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I N T R O D U C T I O N  

Reaction engineering experiments with coal or heavy oil fractions typically allow observation of only global 
kinetics and the yields of lumped product fractions; the controlbig reaction fundamentals are obscured by the com- 
plexity of the reactant and its product spectra. This limitation has motivated experiments with model compounds 
to help resolve the fundamental reaction pathways, kinetics, and mechanisms involved. These fundamentals are 
of the model compound reactions, however, and their relation to the reactions of the moieties they mimic in a 
complex reactant can be vague. Model compound results are often used in the analysis of the reactions of coal or 
asphaltenes in a qnalitative fashion. The object of this paper is to report on a mathematical model of asphaltene 
pyrolysis which serves as a quantitative bridge between model compounds and actual asphaltenes by combining 
modebcompound deduced reaction pathways and kinetics with aspects of asphaltene structure. 

B A C K G R O U N D  

Asphaltenen are operationally defined as a response to a solvent extraction protocol. However, the functional 
groups and chemical moieties they comprise have been probed by nnmerous spectroscopic and pyrolytic investiga- 
tions (1-5), and structural scenarica typically include condensed aromatic and heteroaromatic cores to which are 
attached peripheral alkyl, naphthenic, and heteroatomic substituents. Several of these substituted aromatic cores, 
referred to  as unit sheets, can be bonded together in macromolecular fashion to form an asphaltene particle. 

Of the covalent bonds in asphaltene, those in heteroatomic peripheral substituents are the most thermally 
labile; they are also present in relatively low proportions. C C  bonds in aromatic rings, on the other hand, 
constitute a large fraction of asphaltene bonds, but they are stable even at  very high temperatures. Aliphatic 
C-C bonds in alkylaromatic, alkylhydroaromatic, and alkylnaphthenic positions are both abundant and reactive 
and thus constitute the most prevalent thermally scissile groups in asphaltene. Therefore, the reactions (6- 
10) of the model compounds n-pentadecylbenaene, n-dodecylbensene, n-butylbenzene, 2-ethylnaphthalene, n- 
tridecylcyclohexane, and 2-ethyltetralin, mimics of these scissile moieties, seemed a relevant probe of the thermal 
reactions of the basic hydrocarbon framework of asphaltenes. These model compound data were combined with 
asphaltene structural information to simulate the pyrolysis of a generic, hypothetical, fully hydrocarbon asphaltene. 
Structural data used in the model were selected from an overall understanding of asphaltene composition and 
constitution (8) and were not obtained from spectroscopic Characterization of any particular asphaltene. Note 
however, that the model can readily incorporate Structural data from any asphaltene of interest and simulate its 
pyrolysia specifically. 

M O D E L  D E V E L O P M E N T  

Reactant Asphaltene.  

The simulated asphaltene is illustrated schematically in Figure 1. Asphaltenes were regarded (8) as a blend 
of hydrocarbon particles, defined as covalently bonded oligomers of unit sheets with a degree of polymerization 
ranging from 1 to 5. The unit sheets comprised between 2 and 30 six-membered rings which could, in turn, be 
either aromatic or saturated. The maximum number of aromatic rings in a unit sheet was 15, and the number of 
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saturated rings never exceeded the number of aromatic rings. Peripheral aromatic and saturated carbon atoms 
in a unit sheet were, respectively, 45% and 25% substituted by aliphatic chains containing from 1 to 25 carbon 
atoms. A fraction of these chains served as the covalent b k s  which bonded unit sheets into particles, and the 
balance were terminal substituents. 

Four probability distributions describing, respectively, the alkyl substituent chain lengths, the number of 
aromatic and the number of saturated rings in a unit sheet, and the degree of polymerization of asphaltene 
particles are displayed in Figure 2. These data were selected such that the average structural parameters for the 
reactant asphaltene were consistent with values reported in the literature. 

In the simulations, the reactant asphaltene consisted of a collection of particles containing the model's basis 
of 10,000 unit sheets, assembled in a stochastic process. The 6rst step of this assembly was to  determine the 
number of unit sheets in each particle by comparing a random number between 0 and 1 with the integrated 
probability distribution describing the particle's degree of polymerization (i.e. Fig 2d). The numbers of aromatic 
and saturated rings in each of the unit sheets in the particle were then determined by comparing independent 
random numbers with the integrated probability distributions in Figures 2b and 2c. Each saturated ring in the 
unit sheet was then individually categorized as either hydroaromatic or naphthenic based on whether it was fused 
to an aromatic ring or exclusively to other saturated rings, respectively. This was accomplished by comparing a 
random number with the probability, Px, of a saturated ring being fused to  an aromatic ring. Px was estimated 
from Equation 1 on the basis that the type of ring (saturated or aromatic) to which a saturated ring was fused 
was directly proportional to the number of ammatic, Nar, or saturated, Nnr, rings in the unit sheet. 

The numbers of internal and peripheral ammatic and saturated carbon atoms in the unit sheet, defined 
respectively as thoae bonded to 3 and to 2 other cyclic carbon atoms, were calculated according to the method of 
H i c h  and Altgelt (11,lZ). The number of peripheral atoms of each type was then multiplied by their appropriate 
degrees of substitution (0.45 and 0.25 for aromatic and saturated carbons, respectively) to calculate the number of 
peripheral positions containing substituents. The number of peripheral aromatic carbon atoms bearing alkyl chains 
was then calculated as the total number of substituted aromatic carbon atoms minus the number of peripheral 
aromatic carbon atoms in hydroaromatic rings. Assembly of the unit sheets was finally completed by comparing a 
random number with the integrated probability distribution in Figure 2a to determine the number of carbon atoms 
in each aliphatic substituent. The steps outlined above were repeated for each unit sheet until an entire particle 
had been constructed. Additional particles were then assembled until 10,000 unit sheets had been included. 

Pyrolysis Simulation. 

The model compound pyrolyses (8) revealed that ring-opening reactions were of minor consequence for even 
the saturated rings. Therefore, the polycyclic portion of the unit sheet was modeled as being thermally stable 
and, hence, conserved during pyrolysis. The only effect of pyrolysis was then to break C-C bonds in the peripheral 
alkyl substituents and the inter-unit sheet links. 

Asphaltene pyrolysis therefore amounted to accounting for the temporal variation of the distribution functions 
of Figure 2. This was accomplished by 1.) developing differential rate equations for the three reactive moieties 
(i.e. alkylaromatic, alkylnaphthenic, and alkylhydroaromatic), 2.) integrating these equations numerically with 
model-compound-deduced rate constants as parameters, 3.) updating the integrated probability distributions to 
reEect the effects of pyrolysis, and 4.) using the updated distributions to stochastically assemble 10,000 unit sheets 
which represented the reaction products. 

The rate of reaction of an alkylaromatic chain, Ai,  of length i in a constant-volume batch reactor was given 
as Equation 2 where kA, ia the first-order rate constant. 

25-i dAi 
_ = _  kA,Ai + I J A . + , , ~ ~ A . + , A ~ + ~  

j= 1 
dt 

The two terms on the right hand side account for, respectively, the cleavage of alkylaromatic substituents with 
i carbon atoms, and the formation of alkylaromatics with i carbons born alkylaromatics containing i+j carbon 
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atoms where UA,+,,, is the stoichiometric coefficient. Completely analogous equations described the rate of reaction 
of the alkylnaphthenic, N i ,  and alkylhydroaromatic, H i ,  moieties. 

The rate of formation of aliphatic products, AS, with i carbon a t o m  is given by Equation 3, where k and 
Y are rate constants and stoichiometric coefficients, respectively. Note that secondary reactions of the primary 
aliphatic products were neglected. 

Finally, cleavage of the inter-unit sheet links in the oligomeric particles was described by Equation 4. In 
modeling the depolymerisation kinetics, all inter-unit sheet linkages were treated as alkylaromatic chains. That is, 
the rate constant for breaking an inter-unit l ink was the same as that for cleaving an alkylaromatic substituent. 

The two terms on the right hand side account for the depolymerization of particles containing i unit sheets, 
Pi, and the formation of such particles from those with more than i unit sheets, Pi+j, respectively. 

The rate constants and stoichiometric coefficients required for numerical solution of Equations 2-4 were ob- 
tained from the model compound pyrolyses (6-9). For example, the initial product selectivities in pentadecylben- 
gene (PDB) pyrolysis (8,s) showed that bond scission occnrred at the /3 position about 35% of the time, at the 7 
position 15% of the time, and at each of the other 12 bonds roughly 4% of the time. These relative proportions for 
cleavage of each aliphatic bond were modelled to  apply to all other alkylammatics. Similarly, the initial selectiv- 
ities observed for tridecylcyclohexane (TDC) and Zethyltetralin (2ET) pyrolyses (E) provided the stoichiometric 
coefficients for the akylnaphthenic and alkylhydroaromatic moieties, respectively. 

A unique rate constant for each of the 3 reactive moieties containing from 1 to 25 aliphatic carbons was 
calculated from the rate constant for the relevant model compound scaled by the square root of the carbon 
number, aa snggested by the apparent first-order rate constant for a Rice-Hersfeld (13) chain. For example, all 15 
carbon atom alkylaromatic chains were assumed to follow the pyrolysis kinetics of PDB, and rate constants for 
alkylaromatic chains with i carbon a t o m  were calculated aa 

i 
kA, = k p D s ( E ) l ' l  ( 5 )  

Although only approximate, Equation 5 correlated available experimental data quite well (E). 

To summarise, this mathematical model simulated asphaltene pyrolysis by simultaneously solving 105 differ- 
ential rate equations; 25 each for cleavage of alkylaromatic, alkylnaphthenic, and alkylhydroaromatic moieties, 25 
for the formation of aliphatic products, and 5 for depolymeriration of asphaltene particles. The kinetic parame- 
ters in these equations were deduced through model compound pyrolyses. The structural data in the probability 
distributions, shown in Figure 2 for the reactant asphaltene, were then updated to relIect the effects of pyrolysis, 
and 10,ooO nnit sheets were assembled as reaction products. 

Reaction P roduc t s .  

The simulated pyrolyses produced aliphatics, via scission of peripheral moieties on the asphaltenic unit sheet, 
and product particles containing a t  least one unit sheet. The product particles were stochastically assembled using 
the procedure described previously for the reactant asphaltene particles, and they differed from their precursors 
only in their degree of polymeriPation and in the length and number of their terminal aliphatic constituents. The 
polycyclic portion of the unit sheet was thermally stable and hence unaltered by pyrolysis. 

To allow comparison with experimentally observed (9,lO) temporal variations of solubility-based product 
fractions from asphaltene pyrolysis, each reaction product from the simulated pyrolyses was assigned to either a 
gas, maltene, asphaltene, or coke product fraction. Aliphatic products were assigned t o  the gas fraction if they 
contained 4 or fewer carbon atoms and to the maltene fraction if they contained more than 4 carbon atoms. 
The product particles were assigned to  one of the solubility-based product fractions on the basis of combinations 
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of molecular weight and H/C atomic ratio as shown in Table 1. These two parameters provided a physically 
signxcant yet convenient means of correlating particle solubility with chemical composition and structure in this 
model. 

M O D E L  RESULTS 

The simulations were of the constant-volume, isothermal, batch pyrolyses of a generic asphaltene and not the 
particular off-shore California asphaltene used in the experiments. Quantitative agreement between the model 
and experimental results should not be expected in all cases and treated as a coincidence when found. Note that 
detailed spectroscopic analysis of any one asphaltene could permit prediction of its reactions, however. Model 
predictions are presented in terms of the temporal variation of average structural parameters and solubility-based 
product fractions. 

S t ruc tura l  Parameters.  

The model monitored the number of each type of aliphatic, aromatic, and naphthenic carbon and hydrogen 
a t o m  in the 10,000 unit sheets so that average structural parameters could be determined for the collection of 
asphaltene particles. The values of selected structural parameters for the reactant asphaltene are reported in Table 
2 and are clearly consistent with the ranges of these parameters typically reported in the literature (2,3,14-19) for 
petroleum asphaltenes. 

Figure 3 presents the temporal variation of the particle and unit sheet number average molecular weights, 
whereas Figure 4 displays the particle molecular weight distribution parameteric in time for simulated asphaltene 
pyrolysis at 425OC. The particle molecular weight decreased very rapidly and approached the unit sheet average 
molecular weight, suggesting essentially complete asphaltene depolymerisation. Figure 4 shows that the molecular 
weight distribution for the reactant asphaltene w a ~  broad and poeaessed a high average value and that a significant 
reduction in average molecular weight and a narrowing of the distribution occurred for asphaltene pyrolysis even 
at  short reaction times. 

Experimental data are lacking for a duect quantitative comparison of the model results in Figures 3 and 
4, but previous experiments (8) do allow limited scrutiny as follows. Asphaltene pyrolyses at 4OO0C for 30 
min significantly reduced the average molecular weight of the sulfur- and vanadium-containing compounds in 
asphaltene and shifted the molecular weight distribution to lower values. These results, if generally true for all of 
the aspbaltenic constituents, are in qualitative accord with the model's predictions. 

The temporal variation of the H/C atomic ratio and the fraction of carbon atoms being aromatic, fa, from 
simulated asphaltene pyrolyses at  425% are portrayed on Figure 5. The H/C atomic ratio decreased from 1.20 
initially to  0.85 at 120 min. The value of j,,, on the other hand, increased from an initial value of 0.42 to 0.61 at 
120 min. The predicted variation of the H/C ratio is in good accord with the experimental results from asphaltene 
pyrolysis at  400% shown in Figure 13. No experimental data were available for comparison with the temporal 
variation of fa. 

Product  Fractions. 

Figure 7 presents the temporal variations of the yields of the gas, maltene, asphaltene, and coke product 
fractions from simulated asphaltene pyrolyses at 400, 425, and 45OOC. Experimental data are provided in Figure 
8 for comparison. The simulations at 40O0C predicted the experimentally observed induction period for coke 
production, and maltene and gas yields of the correct order. No experiments were performed a t  425OC, but 
the results of simulated pyrolyses at this temperature closely resembled the experimental results a t  400°C. This 
corroborates the qualitative trends predicted by the model, and further suggests that the model of a generic 
asphaltene underpredicted the reactivity of the off-shore California asphaltene used in the experiments. The 
agreement between the model predictions and the experimental temporal variations of the product fractions at  
450°C was almost quantitative. Essentially complete asphaltene conversion at 30 minutes, an ultimate coke yield 
of about 60% that decreased with time, and an ultimate yield of maltenes and gases of about 40% are all common 
features. 

DISCUSSION 

The model predictions were consistent with the available experimental data on a qualitative basis without 
exception, and on a quantitative basis in several instances. This agreement between model and experimental 
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results is striking because the model deals with a simplified asphaltene structure, includes only model-compound- 
deduced reaction pathways and kinetics, and contains no kinetics parameters regressed from experiments with 
actual asphaltenes. The overall consistency of the experimental and simulated asphaltene pyrolyses suggest that 
the model included many key features of asphaltene structure and its thermal reactivity, and that the pyrolysis 
kinetics of the model compounds mimicked those of the related moieties in asphaltene. 

The model results showed that dealkylation of the asphaltene unit sheets caused the particles to become in- 
creasingly hydrogen deficient and more aromatic thereby suggesting an attendant change in their toluene-solubility. 
Thus as reactant asphaltenen, toluene soluble because of their aliphaticity, were cleaved of their peripheral sub 
stituents their toluene solubility diminished, and they eventually appeared as coke in the pyrolysis simulation. 
The modeling results thus demonstrate that severe overreaction of primary products is not necessary to  predict 
high yields of coke. This corroborates our previous interpretation (10) of the coke fraction as, mainly, a primary 
pyrolysis product containing the polycyclic cores of asphaltenic unit sheets. 

Finally, the model results also permit speculation into the role of pyrolysis in nominally catalytic asphaltene 
hydroprocessing reactions. The simulations showed that asphaltene depolymerization occurred even at short 
reaction times and that many particles existed as single unit sheets rather than covalently bonded oligomers 
thereof. These individual asphaltene unit sheets, which are much smaller than the macromolecular particles, will 
be major participants in catalytic reactions because they can more readily diffuse within the porous catalyst. This 
suggests that catalytic hydroprocessing at high temperatures wiU be of thermally derived asphaltene fragments 
and not the aaphaltene particle itself. 
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TABLE ONE 

CRITERIA M)R ASSIGNING PARTICLES TO PRODU!T FRACTIONS 

C r i t e r i a  Product F r a c t i o n  Opera t iona l  D e f i n i t i o n  

MW ( 300 and A I C  > 1.0 Malt ene heptane - so lub le  

Mm ) 300 and A/C > 1.0 Asphaltene heptane  - inso luble  
MW ( 300 and A I C  < 1.0 to luene  - so lub le  

MW > 300 and H/C ( 1.0 Coke to luene  - inso luble  

TABLE TWO 

AVERAGE SlXUCl'JRAL PARAIlOTFRS FOR PETROLEUM ASPAALTENE 

Pa tame t e t  

A I C  atomic r a t i o  

f a  

S ian i f  i cance  

f r a c t i o n  of C a t o m  
in  a romat ic  r i n g s  

f r a c t i o n  of C atoms 
in s a t u r a t e d  r ings  

f n  

'a 

'n 

f r a c t i o n  of A atoms 
in  a romat ic  r i n g s  

f r a c t i o n  of A a t o m  
i n  s a t u r a t e d  r ings  

c ICa p e r i v h e r a l  a romat ic  carbons 
t o t a l  a romat ic  carbons 
(shape of a r o n a t i c  core)  

t o t a l  s a t u r a t e d  carbons 
s a t u r a t e d  carbons  a t o  ri i tg 
(average  a l k y l  cha in  l ene th )  

P 

's/'sa 

. s a tu ra t ed  carbons  a t o  r i n g  
pe r iphe ra l  a romat ic  carbons 
(degree  of s u b s t i t u t i o n  of 
a romat ics  i n  u n i t  shee t )  

'sa"p 

1.20 

0.42 

0.13 

0.09 

0.16 

0.48 

4.93 

0.45 

L i t e r a t u r e  (1-5. 14-19l 

1.09 - 1.29 

0.30 - 0.61  

0.06 - 0.24 

0.04 - 0.11 

0.16 - 0.19 

0.31 - 0 . 5 5  

3.1 - 8.4 

0.39 - 0.65 
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Figure 1 : Structural  Hierarchy in Pyrolysis  Model 
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Figure 2: Integrated Distributions f o r  Elements 
of Asphaltene Structure 

0.) Aliphatic Chains 
1 .o 

0.8 
c 
V 

5 0.6 n 

a 

$ 0.4 - 
3 

5 
0.2 

0.0 

Alkyl Chain Longth 

c.) Saturated Rings 
In Unit Shad with 15 Aromatic Rings 

b.) Aromatic Rings 

Aromatic Rings in Unit Shad 

d.) Degree of Polymerization 

Saturated Rings In Unit Shad Unit Sheds in Particlo 

75 



Flgure 3: Temporal Varlatlon of MW 
SIUUUTED PYROLYSIS AT 425C 
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INTERPRETING R A P I U  COAL DEVOLATILIZATION AS AN EQUlLIBRIUM 
FLASH DISTILLATION D R I V E N  BY COMPETITIVE CHEMICAL KINETICS 

Stephen Niksa 

High Temperature Gasdynamics Labora to ry  
Mechanical Eng ineer ing  Department 

S t a n f o r d  U n i v e r s i t y  
Stanford.  CA 94305 

I n t r o d u c t i o n  

As t h e  ambient p ressu re  f o r  a coa l  d e v o l a t i l i z a t i o n  process i s  reduced, u l t i -  

mate y i e l d s  o f  t a r  i nc rease  s u b s t a n t i a l l y .  For h i g h  v o l a t i l e  b i t um inous  c o a l s ,  t a r  

y i e l d s  f rom vacuum p y r o l y s i s  can be f i f t y  pe rcen t  g r e a t e r  than f rom h i g h - p r e s s u r e  

p y r o l y s i s .  Th i s  behavior  has l o n g  been a t t r i b u t e d  t o  c o m p e t i t i v e  secondary chem- 

i s t r y  i n  t h e  gas phase o c c u r r i n g  on a t i m e  s c a l e  d i c t a t e d  by t r a n s p o r t  o f  v o l a t i l e  

m a t t e r  through t h e  p a r t i c l e  su r face .  Among t h e  escape mechanisms compa t ib le  w i t h  
c o a l ' s  complex p h y s i c a l  s t r u c t u r e ,  b u l k  and Knudsen pore d i f f u s i o n ,  e x t e r n a l  f i l m  

d i f f u s i o n ,  cont inuum f l ow ,  and bubble g rowth  i n  v i scous  m e l t s  have been t r e a t e d ,  as  
rev iewed r e c e n t l y  by Suuberg (1). 

These models c o r r e l a t e  t h e  reduced u l t i m a t e  y i e l d  f o r  increased ambient  

pressures,  b u t  impor tan t  f e a t u r e s  o f  p y r o l y s i s  over  a range o f  p ressu re  rema in  unex- 

p l a i n e d .  F i r s t ,  t h e  measured r a t e  o f  we igh t  l o s s  f o r  i d e n t i c a l  thermal  h i s t o r i e s  i s  

t h e  same f o r  p ressu res  between vacuum and 3.45 M Pa (2). Second, t a r  d e p o s i t i o n  

e x e r t s  a n e g l i g i b l e  i n f l u e n c e  on bo th  y i e l d s  and e v o l u t i o n  r a t e s  th roughou t  a l l  

p ressu res  o f  p r a c t i c a l  i n t e r e s t ,  based on t h e  s c a l i n g  f rom an independently-measured 

t a r  c r a c k i n g  r a t e  and a measured v o l a t i l e s  escape r a t e  ( 3 ) .  Th i rd ,  t h e  m o l e c u l a r  

we igh t  d i s t r i b u t i o n s  (MWD) o f  t a r  s h i f t  toward lower  mo lecu la r  we igh ts  as t h e  ambi- 

e n t  p ressu re  i s  increased (1,4,5). 
1 
I The r e a c t i o n  model i n t roduced  he re  (FLASHKIN) c o r r e l a t e s  t h e  reduced u l t i m a t e  

y i e l d s ,  p r e d i c t s  e v o l u t i o n  r a t e s  which a re  , independent o f  pressure,  and e x p l a i n s  t h e  

I observed s h i f t s  i n  t a r  MUD f o r  v a r i e d  ambient pressures.  It i n t e r p r e t s  coa l  de-  
Y v o l a t i l i z a t i o n  as a s i n g l e - s t a g e  e q u i l i b r i u m  f l a s h  d i s t i l l a t i o n  dr iver1 by compe t i -  

t i v e  chemical k i n e t i c s .  Whi le  t h e  mathemat ica l  f o r m u l a t i o n  accommodates r a t e - l i m i t -  
c 

i n g  mass t r a n s p o r t  r e s i s t a n c e s ,  homoger;eous chemis t r y  i s  excluded and mass t r a n s p o r t  

r e s i s t a n c e s  a re  deemed n e g l i g i b l e  f o r  t h e  p a r t i c l e  s i z e s  considered i n  t h e  compar- 
i s o n s  w i t h  da ta .  I n  t h i s  respec t ,  FLASHKIN advances a m i n o r i t y  v iewpo in t  r o o t e d  i n  

t h e  p a r a l l e l s  between p y r o l y s i s  and e v a p o r a t i v e  d r y i n g  drawn by Pe te rs  and B e r t l i n g  

(6), and t h e  aspects  o f  phase e q u i l i b r i u m  i n c l u d e d  i n  t h e  models o f  James and M i l l s  
(7) and N iksa  ( 8 ) .  

I 

I 
I 
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Reaction Mechwisms - - ~ ~ -  
The reactior, mechar,isms ir FLASHKIN develop an analogy between coal pyrolysis  

and a s ingle-s tage equi l ibr ium f lash  d i s t i l l a t i o n .  In any f lash  d i s t i l l a t i o n ,  an 
equilibrium r e l a t i o n  (such as Raoul t ' s  law in the  simplest case) descr ibes  the par- 
t i t io r ; ing  o f  chemical species  i n t o  the vapor and condensed phases a t  fixed pressure 
and temperature. The portion of the feedstream which evaporates i s  determined by a 
mole balance among the feed and product streams. Usually the composition and 
throughput of  the feedstream and the temperature and pressure of the f lash  chamber 
a r e  known, so t h a t  the  composition and ef f lux  of the vapor and l iquid streams can be 
determined. 

In  the coal pyrolysis  react ion system, there  is  no feedstream per se; ra ther ,  
the coal macromolecule d is in tegra tes  in to  fragments which range il; s i z e  from hydro- 
carbon gases having an average molecular weight of 25 g/mole to  polymeric pieces of 
coal of molecular weight t o ,  perhaps, 104-106 g h o l e .  The r a t e  a t  which theses  
species  are introduced in to  the  system i s  determined by the  primary thermal re -  
action s. 

The f lash chamber is, of course, the  porous fuel p a r t i c l e .  In softening coa ls ,  
the  vapor i s  f u l l y  dispersed throughout the melt as  bubbles i n  a viscous l iqu id ;  
otherwise, t h e  vapor i s  dispersed throughout a pore system which de l inea tes  so l id  
subuni ts  o f  a few hundred angstroms i n  s i z e  ( the  s i z e  of mesopores). Regardless of 
the  form o f  t h e  condensed phase, we assume t h a t  t h e i r  composition i s  uniform 
throughout the  p a r t i c l e ,  because the c h a r a c t e r i s t i c  dimension of the subunits of 
condensed matter is  so small. The temperature of the system i s  external ly  imposed 
and, under the r e s t r i c t i o n  of negl igible  inter t ia l  heat t ransfer  res i s tances ,  the  
p a r t i c l e  i s  isothermal. B u t  the  in te rna l  pressure r e f l e c t s  the react ion dytiamics. 
In a c t u a l i t y ,  the in te rna l  pressure reaches a level compatible w i t h  the generation 
r a t e  of gases and t h e  res i s tance  to  escape. Despite the modeling discussed e a r l i e r ,  
the  in te rna l  pressure remains ambiguous because c o a l ' s  physical s t ruc ture  admits 
several plausible  t ranspor t  mechanisms, and a l s o  because the t ransport  coef f ic ien ts  
a r e  uncertain. We a s s e r t  t h a t  the time sca le  f o r  mass t ransport  i s  much shorter  
than t h e  primary decomposition time, a s  appl icable  t o  continuum flow driven by a I 

pressure gradient ,  and deduce t h a t  the internal  and ambient pressures  a re  near ly  1 

equi Val ent. j 
I 
1 
s 
! 

Since the primary decomposition fragments encompass l i g h t  gases and high poly- 
mers, the vapor i s  regarded as  a binary mixture of ( a )  noncondensibles, r e s t r i c t e d  
t o  aolecular  weights below 100 to  represent l i g h t  gases ,  and (b)  a continuous mix- 
t u r e  of vapor fragments of molecular weight from 100 t o  i n f i n i t y ,  t o  represent t a r .  
The t a r  vapor i s  represented by a continuous MWD. The condensed phase i s  envisioned 3 

3 a s  a binary mixture of nonvolat i le  char and a continuous mixture o f  evaporating com- 

E O  
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pounds o f  mo lecu la r  we igh t  g r e a t e r  t h a c  100; again,  t h e  condensed-phase c o n t i n u o u s  

m i x t u r e  i s  represented  by a cont inuous  MWD. 

E q u i l i b r i u m  i s  asser ted  between t h e  vapor and condensed co f i t inuous  m i x t u r e s  on 

t h e  b a s i s  o f  s c a l i n g  t h e  molar  c o n c e n t r a t i o n s  i n  t h e  vapor and condensed phases. 

Since t h e  d e n s i t i e s  o f  gaseous and condensed spec ies  d i f f e r  by t h r e e  t o  f o u r  o r d e r s  

o f  magnitude, t h e  accumula t ion  o f  vapor w i t h i n  t h e  p a r t i c l e  i s  e n t i r e l y  n e g l i g i b l e .  

I n  o t h e r  words, t h e  vapor compos i t ion  i s  i n  quas i -s teady  e q u i l i b r i u m  with t h e  chang- 

i n g  condensed phase compos i t ion .  The t i m e  s c a l e  on which t h e  phase e q u i l i b r i u m  i s  

e s t a b l i s h e d  i s  t h e  s h o r t e s t  i n  t h e  system. 

The composi t ior ;s o f  t h e  cont inuous  m i x t u r e s  i n  the  vapor and condensed phases 
are  r e l a t e d  by a g e n e r a l i z a t i o n  o f  R a o u l t ' s  law. T h i s  s imp le  fo rm i s  i n  keep ing  

wi th t h e  l a c k  o f  d a t a  on h i g h  molecu la r  w e i g h t  c o a l  p r o d u c t s  such as t a r .  Never the-  
l e s s ,  t h e  f o r m u l a t i o n  i n  FLASHKIN i s  more advanced than p r e v i o u s  r e n d e r i n g s  o f  

R a o u l t ' s  l a w  i n  p y r o l y s i s  model ing (7-9).  

U n t i l  v e r y  r e c e n t l y ,  mult i -component phase e q u i l i b r i u m  was analyzed i n  te rms o f  
d i s c r e t e  pseudo-components presuming t h a t  b a s i c  thermodynamic r e l a t i o n s  expressed i n  

terms o f  t h e  mole f r a c t i o n s  o f  t h e  spec ies  app ly ,  computa t iona l  burdens n o t w i t h -  

s tand ing .  T h e i r  obv ious  l i m i t a t i o n  i s  t h a t  d i s c r e t e  mole f r a c t i o n s  f o r  m i x t u r e s  as 

complex as coa l  t a r  a r e  i m p o s s i b l e  t o  measure. "Cont inuous thermodynamics" c i rcum-  

vents  t h i s  d e f i c i e n c y  by r e c a s t i n g  t h e  c o n d i t i o n s  f o r  phase e q u i l i b r i a  i n  te rms o f  

con t inuous  d i s t r i b u t i o n s  o f  macroscopic c h a r a c t e r i s t i c s  such as a r o m a t i c i t y ,  carbon 

number, normal b o i l i n g  p o i n t  and, most p e r t i n e n t  t o  t h i s  model, m o l e c u l a r  we igh t .  

Recent p u b l i c a t i o n s  by P r a u s n i t z  and coworkers (10,ll) and Ratzsch and Kehlen (12) 
deve lop  t h e  r e s u l t s  used i n  FLASHKIN and access t h e  l i t e r a t u r e  on t h e  genera l  

theory .  

F i n a l l y ,  t o  complete t h e  analogy between p y r o l y s i s  and a f l a s h  d i s t i l l a t i o n ,  

t h e  e f f l u x  o f  vapor and l i q u i d  "p roduc ts"  must be s p e c i f i e d .  The e f f l u x  o f  vapor 

species i s  s imp ly  t h e  sum o f  t h e  e v o l u t i o n  r a t e s  o f  gas and t a r .  W i t h i n  t h e  con-  

s t r a i n t s  of  n e g l i g i b l e  mass t r a n s p o r t  r e s t r i c t i o n s  and n e g l i g i b l e  vapor accumula t ion  
no ted  above, t h e  escape r a t e  o f  l i g h t  gases must match t h e  g e n e r a t i o n  r a t e  o f  gases 

f r o m  t h e  p r i m a r y  thermal r e a c t i o n s ;  i. e . .  gases escape a t  t h e i r  r a t e  o f  p r o d u c t i o n  

by chemical  r e a c t i o n .  The t a r  e v o l u t i o n  r a t e  i s  a l s o  s p e c i f i e d  by t h i s  r a t e ,  w i t h  

t h e  a d d i t i o n a l  c o n s t r a i n t s  t h a t  mole f r a c t i o n s  f o r  the  b i n a r y  vapor sum t o  u n i t y ,  

and t h a t  phase e q u i l i b r i u m  i s  ma in ta ined.  

Of course ,  no condensed phase species l e a v e  t h e  p a r t i c l e .  B u t  t h e i r  e f f l u x  

r a t e  i s  analogous t o  t h e  r a t e  a t  which t h e  condensed cont inuous  m i x t u r e  fo rms an 

i n v o l a t i l e  char.  Lack ing  guidance f rom exper iment,  we assume t h a t  t h e  char  forma- 
t i o n  r a t e  i s  indepecdent o f  t h e  m o l e c u l a r  we igh t  o f  the  components i n  t h e  m i x t u r e .  
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The b a s i c  s t r u c t u r e  o f  coa l  p y r o l y s i s ,  e s p e c i a l l y  t a r  e v o l u t i o n ,  shares many 

s i m i l a r i t i e s  w i t h  a s i n g l e  s tage e q u i l i b r i u m  f l a s h  d i s t i l l a t i o n .  The amount o f  t a r  

i n  the  vapor phase w i t h i n  t h e  f u e l  p a r t i c l e  i s  i n  e q u i l i b r i u m  w i t h  a con t inuous  m ix -  

t u r e  o f  h i g h  m o l e c u l a r  we igh t  f ragments i n  e i t h e r  t h e  s o l i d  subun i t s  o r  v i scous  

me l t .  Generat ion r a t e s  and t h e  e f f l u x  o f  i n t e r m e d i a t e s  and p roduc ts  a re  e s t a b l i s h e d  

by chemical r e a c t i o n  r a t e s .  A s  e labora ted  i n  t h e  f u l l  paper, t h e  e v o l u t i o n  r a t e s  o f  

t a r  and l i g h t  gases, and t h e  t a r  MWD a r e  comp le te l y  s p e c i f i e d  by c l o s i n g  t h e  mole 

balance among t h e  r e a c t i o n  species.  
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A GENEMI. MODEL OF COAL DEVOLATILIZBTION 

P.R. Solomon, D.G. Hamblen, R.M. Carangelo, M.A. Serio and G.V. Deshpande 

Advanced Fuel Research, Inc., 87 Church St., East Hartford, CT 06108 USA 

IWI'RODUCTION 

Coal devolatilization is a process in which coal is transformed at elevated 
temperatures to produce gases, tar* and char. Gas formation can be related to the 
thermal decomposition of specific functional groups in the coal. 
formation is more complicated. 
includes the following steps which have been considered by a number of 
investigators. 

1. The rupture of weaker bridges in the coal macromolecule to release smaller 
fragments called metaplasts (1). 

2. Possible repolymerization (crosslinking) of metaplast molecules (2-14). 

3. Transport of lighter molecules to the surface of the coal particles by 
diffusion in the pores of non-softening coals (5,8,15,16) and liquid phase or 
bubble transport in softening coals (17-19). 

4. Transport of lighter molecules away from the surface of the coal particles by 
combined vaporization and diffusion (4,14). 

Char is formed from the unreleased or recondensed fragments. Varying amounts of 
loosely bound "guest" molecules, usually associated with the extractable material, 
are also released in devolatilization. 

Tar and char 
It is generally agreed that the tar formation 

The combined chemical and physical processes in devolatilization were recently 
reviewed by Gavalas (20) and Suuberg (21). 
simulated by models employing first order reactions with ultimate yields (3.22-29), 
success in mechanistic modeling of tar formation has been more limited. Predicting 
tar formation is important for many reasons. Tar is a major volatile product (up 
to 40% of the coal's weight for some bituminous coals). In combustion or 
gasification, tar is often the volatile product of highest initial yield and thus 
controls ignition and flame stability. It is a precursor to soot which is 
important to radiative heat transfer. The process of tar formation is linked to 
the char viscosity (9,17,30,31) and subsequent physical and chemical structure of 
the char and so is important to char swelling and reactivity. Also, because they 
are minimally disturbed coal molecule fragments, primary tars provide important 
clues to the structure of the parent coal (27,28,32). 

While gas formation can be accurately 

This paper presents a general model for coal devolatilization which considers 
the evolution of gas, tar, char and guest molecules. The general model combines 
two previously developed models, a Functional Group (FG) model (25-29) and a 
Devolatilization-Vaporization-Crosslinking (DVC) model (12,13,33-36). The FG model 
considers the parallel independent evolution of the light gas species formed by the 
decomposition of functional groups. Alternatively, functional groups can be 
released from the coal molecule attached to molecular fragments which evolve as 

I 

P 

*Tar is defined as the room temperature condensibles formed during coal 
devolatilization. 

8 3  



tar. The kinetic rates for the decomposition of each functional group and for tar 
formation have been determined by comparison to a wide variety of data (25-29). To 
a first approximation, these rates are insensitive to coal rank. The FG model uses 
an adjustable parameter to fit the total amount of tar evolution. This parameter 
depends strongly on the details of the time-temperature history of the sample, the 
external pressure, and the coal concentration and, therefore, varies with the type 
of experiment performed. 

The variation in tar yield with the above mentioned parameters can be 
predicted by the DVC model (12.13,33-36). 
viewed as a combined depolymerization and surface evaporation process in which the 
pyrolytic depolymerization continually reduces the weight of the coal molecular 
fragments through bond breaking and stabilization of free radicals, until the 
fragments are small enough to evaporate and diffuse away from the surface. This 
process continues until the donatable hydrogens are consumed. 
crosslinking can occur. The model employs a Monte Carlo technique to perform a 
computer simulation of the combined depolymerization, vaporization and crosslinking 
events. Until now, internal mass transport limitations have not been included. 
However, current research shows that considering the transport limitations of 
surface evaporation and film diffusion alone are not sufficient to predict the 
reduced tar yields when devolatilization occurs at low temperatures. 
expression for internal transport has, therefore, been added to the DVC model. 

In the DVC model, tar formation is 

Simultaneously, 

An empirical 

These two models have been combined to eliminate their respective 
deficiencies. The DVC model is employed to determine the yield of tar and 
molecular weight distribution in the tar and char. 
describe the gas evolution, and the functional group compositions of the tar and 
char. 
with gas evolution. 

The FG model is used to, 

The crosslinking is predicted by assuming that this event can be correlated 

The paper describes the two models and how they have been combined. The 
predictions of the FG-DVC model are compared to published data for product yields, 
extract yields, volumetric swelling ratio (determined by crosslink density) and 
molecular weight distributions for the devolatilizations of Pittsburgh Seam coal 
(2,3,9,12,28). The predictions are in good agreement with the data. 

MODELS 

General Description of Coal Devolatlliration 

The general outline of devolatilization employed in this work was recently 
presented by Solomon and Hamblen (27 )  and Serio et al. ( 2 8 ) .  
presents a hypothetical picture of the coal's or char's organic structure at 
successive stages of devolatilization. The figure represents: a) the raw coal, b) 
the formation of tar and light hydrocarbons during primary pyrolysis, and c) char 
condensation and crosslinking during secondary pyrolysis. The hypothetical 
structure in Fig. la represents the chemical and functional group compositions for 
a Pittsburgh Seam bituminous coal as discussed by Solomon (32). 
aromatic and hydroaromatic clusters linked by aliphatic bridges. During pyrolysis, 
the weakest bridges, labeled 1 and 2 in Fig. la, can break producing molecular 
fragments (depolymerization). 
hydroaromatics or aliphatics, thus increasing the aromatic hydrogen concentration. 
These fragments will be released as tar if they can get to a surface and vaporize, 
since they are small enough to vaporize under typical pyrolysis conditions, 
assuming the vaporization law proposed by Suuberg et al. ( 1 4 )  is correct. The 

Fig. 1 from Ref. 28 

It consists of 

The fragments abstract hydrogen from the 
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other two fragments are not small enough to vaporize. 

The other events during primary pyrolysis are the decomposition of functional 
groups to release COz, light aliphatic gases and some CH4 and H2O. The release of 
CH4, CO2, and H20 may produce crosslinking, CH4 by a substitution reaction in which 
the attachment of a larger molecule releases the methyl group, CO2 by condensation 
after a radical is formed on the ring when the carboxyl is removed and H20 by the 
condensation of two OH groups to produce an ether link (labeled 3 in Fig. lb). The 
crosslinking is important to determine the release of tar and the visco-elastic 
properties of the char. 

The end of primary pyrolysis occurs when the donatable hydrogen from 
hydroaromatics or aliphatics is depleted. During secondary pyrolysis (Fig. IC) 
there is additional methane evolution (from methyl groups), HCN from ring nitrogen 
compounds, CO from ether links, and H2 from ring condensation. 

Functional Group W e 1  

The Functional Group (FG) model developed in this laboratory has been 
described in a number of publications (25-29). 
of volatile species concentrations (gas yield, tar yield and tar functional group 
and elemental composition) and the chemical and functional group composition of the 
char. It employs coal independent rates for the decomposition of individual 
assumed functional groups in the coal and char to produce gas species. The 
ultimate yield of each gas species is related to the coal's functional group 
composition. Tar evolution is a parallel process which competes for all the 
functional groups in the coal. In the FG model, the ultimate tar yield is an input 
parameter which is adjusted for each type of experiment since the model does not 
include the mass transfer effects or char forming reactions which lead to tar yield 
variations. 

It permits the detailed prediction 

FG W e 1  Development - The FG model development was initiated by Solomon and 
Colket (25 ) .  A series of heated grid experiments were performed on a variety of 
coals in which individual products (gas species and tar) were monitored. It was 
noticed that while the ultimate yields of species varied from coal to coal and 
could be related to the coal's composition, the evolution rates for individual 
species were, to a good first approximation, independent of coal rank. Solomon and 
Hamblen examined a variety of literature data and found the insensitivity of 
individual species evolution rates to coal rank to be a general phenomenon (37). A 
similar conclusion was reached in a recent study by Xu and Tomita (38). 

In subsequent work using entrained flow reactors (26-28) and a heated tube 
reactor (29), it was found that the general assumptions of the FG model were good, 
but that the original single activation energy rates derived from the heated grid 
experiments (25) were inaccurate. The use of a distributed activation energy rate 
expression. a wide variety of heating rates. and particle temperature measurements 
has provided more accurate and reactor independent kinetic rates for the present 
model (26-29). 
Pittsburgh Seam coal are presented in Table I. 

The general rates and specific composition parameters for 

PG W e 1  Formulation - The mathemat+cal description of the functional group 
The evolution of tar and pyrolysis model has been presented previously (25-29). 

light gas species provides two competing mechanisms for removal of a functional 
group from the coal: 
distinct gas species. Each process assumes a first order reaction, 

evolution as a part of a tar molecule and evolution as a 
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dWi(gas)/dt  - kiWi(char), 

where, dWi(gas)/dt is t h e  r a t e  of evo lu t ion  of s p e c i e s  i i n t o  the gas  phase, ki is 
i t s  r a t e  constant  and Wi(char) is t h e  f u n c t i o n a l  group source remaining i n  t h e  
char .  
tar ,  according t o ,  

Note t h a t  Wi(char) a l s o  is decreased by evo lu t ion  of t he  source wi th  the  

dWi(tar)/dt - ktar Wi(char). ( 2 )  

The reduct ion Of Wi(char) is thus,  

-dWi(char)/dt = dWi(gas)/dt  + dWi(tar)/dt  (3)  

The k i n e t i c  r a t e s ,  k i  and ktar. f o r  each f u n c t i o n a l  group employs a d i s t r i b u t e d  
a c t i v a t i o n  energy of t h e  form used by Anthony et a l .  (2) .  

The Depol~rlzarioPVaporization~rossli~~ (DVC) Model 

The Depolymerization-Vaporization-Crosslinking model has been descr ibed i n  a 
number of pub l i ca t ions  (12.13.33-36). It p r e d i c t s  t he  tar y i e ld ,  t he  tar  molecular 
weight d i s t r i b u t i o n .  t h e  char  y i e l d ,  t h e  char  molecular weight d i s t r i b u t i o n ,  t h e  
e x t r a c t  y i e l d  and t h e  c r o s s l i n k  densi ty .  

DVC Model Development - The model had i t s  beginning i n  a s tudy of polymers 
r ep resen ta t ive  of s t r u c t u r a l  f e a t u r e s  found i n  c o a l  (33). 
study w a s  t o  develop a n  understanding of coa l  py ro lys i s  by s tudying a s impler ,  more 
e a s i l y  i n t e r p r e t a b l e  system. 
experiments i n  which tar amounts and molecular weights were measured. A theory was 
developed t o  desc r ibe  t h e  combined e f f e c t s  of :  i) random bond cleavage i n  long 
polymer chains  ( s imi la r  t o  Gavalas e t  a l .  (39)) ,  il) molecular weight dependent 
vapor i za t ion  of t h e  fragments t o  produce tar  ( s i m i l a r  t o  Unger and Suuberg ( 4 ) ) .  
and iii) a l i m i t a t i o n  on t h e  number of breakable  bonds which depended on t h e  
a v a i l a b i l i t y  of donatable  hydrogens to cap the  f r e e  r a d i c a l s  formed by t h e  
cleavage. 

The ob jec t ive  of t h a t  

The polymers were s tud ied  i n  a s e r i e s  of p y r o l y s i s  

The model was subsequently improved by Squire  e t  a l .  (35,36) by adding t h e  
chemistry f o r  the consumption of donatable  hydrogens to  cap f r e e  r a d i c a l s  a long 
with corresponding carbon-carbon double bond formation a t  t h e  donor site. In t h e  
polymers which were s tud ied ,  t h e  e thy lene  br idges were i d e n t i f i e d  as a source of 
donatable  hydrogen wi th  the  formation of a double bond between the  b r idge  carbons 
(35,361. The double bond formation was assumed t o  remove a breakable bond. This  
improvement i n  the  model removed the  donatable  hydrogen as an a d j u s t a b l e  parameter.  
It should be noted t h a t  hydroaromatic groups a r e  a l s o  a source of donatable  
hydrogen wi th  aromatizat ion of t h e  r ing .  however, f o r  s impl i c i ty .  t h e  DVC model 
assumes a l l  donatable hydrogens a r e  i n  br idges.  The model was f u r t h e r  improved by 
t h e  implementation of a Monte Carlo method f o r  performing t h e  s t a t i s t i c a l  a n a l y s i s  
of the bond breaking, t he  hydrogen consumption and the  vapor i za t ion  processes.  A 
s i n g l e  k i n e t i c  r a t e  descr ibed t h e  random bond breaking. This  k i n e t i c  r a t e  (35) 
employs an  a c t i v a t i o n  energy which is i n  agreement with resonance s t a b i l i z a t i o n  
ca l cu la t ions  (40,41) and an  o v e r a l l  rate which ag rees  wi th  previous measurements on 
model compounds (42). The rate determined f o r  t h e  breaking of e thylene b r idges  
between naphthalene r i n g s  is i n  good agreement wi th  the r a t e  f o r  tar  formation from 
coa l  (28.29). The model p red ic t ed  t h e  observed molecular weight d i s t r i b u t i o n  and 
dependence of y i e l d  with the  a v a i l a b i l i t y  of donatable  hydrogen. The r e s u l t s  for 
model polymers compared favorably wi th  many of t h e  d e t a i l s  of t a r  formation i n  
sof tening coals .  However. i n  t h e  ve r s ion  of t h e  model r epor t ed  i n  Ref. 35. t h e r e  
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was no explicit char forming reaction. 
were too heavy to vaporize and thus remained after the donatable hydrogen had been 
consumed. 

Char consisted of molecular fragments which 

Crosslinking Reactions - The next improvement in the model to be reported 
(12.13.35) was the addition of char forming repolymerization (crosslinking) 
reactions. 
dependence of the tar molecular weight distributions and yields. 
performed to define the reactions which cause crosslinking (43-45). Under the 
assumption that the crosslinking reactions may also release gas species, the 
molecular weight between crosslinks or crosslink density (estimated using the 
volumetric swelling technique developed by Larsen and co-workers (46-48)) was 
correlated with the observed evolution of certain gas species during pyrolysis. 
Likely candidates were CO2 formation from carboxyl groups or methane formation from 
methyl groups. Suuberg at al. (48) also noted that crosslinking in low rank coals 
is correlated with CO2 evolution. 
which can be stabilized by crosslinking. 
water and an ether link is also a possible reaction. 

These reactions are important in describing the rank and heating rate 
Work has been 

Both reactions may leave behind free radicals 
Condensation of hydroxyl groups to form 

For a series of chars, the loss of volumetric swelling ratio in pyridine was 
compared with CO2 evolution for a Zap, North Dakota lignite and CH4 evolution for a 
Pittsburgh Seam bituminous coal (44). The lignite reaches maximum crosslinking 
before the start of methane evolution and the Pittsburgh Seam bituminous evolves 
little COz. 
the bituminous coal appear to have similar effects on the volumetric swelling 
ratio. The results suggest that one crosslink is formed for each CO2 or CH4 
molecule evolved. 
ratio and tar yield for either coal. A correlation with water yield appears valid 
for the Zap, North Dakota lignite, but not for the Pittsburgh Seam bituminous coal. 

On a molar basis, the evolution of CO2 from the lignite and CH4 from 

No correlation was observed between the volumetric swelling 

DVC Uodel Description - In the current DVC model, the parent coal is 
represented as a two-dimensional network of monomers linked by strong and weak 
bridges as shown in Fig. 2a. It consists of condensed ring clusters (monomers) 
linked t o  form an oligomer of length **n" by breakable and non-breakable bridges. 
The clusters are repreoented by circles with molecular weights shown in each 
circle. The breakable bridges (assumed to be ethylene) are represented by single 
lines, the unbreakable bridges by double lines. "m" crosslinks are added so that 
the molecular weight between crosslinks corrqsponds to the value report,ed in the 
literature (49) for coals of similar rank. Unconnected "guest" molecules (the 
extract yield) are obtained by choosing the value of n. The ratio of ethylene 
bridges (two donatable hydrogens per bridge) to non-breakable bridges (no donatable 
hydrogens) is chosen to obtain the appropriate value for total donatable hydrogen. 
The parameters for a Pittsburgh Seam coal are presented in Table 11. 

Figure 2b shows the molecule during pyrolysis. Some bonds have broken, other 
bonds have been converted to unbreakable bonds by the abstraction of hydrogen to 
stabilize the free radicals and new crosslinks have been formed. Char formation in 
the DVC model can occur by crosslinking at any monomer to produce a two dimensional 
crosslinked network. 

Figure 2c shows the final char which is highly crosslinked with unbreakable 
bonds and has no remaining donatable hydrogen. 

The Combined PG-DVC Model 

A detailed description of the pyrolysis behavior of coal is obtained by 
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combining the DVC model with the FG model. 
and using the correlation developed for crosslinking with gas yields, it also 
determines the rate and number of crosslinks formed, assuming one crosslink is 
formed per CO2 or C84 molecule evolved, for the DVC model. 
the tar yield to the FG model, replacing what was previously an adjustable 
parameter. It also supplies the number of new methyl groups formed and the 
concentration of C2H4 and C2H2 bridges. 

The PG model predicts the gas yields, 

The DVC model supplies 

FG-DVC Model Description - The model is initiated by specifying the Functional 
Group composition and the parameters (number of breakable bridges, starting 
oligomer length n, number of added crosslinkings, m, and the monomer molecular 
weight distribution). The starting DVC molecule is represented in Fig. 2a. The 
monomers are assumed to have the average elemental and functional group composition 
given by the FG model. Each computer simulation considers a coal molecule 
consisting of 2400 monomers. The model has been programmed in Fortran 77 and run 
on an Apollo DN580 computer. 

Once the starting coal molecule is established, it is then subjected to a 
time-temperature history made up of a series of isothermal time steps. During each 
step, the gas yields, elemental composition and functional group compositions are 
computed using the FG modpl. 
molecule during a time step, the number of crosslinks formed is determined using 
the FG model, and then input to the DVC model. These crosslinks are distributed 
randomly throughout the char, assuming that crosslinking probability is 
proportional to the molecular weight of the monomer. Then the DVC model breaks the 
appropriate number of bridging bonds (assuming a distribution of activation 
energies for the bond breaking rates) and calculates the quantity of tar evolved 
for this time step using the vaporization law. The modified expression of Suuberg 
et al. (14) is now employed for the vaporization law rather than that of Unger and 
Suuberg (4). A fraction of the abstractable hydrogen is used to stabilize the free 
radicals formed by bridge breaking and the appropriate fraction of breakable 
bridges is converted into (unbreakable) double-bonds. Tar formation is complete 
when a l l  the donatable hydrogen is consumed. A typical simulation for a complete 
time temperature history takes about ten minutes. 

To determine the change of state of the computer 

Internal Transport Limitations - When comparing the predictions of the model 
to available data it was found that tar yields were overpredicted when 
devolatilization occurred at low temperatures. This was observed for either low 
heating rate experiments (28) or experiments with rapid heating to relatively low 
temperatures (9). As discussed in the Results Section, it appears that the lower 
yields were the result of the additional transport limitations within the particle. 
This limitation can be: i) the transit of bubbles containing tar from the interior 
of the particle to the surface; ii) the transport of tars within the liquid to the 
bubble; iii) the stirring action of the bubble. In the absence of sufficient 
information to accurately model these processes, the simple assumption was made 
that tars are carried out of the particle at their equilibrium vapor pressure in 
the light devolatilization products. 

Then, 

(4) 

where (dni/dt)tr is the transport rate for tar component i. of number in the 
particle ni. (dni/dt)chem is the rate of production of component i. Po is the 
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ambient pressure, P i is the equilibrium vapor pressure for component i (given by 
Suuberg et al. (14)8 and AP is the average pressure difference in the particle 
which drives the transport. 
metaplast. 
considered the upper limit to this rate where Po>> 
Eq. 1 can be determined by the combined PG-DVC model. 

X, is the mole fraction of component i in the 
For the highly fluid Pittsburgh Seam bituminous coal, we have 

Then all the terms in AP. 

The net rate for tar transport is calculated by assuming that the resistance 
to internal and external transport occur in series. 
proportional to the coal's viscosity and so. will become important for less fluid 
coals. 

For melting coals AP is 

It is also important when Po is small. 

Summary of FG-DVC Model Assumption - Assumptions a-c are made for the FG 
model and d-n for the DVC model. 

(a) Light gas species are formed from the decomposition of specific 
functional groups with rate coefficients which depend on the functional group but 
are insensitive to coal rank. The evolution rate is first order in the remaining 
functional group concentrations in the char. The rates follow an Arrhenius 
expression with a Gaussian distribution of activation energies (2,26.27).  

(b) Simultaneous with the production of light gas species, is the thermal 
cleavage of bridge structures in the coal to release molecular fragments of the 
coal (tar) which consist of a representative sampling of the functional group 
ensemble. The instantaneous tar yield is given by the DVC model. 

(c) Under conditions where pyrolysis products remain hot (such as an 
entrained flow reactor), pyrolysis of the functional groups in the tar continues at 
the same rates used for functional groups in the char, (e.$., the rate for methane 
formation from methyl groups in tar is the same as from methyl groups in the char). 

(d) The oligomer length, n. the number of crosslinks, m, and the number of 
unbreakable bonds are chosen to be consistent with the coal's measured extract 
yield, crosslink density and donatable hydrogen concentration. 

(e) The molecular weight distribution is adjusted to best fit the observed 
molecular weight distribution for that coal, measured by pyrolysis of the coal (in 
vacuum at 3OC/min to 450-C) in a FIMS apparatus (50). Molecular weights 106, 156. 
206, 256. 306, 356 and 406 (which are 1,2,3.4.5,6 and 7 aromatic ring compounds 
with two methyl substituents) are considered as representative of typical monomer 
molecular weights. 

(f) During pyrolysis, the breakable bonds are assumed to rupture randomly at 
a rate k. described by an Arrheniua expression with a Gaussian distribution of 
activation energies. Each rupture creates two free radicals which consume two 
donatable hydrogens to stabilize and form two new methyl groups. 

(g) hro donatable hydrogens (to cap free radicals) are available at each 
breakable bridge. 
into an unbreakable bridge by the formation of a double bond. 

The consumption of the donatable hydrogen converts the bridge 

(h) 

(i) 

Tar formation continues until all the donatable hydrogens are consumed. 

During pyrolysis. additional unbreakable crosslinks are added at a rate 
determined by the evolution of CH4 and COz. 
evolved molecule. 

One crosslink is created for each 
The rate of CH4 and CO2 evolution is given by the PG model. 
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( j )  
attachment on any one monomer being proportional to the molecular weight of the 
monomer. 

(k) 

The crosslinks are distributed randomly. with the probability of 

Tar molecules are assumed to evaporate from the surface of the coal 
particle at a molecular weight dependent rate controlled by evaporation and gas 
phase diffusion away from the particle surface. 
et al. (14) are employed. 

The expressions derived by Suuberg 

(1) Internal transport resistance is assumed to add to the surface transport 

This appears to be the step most in need 
resistance. 
transport resistance in softening coals. 
of further work. 

A simple empirical expression (Eq. 4) was used to describe bubble 

(m) Extractable material (in boiling pyridine) in the char is assumed to 
consist of all molecules less than 3000 AMU. 
the solvent and extract conditions. 

This can be adjusted depending on 

(n) The molecular weight between crosslinks, M, is computed to be the total 
molecular weight in the computer molecule divided by the total number of 
crosslinks. 
considered. 

This assumption will underestimate Mc since broken bridges are not 

RESULTS 

The model predictions have been compared to the results obtained from a number 
of experiments on the pYrOlYSis of a Pittsburgh Seam coal at AFR and MIT 
(2,3,9,28). The coal composition parameters are presented in Tables I and 11. It 
should be noted that different samples of Pittsburgh seam coal from different 
sources were employed. While the elemental compositions were similar, extract 
yields varied substantially depending on the sample source. 
was chosen to fit an extract yield of 30%. 
slightly from predictions for other samples, but the predicted rates should be 
sample independent. 
molecular weight distributions, extract yields and volumetric swelling ratio. 

Volatile and Extract Yields 

The oligomer length 
It is expected that yields may vary 

Comparisons are considered for gas yields, tar yields, tar 

Extensive comparisons of the FG model with gas yields have been presented 
previously (27-29) and won’t be repeated here. The Functional Group parameters and 
the kinetic rates for the Pittsburgh Seam coal are those published in Ref. 28. The 
methane parameters for the Pittsburgh Seam coal were adjusted (methane X-L = 0.0, 
methane-L = 0.02, methane-T - 0.015, unchanged) to better match yield of Refs. 2 ,  
27 and 28 (see Fig. 2Oc in Ref. 28). 
aliphatic rate in Ref. 28 applies to the observed gas species (paraffins, olefins, 
c2H6, C2H4) only. The aliphatic material in the %-aliphatic group is assumed to 
be made up of bridges which volatilize only when attached to a tar molecule (i-e., 
&idge = 0). 
with crosslinking. The C02 yields are not considered in this paper since they are 
too low in the Pittsburgh Seam coal to cause significant crosslinking. 

A second modification is that the ax- 

Results for methane are considered because the methane is associated 

Figure 3 compares the FG-DVC predictions to the data of Fong et al. (9) on 
total volatile yield and extract yield as a function of temperature in pyrolysis at 
0.85 A M .  
approximately 50o0C/sec, variable holding times and rapid cool down. 
predictions at the tvo higher temperature8 (3c and 3d) are in excellent agreement 

The experiments were performed in a heated grid at heating rates of 
The 
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with the data. Having fixed all the rates and functional group compositions based 
on previous work, the only adjustable parameters were the number of labile bridges 
(which fixes the donatable hydrogen concentration) and the monomer distribution, 
assumed to be Gaussian. The predictions for the two lower temperatures were not 
good when internal transport limitations were neglected. The dashed line in Fig. 
3a shows the predicted yield in the absence of internal transport limitations. 
predicted ultimate yield is clearly too high. 
are not a result of unbroken bonds (which would result from a lower bond breaking 
rate), since the extract yields at low temperatures are equivalent to those at the 
higher temperatures. 
transport limitation. 

The 
The data suggest that the low yields I 

I 

The low yields thus appear to be a result of an additional 

Equation 4 was employed for the internal transport resistance and the number 
of labile bridges were readjusted for the 1018'K case. 
solid lines in Fig. 3. 
pyrolysis occurs at low temperatures and lFht dni/dt is small. 
important for the 1018K and 992K cases, makfng only a small difference in the 
predicted yields. 

The predictions are the 
The internal transport limitation is important when 

It is much less 

There still is a discrepancy between the prediction and the data at early 
times for the two lower temperatures (Figs. 3a and b). While it is possible that 
the rate k for bond breaking is t o o  high, adjustment of this rate alone 
significantly lowers the extractable yield, since the lower depolymerization rate 
is closer to the methane crosslinking rate. In addition, both the methane and 
depolymerization rates appear to be in good agreement with the data at even lower 
temperatures, as shown in Fig. 4 (discussed below). 
the coal particles heat more slowly than the nominal temperatures given by Fong et 
al. ( 9 ) .  
would heat more slowly than isolated particles, by reduction in the convective heat 
transfer due to the volatile evolution (blowing effect), or by endothermic tar 
forming reactions. A firm conclusion as to the source of the discrepancy cannot be 
drawn without further investigation. 

Another possibility is that 

Such an effect could be caused by having some clumps of particle which 

It is  also seen in Figs. 3a and b that the crosslinking rate is higher than 
predicted. 
tar formation, which is not yet counted in the model, or to other crosslinking 
events not considered. These possibilities are currently under investigation. 

This can be due to additional methane from methyl groups created during 

Figure 4 presents comparisons of devolatilization yields at slow (30"C/min), 
heating rates in a thermogravimetric analyzer with Fourier transform infrared 
analysis of evolved products (TG-FTIR). 
(51). 
The agreement validates the assumed rates for depolymerization and crosslinking 
produced by at low temperatures. Also, the use of Eq. 4 appears to predict the 
appropriate drop in tar yield (maximum value 17%) compared to 30% when 
devolatilization occurs at high temperature. 

Pressure Effects 

This reactor has been previously described 
The model predictions and experimental results are in excellent agreement. 

The predicted effect of pressure on the tar molecular weight distribution is 
The average molecular weight and the vaporization 

The spectra 

illustrated in Figs. Sa and b. 
"cut-off" decrease with increasing pressure. 
observed tar molecular weight distributions shown in Figs. 5c and d. 
are for previously formed tar which has been collected and analyzed in a FIMS 
apparatus (50). 

The trends are in agreement with 

The low values of intensity between 100 and 200 mass units is due 
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to loss of these components in collection and handling due to their high 
volatility. 

Pressure effects on yields have been examined. Figure 6 compares the 
predicted and measured pressure dependence on yield. 
total volatile yield data of Anthony et al. (2 )  while Fig. 6b compares to the tar 
plus liquids data of Suuberg et al. ( 3 ) .  The agreement between theory and 
experiment is good at one atmosphere and above, but of overpredicts the yields at 
low pressure. Below one atmosphere, it is expected that A P  within the particle 
will become important compared to the ambient prepure, Po. 

Figure 6a compares to the 

CONCLUSIONS 

A general model for coal devolatilization which combines a functional group 
model for gas evolution and a statistical model for tar formation has been 
presented. The tar formation model includes depolymerization, vaporization, 
crosslinking and internal transport resistance. The crosslinking is related to the 
formations of CO2 and CH4 species evolution, with one crosslink formed per molecule 
evolved. The predictions of the tar formation model are made using Monte Carlo 
methods. 

The general model predictions compare favorably with a variety of data for the 
devolatilization of Pittsburgh Seam coal, including volatile yields, extract 
yields, and tar molecular weight distributions. 
devolatilization temperature were accurately predicted. While film diffusion 
appears to limit surface evaporation and the transport of tar when devolatilization 
occurs at high temperatures, internal transport appears to become dominate when 
devolatilization occurs at low temperatures. 

The variations with pressure and 
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Figure 3. Comparison of FG-DVC Model Predictions (lines) with the Data of i 
Fong et a1 (9) (symbols) for Pittsburgh Seam Coal. 
@ 446Ws. c) 992K @ 514Ws and d) 1018K @ 640k/s. P=0.85 atm. 
Dashed Line in a Shows the Predicted Yield in the Absence of Internal 
Transport Limitations. 

a) 813K @ 470 k/s, b) 8583 
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Figure 4. Comparison of Measured (solid line) and Predicted (dashed line) 
Volatile Yields for Pittsburgh Seam Coal Heated in Helium in a TG-FTIR at 
O.S"C/sec to 900°C. a) Weight Loss, b) Tar Plus Aliphatics, and c)  Methane. 
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Donatable hydrogens 
No. of crosslinks in coal 
Oligomer length 
No. of potential 

No. of potential 
crosslink sites (C02) 

crosslink sites (CHq) 

Labile bridges 
Xonomers 
Gas 
Tar 

Non-labile bridges 

TABLE XI 

PARAKETEES FOR DVC MODEL a m  

w1 (Wt.%) 9.6 
W2* from FG model (wt.%) 56.2 
Wg from FG model (wt.%) 34.2 
(2/28)W1 0.68 
m #/monomer 0.095 
n #/oligomer 8 

a #/monomer 

b Illmonomer 

nomcIILhB YEIGBTS 

0.07 

0.42 

Fixed at 28 28 
Distribution' Mavg, (6) 256,(250) 
Prom FG model 
Predicted in model 

Fixed at 26 26 
from vaporization law 

* Carbon in aromatic rings plus non-labile bridges 

+ Gaussian'Distribution 
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Figure 5. Comparison of Predicted (a and b) and Measured (c and d) Tar 
Molecular Weight Distribution for Pyrolysis of a Pittsburgh Seam Coal in a 
Heated Grid Apparatus at a Heating Rate of 500°C/sec to 550OC. Figure a 
and 
and d Compare the Prediction and Measurement at 0.4 MPa. 

c Compare the Prediction and the Measurement at 267 Pa. Figure b 

104 10.3 10' 10" 100 10' Id 103 
Helium I'm-. ATM 

Figure 6. 
Function of Pressure. 
and b) Tar Plus Liquids vs. Pressure Data from Suuberg et al. (3). 

Comparison of Measurement and Prediction of Product Yields as a 
a) Volatile vs. Pressure (data form Anthony et a1.(2)) 
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INTRODUCTION 

J 

There w i l l  soon be an in tense competit ion i n  the energy marketplace among o i l ,  
natura l  gas. coal, nuclear f i s s i o n  and the newly developing a l te rna t i ves  o f  solar, 
wind and waste u t i l i z a t i o n .  The charge t o  the energy-entrepreneurs i s  t o  i n t e n s i f y  
t h e i r  search t o  recognize and e x p l o i t  the most economical and techn ica l l y  expedient 
manner o f  convert ing these raw energy sources i n t o  acceptable forms f o r  the p u b l i c ' s  
use. 

Coal w i l l  c e r t a i n l y  p lay  a leading r o l e  i n  supplying the fu tu re  energy needs 
o f  t h i s  nat ion 's  i n d u s t r i a l  and commercial ventures. But coal i s  an extremely 
complex heterogeneous mater ia l ,  composed o f  a number o f  d i s t i n c t  organic e n t i t i e s ,  
c a l l e d  macerals. and inorganic,minerals. Coals from d i f f e r e n t  coal seams and even 
from separated points  i n  the same seam o f t e n  behave q u i t e  d i f f e r e n t l y  i n  a 
g a s i f i c a t i o n  reactor  because o f  the unique associat ions o f  the maceral and mineral 
species i n  the  coal matr ix. 

water i s  r a p i d l y  evolved. This drying mechanism i s  usua l l y  modeled as being 
independent o f  the other  subsequent reactions; however, i n t u i t i o n  says t h a t  a severe 
d ry ing  ac t i on  could a l t e r  the p a r t i c l e ' s  surface cha rac te r i s t i cs  which i n  t u r n  would 
s i g n i f i c a n t l y  a l t e r  the l a t e r  d e v o l a t i l i z a t i o n  and g a s i f i c a t i o n  reactions. As the 
dry coal p a r t i c l e  i s  then r a p i d l y  heated, bound water, carbon oxides and hydrocarbon 
fragments are thermally cleaved f r o m  the coal ' s  organic ma t r i x  and evolves i n t o  the  
surrounding gas phase. The amount and composition o f  t h i s  " v o l a t i l e  matter" a re  
s i g n i f i c a n t l y  con t ro l l ed  by the heat and mass t rans fe r  condi t ions i n  t h a t  py ro l ys i s /  
d e v o l a t i l i z a t i o n  zone. The physical seve r i t y  o f  those d e v o l a t i l i z a t i o n  reactions, 
sometimes resembling mini-explosions. d r a s t i c a l l y  a f f e c t s  the r a t e  o f  the subsequent 
char-gasi f i  c a t i  on reactions. 

Today's most commercial ly-successful coal g a s i f i c a t i o n  processes completely 
sha t te r  the coa l ' s  organic s t ruc tu re  i n t o  blends o f  carbon monoxide and hydrogen, 
syngas mixtures t h a t  can be reassembled i n t o  a va r ie t y  o f  desired gaseous and 
l i q u i d  products (1). Although proven t o  be techn ica l l y  and economically f eas ib le  i n  
the present energy-market atmosphere, t h a t  dest ruct ion and reconst ruct ion method o f  
conver t ing coal t o  useful energy and feedstock forms m a y  not  have the h ighest  
thermodynamic e f f i c i e n c y  compared t o  other  yet-to-be commercialized coa lkonvers ion  
mechanisms. I n  a r e t u r n  t o  the  con t ro l l ed  des t ruc t i ve  d i s t i l l a t i o n  o f  t he  o l d  coke- 
making era, research emphasis i s  now re-examining low-temperature, "mi ld  
gas i f i ca t i on "  methods which can s k i l l f u l l y  carve a s u i t e  o f  des i rab le products from 
the  coal -s t ructure,  such as spec i f i c  specie blends o f  gaseous feedstocks and/or 
h igh l y  aromatic condensibles, along w i t h  special ly-formed chars (2). 

I n  order t o  recognize the most expedient paths t o  perform these se lec t i ve  
coal - rad ica l  s l i c i ng ,  one must understand f u l l y  the i nd i v idua l  py ro l ys i s /  
d e v o l a t i l i z a t i o n  reactions o f  t h a t  p a r t i c u l a r  coal. A laminar f l ow  reactor  has some 
advantages i n  studying coal devo la t i l i za t i on .  such as prec ise con t ro l  o f  
experimental condi t ions l i k e  the f low r a t e  and composition of the ca r r i e r - reac tan t  
gas. Also, both the  reactor  temperature and p a r t i c l e  residence time can be e a s i l y  

When the coal p a r t i c l e  i s  f i r s t  i n j e c t e d  i n t o  the ho t  gas i f i e r ,  the associated 
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varied t o  evaluate the e f f e c t s  o f  changes o f  the heating ra te  o f  the coa l -pa r t i c l e .  
There are a l so  disadvantages t o  analyzing the data from such a laminar-f low reactor  
system, mainly associated w i th  the need t o  mathematically compute the p a r t i c l e  
temperature and then t o  i s o l a t e  the chemical r e a c t i v i t y  from the  mass t rans fe r  
resistances. Many o f  the o r i g i n a l  s tud ies using laminar-f low reactors  used ra the r  
high temperatures where the p a r t i c l e  heatup t ime was neg l i g ib le .  This permitted t h e  
p a r t i c l e s  t o  be considered a t  steady-state temperature f o r  the e n t i r e  p a r t i c l e  
residence time i n  the  reactor. However, studies o f  t he  coal d e v o l a t i l i z a t i o n  i n  t h e  
650' t o  l l O O ° K  range i n  i n e r t  o r  non- ign i t ing atmospheres reveal s i g n i f i c a n t  time- 
lags before d e v o l a t i l  i z a t i o n  weight- loss s tar ts .  

I n  t h i s  presentation, experimental weight-loss data from the d e v o l a t i l i z a t i o n  
treatment o f  a Her r i n  ( I l l i n o i s )  No. 6 coal i n  a laminar-f low laboratory  reactor 
are examined and the observed reac t i on  behavior are used t o  o u t l i n e  c r i t e r i a  f o r  a 
coal -pyro lys is  k i n e t i c  model. 

EXPERIMENTAL REACTOR SYSTEM 

The concept o f  the laminar-f low reactor  design derives from those used by 
Eadzioch and Hawksley (3). Kobayashi (4) .  Nsakala e t  a l .  ( 5 )  and Agreda e t  a l .  
(6). Mod i f i ca t i ons  were made i n  the design o f  t h e  coal-feed i n l e t  and the 
ex i t i ng -so l i ds  c o l l e c t o r  tube t o  p e r m i t  a smooth 0.46 gm/min f l ow  o f  coal 
sol ids, t o  expose the  so l i ds  t o  reactor  temperatures up t o  1073'K w i t h  p a r t i c l e  
residence times up about 400-500 msec, and t o  c o l l e c t  and qu ick l y  quench-cool 
the coal-char s o l i d s  immediately as they leave t h e  hot-zone o f  t h e  reactor. This 
reactor system, described i n  d e t a i l  by Wu ( 7 )  and Moslehi (8). i s  i l l u s t r a t e d  i n  
Ffgure 1. 

I n  t h i s  reac to r  system, the hot nitrogen-gas stream enters the top  head o f  
the reactor  i n t o  the  shell-annulus surrounding t h e  coal-feeder t i p .  This gas i s  
then d i rec ted  down i n t o  the main reactor  tube chamber through a f low- 
s t ra ightener  formed from a 3.8 cm (1.5-inch) t h i c k  disk o f  Corning "Macor" 
machineable glass-ceramic through which 2.2 mn diameter holes were d r i l l e d  t o  
form a 38% voidage r a t i o  across the primary gas f l ow  region. The v e r t i c a l  
reactor chamber body was formed o f  a nominal two-inch, Schedule 40, Type 316 
s ta in less-s tee l  tube twenty inches 1 ong surrounded by a tube furnace. A f t e r  
passing through the heated reactor  zone, the s o l i d s  enter  the t h r o a t  o f  t he  
char-so l ids c o l l e c t o r  where a cool - f lush o f  n i t rogen f lowing inward through a 
permeable s in te red  s ta in less-s tee l  tube a t  the c o l l e c t o r  t i p  qu i ck l y  quench- 
cools the  s o l i d - p a r t i c l e  and d i l u t e s  the  surrounding reac t i ve  gases. The s o l i d s  
are separated i n  mini-cyclones and the condensible and permanent gases co l l ec ted  
f o r  quan t i f i ca t i on  and analysis. The c o l l e c t o r  assembly tube was designed w i t h  a 
s l i p - j o i n t  around i t s  outs ide diameter so t h a t  t he  uppermost t i p  o f  the 
c o l l e c t o r  could be pos i t ioned a t  any desired distance below the c o a l - i n l e t  
feeder t i p .  Thus, the coal p a r t i c l e  reac t i on  path-length, which determines the 
p a r t i c l e  rgsidence time, can be var ied from almost zero t o  more than 50 cm. 

The Her r i n  ( I l l i n o i s )  No. 6 coal used i n  the experiments was ext racted from 
a west-central I l l i n o i s  underground mine and had a dry-analysis o f  43.3% 
v o l a t i l e  matter, 9.8% ash and 46.9% f i x e d  carbon, along w i t h  a 4.2% t o t a l  s u l f u r  
content. The coal was vacuum-dried and ground t o  an average p a r t i c l e  diameter o f  
about75 micrometers before being fed t o  the reactor .  The operat ing condi t ions 
o f  the reactor  du r ing  the processing o f  t h i s  coal are l i s t e d  i n  Table 1. 

EXPERIMENTAL RESULTS AN0 DISCUSSION 

The p y r g l y s i s  react ions were examined a t  t h ree  reactor  temperatures; 450'. 
600' and 800 C; and a t  three p a r t i c l e  f l ow  path lengths; 10, 20 and 30 cm. The 
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t o t a l  residence times o f  the coal-part ic les,  computed using the reac tor  
operat ing condi t ions e x i s t i n g  a t  these nine temperature-length combinations, are 
l i s t e d  i n  Table 1, the values ranging from 137 t o  473 msec. The o v e r a l l  weight- 
loss  data from these experiments, computed by an ash-content balance and 
expressed on a dry ash-free basis, are shown i n  Figure 2. The reasoning and 
procedures o f  a l l  the  computational analyses have been de ta i led  by Wu (7) and 
Moslehi (8). 

It can be seen i n  Figure 2 t h a t  f o r  a given temperature, the weight l o s s  
increases w i t h  time almost exponent ia l ly ,  approaching a maximum value. This 
maximum weight l o s s  value i s  d e f i n i t e l y  a func t ion  o f  temperature, w i t h  a value 
i n  the upper 40% ( d a f  weight loss)  approached at'600°C, wh i le  the maximum weight 
l o s s  a t  800°C i s  i n  the upper 50% range. 

A1 though the f ive-stage succession o f  d e v o l a t i l i z a t i o n  react ions d e t a i l e d  
by Suuberg e t  a l .  (9 )  i s  probably the most chemically r e a l i s t i c ,  the s ingle- 
reac t ion  f i r s t  order decomposition model discussed by Howard (10) can be 
u t i l i z e d  i n  approximating the coa l ' s  d e v o l a t i l i z a t i o n  behavior f o r  quick 
comparison w i t h  those described i n  previous 1 i te ra tu re- repor ted  studies. This 
model i s  s ta ted  as; 

dW/dt = k ( W* - W 1). 

where W represents the weight-loss o f  the  c o a l - p a r t i c l e  (expressed on a dry ash- 
f ree  basis)  and W i s  the weight 103s a f t e r  an I n f i n i t e  exposure time a t  the 
reac t ion  temperature, gas f low r a t e  and other operat ing condi t ions.  Badzioch and 
Hawksley ( 3 )  and o ther  inves t iga tors  r e a l i z e d  t h a t  there was n e g l i g i b l e  weight 
loss  u n t i l  the dry coal p a r t i c l e  was heated t o  about the 300°-to-5000C 
temperature range where the weight loss  react ions became s i g n i f i c a n t .  They 
incorporated a p a r t i c l e  heat ing time i n t o  t h e i r  model; 

Total Time = Heatup Time + Reaction Time. 2). 

I n  order t o  s i m p l i f y  the mathematics, they assumed there  t o  be no react ions 
tak ing  place dur ing t h i s  heatup time, even though the p a r t i c l e  would be heat ing  
s lowly through the e n t i r e  d e v o l a t i l i z a t i o n  temperature range up t o  the  steady- 
s t a t e  temperature o f  the reactor. 

o f  the temperature and v e l o c i t y  f low i n  a s i m i l a r  laminar-flow reactor,  which 
were modif ied and used by Agreda e t  a l .  (6) and Felder and coworkers (11) i n  
t h e i r  studies, p a r t i c l e  heatup times were computed t o  be i n  the  range o f  24 t o  
27 msec f o r  the three experimental reac tor  temperatures. The values o f  the 
pseudo r a t e  constant, k , yie lded a reasonably s t r a i g h t  l i n e  on an Arhennius 
p l o t .  This experimental data cor re la tes  by the expression; 

. 

Using the re la t ionsh ips  derived by Kobayashi ( 4 )  i n  a mathematical ana lys is  

k = ko exp (-E/RT) 3). 

w i t h  the pre-exponential factor,  ko , being equal t o  16035 sec- l  and t h e  
apparent a c t i v a t i o n  energy, E, being equal t o  68.12 KJ/mole (16.27 kcal/mole). 
This a c t i v a t i o n  energy value compares q u i t e  we l l  w i t h  the r e s u l t s  found by 
Felder e t  a l .  (11) who, when d e v o l a t i l i z i n g  a western Kentucky No. 11 coal i n  a 
s i m i l a r  reac tor  system, found the value o f  the  apparent a c t i v a t i o n  energy t o  be 
80 KJ/mole (19.12 kcal/mole). 

For use as a comparison w i t h  the experimental r e s u l t s  of t h i s  study as 
shown i n  Figure 2, the  d e v o l a t i l i z a t i o n  weight loss  data reported by Felder e t  
a l .  (11) f o r  the western Kentucky Seam No. 11 coal i s  p l o t t e d  i n  Figure 3. It 
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should be noted t h a t  t he  western Kentucky coal Seam No. 11 i s  be l ieved t o  have 
been deposited i n  the same geological t ime-period aa the Her r i n  ( I l l i n o i s )  No. 6 
seam. The l i n e s  sketched i n  both Figures 2 and 3 are merely t o  depic t  a trend- 
connection o f  t he  points ,  n o t  t o  suggest a s p e c i f i c a l l y  derived model path. 

The 45OoC and the 600' weight-loss l i n e s  o f  Figure 2 ,  along w i t h  the 600° 
l i n e  o f  Figure 3 .  demonstrate t h a t  there i s  a d e f i n i t e  e f f e c t  o f  reactor 
temperature on the  heat ing t ime o f  the p a r t i c l e .  The mathematical analys is  o f  
Kobayashi ( 4 )  used t o  approximate the p a r t i c l e  heatup t i m ?  i n  t h i s  study was 
o r i g i n a l l y  der ived f o r  coal devo la t i l  i z a t i o n  a t  much higher reactor  temperatures 
than those o f  these experiments. Both the  800' l i n e s  i n  F igure 2 and 3 could 
approach zero reac t i on  w i t h i n  the  20-30 msec range p red ic ted  by the  Kobayashi 
re la t i onsh ip .  A t  the lower temperatures, however, t he  onset o f  d e v o l a t i l i z a t i o n  
i s  much a f fec ted  by reac to r  temperature as we l l  as by other  reactor  operating 
condit ions. The Felder e t  a l .  data f o r  t he  600' experiments i n  F igure 3 i nd i ca te  
t h a t  no weight l o s s  occurred f o r  almost 200 msec. whi le  a t  600° i n  t h i s  study, 
t he  react ions seem t o  have s t a r t e d  before 100 msec. 

Note a l so  t h a t  reac to r  operat ing condit ions, o ther  then the temperature 
e f fec t ,  seem t o  cause d i f f e rences  i n  the maximum asymptotic weight loss a t  each 
reactor temperature. I n  t h i s  study a t  6OO0C, the maximum daf weight loss was 
around 40%. wh i l e  the 600' l i n e  i n  Figure 3 was l e v e l i n g  i n  the 15% range. A t  
800°C t he  data i n  F igure 3 demonstrated a maximum weight l o s s  o f  around 49%. 
which was about 1.11 t imes the  ASTM Proximate Analysis V o l a t i l e  Matter o f  t h a t  
coal. I n  the study repor ted i n  t h i s  paper, the coa l ' s  weight l o s s  a f t e r  300 msec 
had reached almost 60% (1.24 times the ASTM Proximate V o l a t i l e  Mat ter )  and the 
maximum weight- loss asymptote had not been reached. 

temperatures suggests the  v a l i d i t y  o f  t he  "mu l t i p le  react ions"  model develo ed 

the  600' data appear t o  be approachiQg u l t ima te  W 'values t h a t  are very close 
together, wh i l e  the 800°C value o f  W i s  more than 20% higher. The data o f  
Felder e t  a l .  (11 )  i n  F igure 3 ind icates t h a t  the maxipum weight l oss  W* a t  
800°C i s  almost three times l a r g e r  than the value o f  W a t  600'. w i t h  weight 
loss curve a t  7OO0C s t i l l  increas ing a f t e r  1000 msec o f  react ion exposure time. 
Suuberg e t  a l .  ( 9 )  i n  t h e i r  l i s t i n g  o f  t he  f i v e  stages o f  d e v o l a t i l i z a t i o n  
states t h a t  carbon oxides, hydrocarbons, t a r  and hydrogen are released i n  the 
fou r th  stage from 700' t o  900°C. It would be l o g i c a l  t o  suggest t h a t  the 
react ions occurr ing i n  t h i s  temperature range would be s t rongly  in f luenced by 
va r ia t i ons  i n  t h e  mass and heat t rans fe r  mechanisms caused by d i f ferences 
between reactor  operat ing condit ions. A1 so, the primary v o l a t i l e  hydrocarbon 
species being evolved i n  t h i s  temperature range would be susceptible t o  
secondary decomposition and/or cracking reactions. Thus, the py ro l ys i s  react ion 
chain probably inc ludes a complex mix o f  both p a r a l l e l  and successive reactions. 

An examination o f  t he  approached asymptotes o f  W* a t  the various 

by several i nves t i ga to rs  and discussed by Howard 410) .  I n  Figure 2, the 450 1 and 

CONCLUSIONS 

A Herr in  ( I l l i n o i s )  No. 6 coal was devo la t i l i zed  i n  n i t rogen i n  a laboratory  
laminar  f l ow  reac to r  system. The reactions took place a t  450'. 600' and 8OO0C f o r  
reac t i on  residence t imes ranging f r o m  130 t o  480 msec a t  Reynolds Numbers o f  235 
-308. The experimental data can bg reasonably approximated by a s ing le react ion 
deco p o s i t i o n  model; dW/dt = k ( W  - W ) ;  w i t h  the pre-exponential found t o  be 16035 
sec-' and the apparent a c t i v a t i o n  energy being equal t o  68.12 KJ/mole (16.27 kca l /  
mole). This reac to r  system stimulates a ra ther  e f f i c i e n t  react ion as evidenced by 
the  f a c t  that, a f t e r  on l y  300 msec exposure a t  800°C, t he  coa l ' s  weight l oss  had 
reached almost 60% (1.24 times the ASTM Proximate Analysis V o l a t i l e  Matter) and t h e  
maximum weight- loss asymptote had not been reached. 

102 



A t  the lower temperatures o f  t h i s  experimental study, 450' through 600°C. 
knowledge o f  the p a r t i c l e  heatup t ime i s  q u i t e  important. Estimates by previous 
i nves t i ga to rs  o f  the time-period before the  "onset o f  d e v o l a t i l i z a t i o n  weight 
loss"  occurs were subs tan t i a l l y  smaller than the actual experimental values 
observed i n  t h i s  study. There i s  considerable evidence t h a t  the p a r t i c l e  heat ing 
ra te  and the f l ow  condi t ions w i t h i n  the reactor  system have a s i g n i f i c a n t  
bearing on no t  only the  py ro l ys i s  rate, b u t  a l so  on the maximum weight l o s s  o f  
the coal which could be achieved a t  each reactor  exposure temperature. Also, 
impl icat ions are t h a t  t he  ove ra l l  d e v o l a t i l i z a t i o n  i s  both a p a r a l l e l  and a 
successive ser ies o f  reactions, each in f luenced by the i n t e r r e l a t e d  mass and 
heat t rans fe r  mechanisms occurr ing i n  t h a t  s p e c i f i c  reactor  system. 

v o l a t i l e  coal a t  r e l a t i v e l y  low temperatures must incorporate a considerat ion o f  
the very complex mix o f  mass and heat t rans fe r  e f fec ts .  The development o f  such 
a model i s  the next  stage o f  t h i s  cont inu ing invest igat ion.  

A p r e d i c t i v e  model usefu l  i n  representing the reac t i ve  behavior o f  high- 
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TABLE 1 

EXPERIMENTAL REACTOR OPERATING CONDITIONS 

REACTOR TEMPERATURE 
Reactor Temperature 723 K 873 K 1073 K 

( 45OoC) ( 6OO0C ( 800% 1 

Dried Coal Feed Rate (gm/min) 0.46 0.46 0.46 

Nitrogen Gas Flow Rate (L/min a t  2OoC, 1 atm) 
Main Gas Stream 20 20 
Sol ids-Carr ier  Gas Stream 1 1 

20 
1 

Combined Gas Velocity,(m/sec) 0.412 0.497 0.574 

Coal-Solids Residence Time, msec 
P a r t i c l e  Flow Path Length 

Total Gas Flow Reynolds Number 308 274 235 

10 cm 186 155 137 
20 cm 336 280 227 
30 cm 473 393 318 
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Fh4 -Flowmeter 

GSP - Gas Sampling Port 
P -Pressure Indicator 
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The Role of Coal Devolatilization in Comprehensive Combustion Models 

B. Scott Brewster, Larry L. Baxter, and L. Douglas Smoot 

Brigham Young University, Provo, UT 84602 

Introduction 

Pulverized coal combustion is a complex interaction of several processes, including 
particle dispersion, gas-phase mixing, particle heatup and mass transfer, particle and gas 
reactions, recirculating and swirling fluid mechanics, radiative heat transfer, mineral matter 
phase transformations, and pollutant formation and destruction. Comprehensive models 
which include submodels for many of these processes have been developed by several 
investigators (1-4 to predict local conditions inside combustors. This paper focuses on the 
role of coal devolatilization submodels in such predictions. 

Previously reported studies of the effects of devolatilization kinetics on overall 
combustor characteristics have demonstrated that combustion efficiency, flame front location, 
and fluid dynamical structure, are all sensitive to devolatilization rate over the range of 
published values (5). Similar effects were noted in this study. Based on these findings, the 
rate of mass evolution during devolatilization is considered to be important to flowfield and 
particle predictions. However, devolatilization rates are currently not well established, and 
this paper will not address this issue further. 

The objectives of this paper are (1) to present theoretical resuns from an investigation 
of several thermal effects on devolatilization for single particles and in a comprehensive 
predictive model and (2) to illustrate the importance of considering chemistry/turbulence 
interactions when extending the model to allow for variable composition of the coal volatiles. 
The comprehensive model that was used is PCGC-2, eulverized Goal Gasification or 
Goombustion-2 Dimensional (axisymmetric). Thermal effects that were investigated include 
variable particle heat capacity, particle emissivity, heat of reaction during devolatilization, and 
volatiles heating value. 

Variable Particle Heat Capacity 

Merrick @) suggested the following function for coal heat capacity: 

where g1 is given by 

C" = ($0) + 2 g , ( + O ) ]  

2) 
These equations can be used for both coal and char and predict a monotonic increase in cv 
with temperature. However, because composition vanes with time, the increase in cv for a 
heating and reacting particle may not be monotonic due to changes in average atomic weight 
(6). The high temperature limit for Equation 1 is 3R/a, which agrees with principles of 
physical chemistry. 

Using Equation 1 , Merrick obtained agreement between predicted and experimental 
values within about 10% over the temperature range of the available data (0-3OO0C) for 
various coal ranks (15-357'0 volatile matter). Graphite and char heat capacities were 
correlated within 5% over the range 0-8OO0C. 
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Calculations were carried out for single particles of 40 and 100 microns and for coal- 
water-slurry to test the effect of variable heat capacity on particle temperature and 
devolatilization rate. Particle heaf capacities were calculated as the weighted sum of the 
heat capacities for raw coal, char, and ash. Gas temperature was assumed constant at 2100 
K. Constant heat capacity cases were calculated using heat capacities calculated at 350 K 
and 525 K for the coal and char components, respectively. The two-equation model was 
used for devolatilization, with coefficients suggested by Ubhayakar et al. (n. The average 
atomic weights for the coal and char were assumed to be 8.18 and 12.0, respectively, with 
the latter corresponding to pure carbon. The heat capacity of ash was taken to be (6) 

3) 
The heat capacity of the particles at constant pressure was assumed equal to the heat 
capacity at constant volume. Radiative heat transfer and particle blowing were taken into 
account. However, oxidation was neglected to more clearly illustrate the effects of heat 
capacity. 

Profiles of temperature and devolatilization rate for the 100-micron particles are shown 
in Figure 1. The gas temperature is also shown for comparison. Calculations for the 40- 
micrdn coal particles and coal-water slurry droplets showed similar effects of variable heat 
capacity during particle heatup. The initial heatup rate for the 100-pm particles is 
approximately 1.6 x 105 K/s for both constant and variable c . As particle temperature 
increases, heatup of the particle with variable cp is retarded by t i e  increasing value of cp, as 
shown in Figure la ,  resulting in a temperature difference between the two particles of as 
much as 500 degrees K. This temperature lag results in a 50 percent increase in the time 
required for particle ignition and a slight decrease in the devolatilization rate, as shown in 
Figure 1 b. The slower heatup rate during devolatilization allows a greater portion of the 
particle to devolatilize via the low-temperature reaction, thus giving an ultimate volatiles yield 
that is,approximately 5 percent lower than for the particle with constant cP, 

As shown in Figure 1 a, the heatup rate decreases markedly during devolatilization, 
due to the blowing effect. This effect was similarly predicted by Ubhayakar and coworkers 
0. The asymptotic temperature of both particles is approximately 200 degrees less than the 
gas temperature, due to radiative heat losses to the walls of the reactor, which were assumed 
to have a temperature of 1000 K. 

Calculations were also performed with the comprehensive code (PCGC-2) for 
particles with-constant and variable heat capacity. Contour plots of temperature for the 
constant and variable cp cases are shown in Figures 2a and 2b, respectively. As shown, the 
temperature fields are similar, except that the temperature is somewhat lower in the variable 
cp case. This can be seen by noting that the isotherms in Figure 2b are generally shifted 
toward the exit and centerline. The lower gas temperature was predominantly a result of the 
decrease in volatile yield from the coal. The delay in particle ignition caused by variable cp is 
also apparent in Figure 2b on the centerline at the inlet. 

The effect of variable heat capacity on total burnout is shown in Figure 3. The curve for 
variable cp is shifted to the right, resulting in a decrease of approximately 3 percent in particle 
burnout at the exit of the reactor. This effect is consistent with the delayed ignition and 
slightly slower devolatilization rate observed in the single particle calculations. Interestingly, 
the decrease in burnout is approximately equal to the decrease in ultimate volatiles yield 
predicted for the single particles, even though particle oxidation was not ignored in the 
comprehensive predictions. 

Particle Emissivity 

Total emissivities for coal particles have been reported with large variation, as 
summarized by Solomon et al. (8). Measurements by Brewster and Kunitomo (9) for micron- 
sized particles suggest that previous determinations of the imaginary part of the index of 
refraction for coal may be too high by an order of magnitude. If so, the calculated coal 

Cv = 593.3 + 0.586 T 
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emissivity for these particles based on previous values may also be too high. However, the 
experimental work of Baxter et al. (LQ) indicates that the effective emissivity of 100-micron 
coal particles of several ranks of coal at low temperatures is probably not less than 0.7. 

To investigate the sensitivity of devolatilization to coal emissivity, calculations were 
again performed for single particles and with the comprehensive code. For the single particle 
cases, emissivity was varied between 0.9 and 0.1. In the comprehensive code calculations, 
emissivity was varied from 0.9 to 0.3. The wall temperature was 1250 K in the former and 
1000 K in the latter. 

Little effect of emissivity was noted in either set of calculations. The high gas 
temperature in the single particle calculations made convectionkonduction the principal 
mode of heat transfer. In the comprehensive code simulations, the secondary air was swirled 
(swirl no. = 2). and the flow field was recirculating. Thus the particles were heated largely by 
contact with hot recirculating gases and not by radiation. In larger furnaces, or in reactors 
where the particles do not immediately contact hot gases, radiation may contribute 
significantly to particle heating, and in this case, greater sensitivity to the value of particle 
emissivity would be expected. 

Heat of Reaction 

A similar investigation was initiated on the effect of heat of reaction for devolatilization. 
Investigators disagree on both the magnitude and sign of the heat of reaction. Reported 
values range from -65.3 kJ/kg to +334 KJ/kg (6,m. Merrick (6) speculates that the source of 
the disagreement is related to the effect of ,variable heat capacity. The heat of reaction 
probably varies with coal type. However, our preliminary conclusions are that devolatilization 
calculations are insensitive to this parameter, which agrees with the conclusion of Solomon 
and Serio w. Investigation of the effect of heat of reaction is continuing. 

Volatiles Heating Value 

The. heating value of the coal volatiles must be known in order to calculate the energy 
released by gas-phase reactions. This heating value is a function of volatiles composition, 
which is a function of burnout. However, in comprehensive combustion simulations that treat 
the effects of chemistry/turbulence interactions (discussed in the next section), both heating 
value and composition of the volatiles are often assumed constant. 

The effect of variable heating value was not tested.in single particle calculations, 
because gas-phase reactions were not included in this model. The sensitivity of the 
comprehensive code to changing volatiles heating value was tested in an approximate 
manner by increasing the heat of formation of the coal. Since the volatiles enthalpy is 
calculated from a particle heat balance, and over 80 percent of the total particle mass loss 
was due to devolatilization, increasing the the heat of formation of the coal effectively 
increased the volatiles heating value. A value was chosen such that the adiabatic flame 
temperature of the coal at a stoichiometric ratio of unity was increased by about 200 K. Since 
the simulations were performed for fuel-lean (combustion) conditions, the actual gas 
temperatures increased by 50-75 K. 

The results of this investigation are shown in Figures 2 and 3. As shown in Figure 2c, 
the gas temperatures are seen to be higher with the increased heat of formation of coal. 
Otherwise the temperature fields are quite similar. The higher temperatures are due to a 
combination of higher heating value and greater volatiles yield. The latter effect dominates 
everywhere except in the near-burner region. The higher temperature significantly affects 
coal burnout, as shown in Figure 3, with a large portion of the impact coming from the volatile 
yield in the early regions of the reactor. The magnitude of the variation of the offgas heating 
value was arbitrary in this case, but is regarded as representative of actual coals and 
possibly conservative. 
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Volatiles Composition 

The variation of char and coal offgas composition with burnout has been correlated by 
both simple and complex reaction schemes (x-m. Accounting for this variation is not 
difficult for the particles. However, dealing with this variable composition and its interplay 
with gas phase turbulent mixing and kinetics is both complex and computationally expensive. 

The successful prediction of turbulent and mean flow properties is a difficult 
proposition in typical combustion environments (W. Although reasonable success has been 
achieved for some simple flows, the complexity of reacting, swirling, turbulent flows often 
exceeds the capability of even sophisticated turbulence models. The added complexity of 
chemical effects on these predictions and the effect of turbulence on the mean reaction rates 
compounds the problem. Indeed, combustion investigators have identified this problem as 
one of the critical needs of combustion research (16). 

Several approaches to the problem have been proposed. Some of these were 
recently reviewed and compared to data by Smith and Fletcher (u). The approach used in 
the current paper is the statistical, coal gas mixture fraction model. The detailed theory and 
assumptions of this model are given elsewhere (11. Only a brief discussion is given here. 

The statistical, coal gas mixture fraction model involves convolving instantaneous 
properties over the turbulent statistics of the mixture to get time-mean properties. The 
statistics of the mixture is represented by the multivariate probability density function of a 
number of independent progress variables. The instantaneous mixture properties must all be 
represented as functions of only these progress variables. 

The current code PCGC-2 allows for two progress variables. One progress variable is 
typically used for the inlet gas mixture fraction and the other is used for the coal offgas 
mixture fraction. The coal offgas composition is therefore assumed constant. Chemical 
kinetics are assumed fast for major gas species (intermixing of fuel and oxidizer is rate- 
limiting), so that the mixture is in local instantaneous equilibrium, and local properties 
depend only on the local elemental composition and enthalpy. With the two mixture fractions, 
the local composition is specified. Enthalpy fluctuations are assumed to be correlated with 
fluctuations in the stoichiometric ratio, as given by the two mixture fractions. Time-mean 
properties are therefore calculated by a double integral over the joint probability density 
function of the two mixture fractions. The evaluation of this integral consumes a significantly 
greater fraction of the computational time than any other single task in the code, even though 
a table of equilibrium properties is used to minimize the time spent performing equilibrium 
calculations. 

Additional progress variables are required if coal offgas composition is to be allowed 
to vary. Each group of elements that are evolved from the coal must be tracked 
independently. Each additional progress variable for which the statistical variance is taken 
into account will increase the computational burden of this approach substantially. An 
investigation of the importance of variable coal offgas composition in a comprehensive code 
that treats chemistv/turbulence interactions has never been reported., Such an investigation 
would determine the extent to which such effects should be taken into account. It may be 
possible to ignore the turbulent fluctuations of some or all progress variables when allowing 
offgas composition to vary. If so, the computational burden would be reduced significantly. 

The computational effort involved with the convolutions is not the only significant 
consideration in treating large numbers of progress variables. A multi-variate probability 
density function is required to perform the convolution. However, transport equations are 
typically written to describe individual probability density functions. To the extent that the 
fluctuations in the mixture fractions are independent of each other, the multi-variate pdf's will 
be equal to the product of the individual pdf's. However, as the number of progress variables 
increases, this independence will be difficult to maintain. Predicting the correlation 
coefficients will be difficult and the relevance of the model could be compromised. 

A study of the impact of turbulent fluctuations on overall predictions was conducted to 
evaluate their importance. In this study, the fluctuations were either arbitrarily neglected or 
included, and the results of the comprehensive predictions under these assumptions were 
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compared. Similar results are shown by Smith and Fletcher (u). These results are an 
extension of their work, focusing on the effect of the coal offgas fluctuations. Figures 4, 5, 
and 6 show the results of ignoring turbulent fluctuations in the coal gas mixture fraction on 
gas temperature, total particle burnout, and centerline NOx concentration. The coal gas 
mixture fraction q represents the degree of mixing between the coal volatiles and the inlet 
gas. As expected, neglecting the fluctuations in inlet gas mixture fraction had little effect on 
the calculations, since both the primary and secondary streams were air at 300 and 589 K, 
respectively. 

The effect of ignoring the fluctuations in q on gas temperature can be seen by 
comparing Figures 2a and 4. Ignoring the fluctuations caused a high temperature ridge at 
the location of mixing between the primary and secondary streams, as can be seen by the 
higher concentration of isotherms in Figure 4. Taking the fluctuations into account smoothed 
the high temperature peaks. Similar observations were made by Smith and Fletcher (17) 
when they ignored turbulent fluctuations in both mixture fractions. Because the rate of mixing 
of fuel and oxidizer is reduced when turbulent fluctuations are ignored, the particle burnout is 
lowered as shown in Figure 5. 

The above results were obtained assuming that the mixing is rate-limiting. The 
kinetics of NOx formation and destruction are of the same order of magnitude as the turbulent 
mixing rates. Therefore, both mixing and kinetic considerations must be made to predict NOx 
concentrations. The model used to do so has been previously reported (u) and 
incorporated as a submodel in PCGC-2. 

Figure 6 shows the effect of the fluctuations on pollutant predictions. In Figure 6a, 
turbulent fluctuations were ignored both in the calculation of major species, and in the 
calculation of the pollutant species, which are decoupled from the calculation of major 
species. In Figure 6b, turbulent fluctuations were taken into account for both calculations. As 
shown, the predicted NO levels are quite sensitive to rigorous accounting for the effects of 
turbulence on chemistry. When turbulent fluctuations are taken into account, oxygen from the 
secondary mixes more rapidly with the primary, and more NOx is formed. Although data were 
not available for comparison with this calculation, previously reported calculations have 
shown that solutions taking the turbulence into account agree more closely with data (L8). 

Conclusions 

Coal devolatilization is typically responsible for flame ignition and the ignition point 
and volatile yield of the devolatilization reactions have large impacts on overall combustion 
characteristics. 

The temperature and composition dependence of particle heat capacity alters 
comprehensive code predictions of particle temperature, particle ignition, particle burnout, 
gas ignition and combustion efficiency. The effect is predominantly linked to the predicted 
ignition point of the coal and the extent of devolatilization. 

For typical operating conditions of entrained-flow reactors (cold walls, hot gas), the 
value of coal particle emissivity does not significantly affect comprehensive code predictions. 
Preliminary results indicate that predictions are also insensitive to heat of devolatilization, but 
further investigation of this effect is needed. These conclusions may be different in situations 
with less dominant conductive/convective heat transfer. 

The heating value of the coal offgas affects coal burnout and, to a lesser extent, gas 
temperature. This effect is attributed to the volatile yield of the coal under different heating 
conditions. Correlations of offgas heating value with particle burnout may improve 
comprehensive code predictions. 

Turbulent fluctuations have an important impact on the mean reaction rate of coal 
offgas with the gas mixture. Further investigation of the importance of variable coal offgas 
composition in comprehensive codes and the importance of including the effect of turbulent 
fluctuations is proceeding. 
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Figure 5. Effect of neglecting fluctuations in coal gas mixture 

fraction on total particle burnout. 
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Figure 6. Predicted NO concentration (a) neglecting turbulent fluctuations 
of coal gas mixture fraction and (b) taking fluctuations into 
account. 
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