  by Solomon and coworkers (9, 10) .  Using 
d i r e c t  o p t i c a l  measurements of p a r t i c l e  temperatures ,  Solomon e t  a l .  (10 )  showed 
c l e a r l y  t h a t ,  dur ing p y r o l y s i s ,  T was gene ra l ly  much lower than Th. For example, i n  
an en t r a ined  flow reac t ion  a t  a source temperature  of Th = 1300° C ,  c o a l  p a r t i c l e s  
of 45-75 wn diameter were completely d e v o l a t i l i z e d  by t h e  t ime they  had reached 
temperatures  of only 700-800° C. Their a n a l y s i s  is neve r the l e s s  l i m i t e d  to  the  
problem of heat  t r a n s f e r  t o  t h e  p a r t i c l e ;  t h e  p a r t i c l e  i t s e l f  is s t i l l  t r e a t e d  as 
r e a c t i n g  i so the rma l ly ,  and uniformly throughout its ex ten t .  I n t e r n a l  v a r i a t i o n s  i n  
temperature  and r e a c t i o n  r a t e  a r e  ignored. Since,  however, t he  p a r t i c l e  is not 
isothermal ,  one must go even f u r t h e r  i n  the  r e a n a l y s i s .  For c o a l ,  e s p e c i a l l y ,  t h e r e  
is inev i t ab ly  a h o t t e r ,  opaque char  l a y e r  a t  the s u r f a c e  of t he  p a r t i c l e  t h a t  
surrounds and conceals  the lower temperature  region of a c t i v e  p y r o l y s i s  f u r t h e r  
within the  p a r t i c l e .  

Accordingly,  not  only must one consider  heat  t r a n s p o r t  l i m i t a t i o n s  t h e  
p a r t i c l e  from the  e x t e r n a l  hea t  sou rce ,  but  also heat  t r a n s p o r t  l i m i t a t i o n s  w- 
o r  through the p a r t i c l e :  t h a t  i s ,  from its s u r f a c e  t o  its i n t e r i o r .  Attempts to 
address  t h a t  l i m i t a t i o n  l ead  t o  the newer viewpoint or model. The s i t u a t i o n  i n  its 
s imples t  form is depicted i n  Figure 1 ,  and t h e  newer theory simply a p p l i e s  t h e  F i r s t  
Law of Thermodynamics t o  t h e  system. A planar  coa l  su r f ace  i s  dep ic t ed ,  py ro lyz ing  
and d e v o l a t i l i z i n g  a t  a s t eady- s t a t e  r a t e ,  io, i n  an inc iden t  r a d i a t i v e  sou rce  f l u x  
of i n t e n s i t y ,  I. The system dep ic t ed  is c o a l ,  which is complicated by a char  
r e s idue  above t h e  py ro lys i s  r e a c t i o n  zone. I n i t i a l l y ,  i t  w i l l  be s impler  t o  assume 
t h a t  t h e  r e a c t a n t  is one t h a t  d e v o l a t i l i z e s  completely so t h a t  t h e  i n c i d e n t  f l u x  is 
absorbed d i r e c t l y  a t  t h e  d e v o l a t i l i z i n g  su r face .  Polymethylmethacrylate (PMMA) i s  
an example of such a substance.  A f r a c t i o n  of t h e  inc iden t  f l u x ,  r I ,  is r e f l e c t e d ,  
and another  po r t ion ,  I t ,  is l o s t  t o  t h e  colder  surroundings by conduct ion,  
convection, and r e r a d i a t i o n .  For t h e  s t eady- s t a t e  propagation o f  t h e  p y r o l y s i s  
wave, a t  t h e  l i n e r  r a t e ,  1, , t h e  F i r s t  Law r e q u i r e s  t h a t  t he  n e t  absorbed f l u x ,  
Iabs  = I(l-r)-It ,  f i r s t  supply t h e  power necessary t o  b r ing  each element of the 
s o l i d  r e a c t a n t  with its hea t  capac i ty  C ( T )  t o  t h e  r e a c t i o n  zone or decomposition 
temperature ,  T,, from its i n i t i a l  temperature ,  To: and second, supply t h e  hea t  of 
d e v o l a t i l i z a t i o n .  Thus, 

Iabs = 1(1 - r )  - It = io p [ITs C(T)dT + AHv]. 

Solving f o r  t h e  mass d e v o l a t i l i z a t i o n  r a t e  per u n i t  area g ives  

Early r e s e a r c h e r s  g e n e r a l l y  

2) 

3) 

T 
0 

I = f o p = k  t I abs = [J;: C ( T )  dT + AHvl-lIabs, 

where t h e  r a t e  c o e f f i c i e n t ,  k t .  is given by the r e c i p r o c a l  of t he  n e t  enthalpy 
change f o r  t h e  o v e r a l l  heat ing and d e v o l a t i l i z a t i o n  process.  

This  newer viewpoint should be con t r a s t ed  with the  t r a d i t i o n a l  one. In  t h i s  
f lux-driven,  hea t - t r anspor t - l imi t ed  model (Equat ions 2 and 3 ) ,  once t h e  i n p u t  f l u x  
l e v e l  exceeds some c r i t i c a l  value fo r  t h e  onset  of r eac t ion ,  which is the  loss f l u x ,  
t h e  p red ic t ed  rate is not p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  r e a c t i o n  zone temperature  of 
t h e  pyrolyzing s u r f a c e .  That temperature ,  T,, is only t h e  upper bound o f  a heat  
capac i ty  i n t e g r a l .  The r a t e  c o e f f i c i e n t ,  k t ,  is much more s e n s i t i v e  t o  the  heat  of 
d e v o l a t i l i z a t i o n  o r  vapor i za t ion ,  AH,. By c o n t r a s t ,  i n  t h e  t r a d i t i o n a l  viewpoint 
(Equation I ) ,  t h e  r e a c t i o n  temperature  T is the only  v a r i a b l e  determining t h e  r a t e .  
I n  the  f lux-driven model, t h e  system is nonisothermal and the  exac t  temperature  of 
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t h e  r e a c t i n g  s u r f a c e  becomes v i r t u a l l y  i r r e l e v a n t  once it reaches some th re sho ld  
value.  The t r a d i t i o n a l  viewpoint ,  by c o n t r a s t ,  focuses  on t h a t  one in t ens ive  
thermodynamic v a r i a b l e ,  T,  and it does so on ly  i n  one r eg ion  of t h e  system, t h e  
r eac t ion  zone. The newer viewpoint emphasizes ex tens ive  thermodynamic va r i ab le s :  
The absorbing f l u x ,  Iabs. and t h e  o v e r a l l  enthalpy change fo r  t he  py ro lys i s  and 
d e v o l a t i l i z a t i o n  process ,  q u i t e  independent of t h e  temperature  of any one r eg ion  of 
the nonisothermal  system. I n  the newer model, t h e  d r i v i n g  fo rce  f o r  t he  r e a c t i o n  is 
t h e  n e t  energy f l u x  d e n s i t y  be ing  absorbed by t h e  r e a c t a n t .  The "ba r r i e r "  t o  
r e a c t i o n  is not some obscure a c t i v a t i o n  energy,  Ea, which must be overcome by 
r a i s i n g  t h e  temperature  of one p a r t i c u l a r  region t o  a high enough l e v e l ;  r a t h e r  i t  
is the  " r e s i s t a n c e "  or thermal  i n e r t i a  o f  t he  e n t i r e  system tha t  must be overcome. 

The thermal  i n e r t i a  is j 2 C(T) dT + AH,, and t h e  r e c i p r o c a l  of t ha t  r e s i s t a n c e  

is the  "conduct ivi ty"  of the r e a c t i o n  wave, which is its r a t e  c o e f f i c i e n t ,  k t .  

PYROLYSIS RATES AND STRUCTURAL MICROSCOPIC REALITIES FOR COAL 
Kine t i c  d a t a  for t h e  d e v o l a t i l i z a t i o n  r a t e s  of microscopic coa l  p a r t i c l e s  of 

varying d i ame te r ,  hea t ed  i n  a C02 l a s e r  beam were r epor t ed  previously ( 4 ,  5 ) .  The 
da ta  a t  a cons t an t  i npu t  laser f l u x  of 300 W/cm2 f o r  p a r t i c l e s  of 51-, 105-, and 
310-pa average diameter  a r e  shown i n  Figure 2. The d a t a  show c l e a r l y  t h a t  t h e  time 
r equ i r ed  f o r  complete d e v o l a t i l i z a t i o n  inc reases  monotonically with inc reas ing  
p a r t i c l e  diameter ,  a s  would be p red ic t ed  by t h e  f lux-driven model of Figure 1 .  The 
e f f e c t  of varying t h e  inc iden t  laser f l u x  f o r  a given p a r t i c l e  s i z e  was a l s o  
s tudied.  

For a more c a r e f u l  a n a l y s i s  of the d a t a ,  it should be noted t h a t  t he  percentage 
mass l o s s  ver sus  t i m e  cu rves  in Figure 2 have c h a r a c t e r i s t i c  s-shapes. Since f i n a l  
v o l a t i l i t y  y i e l d s ,  V(-), are approached on ly  a sympto t i ca l ly  as t + -, i t  is most 
r e a l i s t i c  t o  expres s  t h e  r a t e  of t h e  d e v o l a t i l i z a t i o n  r e a c t i o n  in terms of t h e  t ime 
r equ i r ed  fo r  t h e  p a r t i c l e  t o  d e v o l a t i l i z e  t o  h a l f  its maximum value.  That h a l f  l i f e  
o r  t l l 2 -va lue  corresponds to t h e  i n f l e c t i o n  po in t  of the s-shaped curve.  
d a t a  are summarized in Figure 3 ,  where t h e  measured t1/2 d a t a  p o i n t s  a r e  p l o t t e d  as 
a func t ion  of t h e  i n c i d e n t  laser f lux  f o r  t h e  t h r e e  p a r t i c l e  s i z e s  s tud ied .  For t h e  
cubic  p a r t i c l e  w i t h  s i d e s  o f  width ao. a s  depicted i n  Figure 1 ,  

A l l  t h e  

4 )  = a 0  =sop k ' D p  

t1/2 26, (1 - I t ' )  ' 

where I t '  is an  e f f e c t i v e  loss f l u x  and k' is a constant  of p r o p o r t i o n a l i t y  which is 
l i n e a r l y  p ropor t iona l  t o  t h e  thermal i n e r t i a  of t he  d e v o l a t i l i z a t i o n  r e a c t i o n ,  bu t  
which i s  a l s o  r e l a t e d  t o  t h e  shape of t he  p a r t i c l e  and i t s  o r i e n t a t i o n  in t he  beam. 
The average p a r t i c l e  diameter  i s  D The p r e d i c t i o n s  of Equation 4 a r e  a l s o  shown 
in Figure 3 as the  dashed l i n e s .  
50 W/cm2 f o r  t h e  51-um p a r t i c l e s ,  25 W/cm2 f o r  t h e  105-pm p a r t i c l e s ,  and 10 W/cm2 
f o r  t he  310-pm p a r t i c l e s .  
convect ion t o  t h e  co ld  surroundings,  and t h e i r  choice is  discussed i n  d e t a i l  
elsewhere (5, 6). 
f i t  t o  the  d a t a .  The r easonab le  agreement between t h e  da t a  p o i n t s  and t h e  theo ry  
curves p red ic t ed  by Equation 4 tends t o  confirm the reasonableness  of its 
de r iva t ion .  I t  s u g g e s t s  t h a t  even on t h e  microscopic l e v e l  of p a r t i c l e s  as small  as 
50 pa, t h e  p y r o l y s i s  p rocess  proceeds a t  a rate determined by t h e  hea t - t r anspor t -  
l i m i t e d  speed with which t h e  d e v o l a t i l i z a t i o n  wave is dr iven  through t h e  p a r t i c l e  by 
t h e  heat  sou rce  f lux .  The p y r o l y s i s  " r a t e  constant"  is determined by t h e  
thermodynamic p r o p e r t i e s  of t h e  medium, and no f u r t h e r  assumption r ega rd ing  a 
r e a c t i o n  k i n e t i c  mechanism appears  t o  be necessary.  

con ta in ing  t h e  most d e t a i l e d  s p a t i a l  r e s o l u t i o n  were r epor t ed  by Lee, Singer ,  and 
Chaiken ( 1 1 )  for l a r g e  c o a l  c y l i n d e r s  1.8 cm in diameter and 5 cm high. 
Temperatures were measured every 3 mm. Their  temperature  p r o f i l e s ,  obtained w i t h  
t h e  same l a s e r  but a t  much lower f i r e - l e v e l  h e a t  f l uxes ,  a r e  summarized in Figure 4 .  

%e e f f e c t i v e  loss f l u x e s ,  Ie'. were taken as 

These l o s s e s  a r e  mainly a s soc ia t ed  with conduction- 

A cons tan t  k '-value of 1.46 kJ/cm3 f o r  a l l  s i z e s  g ives  the  b e s t  

In terms of t h e  a c t u a l  thermal s t r u c t u r e  of t he  py ro lys i s  wave f r o n t ,  t he  da t a  
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I 

They a l s o  obtained x-ray d e n s i t y  p r o f i l e s  which showed t h a t  t h e  r e a c t i o n  zone Of 
a c t i v e  py ro lys i s  and d e v o l a t i l i z a t i o n  is cha rac t e r i zed  by a minimum dens i ty  Of 0.2 
g/cm3. These minimum dens i ty  po in t s  a r e  shown i n  Figure 4 superimposed on t h e i r  
measured temperature p r o f i l e s .  
the cold s i d e  by unreacted coa l  ( p  - 1.33 g/cm3) and on the  hot s i d e  by a 
consol idated char r e s idue  ( p  = 0.85 g/cm3). 
corresponding t o  t h e s e  minimum densi ty  p o i n t s  is 440-475O C .  

d e v o l a t i l i z a t i o n  composed of "frothing" l i q u i d  bitumen. The l i q u i d  bitumen c o n s i s t s  
of high-molecular-weight py ro lys i s  products ,  and i t  is f r o t h i n g  because lower 
molecular weight gases  and t a r  vapors a r e  bubbling through it. 
zone" is a l s o  phys ica l ly  t r anspor t ing  the  f r o t h i n g  mass of cha r i fy ing  l i q u i d  bitumen 
i n t o  t h e  mass of previously formed char  above it. 
dens i ty  is  thus a compacted r e s idue  of t he  f r o t h i n g  mass of cha r i fy ing  l i q u i d .  Some 
secondary char-forming r e a c t i o n s  a r e  a l s o  occur r ing  i n  t h e  char  l aye r  above t h e  f i z z  
zone, a3 pyro lys i s  vapors d i f f u s e  through t h a t  cap of higher  temperature cha r .  

The da ta  of Lee, S inge r ,  and Chaiken a130 show c l e a r l y  t h a t  t he  py ro lys i s  wave 
f ron t  propagates inward a t  a v e l o c i t y  t h a t  is p ropor t iona l  t o  the r a d i a n t  f l u x ;  
however, a3 the  i n s u l a t i n g  char  l aye r  a t  t h e  s u r f a c e  th i ckens  i n  time, t h e  s u r f a c e  
temperature inc reases  and f l u x  l o s s e s  t o  t h e  co ld  surroundings inc rease  markedly. 
I t  is not  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  t h e  v e l o c i t y  of t h e i r  py ro lys i s  wave f r o n t  
diminishes i n  t ime. Note a l s o  t h a t  t h e  r e a c t i o n  zone temperature ,  however, remain3 
e s s e n t i a l l y  constant  a t  440-475O C ,  q u i t e  independent of t h e  magnitude of t h e  sou rce  
f lux  t h a t  d r i v e s  i t ,  or the r e s u l t a n t  v e l o c i t y  of the py ro lys i s  wave f r o n t .  A t  
t h e i r  h ighes t  l a s e r  f l u x ,  t h e  maximum temperature  of t h e  char  l aye r  at  t h e  s u r f a c e  
was 760-8OOC. Because of the char l aye r  expansion and swe l l ing ,  the f i n a l  Surface 
is at a negat ive displacement r e l a t i v e  t o  t h e  o r i g i n a l  su r f ace  pos i t i on  a t  0 .0  cm. 

That su r f ace  temperature may be considered t o  be t h e  "source temperature" i n  
such experiments s i n c e  i t  is t h e  char  l a y e r  a t  t h e  s u r f a c e  t h a t  d i r e c t l y  absorbs t h e  
l a s e r  f lux  a 3  time proceeds.  Heat is then conducted through t h a t  char  l a y e r  t o  t h e  
r e a c t i o n  zone below. Thus, although t h e  sou rce  temperature  is as  high a3 760-800" C 
for  the higher f l u x  d a t a ,  t he  r e a l  temperature  of the coa l  mass t h a t  is pyrolyzing 
and d e v o l a t i l i z i n g  is only 440-475' C ,  and it would be inco r rec t  t o  a s s ign  t h a t  char  
layer  temperature t o  t h e  r e a c t i n g  coa l .  I t  should a l s o  be noted t h a t  i f  the 
temperature of t h e  coal  sample or " p a r t i c l e "  were measured o p t i c a l l y  from t h e  
su r face  s p e c t r a l  r ad iance ,  one would. of course,  o b t a i n  only t h e  su r face  temperature  
of t h e  char  r e s idue  and not t h e  temperature of t h e  r e a c t i n g  coa l .  

t he  coa l  s t r u c t u r e  t h a t  r e s u l t  from the  propagat ion of such a py ro lys i s  wave f r o n t .  
The microscopic d a t a  w i l l  be presented f o r  f i n e  coa l  p a r t i c l e s  such as those  used t o  
o b t a i n  the  d a t a  i n  Figures  2 and 3 ,  and a l s o  f o r  l a r g e  coal  samples comparable i n  
s i z e  t o  those  f o r  which t h e  da t a  i n  Figure 4 were ob ta ined .  Scanning e l e c t r o n  
microscope (SEM) photographs of a c o a l  p a r t i c l e  exposed f o r  100 ms to a l a s e r  f l u x  
o f  100 W/Cm2 a r e  shown i n  Figure 5. 
magnif icat ions.  The measured weight loss was on ly  about 1 p c t ,  and it can thus  be 
i n f e r r e d  t h a t  t he  exposure time ba re ly  exceeded t h e  induct ion t ime r equ i r ed  f o r  t h e  
s u r f a c e  of t h e  p a r t i c l e  t o  r each  the  decomposition temperature.  There is, 
neve r the l e s s ,  c l e a r  evidence t h a t  l i q u i d  bitumen was formed near  t he  Surface of t he  
p a r t i c l e .  That bitumen was oozing o u t  from between t h e  bedding planes while  t h e  
p a r t i c l e  was being hea ted ,  but  a f t e r  t h e  beam was turned o f f ,  t he  su r face  cooled and 
t h e  bitumen r e s o l i d i f i e d  i n  t h e  form of r idges .  Those r idges  a r e  c l e a r l y  seen  t o  be 
o r i en ted  p a r a l l e l  to the  bedding planes.  A few blow ho les  a r e  v i s i b l e  i n  those  
r i d g e s  of r e s o l i d i f i e d  bitumen, but t h e r e  a r e  many more unbroken bubbles con ta in ing  
v o l a t i l e s  t h a t  were probably never emit ted from the  heated su r face .  Most of those 
v o l a t i l e s  have recondensed a3 l i q u i d  t a r s  t h a t  a r e  probably s t i l l  contained within 
the  bubble enc losu res .  C lea r ly ,  although d e v o l a t i l i z a t i o n  may have occurred w i t h i n  
those bubbles,  t h e  process  was not ye t  r e g i s t e r e d  as a weight loss s i n c e  t h e  
v o l a t i l e s  never broke through the  bubble Walls. The SEM photographs i n  Figure 5 
suggest  t h a t  t he  e x t e n t  of thermal py ro lys i s  i n  a p a r t i c l e  may be more ex tens ive  

That r e a c t i o n  zone of minimum dens i ty  is bounded on 

The r e a c t i o n  zone temperature 

The minimum dens i ty  zone may be viewed a 3  a " f i z z  zone" of a c t i v e  

The bubbling " f i z z  

The consol idated char  of higher  

S t r u c t u r a l  data w i l l  now be presented t h a t  r evea l  the morphological changes i n  

The same p a r t i c l e  is shown a t  two 
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than t h a t  ob ta ined  from the  d e v o l a t i l i z a t i o n  weight l o s s .  In  o rde r  to be more 
p rec i se ,  one should t h e r e f o r e  d i s t i n g u i s h  between those  two s e q u e n t i a l  processes .  
Py ro lys i s  or decomposition occurs  f i r s t ,  and v o l a t i l e  emission occurs  l a t e r .  The 
photographs c l e a r l y  i l l u s t r a t e  t h e  n a t u r e  of t h e  mass t r a n s p o r t  l i m i t a t i o n  involved 
i n  t he  t r a n s i t i o n  between - the generat ion o f  v o l a t i l e s  by thermochemical p y r o l y s i s  
and t h e i r  subsequent emission by bubble t r a n s p o r t  and rupture .  I t  is only a f t e r  t h e  
l a t t e r  process  is complete t h a t  a f i n i t e  weight l o s s  is r e g i s t e r e d .  

The SEM photograph shown i n  Figure 6 is a l a t e r  s t a g e  i n  t h e  same process .  I t  
is a p a r t i c l e  exposed f o r  a t ime of 400 m s  a t  a l a s e r  f l u x  of about 125 W/cm2. 
Based on its mass l o s s ,  t h e  p a r t i c l e  is somewhat more than  h a l f  d e v o l a t i l i z e d ,  and 
it has c l e a r l y  no t  r e a c t e d  uniformly throughout its ex ten t .  Only the  upper h a l f  of 
t he  p a r t i c l e  ( seen  in Figure 6 as its r i g h t  s i d e )  has  d e v o l a t i l i z e d .  The lower half 
of the p a r t i c l e  (on t h e  l e f t )  is  e s s e n t i a l l y  unreacted.  It  is t he  o r i g i n a l  coa l  
s t r u c t u r e .  The l a s e r  beam was inc iden t  on t he  upper s u r f a c e  of t h e  p a r t i c l e ,  and 
only t h e  upper po r t ion  was d e v o l a t i l i z e d  du r ing  t h e  exposure time. It d e v o l a t i l i z e d  
i n t o  a dome or bubble,  and a f t e r  t he  v o l a t i l e s  contained within t h a t  dome were 
vented through blowholes,  t h e  whole s t r u c t u r e  seems t o  have s t a r t e d  t o  c o l l a p s e  
under i t s  own weight.  But, as it was co l l aps ing ,  t he  higher  molecular weight 
py ro lys i s  products  t h a t  comprise the  dome wall were s imultaneously s o l i d i f y i n g  i n t o  
a char.  When they  d i d  s o l i d i f y ,  a wrinkled s k i n  r e s i d u e  was l e f t .  

The d e v o l a t i l i z a t i o n  wave thus  appears  t o  have t r ave r sed  more than h a l f  way 
through t h e  p a r t i c l e  by t h e  t ime t h e  l a s e r  beam was turned o f f .  The p a r t i c l e  then 
cooled, and t h e  d e v o l a t i l i z a t i o n  process  was quenched w i t h  t h e  p y r o l y s i s  wave 
"frozen" i n  p l ace .  C lea r ly  t h e  th i ckness  of t h e  wave f r o n t  is s u b s t a n t i a l l y  smaller  
than t h e  p a r t i c l e  diameter ,  and one can i n f e r  a wave f r o n t  t h i ckness  of no more than 
50 p a  from t h e  SEM photograph. Similar  examples of such p a r t i a l l y  d e v o l a t i l i z e d  
p a r t i c l e s  a r e  shown i n  Figure 7. Those p a r t i c l e s  a r e  somewhat smaller  in diameter 
and were exposed t o  a l a s e r  f l u x  of about 100 W/cm2 f o r  about 1 s. Based on t h e i r  
average weight loss, the  p a r t i c l e s  were about  two-thirds  d e v o l a t i l i z e d .  In a l l  fou r  
in s t ances ,  t h e  p a r t i c l e s  a r e  viewed from the  top ,  which was the s u r f a c e  on which t h e  
l a s e r  beam was inc iden t .  Blowholes and char  r e s i d u e s  a r e  seen on t h e  top  po r t ions  
of the p a r t i c l e s .  Unreacted coa l  r e s idues  with t h e i r  c leaved edges and l edges  a r e  
c l e a r l y  v i s i b l e  a t  t h e  bottoms of the p a r t i c l e s .  Again, t h e  py ro lys i s  waves are 
frozen in p lace  af ter  having t ransversed on ly  p a r t  of the way i n t o  t h e  p a r t i c l e s .  

Experiments were a l s o  conducted w i t h  macroscopic coa l  samples of P i t t sbu rgh  seam 
bituminous c o a l ,  and those  r e s u l t s  are shown i n  F igu re  8. The dimensions of the 
sample s t u d i e d  in Figure  8 and its o r i e n t a t i o n  du r ing  l a s e r  exposure a r e  sketched a t  
the top  of t h e  f i g u r e .  The f ace  t o  be inspected by t h e  SEM was d e l i b e r a t e l y  cleaved 
some 20-30' beyond t h e  v e r t i c a l  so t h a t  it would be " i n  t h e  shadow" of t h e  u pe r ,  
i r r a d i a t e d  su r face .  
s r e s u l t e d  i n  coking of t h e  su r face  and i t s  upward expansion a s  the  char  l a y e r  b u i l t  
up in  th i ckness .  Only the  edge of the py ro lys i s  wave f r o n t  moves down t h e  cleaved 
f ace  du r ing  t h a t  exposure t ime,  and it is t h e  edge t h a t  is viewed by t h e  SEM, as 
i l l u s t r a t e d  in t h e  ske tch .  The SEM photographs of the  t r a n s i t i o n  zone between t h e  
c o a l  below and t h e  char  above a r e  shown a t  t h r e e  magnif icat ions,  with t h e  l a r g e s t  
magnif icat ion on t h e  r i g h t .  The t r a n s i t i o n  r eg ion  appears  t o  be q u i t e  sha rp .  
Despite t h e  complicat ions a s soc ia t ed  with t h e  viewing ang le ,  t h e  swe l l ing  and 
f ro th ing  of the  cha r  l a y e r ,  and t h e  waviness o f  the p y r o l y s i s  f r o n t ,  one can 
est imate  a r e a c t i o n  zone th i ckness  f o r  t h e  quenched py ro lys i s  wave t h a t  is no l a r g e r  
than about  50 pa .  

One must a l s o  r e a l i z e  t h a t  t h e r e  is some thermal i n e r t i a  in such a wave f r o n t  so 
t h a t  i t s  p rogres s ion  does not  s t o p  in s t an taneous ly  a f t e r  t h e  l a s e r  sou rce  is turned 
O f f ,  e s p e c i a l l y  i f  t he  wave f r o n t  is being d r iven  by t h e  temperature  g rad ien t  and 
thermal i n e r t i a  of a cha r  l a y e r  above it .  The wave w i l l  i nev i t ab ly  p rogres s  t o  some 
ex ten t  du r ing  t h e  decay time, and thermal d i f f u s i o n  during that same per iod may a l so  
thicken t h e  wave f r o n t .  The quenched "dead" wave seen  in Figure 8 may t h e r e f o r e  be 
somewhat broader t h a n  an a c t i v e  " l ive"  wave. Such thermal  i n e r t i a  e f f e c t s  a r e  even 
more s i g n i f i c a n t  for p a r t i c l e s  t h a t  a r e  hea ted  m d i r e c t i o n a l l y  in a fu rnace  or a 
flow r e a c t o r  than f o r  t h e  u t id i r ec t iona l ly -hea ted  p a r t i c l e s  descr ibed here.  

Exposure of the  samples t o  a l a s e r  f l u x  of 100-125 W/cm3 for  2 
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A macroscopic sample of a Wyoming c o a l  with a low-free swe l l ing  index (Hannah 
seam) was a l s o  s tud ied  by t h e  same technique,  and those r e s u l t s  a r e  reproduced i n  
Figure 9. 
s t r e s s e s  induced by the  high temperature  g rad ien t  l a s e r  exposure (100-125 W/cm2 f o r  
2 seconds) .  

I s t r u c t u r e  of the t r a n s i t i o n  zone between the  char above and t h e  coal  below. The 
pos i t i on  of t h e  py ro lys i s  wave f r o n t  is ind ica t ed  i n  Figures  9A-F by the  arrows a t  
t h e  edges of the SEM photographs.  A d e t a i l e d  a n a l y s i s  of the s t r u c t u r e  is given 
elsewhere (61 ,  but aga in  t h e  da t a  give an i n t r i n s i c  width of t h e  wave f r o n t  t h a t  is 
l e s s  than 50 pm. 

These SEM photographs i n  Figures  5, 6 ,  7 ,  8 ,  and 9 c l e a r l y  r e v e a l  the ex i s t ence  
of t h e  py ro lys i s  wave f r o n t  and its s t r u c t u r a l  r e a l i t y  on t h e  microscopic s c a l e .  
They s t rong ly  support  t h e  newer viewpoint t h a t  t h e  process  occurs i n  the  form of the  
inward progression of a py ro lys i s  wave f r o n t  from t h e  exposed su r face .  Even f o r  
small p a r t i c l e s ,  t h e s e  microscopic r e a l i t i e s  d i r e c t l y  c o n t r a d i c t  t he  t r a d i t i o n a l  
viewpoint t h a t  t h e  r e a c t i o n  process  occur s  i so the rma l ly  throughout t h e  p a r t i c l e .  

There was s u b s t a n t i a l  cracking of t he  sample caused by the  mechanical 

Those f r a c t u r e s  provide a r e v e a l i n g ,  three-dimensional view of t h e  

PYROLYSIS AND DEVOLATILIZATION OF PMMA 
Long c y l i n d e r s  of polymethylmethacrylate (PMMA) with diameters  of 0.45 cm were 

o r i en ted  on end, and exposed t o  the  same C02 l a s e r  beam. 
s u r f a c e  of t h e  rod maintained its c i r c u l a r  c ros s  s e c t i o n  as t h e  s u r f a c e  r eg res sed  
downward along t h e  a x i s  of the cy l inde r .  The weight or mass l o s s  per u n i t  area, A m ,  
was measured as a func t ion  of exposure time i n  a given laser f lux .  The da ta  a r e  
summarized i n  Figure 10. The good l i n e a r i t y  of the  Am versus t ime curves i n d i c a t e  
t h a t  s t eady- s t a t e  cond i t ions  were obtained.  Lines a r e  drawn i n  Figure 10 for  t h e  
l e a s t  squares  f i t s  t o  t h e  data po in t s  a t  each f l u x  l e v e l .  The l i n e s  a r e  well  
r ep resen ted  by t h e  equat ion 

The pyrolyzing upper 

Am = rh ( t  - 1). 5 )  
The s lope of each l i n e  thus  r e p r e s e n t s  t h e  s t eady- s t a t e  d e v o l a t i l i z a t i o n  r a t e ,  ti, a t  
each f lux ,  and t h e  ho r i zon ta l  i n t e r c e p t  is t he  induc t ion  t ime,  T, a t  t h a t  f l u x .  
C lea r ly ,  t h e  induc t ion  t ime i s  simply t h e  time requ i r ed  f o r  t h e  s u r f a c e  of t h e  
sample t o  be heated t o  t h e  d e v o l a t i l i z a t i o n  temperature .  The s t eady- s t a t e  r a t e s  a r e  
p lo t t ed  i n  Figure 11 a s  a func t ion  of t h e  n e t  i n c i d e n t  f l u x  1(1 - r )  = 0.93 I ,  
where the  r e f l e c t a n c e ,  r ,  is  taken a s  7 pc t .  A l e a s t  squares  f i t  t o  t h e  f i v e  s e t s  
of data  p o i n t s  i n  Figure 11 g ives  

rh (mg/cm2s) = 0.72 (mg/J) C0.93 I - 9.81 (W/cm2). 6 )  

The i n f e r r e d  s t eady- s t a t e  l o s s  f l u x  i s  t h e r e f o r e  It - 9.8 W/cm2, and the r a t e  
c o e f f i c i e n t  for  t h e  py ro lys i s  and d e v o l a t i l i z a t i o n  o f  PMMA is t he re fo re  k t  (PMMA)= 
0.72 mg/J = 3.01 g /kca l .  Its r e c i p r o c a l ,  l / k t  - 332 c a l / g ,  is the thermal i n e r t i a  
of t h e  py ro lys i s  wave. According t o  Equation 3, t h e  thermal i n e r t i a  is given by 

Taking t h e  decomposition temperature  for PMMA as  400 O C  (121, C(T)dT + AHv. 
t h e  heat  capac i ty  d a t a  r epor t ed  by Bares and Wunderlich (13) g ive  

I 

I 

f : p C ( T )  dT = 196 c a l / g .  The c a l o r i m e t r i c a l l y  measured value f o r  t h e  heat  of 

depolymerizat ion o f  PMMA (co r rec t ed  t o  400° C )  is 126 c a l / g  ( 1 4 ) .  The sum, 
322 ca l /g ,  is t h e r e f o r e  t h e  c a l c u l a t e d  thermal i n e r t i a  of t h e  system. The 
thermodynamically p red ic t ed  rate constant  obtained from Equation 3 f o r  t h e  py ro lys i s  
and d e v o l a t i l i z a t i o n  of PMMA is thus  i n  e x c e l l e n t  agreement with t h e  measured value 

obtained a t  r a d i a n t  f l u x e s  of 12-115 W/cm2 i s  i n  q u i t e  good agreement with the  
s lopes  measured independently by Vovelle,  Akrich, and Delfau (15 )  and by Kashiwagi 
and Ohlemil ler  (12) .  Thei r  d a t a  were Obtained a t  r a d i a n t  f l u x e s  i n  a much lower 
range of 1.4-4.0 W/cm2. 
elsewhere (6). 
l a r g e r  c r o s s - s e c t i o n a l  a r e a s  of 10 x 10 cm2 and 4 x 4 cm2, r e s p e c t i v e l y .  
Accordingly, t h e i r  loss f l u x e s  were on ly  about  1.0 and 1.5 W/cm2, r e s p e c t i v e l y ,  but  
t h e i r  p l o t t e d  s lopes  were e s s e n t i a l l y  the  same a s  those  i n  Figure 11. 

I 

( obtained from Figure 1 1 .  Furthermore,  t he  measured s lope  from Figure 1 1  fo r  d a t a  

A d e t a i l e d  a n a l y s i s  of both t h e i r  d a t a  is  presented 
Their  da t a  were f o r  v e r t i c a l l y  o r i en ted  s l a b s  of PMMA with much 

I 
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The coal  data presented e a r l i e r  can a l s o  be used to ob ta in  e s t ima tes  for  t h e  
c o a l ' s  kt-value.  The macroscopic i versus I curves  reported by Lee, Singer ,  and 
Chaiken ( 1 1 )  have a l s o  been analyzed i n  d e t a i l  elsewhere (6), and t h e i r  measured 
s lope g ives  k t  = 0.15 g/kcal  fo r  coa l .  The microscopic  p a r t i c l e  da t a  shown i n  
Figure 3 can a l s o  be used t o  i n f e r  a r a t e  c o e f f i c i e n t  f o r  coa l  of k t  = p/2k' = 
1.91 g/kcal ,  which i s  a f a c t o r  of 2-3 higher ,  C lea r ly  those d a t a  f o r  coal  a r e  
s u b s t a n t i a l l y  l e s s  accu ra t e  than the  PMMA da ta .  
f o r  independently-measured r a t e  c o e f f i c i e n t s  f o r  coa l  is probably the  b e s t  one Can 
expect consider ing the  complexi t ies  a s soc ia t ed  with the  Coal ' s  i n s u l a t i n g  char  
l a y e r ,  t he  u n c e r t a i n t i e s  i n  t h e  shape f a c t o r s  f o r  t h e  f i n e  p a r t i c l e s ,  t h e  in-depth 
absorpt ion of the l a s e r  beam which i s  s i g n i f i c a n t  f o r  p a r t i c l e  dimensions but 
t r i v i a l  f o r  l a r g e  samples,  t h e  two o rde r s  of magnitude range i n  inc iden t  f l u x e s ,  and 
t h e  th ree  o r d e r s  of magnitude d i f f e rences  i n  sample s i z e .  Thus t h e r e  is 
considerable  u n c e r t a i n t y  i n  t h e  kt-value fo r  c o a l ,  b u t  t h e  a v a i l a b l e  da t a  sugges t  
t h a t  i t  is somewhat lower than  t h e  value f o r  PMMA. Clea r ly ,  except  f o r  t h e  
complication of t h e  c o a l ' s  char  l aye r  r e s idue  and i t s  more complex d e v o l a t i l i z a t i o n  
thermodynamics, t h e r e  appear t o  be no other  e x t r a o r d i n a r y  d i f f e r e n c e s  i n  t h e  
py ro lys i s  and d e v o l a t i l i z a t i o n  behavior f o r  t h e  two substances.  Both py ro lys i s  
r a t e s  a r e  d e s c r i b a b l e  i n  terms of the  progression of a decomposition wave whose 
speed o f  propagat ion is con t ro l l ed  by thermodynamic t r a n s p o r t  c o n s t r a i n t s .  

Returning t o  t h e  PMMA d a t a ,  Kashiwagi and Ohlemil ler  (12)  and Kashiwagi (161, 
a l s o  measured s u r f a c e  temperatures  during d e v o l a t i l i z a t i o n ,  and those d a t a  are shown 
i n  Figure 12.  
i n s i g n i f i c a n t  u n t i l  some th re sho ld  temperature  is  approached, a t  which point  t h e  
r a t e  becomes exceedingly r a p i d  as t h e  i~ versus T curve t u r n s  v e r t i c a l l y  upward. 
Above t h e  th re sho ld  temperature ,  t h e  rate of p y r o l y s i s  and d e v o l a t i l i z a t i o n  becomes 
v i r t u a l l y  i n s e n s i t i v e  t o  the  su r face  temperature .  FOP t h e  exposed su r face  t o  r each  
t h e  decomposition temperature  of 350-400° C ,  a minimum threshold heat ing f l u x  is 
r equ i r ed  i n  o rde r  t o  overcome the  l o s s  f l u x ,  I,. A theory curve is shown i n  F igu re  
12 which is a s imple s t e p  func t ion  a t  T,, and i t  r ep resen t s  t he  assumption i m p l i c i t  
i n  the d e r i v a t i o n  o f  Equations 2 and 3 .  

i n  the ho r i zon ta l  po r t ion  o f  the curve (rh = 0 )  u n t i l  t h e  su r face  temperature of t h e  
sample reaches t h e  decomposition temperature ,  T,. 
decomposition temperature  T,, t h e  r a t e  becomes f i n i t e  and one is i n  t h e  v e r t i c a l  
port ion of t h e  s t e p  funct ion.  The r a t e  is then  c o n t r o l l e d  e n t i r e l y  by t h e  sou rce  
f l u x  i n t e n s i t y ,  and t h e  temperature  o f  the r e a c t i n g  s u r f a c e  becomes both i n v a r i a n t  
and v i r t u a l l y  i r r e l e v a n t .  

The model r ep resen ted  by Equations 2 and 3 t h u s  uses  a s t e p  func t ion  t o  
approximate t h e  f i n i t e  cu rva tu re  of t h e  t r a n s i t i o n  dep ic t ed  i n  Figure 12 .  I n  t h e  
horizontal  po r t ion  of the s t e p ,  t he  su r face  is hea t ing  up i n  the  input  f l u x ,  bu t  
t he re  is no d e v o l a t i l i z a t i o n  occur r ing  because t h e  temperature  is t o o  low. Once t h e  
temperature r eaches  T, and s i g n i f i c a n t  py ro lys i s  and d e v o l a t i l i z a t i o n  begin,  one 
t r a n s i t s  i n t o  t h e  v e r t i c a l  po r t ion  of t h e  s t e p ,  and t h e  system is under heat 
t r anspor t  c o n t r o l .  

It is a l s o  i n t e r e s t i n g  t o  compare the  measured induc t ion  times for the  o n s e t  o f  
t h e  py ro lys i s  and d e v o l a t i l i z a t i o n  process f o r  t h e  PMMA samples with those p r e d i c t e d  
on the b a s i s  of t h e  measured Ts value of 400° C and t h e  exac t  s o l u t i o n  t o  t h e  time- 
dependent hea t  t r a n s p o r t  equat ion.  For a s e m i - i n f i n i t e  So l id  whose s u r f a c e  is 
heated by a cons t an t  source f l u x ,  Carslaw and Jaeger  (17)  g i v e :  

A d i f f e rence  of a f a c t o r  of 2 o r  3 

The i r  d a t a ,  ob ta ined  a t  two f l u x  l e v e l s  show t h a t  &-values are 

According t o  t h e  assumption used f o r  the new model, t h e r e  is no d e v o l a t i l i z a t i o n  

once the s u r f a c e  reaches the  

T = n C p A (TS - T o ~ 2 / ~ I ( 1 - r ) - I ~ 1 2 .  
6 

7 )  

The time r equ i r ed  f o r  t he  s u r f a c e  t o  reach t h e  temperature  T3 is  t he  induc t ion  
t ime, 'I. The system is i n i t i a l l y  isothermal  a t  To = 25O C. 
is taken a8 the average value f o r  t h e  temperature range between To and T,, which is 
0.52 c a l / g  'C ( 1 3 ) .  The d e n s i t y  p is 1.18 g/cm3, and the  thermal conduc t iv i ty  A is  
taken a s  4.5 x cal/cm s O C  ( 1 4 ) .  The source f l u x  i s  taken a8 

The hea t  capac i ty ,  C ,  

l a b s  1 (l-r)-Ifi .  
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The comparison between t h e  measured 7-values from Figure 10 and those  c a l c u l a t e d  
from Equation 7 is shown i n  Table 1. The comparison i s  made f o r  two cases:  one 
with the  measured s t eady  s t a t e  l o s s  f l u x  of I a  = 9.8 W/cm2; the  o the r  f o r  111 = 0. 
I n i t i a l l y  a t  t = 0 ,  t h e  e n t i r e  sample is  a t  ambient temperature  and I t  = 0 ;  however, 
as t + T, 1, + 9.8 W/cm2. 
t h e  s u r f a c e  temperature  inc reases  from To = 25O C t o  T, = 400° C ,  t h e  l o s s  f l u x ,  
which is due mainly t o  conduction and convection t o  t h e  co ld  surroundings,  i n c r e a s e s  
from 0 t o  9.8 W/cmZ. The l o s s  f l u x  is c l e a r l y  time-dependent, but its average value 
should vary between those  two l i m i t i n g  cases .  The t a b l e  c l e a r l y  shows t h a t  t h e  
measured r-values  f a l l  between t h e  two p red ic t ed  l i m i t i n g  cases .  The on ly  excep t ion  
is the  measured r-value a t  the  h ighes t  f l ux  which is  about  a f a c t o r  of two higher  
than the  c a l c u l a t e d  value.  That d i f f e rence  is a t t r i b u t e d  t o  t h e  f i n i t e  abso rp t ion  
depth of t h e  l a s e r  beam. A t  low f l u x e s  t h a t  abso rp t ion  depth is t r i v i a l  cmpared  t o  
the  c h a r a c t e r i s t i c  width o f  t he  subsurface temperature  p r o f i l e ;  however, a t  t h e  
h ighes t  f l u x ,  t h e  two may be of comparable dimensions. Such in-depth abso rp t ion  is 
s i g n i f i c a n t  a t  t h e  the  h ighes t  f l u x ,  and a l a r g e r  mass near t h e  s u r f a c e  is a c t u a l l y  
heated by t h e  f l u x  than is c a l c u l a t e d  from t h e  simple theory from which Equation 7 
was der ived.  A s  a r e s u l t ,  t he  a c t u a l  induct ion t ime r equ i r ed  f o r  t h e  s u r f a c e  t o  
r each  T, f o r  in-depth abso rp t ion  is longer  than t h a t  ca l cu la t ed  on t h e  assumption 
t h a t  t h e  f lux  is deposi ted e n t i r e l y  at t h e  s u r f a c e .  

Table 1. - Comparison of Measured Induct ion Times f o r  t he  Laser P y r o l y s i s  of 

C lea r ly  du r ing  the  non-steady-state  induct ion pe r iod  as 

PMMA with Theore t i ca l  Ca lcu la t ions  o f  Equation 7 

' Laser Flux,  W/cm' Induct ion Time. i ,  s 
Inc iden t  Net Calculated,  Equation 7 

I I A ~ s - I ( l - r ) - I ~  Measured 19, = 9.8 W/cmC I& = 0 
11 5.0 97.2 0.101 0.057 0.047 

71 .O 56.2 0.160 0.169 0.123 
42.5 29.7 0.50 0.605 0.342 
23.2 11.8 1.83 3.84 1.16 
12.4 1.73 6.70 178 4.04 



gas-phase combustion. Since t h a t  is e s s e n t i a l l y  t h e  same process  t h a t  c o n t r o l s  
homogeneous, premixed, gaseous f lames,  d u s t  flame behavior i n  those  l imits is 
v i r t u a l l y  i d e n t i c a l  t o  t h a t  of an equ iva len t  homogeneous gas -a i r  mixture  of t h e  
d u s t ' s  v o l a t i l e s  ( 2 0 ,  21) .  Thus f o r  very f i n e  dus t  p a r t i c l e s  a t  l ean - l imi t  
concen t r a t ions ,  each p a r t i c l e  is completely d e v o l a t i l i z e d  wi th in  t h e  flame f r o n t ,  
and the  l e a n  l i m i t  concen t r a t ion  of t h e  d u s t - a i r  mixture is determined by t h e  t o t a l  
combustible v o l a t i l e  con ten t  of t he  dus t .  For example, t he  l ean - l imi t  mass 
concen t r a t ion  f o r  f i n e  polyethylene,  C H ~ - ( C H Z ) ~ - C H ~ ,  a dus t  t h a t  d e v o l a t i l i z e s  
completely i n  i ts  l e a n - l i m i t  f lame, is  i d e n t i c a l  t o  t h a t  of homogeneous gas-air  
mixtures  o f  t h e  s a t u r a t e d  a lkanes  (20,  21 1. 

convect ive quenching o f  about 3 cm/s, below which normal flame propagation i s  
impossible (22 ,  23 ) .  For d u s t  f lames,  t h e  l i m i t  burning v e l o c i t y  appears  t o  be 
somewhat h ighe r  f o r  a v a r i e t y  of reasons (24 ) .  For a homogeneous gas flame of 
burning v e l o c i t y  %, t h e  c h a r a c t e r i s t i c  width o f  t h e  flame f r o n t  is 6=a/Su and t h e  
c h a r a c t e r i s t i c  time f o r  t h e  completion of t h e  homogeneous gas  phase r e a c t i o n s  is 
-tpm = 6/Su = S e t t i n g  a = 0.55 cm/s and Su = 3 cm/s f o r  t he  l i m i t  burning 
v e l o c i t y  g i v e s  7pm = 60 m s .  
completion of t he  gas-phase r e a c t i o n s ,  and i f  t h e  r a t e  processes  a r e  slower than 
t h a t ,  t he  normal high-temperature  flame propagation process is quenched by n a t u r a l  
convection ( 2 3 ) .  For heterogeneous d u s t - a i r  f lames the  s i t u a t i o n  appears  t o  be 
somewhat more complicated.  The l i m i t  v e l o c i t i e s  appear t o  be about a f a c t o r  of 2 
h ighe r ,  but a t  t h e  same time t h e  flame zone th i cknesses  appear t o  be broader (24) .  
A higher  Su would, fo r  homogeneous f lames,  normally be a s soc ia t ed  wi th  th inne r  f lame 
f r o n t s  according t o  the previous equat ion,  6= a/Su. A higher  burning v e l o c i t y  and a 
t h i c k e r  flame f r o n t  f o r  d u s t s  suggest  t h a t  t h e  d u s t  flame is always somewhat 
a c c e l e r a t e d  by t u r b u l e n t  v o r t i c e s  which enhance t h e  d i f f u s i v i t y  f a c t o r ,  a, 
i nc reas ing  it  t o  a va lue  t h a t  is higher  than  t h e  normal laminar one (24 ) .  Those 
v o r t i c e s  a r e  a s s o c i a t e d  w i t h  t he  d u s t  f u e l  concen t r a t ion ,  which is i n t r i n s i c a l l y  
inhomogeneous on t h e  s c a l e  of e i t h e r  t he  p a r t i c l e  diameter or t h e  d i s t ance  between 
p a r t i c l e s .  In  any c a s e ,  t h a t  complication f o r  dus t  flames leaves one with an  
unce r t a in ty  i n  the  proper choice f o r  7e f o r  t h e  heterogeneous flame. It  w i l l  be 
h e r e  assumed t h a t  f o r  heterogeneous f lames,  t h e  higher  .SU a t  the  l i m i t  and t h e  wider 
flame zone t h i c k n e s s  (24) g ive  a r e  t h a t  is about a f ac to r  of 2 longer than f o r  
homogeneous f lames,  so t h a t  120 m s  i s  chosen f o r  - te .  T h a t  value is  thus the  maximum 
time a v a i l a b l e  f o r  p y r o l y s i s  and d e v o l a t i l i z a t i o n .  I f  t h e  process t a k e s  any longe r ,  
t h e  v o l a t i l e s  a r e  emi t t ed  i n  t h e  burned gases ,  which is too l a t e  f o r  them to  
c o n t r i b u t e  t o  t h e  propagat ion process  within t h e  flame f r o n t .  

As dus t  concen t r a t ions  inc rease  above t h e i r  l e a n  l i m i t  values ,  or a3 the  d u s t  
p a r t i c l e s  become c o a r s e r ,  t h e  hea t ing  and d e v o l a t i l i z a t i o n  process w i l l  begin t o  
become r a t e  l i m i t i n g .  In t h e  former case ,  a3 s t o i c h i o m e t r i c  concen t r a t ions  (with 
r e s p e c t  to t h e  v o l a t i l e s )  a r e  approached, S, f o r  hydrocarbon-like d u s t s  approaches 
its maximum value of about 40 cm/s (25). Since T~ v a r i e s  as (S,)-2, t h a t  o rde r  of 
magnitude inc rease  in Su reduces 7e by two o rde r s  of magnitude: 
about 1 m s .  For such  r a p i d l y  propagating d u s t  f lames,  on ly  t h e  s u r f a c e  r eg ions  o f  
t h e  dus t  p a r t i c l e s  can c o n t r i b u t e  v o l a t i l e s  to t h e  flame. The flame " r ides  the 
crest" of a nea r - s to i ch iomet r i c  concen t r a t ion  of v o l a t i l e s  r e g a r d l e s s  of t h e  i n i t i a l  
d u s t  loading.  That d e v o l a t i l i z a t i o n  r a t e  l i m i t a t i o n  is r e spons ib l e  f o r  t he  absence 
of a "normal" r i c h  l i m i t  of flammabili ty f o r  dus t s .  Although excess  f u e l  v o l a t i l e s  
may cont inue t o  be emi t t ed  i n  t h e  burned gases  a t  high d u s t  loadings,  they are 
emit ted t o o  l a t e  t o  d i l u t e  t h e  flame f r o n t  with excess  f u e l  vapor (18, 20, 21) .  

Data f o r  t h e  p a r t i c l e  s i z e  dependence o f  t he  l e a n  l i m i t s  of  f lammabil i ty  f o r  
Coal and PMMA, a3 measured i n  a 20-L chamber (26), a r e  shown i n  Figure 13. They 
show c l e a r l y  how t h e  p y r o l y s i s  and d e v o l a t i l i z a t i o n  r a t e  process  becomes r a t e  
l i m i t i n g  a3 t h e  d u s t  p a r t i c l e s  become coa r se r .  The curves fo r  c o a l  and PMMA have 
s i m i l a r  shapes.  The i n i t i a l l y  f l a t  region demonstrates a l ean  l i m i t  t h a t  is 
independent of p a r t i c l e  s i z e  a3 long a3 t h e  p a r t i c l e  diameter is  small  enough. The 
smaller p a r t i c l e s  can a l l  t o t a l l y  d e v o l a t i l i z e  i n  t h e  t ime a v a i l a b l e ,  and t h e  system 
behaves a s  an equ iva len t  homogeneous premixed gas.  A3 diameters  i nc rease ,  t h e  

For homogeneous gas  flames,  t h e r e  e x i s t s  a minimum burning v e l o c i t y  fo r  n a t u r a l  

That 60 ms is the  c h a r a c t e r i s t i c  t ime r equ i r ed  f o r  t h e  

from 120 m s  t o  o n l y  
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curves tu rn  upward a t  some c h a r a c t e r i s t i c  diameter because of the  d e v o l a t i l i z a t i o n  
r a t e  l i m i t a t i o n ,  and a s i z e  dependence begins  t o  appear.  A 3  shown e a r l i e r  i n  
Figures  2 and 3,  fo r  a given hea t ing  f l u x  the  d e v o l a t i l i z a t i o n  t ime inc reases  
l i n e a r l y  with p a r t i c l e  diameter .  Thus t h e  py ro lys i s  and d e v o l a t i l i z a t i o n  r a t e  
l i m i t a t i o n  appears  t o  adequately exp la in  t h e  shapes of the curves .  For a f i x e d  
flame f l u x ,  t h e  t ime r equ i r ed  for d e v o l a t i l i z a t i o n  ldv  w i l l  vary l i n e a r l y  with t h e  
p a r t i c l e  diameter Dp. 
can d e v o l a t i l i z e  completely i n  t h e  t ime a v a i l a b l e ,  and i s  controyled by t h e  gas  
phase combustion r eac t ions .  In  t h a t  range of f i n e  p a r t i c l e  s i z e s  t h e r e  is no s i z e  
dependence. 
s i g n i f i c a n t  i n  t h e  o v e r a l l  flame propagat ion process  and a p a r t i c l e  s i z e  dependence 
begins  t o  appear.  
d e v o l a t i l i z a t i o n  becomes r a t e  con t ro l l i ng .  Only t h e  s u r f a c e  regions of t h e  c o a r s e r  
dus t  p a r t i c l e s  can then d e v o l a t i l i z e  i n  t h e  120 m s  t h a t  i s  a v a i l a b l e  for flame 
propagat ion,  and hence, a higher  d u s t  loading is r equ i r ed  t o  generate  a l e a n  l i m i t  
concen t r a t ion  of combustible v o l a t i l e s .  The curves must t he re fo re  t u r n  upward. 
Eventual ly ,  when t h e  p a r t i c l e s  a r e  so  coa r se  t h a t  an excess ive  d u s t  l oad ing  is 
r equ i r ed ,  then o the r  thermal quenching processes  become s i g n i f i c a n t ,  and t h e  
c r i t i c a l  diameter is reached above which propagat ion is impossible even a t  t h e  
h ighes t  dus t  concentrat ions.  Those c r i t i c a l  diameters  a r e  t h e  v e r t i c a l  asymptotes 
of t h e  cu rves  i n  Figure 13. 

d e v o l a t i l i z a t i o n  r a t e  cons t an t s  r epor t ed  he re  fo r  c o a l  and PMMA. The c o a l  value was 
unce r t a in  by a l a r g e  f a c t o r ,  bu t  it was neve r the l e s s  lower than t h e  kt-value f o r  
PMMA, which was 3.01 g/kcal .  According t o  Equation 3 ,  when exposed for  a t ime t t o  
a ne t  f l u x  Iabs, a d e v o l a t i l i z a t i o n  wave f r o n t  w i l l  t r a v e l  a d i s t ance  x - Pot  = 

k t  I abs  t / p .  
a r e  comparable for  the  two dus t s .  For PMMA, t h e  r a t e  cons t an t  is higher  than  for  
c o a l ,  and its dens i ty  is only s l i g h t l y  lower.  Thus, Equation 3 p r e d i c t s  t h a t  t h e  
c h a r a c t e r i s t i c  diameter  for  PMMA should be somewhat l a r g e r  than the  value for coa l .  
The d a t a  curves  i n  Figure 13  support  t h a t  expec ta t ion .  

A p red ic t ion  of t h e  a b s o l u t e  magnitude of t h e  c h a r a c t e r i s t i c  diameter is a l s o  
poss ib l e .  A s  i nd ica t ed  e a r l i e r ,  t h e  t ime a v a i l a b l e  for  d e v o l a t i l i z a t i o n  wi th in  a 
heterogeneous flame f r o n t  propagating a t  t h e  l i m i t  v e l o c i t y  is t = 120 m s .  But what 
value is one t o  use for I abs  when t h e  p a r t i c l e  is being heated i n  a flame f r o n t ?  
The major unce r t a in ty  i n  p r e d i c t i n g  t h e  c h a r a c t e r i s t i c  diameter i s  t h e  unce r t a in ty  
i n  e s t ima t ing ,  I abs ,  t he  e f f e c t i v e  or ne t  hea t ing  f l u x  t o  which the  p a r t i c l e s  a r e  
exposed a3 they approach, e n t e r ,  and t r a v e r s e  through t h e  flame f r o n t .  For 
homogeneous gas  f lames,  r a d i a t i o n  from the  burned gases  t o  the  unburned f u e l  is 
usua l ly  not  s i g n i f i c a n t  because the  unburned gaseous mixture has a t r i v i a l  
a b s o r p t i v i t y .  That is  not t h e  case fo r  dus t  p a r t i c l e s ,  s o  t h a t  well  be fo re  t h e  
p a r t i c l e s  a c t u a l l y  e n t e r  t h e  flame f r o n t ,  they w i l l  absorb t h e  r ad iance  emit ted from 
t h e  hot combustion products ,  which c o n s i s t  of burned gases ,  s o o t ,  and cha r .  
Typ ica l ly ,  hydrocarbon flames e x h i b i t  a f a i r l y  cons t an t  l i m i t  flame temperature  of 
1400 t o  1500 K ,  and t h e  Planck radiance a t  those  temperatures is  5-7 cal/cm2s. 
for  a s p h e r i c a l  p a r t i c l e  approaching a flame f r o n t ,  t h a t  radiance is seen  only by 
i t 3  forward-facing hemisphere.  That radiance w i l l  however be seen for  a 
considerably longer  time per iod than t h e  p a r t i c l e ' s  120-ms r e s idence  t ime i n  t h e  
flame f r o n t .  A s  the  p a r t i c l e  hea t s  up i n  t h a t  r ad iance ,  i t  w i l l ,  however, l o s e  an 
inc reas ing  f r a c t i o n  of t h a t  r ad iance  by conduction and convection t o  t h e  surrounding 
cold a i r .  I t  is d i f f i c u l t  t o  e s t ima te  the  e f f e c t s  of t h a t  r a d i a n t  hea t  t r a n s p o r t  
process ,  but i t  is c l e a r  from the  previous e s t ima te  of the  p a r t i c l e  l o s s  f l u x e s ,  
which were a s  high a s  50 W/cm2 f o r  50-pm p a r t i c l e s  a t  T, - 450-600° C ,  t h a t  t he  
p a r t i c l e  temperatures  w i l l  remain wel l  below t h e  decomposition temperature  du r ing  
t h a t  approach per iod.  The p a r t i c l e  could neve r the l e s s  be preheated s i g n i f i c a n t l y  
above ambient temperature as it e n t e r s  t h e  flame f r o n t .  Upon e n t e r i n g  t h e  flame 
f r o n t ,  t h e r e  is  an a d d i t i o n a l  conductive-convective heat  f l u x  from the  hot gases  
wi th in  t h e  flame f r o n t .  
pene t r a t e s  i n t o  t h e  burned gases .  A 3  i t  begins t o  d e v o l a t i l i z e  i n  t h a t  

Below some c h a r a c t e r i s t i c  diameter ,  ?dv << 'I m ,  t h e  p a r t i c l e s  

However, a3 'I&, + T ~ ~ .  t h e  d e v o l a t i l i z a t i o n  rate process becomes 

For still  coarser  s i z e s ,  TdV >> lpm, and t h e  r a t e  of 

A more q u a n t i t a t i v e  a n a l y s i s  is poss ib l e  using t h e  py ro lys i s  and 

For dus t  f lames at  t h e i r  l i m i t s  of f lammabil i ty ,  t h e  I a b s  and t values  

But 

That hea t ing  f l u x  i n c r e a s e s  i n  magnitude a3 t h e  p a r t i c l e  
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conductive-convective f l u x ,  t h e  hea t  t r a n s p o r t  process  becomes exceedingly complex, 
and the  "blowing e f f e c t "  of t h e  emit ted v o l a t i l e 3  markedly reduces t h e  Nussel t  
number. R e a l i s t i c  e s t i m a t e s  a r e  d i f f i c u l t  t o  make; however, i n  (25)  i t  is es t ima ted  
t h a t  t h e  average power dens i ty  a c r o s s  a homogeneous, laminar ,  f lame-front  is  g iven  
by S, C p (Tb-Tu). For t h e  dus t  flames under l i m i t  cond i t ions  Su = 6 cm/s. C = 0.35 
c a l / g  K ,  p=1.5 x 10-3 g/cm3, and Tb-Tu = 1500-300 = 1200 K .  
average conductive-convective f l u x  of about 4 cal/cm2s. 
about ha l f  of t h e  p rev ious ly  e s t ima ted  r a d i a n t  f l u x  ( s i n c e  only t h e  forward 
hemisphere of t h e  p a r t i c l e  s e e s  t h e  f lame),  one o b t a i n s  l a b s  = 7 cal/cm2s. 
PMMA, t h e  t r a v e l  d i s t a n c e  of t h e  d e v o l a t i l i z a t i o n  wave i n t o  the  p a r t i c l e  du r ing  its 
exposure wi th in  t h e  f lame f r o n t  t h u s  becomes x - k t  I abs  T ~ / P  = 21 urn. 
PMMA the  depth of pene t r a t ion  of t h e  d e v o l a t i l i z a t i o n  wave f r o n t  i n  t h e  t ime 
a v a i l a b l e  for  flame f r o n t  passage under near  l imi t - cond i t ions  is about 21 urn. For a 
square p a r t i c l e  heated from two opposing f a c e s ,  t h e  p red ic t ed  c h a r a c t e r i s t i c  
diameter would t h e r e f o r e  be 42 urn. For a s p h e r i c a l  p a r t i c l e  i n  an omnid i r ec t iona l  
source f l u x ,  t h e  d e v o l a t i l i z a t i o n  of an o u t e r  s h e l l  21-pm i n  depth would a c t u a l l y  
r ep resen t  the d e v o l a t i l i z a t i o n  o f  some 90 p c t  of t he  mass of a 75-urn-diameter 
p a r t i c l e .  One should a l s o  r e a l i z e  t h a t  such omnidirect ional  hea t ing  gene ra t e s  a 
converging wave f r o n t  which w i l l  a c c e l e r a t e  as hea t  accumulate8 wi th in  t h e  p a r t i c l e .  
Equation 3 was de r ived  f o r  a p l a n a r ,  s t eady- s t a t e  wave f r o n t .  The converging wave 
w i l l  p ene t r a t e  f a r t h e r  i n t o  t h e  p a r t i c l e  during the  same exposure t ime. 
Accordingly,  one e s t i m a t e s  t h a t  t h e  measured r a t e  c o e f f i c i e n t  f o r  PMMA should 
correspond t o  a c h a r a c t e r i s t i c  diameter  of about 80-100 urn fo r  s p h e r i c a l  p a r t i c l e s .  
That e s t ima te  is a l s o  i n  f a i r  agreement with t h e  d a t a  i n  Figure 13. 

The r e s u l t a n t  i s  an 
If one adds t o  t h a t  f l u x  

For 

Thus f o r  

CONCLUSIONS 
On t h e  b a s i s  of a d e t a i l e d  a n a l y s i s  and eva lua t ion  of a d ive r se  s e t  o f  

experimental  obse rva t ions  r epor t ed  by many independent i n v e s t i g a t o r s ,  and on t h e  
bas i s  of t h e  data  r epor t ed  here  f o r  py ro lys i s  r a t e s  and microscopic s t r u c t u r e ,  i t  is 
concluded that t h e r e  is no subs t an t ive  evidence t o  support  t he  t r a d i t i o n a l  viewpoint 
t h a t  t h e  coal  p a r t i c l e  py ro lys i s  process  proceeds i so the rma l ly ,  under chemical r a t e  
con t ro l ,  or t h a t  i t  is desc r ibab le  by a unimolecular ,  Arrhenius func t ion  o f  the 
source temperature ,  Th, t o  which the  c o a l  p a r t i c l e s  a r e  exposed. The overwhelming 
weight of evidence shows t h a t  t h e  process  occur s  i n  t h e  form of a non-isothermal 
decomposition wave whose propagat ion v e l o c i t y  is l i n e a r l y  proport ional  to t h e  n e t  
absorbed heat  f l u x  i n t e n s i t y  and inve r se ly  p ropor t iona l  t o  t h e  o v e r a l l  enthalpy 
change f o r  t he  r e a c t i o n .  

The p y r o l y s i s  and d e v o l a t i l i z a t i o n  " r a t e  w e f f  i c i e n t "  is the r e c i p r o c a l  of t h a t  
o v e r a l l  enthalpy requirement  f o r  hea t ing  and d e v o l a t i l i z a t i o n .  Although t h e  r a t e  
c o e f f i c i e n t  f o r  P i t t s b u r g h  seam bituminous coal  is sma l l e r  than t h a t  f o r  t h e  s imple  
polymer, PMMA, t h e  p y r o l y s i s  and d e v o l a t i l i z a t i o n  behavior of t h e  coa l  is not 
markedly d i f f e r e n t  from that of PMMA, except  f o r  t h e  complicat ions a s soc ia t ed  wi th  
t h e  c o a l ' s  char  l a y e r  r e s idue .  

and d e v o l a t i l i z a t i o n  behavior of c o a l s  and polymers is r e a l i s t i c a l l y  desc r ibab le  by 
t h e  thermodynamic t r a n s p o r t - c o n t r o l l e d  model i n  which t h e  i n t r i n s i c  r a t e  of 
decomposition is desc r ibed  a s  a simple s t ep - func t ion  a t  t h e  decomposition 
temperature ,  T,. Below Ts the i n t r i n s i c  r a t e  is near zero.  A t  T,, t he  i n t r i n s i c  
r a t e  is s o  r a p i d  t h a t  t h e  system is hea t  t r a n s p o r t  con t ro l l ed .  There is no 
subs t an t ive  evidence t h a t  t he  temperature  of t he  r e a c t a n t  during py ro lys i s  and 
d e v o l a t i l i z a t i o n  can s i g n i f i c a n t l y  exceed T,, r e g a r d l e s s  of the source t empera tu re ,  
Th, t o  which i t  is exposed. 
450-600 O C .  

A t  f i r e  and burner l e v e l  hea t  f l u x e s  of 10-100 W/cm2 and above, t h e  p y r o l y s i s  

For PMMA, Ts is 350-400 O C ;  for  the coa l  it i s  
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Figure 1. - A schematic idealization 
Of propagation Of a planar steady- 
state pyrolysis and devolatilization 
wave front in coal as it is being 
driven by a plane-wave radiant source 
flux of intensity, I. 

Figure 2. - The devolatilization mass loss 
for coal particles of 51, 105, and 310um 
diameter as a function of exposure time at 
a constant laser source intensity of 
300 W/cmZ, from reference 5. 
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Figure 3.  - Summary of the measured half lives for coal particles as a fUnctiOn 
of laser Source intensity for the three coal particle sizes from reference 5 .  
The data points are compared with the theory baaed on heat transport 
limitations according t o  the First Law of Thermodynamics. 
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Figure 5. -, Scanning Electron Microscope (SEM) photographs of the exposed surface 
of a coal particle exposed f o r  100 ms to a laser flux of about 100 W/cmz, seen 
at two magnifications. 
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Figure 6. - SEM photograph of a coal particle, which is about two-thirds 
devolatilized after exposure for 400 ms to a laser flux of about 125 W/cm2. 
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Figure 7 .  - SEN p otographs of four d i f f erent  par t i c l e s  exposed to a l a s e r  f l u x  
of about 100 W/c> for 1 S .  The par t i c l e s  are a l l  about two-thirds devo la t i l i zed  
by the l a s e r  f l u x  incident from above. 

38 



Bj; 0 



I 

/ 
i' 
0 x p :: 
0 

/ 

" \  t 

\II!ll Q- -- . .  

40 



I 

KEY - 
I .Ylan2 . 

.23 . 
0 12.4 . 

0 1 2 3 4 S 6 7 8 9 1 0 1 1 1 2 1 3 U 1 S f f i  
EXPOSURE TIME. 

Figure 10. - The measured pyrolysis 
and devolatilization weight (or mass) 
losses for 0.45 cm diameter, PMMA 
cylinders as a function of exposure 
time f o r  different input laser for surface reflectance, r. 
flux intensities in the range 12 to 
115 W/cm2. 

Figure 11. - The measured, steady-state 
rates of pyrolysis and devolatilization 
for 0.45 cm diameter PMMA cylinders, a s  
a function of input laser flux corrected 

Figure 12. - The measured surface 
temperatures at various mass loss rates 
during the pyrolysis and devolatilization 
of PMMA at two radiant fluxes as reported 
by Kashiwagi and Ohlemiller. Measured 
values compared with simplified, step- 
function theory using a discrete, 
decomposition temperature, T,. 41 

Figure 13. - Lean flammability limit as 
a function of particle diameter for 
Pittsburgh seam bituminous coal and 
polymethacrylate. 


