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INTRODUCTION 

Hypothetical ultimate yields for rapid coal devolatilization arose from the 
historical notions that a well-defined amount of volatile precursors are present in 
coal, and that their rate of release is directly proportional to a decaying reactant 
concentration. However, as reviewed elsewhere(l.2). wet chemical and spectroscopic 
analyses of coal structure from the past decade suggest a far less direct relation- 
ship between the reactive species in coal and the pyrolysis products. According to 
the aromaticlhydroaromatic model, bituminous coals are composed of aromatic "nuclei" 
interconnected by various bridges and substituted with smaller functional groups on 
their periphery. Although there is no well-defined repeating unit, bituminous coal 
is an extensively crosslinked macromolecular network which swells on solvation and 
exhibits viscoelasticity(3). 

The aromatic/hydroaromatic model suggests three broad classes of chemical reac- 
tions: dissociation of bridges, recombination of nuclei. and elimination of periph- 
eral groups. When peripheral groups present initially are converted to light gas, 
there i s  a direct correspondence between their initial concentrations and ultimate 
gas yields. But in contrast, when a bridge breaks, tars do not form at a rate gov- 
erned by stoichiometric proportions, and furthermore, there is no predetermined 
concentration of tar precursors, per se, present initially in the coal. In depoly- 
merizations, stoichiometric proportionalities are replaced by probabilities assigned 
from molecular conformation; i.e., the spatial arrangement of the atoms in s mole- 
cule($). The probabilities relate the fragment size distribution to the concentra- 
tion of unhroken bridges in the network, independent of the chemical reaction rates. 
During devolntilization, nuclei disconnect and recomblne concurrently, and many 
fragments never become small enough to vaporize. Tar and char yields are determined 
by competitive kinetics which depend on complex conformational probabilities as well 
as chemical reaction rates. Each nucleus can become either tar or char, depending on 
the transient conditions for the competition. The fate of nuclei is not predeter- 
mined, as implied in formulations which include hypothetical ultimate yields for tar 
and char. Moreover, the disfntegrating macromolecular skeleton of coal and the 
reintegration of intermediates into char are not taken into account in the histori- 
cal notions mentioned above, nor in any of the available devolatilization rate 
models. 

We formulated the Distributed-Energy Chain Model (DISCHAIN) to account for the 
conformational aspects of coal depolymerization and char formation in a phenomenolo- 
gical way. The derivation of the model and the qualitative mechanisms for product 
formation have been described(5). Rate parameters have been specified by correlating 
transient weight loss from a bituminous coal over a broad range of thermal histories 
for heating rates to 103K/s and temperatures to 1300K(6). In the present study, 
predictions from DISCHAIN are compared with volatiles yields from very similar 
bituminous coals for heating rates between lo3 and 105K/s and temperatures between 
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800 and 2100K. No f u r t h e r  ad jus tmen t s  o f  any of t h e  pa rame te r s  i n  t h e  model have 
been made. N e v e r t h e l e s s ,  p r e d i c t e d  y i e l d s  and r e a c t i o n  times d i f f e r  s i g n i f i c a n t l y  
among the  comparisons,  r e f l e c t i n g  the  i n f l u e n c e  of t h e  d i f f e r e n t  t r a n s i e n t  h i s t o r i e s  
i n  t h e  c a s e s  cons ide red .  

PRODUCT FORMATION FOR VARIOUS HEATING RATES 

Chain statist ics i n t r o d u c e  s e v e r a l  nove l  q u a l i t a t i v e  f e a t u r e s  i n t o  t h e  formation 
mechanism f o r  d e v o l a t i l i z a t i o n  products .  l n  DISCHAIN, t h e  monomer fo rma t ion  r a t e  is 
not  d i r e c t l y  p r o p o r t i o n a l  t o  e i t h e r  t h e  b r i d g e  d i s s o c i a t i o n  or t h e  c h a r  formation 
rate. L imi t ing  cases e s t a b l i s h  t h a t  ( 1 )  t h e  conve r s ion  of bound a romat i c  u n i t s  i n t o  
monomers accelerates w i t h  p r o g r e s s i v e  b r idge  d i s s o c i a t i o n s ,  r e g a r d l e s s  of t h e  chemi- 
c a l  r e a c t i o n  r a t e  f o r  b r i d g e  d i s s o c i a t i o n ,  and ( 2 )  t h e  number of c h a r  l i n k s  needed 
t o  e l i m i n a t e  a l l  monomers is less t h a n  the o r i g i n a l  number of monomers. Most impor- 
t a n t ,  t he  fo rma t ion  o f  s t a b l e  cha r  l i n k s  is concur ren t  w i th  t h e  d i s i n t e g r a t i o n  of 
b r i d g e s  d u r i n g  s low h e a t i n g .  This i n h i b i t s  t h e  subsequen t  fo rma t ion  of monomers, 
t h e r e b y  accoun t ing  f o r  reduced y i e l d s  f o r  lower h e a t i n g  rates. 

The m e c h a n i s t i c  b a s i s  f o r  y i e l d  enhancement a t  f a s t e r  h e a t i n g  r a t e s  in DISCHAIN 
is n o t  s o l e l y  t h e  d i s p a r i t y  o f  t h e  a c t i v a t i o n  e n e r g i e s  f o r  tar  and c h a r  formation.  
Rather, t h e  h e a t i n g  rate dependence i s  t h e  j o i n t  r e s u l t  of t h e  compe t i t i on  between 
t h e  p rocesses  o f  c h a r  and t a r  formation in c o n j u n c t i o n  wi th  suppres s ion  of monomer 
g e n e r a t i o n  due t o  c h a r  fo rma t ion .  The a c t i v a t i o n  ene rgy  d i s p a r i t y  de t e rmines  t h e  
s e l e c t i v i t y  to tar and c h a r  from the  common i n t e r m e d i a t e ;  i .e. ,  monomer. Independ- 
e n t l y ,  cha in  s ta t i s t ics  de te rmine  t h e  conve r s ion  of t h e  bound a r o m a t i c  u n l t s  i n t o  
t h e  in t e rmed ia t e .  Obv ious ly ,  bound a r o m a t i c  u n i t s  which never  become monomers are 
excluded from t h e  c o m p e t i t i o n  between c h a r  and tar  fo rma t ion .  

To f u r t h e r  i l l u s t r a t e  t h e  r o l e  of monomer s e l e c t l v i t y .  p r e d i c t e d  tar  y i e l d s  a t  
f o u r  h e a t i n g  rates are shown in Figure  1. In  t h e s e  s i m u l a t i o n s ,  t h e  thermal  h i s t o r -  
ies are l i n e a r  t empera tu re  ramps a t  t h e  i n d i c a t e d  h e a t i n g  r a t e s  t o  1900K. The onse t  
of d e v o l a t i l i z a t i o n  moves t o  h i g h e r  t e m p e r a t u r e s  f o r  g r e a t e r  h e a t i n g  r a t e s ,  due t o  
k i n e t i c  r e s t r a i n t s ( 7 ) .  The d e v o l a t i l i z a t i o n  rate i n c r e a s e s  i n  rough p ropor t ion  to 
i n c r e a s e s  i n  t h e  h e a t i n g  rate. React ion time c o n s t a n t s  range from 3 s a t  102K/s t o  5 
m s  a t ,  105K/s. Each t r a n s i e n t  g i e l d  r e a c h e s  an  asymptote  wh i l e  t h e  t empera tu re  ramp 
is be ing  t r a v e r s e d ,  even a t  10 K / s .  

F a s t e r  h e a t i n g  t e n d s  t o  p rec lude  c h a r  fo rma t ion ,  which i n c r e a s e s  t h e  monomer 
s e l e c t i v i t y ,  and h i g h e r  t empera tu res  s h i f t s  t h e  s e l e c t i v i t y  t o  tar  formation.  Con- 
s e q u e n t l y ,  u l t i m a t e  tar  y i e l d s  i n c r e a s e  by 70 % over  t h i s  range of h e a t i n g  r a t e s .  
S ince  t h e  mass of a r o m a t i c  u n i t s  d i s t r i b u t e d  between c h a r  and t a r  is f i x e d ,  cha r  
y i e l d s  a r e  d e c r e a s i n g  th roughou t  t h i s  r ange  of c o n d i t i o n s .  Gas y i e l d s ,  which a r e  no t  
shown, a r e  f i x e d  a t  8%. a l t h o u g h  a t  105K/s, p e r i p h e r a l  g roups  a r e  t r a n s p o r t e d  away 
w i t h  tar b e f o r e  t h e y  c a n  be e l i m i n a t e d  a s  g a s e s .  Product  d i s t r i b u t i o n s  c o n s i s t i n g  of 
tars bu t  no l i g h t  gases have a c t u a l l y  been observed d u r i n g  l a s e r  p y r o l y s i s  a t  ve ry  
h igh  h e a t i n g  r a t e s ( 8 ) .  

COMPARISONS WITH TRANSIENT CONVERSION MEASUREMENTS 

P r e d i c t i o n s  from DISCHAIN are compared wi th  t h r e e  s e t s  of d a t a  f o r  s ing le -  
p a r t i c l e ,  t r a n s i e n t  d e v o l a t i l i z a t i o n  o f  h i g h  v o l a t i l e  bi tuminous c o a l s  f o r  s broad 
r ange  of the rma l  h i s t o r i e s .  In B s u t i s t a ' s  wire q i d  s t u d y  of vacuum p y r o l y s i s ,  
thermal  h i s t o r i e s  c o n s i s t  of uniform h e a t i n g  at 10 Kfs to t empera tu res  between 750 
and 1200K. fo l lowed  by s u f f  i c i e n t l y - l o n g  r e a c t i o n  times t o  obse rve  u l t i m a t e  y i e l d s  
a t  each  t empera tu re (9 ) .  In Kohayashi ' s  en t r a ined - f low s t u d y  of p y r o l y s i s  
atmosp e r i c  p r e s s u r e ,  t h e  o p e r a t i n g  c o n d i t i o n s  encompass h e a t i n g  rates between 10 
and 10 K / s  and t e m p e r a t u r e s  between 1000 and ZlOOK(1). Time-temperature h i s t o r i e s  
are based on c a l c u l a t i o n s  which accoun t  f o r  mixing between t h e  d i l u t e  c o a l  j e t  and 
t h e  p rehea ted  c o a x i a l  g a s  stream. In K i n k i f f  e t  a l . ' s  s tudy  of an e x c e s s i v e l y  fue l -  
r i c h  s t a b i l i z e d  c o a l  f l ame ,  t h e  nominal h e a t i n g  rate is 105K/s and t h e  u l t i m a t e  
t empera tu re  is 2 0 0 0 ~ ( l l ) .  

"t B 
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The d i f f e r e n t  p r e s s u r e s  i n  t h e s e  s t u d i e s  may seem o b j e c t i o n a b l e  i n  l i g h t  of 
s i g n i f i c a n t  r e d u c t i o n s  in y i e l d  f o r  p r e s s u r e s  between vacuum and a few atmospheres .  
Many models invoke competing mass t r a n s p o r t  and r e d e p o s i t i o n  of Lar from t h e  g a s  
phase w i t h i n  and around t h e  p a r t i c l e s  to r a t i o n a l i z e  t h i s  e f f e c t ,  b u t  t h i s  b a s i s  is 
i n c o n s i s t e n t  with measured tar  d e p o s i t i o n  rates and t i m e  s c a l e s  f o r  v o l a t t l e s  
e scape .  Only a summary e x p l a n a t i o n  is g i v e n  h e r e ,  as a d d i t i o n a l  d e t a i l  is g iven  
e l sewhere (  6). 

phase ,  depending on t h e  molecu la r  weight ,  t empera tu re ,  and p r e s s u r e .  DISCHAIN pre-  
sumes i n s t a n t a n e o u s  v a p o r i z a t i o n  and e scape  of a l l  t a r s  formed when monomers d i s so -  
c i a t e ,  which is a l i m t t i n g  form f o r  low p r e s s u r e s  i f  v o l a t i l e s  e s c a p e  by v i s c o u s  
flow. The re fo re ,  t h e  model a p p l i e s  t o  vacuum p y r o l y s i s  r e g a r d l e s s  o f  t empera tu re ,  
and to  p y r o l y s i s  a t  a tmosphe r i c  p r e s s u r e ,  provided t h a t  t empera tu res  are h igh  enough 
to  compensate f o r  t h e  i n f l u e n c e  of p r e s s u r e  on t a r  v a p o r i z a t i o n .  Regarding Lhe 
assumed i n s t a n t a n e o u s  v a p o r i z a t i o n  of t a r ,  t h e  e q u i l i b r i u m  vapor  p r e s s u r e  o f  heavy 
compounds i n c r e a s e s  r a p i d l y  wi th  i n c r e a s i n g  t empera tu re ,  so t h a t  t h i s  assumption is 
w e l l  s a t i s f i e d  throughout  t h e  combustion t empera tu res  i n  bo th  of the  s e l e c t e d  
s t u d i e s  a t  1 atm. Based on an e q u i l i b r i u m  vapor  p r e s s u r e  l a w  f o r  c o a l  l t q u i d s ( l 2 ) .  
t h e  r a t i o  of t h e  vapor  p r e s s u r e  and t h e  i n t e r n a l  p r e s s u r e  a r e  i d e n t i c a l  a t  IOOOK and 
a n  i n t e r n a l  p r e s s u r e  of 1 atm, and a t  1250K and an  i n t e r n a l  p r e s s u r e  o f  10 atm. 

P red ic t ed  product  d i s t r i b u t i o n s  f o r  g a s ,  t a r ,  c h a r ,  and un reac ted  c o a l  are 
compared w i t h  measured y i e l d s  of gas  and t o t a l  weight  loss f o r  vacuum p y r o l y s i s  in 
Figure  2. The s i m u l a t i o n s  are based on uniform h e a t i n g  a t  103K/s t o  t h e  s t a t e d  
r e a c t i o n  t empera tu re ,  fol lowed by an i s o t h e r m a l  r e a c t i o n  pe r iod  between 6 and 30 8 ,  

depending on r e a c t i o n  t empera tu re .  In  a l l  c a s e s .  u l t t m a t e  y i e l d s  were reached b e f o r e  
t h e  end of t h e  expe r imen ta l  r e a c t i o n  time. Model p r e d i c t i o n s  were conve r t ed  t o  t h e  
da f -bas i s  w i t h  a r e p o r t e d  a s h  c o n t e n t  of 9.2 X .  

The r e l a t i v e  y i e l d s  of tar  and gas  are r e l i a b l y  p r e d i c t e d  o n l y  beyond 900K. 
whi le  p r e d t c t e d  and measured weight  l o s s  d i f f e r  by s e v e r a l  p e r c e n t  a t  t empera tu res  
below 1000K. The p r e d i c t e d  t empera tu re  dependence is more c o n s i s t e n t  f o r  tar y i e l d s  
t h a n  f o r  gas  y i e l d s .  P r e d i c t e d  y i e l d s  f o r  un reac ted  c o a l  and c h a r  seem r e a s o n a b l e ,  
b u t  cannot  be a s s e s s e d  q u a n t i t a t i v e l y .  Unreacted c o a l  p e r s i s t s  t h rough  lOOOK a s  a 
r e s u l t  of t h e  broad r ange  o f  d i s s o c i a t i o n  e n e r g i e s  f o r  b r i d g e s .  The amount of c h a r  
i n c r e a s e s  mono ton ica l ly  throughout  t h i s  t empera tu re  range,  bu t  e x h i b i t s  a maximum 
f o r  h i g h e r  t empera tu res  and h e a t i n g  r a t e s .  

I n  succeeding comparisons,  on ly  weight  loss i s  shown because g a s  phase chemis t ry  
a l t e r s  t h e  product  d i s t r i b u t i o n  a t  h i g h  t empera tu res .  The p roduc t  d i s t r i b u t i o n s  from 
DISCHAIN c o n s t i t u t e  f l u x  c o n d i t i o n s  f o r  d e t a i l e d  modeling of t h e  rate phenomena i n  
t h e  v t c i n i t y  of t h e  p a r t i c l e s ,  r a t h e r  t han  c o n d i t i o n s  i n  t h e  f r e e  stream. 

The comparison f o r  t h e  a tmosphe r i c  e n t r a i n e d  f low s t u d y  appea r s  i n  F igu re  3. The 
s i m u l a t i o n s  a r e  based on t he rma l  h i s t o r i e s  c a l c u l a t e d  by Kobayashi which accoun t  f o r  
mixing e f f e c t s  n e a r  t h e  i n j e c t o r ( l 0 ) .  These the rma l  t r a n s i e n t s  are s i g n i f i c a n t l y  
l o n g e r  than  f o r  an  i n d i v i d u a l  p a r t i c l e  i n j e c t e d  i n t o  a q u i e s c e n t  g a s  a t  t h e  r e a c t o r  
t empera tu re ,  a s  expected.  Also shown i n  Figure  3 are c o r r e l a t i o n s  from the  competing 
two-step model( l0) .  Kobayashi a s s i g n e d  r a t e  pa rame te r s  i n  o r d e r  t o  f i t  t h e s e  d a t a ;  
i n  c o n t r a s t ,  rate pa rame te r s  from DISCHAIN were n o t  r e a d j u s t e d  from t h e  v a l u e s  
a s s igned  from d a t a  a t  much s lower  h e a t i n g  rates and lower t empera tu res .  

P r e d i c t e d  weight  loss is w i t h i n  t h e  expe r imen ta l  e r r o r  a t  both t h e  ex t r emes  i n  
t empera tu re ,  bu t  s e v e r a l  pe rcen t  t oo  h igh  a t  1510K and 1260K (no t  shown). P r e d i c t e d  
r e a c t i o n  t ime s c a l e s  are as r e l i a b l e  as t h o s e  from t h e  c o r r e l a t i o n  a s s igned  from 
t h i s  da t a .  Also, t h e  p r e d i c t e d  u l t i m a t e  y i e l d  of 62 X a t  2100K is s u b s t a n t i a l l y  
g r e a t e r  (15 X d a f )  t h a n  t h e  g r e a t e s t  va lue  i n  t h e  d a t a  set used t o  a s s i g n  t h e  param- 
e t e r s  i n  DISCHAIN (47 % 103K/s and 1300K). Moreover, i t  is 22 % daf  g r e a t e r  t han  t h e  
measured y i e l d  at 102K/s and 1300K (12) .  S ince  t h e  pa rame te r s  have n o t  been 
a d j u s t e d ,  t h e s e  y i e l d  enhancements can be a t t r i b u t e d  t o  t h e  i n f l u e n c e  of h e a t i n g  
rate. as d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n .  

\ Vapor i za t ion  mechanisms de te rmine  which heavy compounds l e a v e  t h e  condensed 

> 
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The final comparison involves a stabiltzed one-dimensional coal flame(l1). 
Factors beyond devolatilization arise in coal flames, but most complications are 

sponding to fuel equivalences of 3.30 with respect to the whole coal and 1.34 with 
respect to the ASTM proximate volatile matter. A l l  oxygen was consumed before one- 
third of the ultimate volatile8 yield was observed, and heterogeneous oxidation was 

Complete transient thermal histories, from the point of injectton to the onset 
of devolatilization, have not yet been measured for any coal flame, including this 
one. Mtdkiff, et al. report transient weight loss, gas temperatures, and optically- 
determined particle temperatures on a time coordinate referenced to the first meas- i 

urement point, rather than the point of injection. The first reported temperature, 
1750K, exceeds the threshold for devolatilization at heating rates as fast as 107K/a 
(DISCHAIN predicts that devolatilization begins at 1250K for a heating rate of 

simulated thermal history, instead of the measured particle temperatures, has been 
used to obtatn the predictions discussed below. 

Predicted weight loss is compared to the sum of the measured losses of volatile 
matter and fixed carbon in Figure 4. The thermal history in the simulations consists 
of uniform heatup at 105K/s to 2000K. the ultimate temperature observed in the 
experiment. The time coordinate for the predictions and measurements is referenced 
to the onset of devolattlizatton. The reaction time scale is adequately described, 
but the predicted ultimate yield exceeds the measurements by 5 X .  However, soot was 
observed but not separated from the collected char samples, so the measured yields 
are less than the true values. An upper bound for this influence far exceeds the 
discrepancy in this comparison, as Nenninger et al. observed soot yields of 22 X 
from the hiEh temperature pyrolysis of a high volatile bttuminous coal(l3). 

absent under excessively fuel-rich condittons. The coal density was 470 mg/l, corre- I 

negligible. i 

2x105K/s; c.f. comparison with Kobayashi's data at 1940K in Figure 3). Therefore, a / 

CONCLUSIONS 

The accuracy of the predfcted reaction time scales and yields from DISCHAIN is 
significant because hypothetical ulttmate yields are absent, model parameters were 
not adjusted, and a wide range of thermal histories was spanned in the comparisons 
with data. Experimental errors necessarily increase as coal combusLor conditions are 
approached. Nevertheless, this evaluation is more stringent than previous compar- 
isons between devolatilization models and measurements, and provides the basis for 
the following conclusions: 

1. Bridge dissociation concurrent with char formatton diminishes the conversion 
of bound aromatic nuclei in coal into unattached tar precursors, which 
canstftutes a mechanistic basis for enhanced yields for faster heating 
rates. 

Predicted yields based on the same parameters ranged from 40 X at 102K/s and 
1300K to 62 X at 105K/s and 2100K. in agreement with measured yields at the 
respective conditions within the experimental error. 

2. 

3. Predicted reaction times and ytelds from DISCHAIN agree quantitatively with 
transtent meauurements from high volatile bituminous coals for heating rates 
between lo3 and 105K/s and reaction temperatures between 800 and 2100K. 
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Figure 1 .  Pr dicted transient yields for tar during heatup at lo2 ,  IO3, IO4, and 
10 K/s along a linear temperature ramp to 1900K. 5 
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Figure 2. Comparisons between predicted end measured weight loss ( 0 )  and gas 
yields (0  ) €rom vactun pyrolysis of Pittsburgh seam bituminous coal, 
from Bautista''. 
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Figure 3. Weight lo s observed in an atmospheric entrained flow reactor by 
Kobayashil' compared to predictions from DISCHAIN (solid curves) and fron 
Kobayashi's6 competing two-step model (dashed curves). 
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Figure 4. Predicted weight loss (solid line) for uniform heating at 105K/s to 2000~ 
compared to the sum of loss s of volattle matter and fixed carbon (a) 
reported by Midkiff, et a1.l'. The simulated temperature profile (dashed 
line) includes optically-measured particle temperatures (0) during the 
cooling phase. 
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