
An Experimental and Modeling Study of 
Softening Coal Pyrolysis 

A quantitative model of softening coal pryolysis is developed and 
tested against observed behavior. The model treats intraparticle trans- 
port of gases and metaplast throughout the softening stage of pyrolysis 
via growth of bubbles uniformly dispersed in the molten coal. The model 
quantitatively describes the transient softening behavior including the 
initiation, duration, and magnitude of plasticity and swelling of the par- 
ticle. The model kinetic parameters are derived from experiments, in 
which a highly softening Pittsburgh No. 8 bituminous coal was pyro- 
lyzed, and total weight loss, and yields and molecular weight distribu- 
tions of tars and pyridine extractables of cooled chars were measured. 
Model predictions of effects of pressure, particle diameter and temper- 
ature on tar yields and weight losses, of effects of pressure on swelling 
ratio, and of effects of heating rate on plasticity are presented. The 
model provides good fits to the laboratory data and predicts trends in 
pyrolysis behavior in good qualitative accord with expectations based 
on published data. 
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Introduction 
Volatile products of coal pyrolysis are generated through the 

coal matrix, and the distribution and yield of pyrolysis products 
can be influenced by transport and chemical reactions of the 
volatiles within and outside the coal particle. Quantitative mod- 
eling of pyrolysis, therefore, requires analysis of intra- and 
extra-particle transport and chemical reactions. For softening 
coals, the problem is complicated by the fact that the modes of 
volatiles transport are strongly influenced by the softening 
behavior. This contrasts nonplastic coals that maintain a rela- 
tively unchanged open porous structure throughout pyrolysis, 
thus allowing volatiles transport to the particle surface via diffu- 
sion and hydrodynamic flow through pores. 

The structural changes in plastic coals are radicals, involving 
successive transformation of the decomposing matrix from a 
solid to a solid-liquid-gaseous mixture, and finally to a resolidi- 
fied phase. The intermediate solid-liquid-gaseous stage arises 
when plastic coals soften to form a fluid-like viscous mass that 
can be described as a mixture of unsoftened coal constituents 
(mineral matter and certain nonsoftening macerals) in an 
organic liquid continuum, throughout which pyrolysis-derived 
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volatiles form bubbles. Because of the high viscosity of molten 
coal, bubble movement due to buoyancy is negligible but the 
bubbles grow by diffusive influx of volatiles from the coal melt. 
Transportable heavy hydrocarbons or tar species formed within 
the molten coal evaporate into the bubbles or diffuse through the 
coal melt and evaporate a t  the particle surface. Some of these 
species may undergo secondary reactions to form lighter and 
heavier products. 

It is difficult to mathematically formulate the coupled effects 
of transport and chemistry under softening conditions. Further- 
more, there is a severe lack of experimental data on the physico- 
chemical phenomena contributing to the structural modifica- 
tions, including the rheological behavior of softened coal, 
volatiles secondary reactions, and the effects of reaction condi- 
tions on the intraparticle inventory of coal plasticizing agent, 
metaplast (Van Krevelen, 1961; Neavel, 1982). Considerable 
progress has been made in modeling intraparticle volatiles trans- 
port in the pyrolysis of nonsoftening coals (Russel et al., 1979; 
Chen and Wen, 1979; Gavalas and Wilkes, 1980). There has 
been much less headway for softening coals, despite valuable 
contributions (Lewellen, 1975; Mills et al., 1976; James and 
Mills, 1976). For softened coals, volatiles transport is often 
described solely in terms of pseudosteady-state evaporation a t  
the particle surface (Suuberg et al., 1979; Unger and Suuberg, 
198 1 ; Zacharias, 1979), thereby ignoring intraparticle transport 
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limitations. However, characteristic time analyses by Oh 
(1989,  summarized below, show that, for pressures and particle 
sizes of interest in coal processing, intra-partricle volatiles trans- 
port resistance greatly exceeds that for evaporative (boundary 
layer) transport. 

The need for further progress on intraparticle transport mod- 
eling is pressing especially for softening coals since they show 
the strongest influence of mass transport processes as evidenced 
by the effects of pressure and, to a lesser extent, particle size on 
their pyrolysis product yields and compositions (Anthony and 
Howard, 1976; Suuberg, 1977; Howard, 1981; Bleiket al., 1985; 
Wagner et al., 1985; Bautistu et al., 1986). The present paper 
responds to this need by providing a mathematical model of soft- 
ening coal pyrolysis that includes intraparticle chemical reac- 
tions and volatiles transport. The model also accounts for 
changes in the coal structure during pyrolysis including plastic- 
ity and swelling. Experiments are performed to provide kinetic 
information on metaplast formation and decomposition reac- 
tions, and to measure molecular weight distribution of meta- 
plast, both transported out of and remaining in the particle, in  
order to characterize the processes responsible for metaplast 
transport. Use of the model is illustrated via predictions of vola- 
tiles yields, transient plasticity, and swelling behavior. 

Experiments 
Defining metaplast 

The precise physico-chemical nature of coal-derived meta- 
plast remains to be established. Here, metaplast is viewed as 
pyrolysis-derived coal tar that has not evaporated, either into 
bubbles or from the particle surface. The weight of material 
recoverable by pyridine extraction of the char remaining after 
the coal has undergone a given extent of pyrolysis is taken as a 
measure, at that extent of pyrolysis, of total inventory of meta- 
plast in the condensed phase plus tar vapor in the bubble phase. 
The corresponding molecular weight distribution (MWD) of the 
pyridine extract is taken as the MWD for metaplast plus tar in 
bubbles. 

Pyrolysis 
The coal was pyrolyzed in a batch electrical screen-heater 

reactor for which design details and operating procedures are 
given elsewhere (Oh, 1985; Caron, 1979). The reactor is 
designed for pyrolysis measurements of relatively large samples 
compared to the one in previous studies (Anthony, 1974; Suu- 
berg, 1978; Franklin, 1980) and is not equipped with a liquid- 
nitrogen quench as in the reactor by Fang (1986a). Thin layers 
of about 35-40 mg of powdered Pittsburgh No. 8 Seam bitumi- 
nous coal (75-90 pm particle diameter) were spread between 
the bottom folds of preweighed, triply-folded 325 mesh stainless 
steel screen, and heated under helium at pressures of I atm and 
approximately 0.0001 atm (vacuum). The temperature-time 
history of the coal particles throughout each run was measured 
by a chromel-alumel thermocouple (24 pm wire dia, and 75 pm 
bead dia.) inserted within the screen and connected to a fast 
response recorder. The temperature-time history consisted of a 
linear heat up to a prescribed peak temperature followed imme- 
diately by natural cooling via radiation, conduction and convec- 
tion. The heating rate was l,OOO°C/s and the peak temperatures 
were between 200°C and 1,O5O0C. 

In previous studies, char was defined as the condensed-phase 

product retained on the screen upon completion of the run. 
Here, this product was further divided into extract removed by 
Soxhlet extraction in pyridine and the residue. Tar was opera- 
tionally defined as materials collected on a filter paper at the 
reactor exit or condensed on other reactor surfaces a t  the ambi- 
ent temperature. Some of the tar was dissolved, immediately 
after weighing, in pyridine for molecular weight determinations. 
Gaseous products were collected outside the reactor in a trap, 
consisting of a tube packed with Porapak QS immersed in a 
dewer flask of liquid nitrogen ( -  196°C). Gaseous and condensi- 
ble products were analyzed on a Perkin Elmer Sigma 2 gas chro- 
matograph with dual flame ionization/thermal conductivity de- 
tectors. This system was connected to a Sigma 10 data station. 
Separate yields of CO, C 0 2 ,  CH4, C,H,, C2H4, and H,O, and 
yields of total C3’s and total C4+ light hydrocarbons were mea- 
sured. 

Solvent extraction 
Pyridine (MW 79.10, BP 1 15OC) is a strong solvent for bitu- 

minous coal and related materials. For example, 18-h Soxhlet 
extraction of the unpyrolyzed Pittsburgh No. 8 coal gave about 
30% (as received) extract. Pyridine is also a good mobile phase 
in molecular weight determinations by size exclusion chroma- 
tography. An aliquot of the extract solution was removed for the 
molecular weight determination 2 hours after the start of 
extraction. Longer times resulted in changes in the extract 
molecular weight distribution that are believed to reflect sec- 
ondary polymerization of extract in the boiling pyridine solu- 
tion, rather than additional (preferential) extraction of higher 
molecular weight fractions. The extract yield was determined 
from the weight loss of the char after an additional 16 hours of 
extraction to promote efficient removal of pyridine soluble ma- 
terial. 

Molecular weight determinations 
Gel Permeation Chromatography (GPC) was employed for 

determining the MWD of tar and pyridine extract. GPC sepa- 
rates molecules in solution by molecular size. A Waters Asso- 
ciates ALC/GPC 201 GPC system with a UV absorbance 
detector was used. The separations were done on a set of 500 and 
100 A p-stragel columns calibrated with tar samples, for which 
the molecular weight has been determined using vapor pressure 
osmometry (Oh, 1985). Two calibration methods (Yau et al., 
1979) were employed. In  the peak position method, the tar sam- 
ple is fractionated into narrow molecular weight ranges and the 
M W  of each fraction is related to the average retention volume 
of the GPC chromatogram. The other, the linear calibration 
method, has the advantage of not requiring fractionation of the 
sample since it assumes a log-linear relation between MW and 
column retention volume. Instead, it requires GPC chromato- 
grams for two samples of known molecular weight. 

Resutts 
Yields of volatiles and extracts 

Figures 1 and 2 show the yields of total volatiles (total weight 
loss) and tar (top) and of pyridine extract (bottom) as functions 
of peak pyrolysis temperature a t  1 atm and at vacuum. Solid 
lines in Figures I and 2 are drawn to guide the trends in data. 
The large scatter is observed in vacuum pyrolysis data, probably 
due to poor heat transfer which results in large uncertainty in 
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Figure 1. Yields of total volatiles, tar and pyridine extract 
from pyrolysis at 1 atm. 

temperature measurements. Tar yields and total weight loss 
increase with peak temperature a t  both pressures, and both are 
higher a t  vacuum. These trends are in agreement with previous 
findings (Suuberg, 1977, 1978). 

Extract yield initially decreases with increasing pyrolysis 
temperature, up to -400°C, but as the coal starts to soften, the 
extract yield increases, exhibits a maximum at  -55OoC, and 
then decreases strongly with further temperature increases. At 
temperatures between about 600 to 8OO0C, the decline in pyri- 
dine extract yields with increasing temperature appears to be 
somewhat stronger a t  1 atm than at  vacuum. 

Peak temperature, "C 

Figure 2. Yields of total volatiles, tar and pyridine extract 
from pyrolysis at vacuum. 

These observations can be interpreted as follows. The initial 
decrease in the extract yield at  low temperatures is due to partial 
conversion of the raw coal extractables to lower MW molecules 
(H,O and CO,) which evolve in the early phases of pyrolysis, 
and due to the absence of significant formation of additional 
extractables (metaplast). This interpretation is reflected in the 
model by two assumptions, that the evolution of light gaseous 
volatiles in the early stages of pyrolysis [gases (1) in the model] 
is due to decomposition of metaplast that existed in the raw coal, 
and that this decomposition is completed a t  low temperatures. 
As temperature increases into the softening regime, thermal 
cleavage of chemical bonds increases the extract yield, and tar 
evolution becomes measurable. At temperatures greater than 
550°C, the metaplast formation reactions approach completion, 
the rate of tar transport becomes faster, and the pyridine 
extractables are also diminished by secondary cracking and 
repolymerization reactions within the coal particles. Therefore, 
rapid depletion of extractable materials is observed, and there is 
no extract yield at  temperatures greater than about 7OOOC at 
1 atm and about 8OOOC at  vacuum. 

Molecular weight distribution 
of pyridine extract and tar 

Examples of the MWD of tar and extract from 1-atm pyroly- 
sis a t  a peak temperature of 625OC and that of tar from vacuum 
pyrolysis a t  a peak temperature of 600°C are shown in Figure 3. 
The upper limit of the molecular weight of tar is about 1,200 
while that of extract is about 1,500. However, the fraction of 
extract material having molecular weight greater than 1,200 is 
only a few percent of the total extract. Thus, to within a reason- 
able approximation, most of extract and tar have the same range 
of molecular weight, but tar has more of the lighter fractions 
and extract has morc of the heavier fractions. These molecular 
weight data are consistent with our conceptualization of meta- 
plast as unevaporated tar and support (but do not prove) our 
hypothesis that the yield of pyridine extract is a good estimate of 
the amount of metaplast remaining in the char. 

Figures 4a and 4b show the number average molecular weight 
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Figure 4. Number average molecular weights of tar and 
extract. 

(MN) of tar and pyridine extract as a function of peak tempera- 
ture (PT) at  1 atm and a t  vacuum. Since no tar is obtained at 
temperatures below 40OoC and no extract a t  temperatures above 
80OOC a t  I atm and 950°C at vacuum, M N  data for the two 
materials overlap in a comparatively narrow range of tempera- 
tures. The M N  of I-atm tar initially increases, stays about 
constant and then decreases slightly a t  PT -8OOOC. The M N  of 
vacuum tar may show a slight increase with increasing peak 
temperature, but the large scatter in these data precludes affir- 
mation of a definitive trend. The 1-atm extract data display a 
maximum around S5OoC while the MN of the vacuum extracts 
shows no significant change with increasing PT above 400OC. 

The MN of vacuum tars are about 0.05 kg/mol higher than 
those of I-atm tars. The heavy fraction which is missing in 
I-atm tar but present in vacuum tar remains in the char a t  
I-atm pyrolysis and causes the extract to have a higher M N  at  
around 550°C. At higher temperatures or longer holding times, 
this fraction is depleted by secondary reactions or mass trans- 
port. A higher MW for vacuum tar would also be predicted by 
pyrolysis models that acknowledge only external mass transfer 
limitations. For example, a tar evaporation model (Zacharias, 
1979; Unger and Suuberg, 1981, 1983) would predict that heav- 
ier fractions of metaplast would be more readily transported a t  
vacuum than at  I atm. However, these correspondences do not 
establish the validity of neglecting internal transport, since an 
evaporation model by itself would predict that M N  of I-atm tars 
should increase monotonically with increasing PT, in contrast to 
observations (Fig. 4a). 

Model Development 
General description 

Drawing on the work of Van Krevelen (1961) and Neavel 
( 1  982) and studies in this laboratory (Schaub et al., 1985a, b; 

Fong et al., 1985, 1986a, b), it was concluded that softening 
occurs when a critical temperature and concentration of a ther- 
mally-derived plasticizing agent, known as metaplast, are 
reached. Some metaplast is assumed to preexist in the coal as a 
bitumenlike material. As the coal is heated to a certain tempera- 
ture, i.e., the softening point, the bitumens melt and the coal 
begins to soften. Further temperature increases result in chemi- 
cal bond breaking which liberates additional metaplast that fur- 
ther augments plasticity. At higher temperatures or longer 
times, depletion of metaplast due to transport, decomposition, 
and polymerization causes the coal to resolidify. Thus the dura- 
tion of the plastic stage reflects competition between metaplast 
generation and depletion processes which can, in general, 
involve both chemical and physical phenomena. 

Once the coal develops fluidity, viscous flow closes off pores 
and the open pore structure disappears. The volatiles diffuse 
either to the particle surface or to bubbles dispersed throughout 
the molten coal. The characteristic time for lighter volatiles 
( M W <  100 amu) dissolved in  the molten phase todiffuse to the 
surface of a 70 pm diameter particle is: 

R i  (35 x m)' 
Dv,L 10-" m'/s t , ,  - - = - 100s. 

The diffusivity value is lower than one used by Unger and Suu- 
berg (1983), but it is more reasonable as will be explained later 
(Table I ) .  The characteristic time of order 100 s is too slow to 
explain experimentally observed pyrolysis rates (characteristic 
times of order 1 s or less a t  600-8OO0C for 70 pm particles). 
However the characteristic time for the volatiles to diffuse into 
bubbles in the melt is -0.1 s for a 1-pm radius bubble and less 
for smaller bubbles. Thus, light volatiles formed within the melt 
are much more likely to diffuse into bubbles rather than directly 
to the particle surface, and one can conclude that bubbles consti- 
tute a major vehicle for intra-particle transport of these vola- 
tiles. The growth of bubbles explains coal swelling during pyrol- 
ysis. 

The maximum amount of the higher molecular weight 
(> 1,000 amu) components of metaplast in bubbles is limited by 
their vapor pressure above the molten coal phase. Molecular dif- 
fusion through the melt and transport outside the particle may, 
therefore, be important for these species. Characteristic time for 
tar evaporation from 70 pm particle, estimated from the model 
by Unger and Suuberg (1981), a t  1 atm and 60OoC is 0.07 s for 
MW = 500 component and about 300 s for M W  = 1,000 amu. 
The choice of vapor pressure model can significantly change the 
above characteristic time. For example, the model by Maiorella 
(1978) predicts much shorter characteristic times, 0.0004 s and 
0.03 s for 500 and 1,000 amu components, respectively. Calcula- 
tions by Oh (1989,  using Maiorella's model, show that trans- 
port outside the particle may be rate-limiting for these heavier 
metaplast fractions at  high pressures (-70 atm) and low tem- 
peratures (-400OC). 

The present analysis assumes that the coal particles are 
spherical and isothermal, the latter being valid for small par- 
ticles (-70 pm dia.) a t  a heating rate of l,OOO°C/s (Oh, 1985). 
The spherical geometry is an approximation for coal particles in 
screen heater experiments, in which the geometry is between 
that of individual spheres and a thin slab. Spherical geometry 
was chosen because it is more general for a single particle model. 
Each particle is further assumed to have a spatially uniform 
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Figure 5. Chemical and transport rate processes contributing to volatiles evolution during pyrolysis of a softened coal 
particle. 

bubble concentration, consistent with the isothermal assump- 
tion. Nonisothermal particles will have position dependent vola- 
tiles generation rate and, as a result, nonuniform bubble growth 
and escape rates which will create the gradient in bubble con- 
centration. Any effects of compositional nonuniformities are 
neglected. 

Essential physical and chemical features of the model are 
depicted schematically in Figure 5. Initial decomposition of coal 
generates gases, char and metaplast within the coal particles. 
Metaplast further decomposes and polymerizes to form more 
stable and more aromatic products as well as light gaseous vola- 
tiles. Physical melting of preexisting metaplast a t  the softening 
temperature is denoted by a dotted line. Since vaporized meta- 
plast no longer functions as a plasticizing agent, metaplast vapor 
within bubbles and metaplast that escapes the particle are 
counted as tar. 

Intra-particle volatiles transport is assumed to occur by diffu- 
sion of species dissolved in the coal melt and by expansion of 
bubbles. Bubbles are assumed to be generated at  the onset of 
softening as deformation and flow of the molten coal transform 
interconnected pores into tiny sealed cavities of trapped gas. 
Bubbles may also be formed by spontaneous nucleation of gases 
or vapors that become saturated in the coal melt. Once bubbles 
are available, bubbles grow due to influx of volatiles from the 
melt. The surface of an expanding bubble is assumed to rupture 
upon reaching the particle surface, thereby releasing the bubble 
contents. Bubble movement due to buoyancy forces or to bulk 
motion of the melt is negligible because of the high viscosity of 
the molten coal. However, since the bubble distribution is 
assumed to always be spatially uniform throughout the particle, 
release of a bubble from the particle causes the remaining bub- 
bles to be redistributed, and therefore, simulates a net move- 
ment of bubbles (and their cargo of volatiles) to the particle sur- 
face. 

Chemical kinetics 
The formation of gases (1)  (Figure 5) and metaplast is mod- 

eled as unimolecular decompositions, first-order in the amount 

of the given material yet to be formed: 

dV, 
dt 

_ _  - k i ( V f  - Vj) 

where Vi and VT are amounts of gases (1) or metaplast formed 
a t  time t and t = a, respectively. At t = 0, K for gases ( 1 )  is zero 
and K for metaplast is estimated as the yields of pyridine 
extractables from raw coal. Gases ( I )  originate from metaplast 
preexisting in the coal. Their formation is completed a t  a low 
temperature. 

The depletion rates of metaplast in the liquid and of tar in the 
bubbles due to secondary reactions and, therefore, the formation 
rates of gases (2) and gases (3), respectively, are modeled as 
first-order in the amount of metaplast or tar locally available: 

Rate of metaplast secondary reactions 

within molten coal = k2,mCm ( 2 )  

within bubbles = k3,,Bm (3)  

dVg2 Rate of gases (2) formation = - = fg.2k2,mCm (4) dt 

dVg3 Rate of gases (3) formation = =fg.3k,,mBm ( 5 )  
dt 

j = 2 or 3, is the fraction of metaplast converted to 
gases, and C,,, and B,,, are metaplast and tar concentrations in the 
liquid and bubble phases, respectively, expressed as kg meta- 
plast/kg original coal. 

The reaction rate constants, k ,  with appropriate subscripts, 
are  expressed as k, exp ( E I R T )  assuming a single-reaction 
model. A multiple-reaction model with distributed activation 
energies, which is used widely in coal pyrolysis studies (Howard, 
1981), would better represent the cumulative reactivity of the 
range of bond strengths thermally labile in typical coal mole- 
cules than would a single-reaction model. However, the single- 
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reaction model is used here because its relative simplicity is 
advantageous when dealing with the combined complexity of 
kinetics and transport. 

Conservation equations 
Bubble Balance. The pores in solid coal are assumed to 

become bubbles in molten coal, and bubbles can also be gener- 
ated by nucleation in the molten coal when the concentration of 
gases and vapors exceeds the saturation limit. 

Bubble growth proceeds via the following mechanisms: 
1. Addition of gas molecules by diffusion from the molten coal 

2. Chemical reactions inside or a t  the surface of the bubble, 

3. Changes in gross physical forces such as internal or exter- 

4. Coalescence with other bubbles 

phase 

including secondary reactions of tar vapor 

nal pressure 

Bubble coalescence is assumed to occur only by interfacial con- 
tact of two bubbles. The phenomenon of interbubble diffusion 
known to occur in foams is automatically accounted for in the 
treatment of net gas diffusion through the molten coal. 

The growth and coalescence of bubbles are described mathe- 
matically as follows. Let nj be the number of bubbles containing 
j molecules per unit mass of original coal. Then, the bubble con- 
servation equations are 

dn. 
-_L = Kj- ,nj . - ,n,  - Kjnjn ,  
dt 

1 J - 2  N 

+ j pi,,-,n,fl,-i - PijninJ - EbjnJ ( 6 )  
1-2 i - 2  

for j from 2 to N ,  where Kj is the rate constant for volatiles diffu- 
sion through the molten phase to a bubble of sizej; PiJ is the rate 
of coalescence of two bubbles containing i and j molecules, 
respectively; and Eb, is a term describing the rate of bubble 

Assuming an ideal solution of gases in molten coal, the equi- 
librium concentration (mol/m3) of gaseous volatiles in the 
molten coal phase at  the melt-bubble interface Cfq is determined 
by Henry’s law, C& = P,/H,  while C z ,  the corresponding quan- 
tity for metaplast is determined from Raoult’s law, C‘; = pLP,,,/ 
P,. The quantities P,and P,,i are the partial pressure of gases and 
metaplast component i in the bubble phase, and P, is the vapor 
pressure of pure metaplast component i, for i = I to h‘,,,, where 
N,o, is the total number of metaplast components of different 
molecular weight. 

Bubble coalescence is assumed to occur via expansion and 
spatial contact of two adjacent bubbles. The corresponding 
coalescence rate constant, Pij, is derived assuming that the cen- 
troids of spherical bubbles with radii ai and a, remain stationary 
because of high melt viscosity and surfaces expand radially with 
velocities of ai and aj, respectively; 

The rate of bubble expansion, a, is affected by mechanical 
forces such as the internal and external pressures of the bubble, 
surface tension of the molten coal, and inertial and viscous 
forces, as well as by the rate of volatiles mass transfer into the 
bubble (Oh, 1985). It is dervied assuming the coal melt behaves 
as a Newtonian fluid of constant density, viscosity, and surface 
tension; liquid density >> gas density; and bubble radius << dis- 
tance between bubbles (Scriven, 1959; Barlow and Longlois, 
1962). In a very viscous liquid like molten coal, the inertial 
terms are small compared to the viscous term and the bubble 
growth rate is 

da a 
dt 4p 

where 

( 9 )  

escape at  the particle surface. 
terms on the righthand side of E ~ ,  6 describe 

bubble growth and shrinkage due to diffusion of monomers, 
respectively. The quantity Kjn, gives the rate of monomers 
transport through the melt to or away from a bubble of size j 
when the concentration of monomers is expressed in terms of 
number of molecules/kg orig. coal. The corresponding rate of 
mass transport is therefore 

The first pb = total pressure within the bubble; sum of partial pressures 

p == ambient Pressure; external Pressure on the particle 

cr = 

of gaseous volatiles and tar vapor 

= viscosity 

Equation 9 is an approximation. For example, the coal may 
swell to an extreme extent and form a cenosphere. However, 
within the uncertainties in the knowledge of melt viscosity, the 

surface tension 

Kin, = po4?rajD,,Sh(n, - neq) 

where 

(7) 

uj = bubble radius 
Dn,L = molecular diffusivity of the volatiles in the liquid 
Sh = Sherwood number based on bubble diameter 
neg = equilbirium concentration of monomers in the molten 

coal phase at  the interface between that phase and the 
bubble 

po = density of the molten coal phase: assumed constant 
For the present problem, the Sherwood number varies from I to 
2 (Oh, 1985). However, the magnitude of the diffusivity varies 
by several orders of magnitude because of changes in coal vis- 
cosity, and, therefore, the small variation in Sherwood number is 
ignored. 

viscous force is the dominant term. The above simplified equa- 
tion with a reliable description of melt viscosity provides a rea- 
sonable first approximation to the bubble growth rate. 

It is assumed that all bubbles rupture upon contacting the 
particle surface, thereby releasing their inventory of volatiles 
outside the particle. The corresponding rate of bubble collisions 
with the particle surface is 

p04n(R,  - uj)2ajnj (10) 

The escape rate coefficient of bubbles s izedj  per kg original coal 
is then 
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where R, and R p  are the coal particle radius a t  time t and 0, 
respectively. Even though the mass is conserved, the number of 
molecules in bubbles may vary owing to secondary reactions of 
tar. However, for simplicity, this effect is omitted from the 
above bubble conservation equation. 

Mass Balance f o r  Gases and Metuplast. The material bal- 
ances for both gases and metaplast in the molten phase include 
their rates of formation and of diffusion to bubbles and to the 
particle surface. Metaplast depletion by secondary reactions is 
also accounted for. Here, C, and C, are the average concentra- 
tion of gas and metaplast in the melt, and Kja and Kj,,i are the 
rate constants (s-I) for intra-melt diffusion of gases and meta- 
plast component i. Assume that all gases have the same molecu- 
lar weight and that the rates of formation and secondary reac- 
tions are the same for all metaplast components regardless of 
their molecular weight. The mass balance for gases is 

and the one for metaplast is 

N 

- K;.,ni,,n; - Em,iCm,i (13) 

for i = 1, . . . N,#,. The rate coefficient of gaseous volatiles diffu- 
sion to the particle surface, Ek is obtained from the steady-state 
material balance for gases dissolved in the coal melt by com- 
puting their steady-state radial flux at  the particle surface (Oh, 
1985; Oh et al., 1984): 

j -2 

The mass transfer rate of gases from the molten phase to the 
bubbles is relatively fast and the gas concentration in the molten 
phase is near its saturation level, which is small compared to the 
total amount of gases formed. A pseudosteady-state approach is 
therefore appropriate for deriving Eq. 14 (Oh et al., 1984). 

The amount of metaplast transported to bubbles varies signif- 
icantly with temperature. A steady-state analysis therefore is 
not always suitable for metaplast. Its rate of diffusion through 
the melt is derived assuming a parabolic concentration profile 
which satisfies the appropriate boundary conditions (Oh, 1985; 
Oh et al., 1984). Under this assumption, the flux of metaplast a t  
the particle surface as a function of the spatially averaged meta- 
plast concentration within the particle, C,,,(t). is 

dC 5D,, 
- D  _ = A  (C, - Cs), a t  r = R, (15) 

n*L dr R, 

where C,(t) is the concentration of metaplast in the melt phase 
a t  the particle surface. Since external mass transport of meta- 
plast can be important for the case of low temperatures and 

higher pressures as  noted earlier, both internal and extra-par- 
t ick mass transfer resistances are included for each metaplast 
component. This feature allows the model to be applied to a wide 
range of molecular weights (up to a t  least 1,500 daltons), tem- 
peratures, and pressures. Under these conditions, it is found that 
the rate coefficient of transport from the particle surface for 
metaplast component i ,  Em,, is given by: 

The cumulative yields of gases and tar up to a time t’ are 
obtained from Ek Em, and E,: 

N 

Bg,j and B,,i,j are, respectively, the mass of gases and tar compo- 
nent i in bubble sizej. The extent of swelling is calculated from 
the number density of bubbles, bubble radii, and a mass balance 
for the condensed phase assuming it retains a constant density 
throughout the reaction period: 

Physical Properties. Data and correlations for physical prop- 
erties needed to implement the model are summarized in Table 
I .  

The viscosity of the coal melt varies with temperature and the 
concentration of high MW, non-softened components (Schiller 
et al., 1977; Bockrath et al., 1977). We used two different vis- 
cosity-temperature correlations (Eqs. 20 and 21, in Table 1). In 
Eq. 21, the temperature dependence of the melt viscosity is 
treated only at  low temperatures (t450OC) where alternate 
means of resolidification, namely metaplast depletion by repoly- 
merization or transport, are negligible. Variations in the melt 
viscosity due to nonsoftened components are modeled using a 
correlation for densely packed suspensions (Frankel and Acri- 
vos, 1967). 

Coal plasticity data obtained from conventional or modified 
Gieseler plastometers give qualitative insights on how the coal 
viscosity varies with pyrolysis conditions. However, quantitative 
information directly applicable to the present model is not easily 
obtained from these instruments due to poorly defined flow 
fields, and due to heating rates and temperatures below those of 
current interest. Using a coal plastometer specifically designed 
to overcome these limitations, Fong et  al. (1985, 1986a, b) mea- 
sured a minimum viscosity of order lo3 Pa . s for molten Pitts- 
burgh Seam bituminous coal a t  heating rates of several hundred 
“C /s and peak temperatures exceeding 5OOOC. The constants in 
Eqs. 20 and 21 were chosen so that both correlations give a min- 
imum viscosity value of this order of magnitude. 

The linear temperature dependence for modeling volatiles dif- 
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Table 1. Correlations for Physical Properties* 

Melt Viscosity [Pa s]": 

1 x lo-'' exp (45,00O/RT) 
( 1  -&I)+ - 1.0 c L =  

(21) 
1 x lo-' exp (45,00O/RT') 

(1 - &I)-'/3 - 1.0 I =  

where 

= wt. fraction of metaplast 
T' = Tat temperatures < 723 K 
T' = 723 K at temperatures > 723 K 

Difusivity of Volatiles in Molten Coal [mz/s]: 

1 x lo-'' T 
I d  

0, = 

where 

q = 0.5 for gases and 213 for metaplast 

Vapor Pressure of Metaplast [atm]: 
Maiorella's Model***: 

P,= 6.23 x 10Sexp(-561 MW0"74/T) 

Unger and Suuberg's Model?: 

P. = 5.74 x lo3 exp (-255 MW"576/T) 

Surface Tensions: 0.03 N/m 
Solubility of Gas in Molten Coal [atm (mol/m')-']: 

2.792 x 10'exp (314/T) 
P L  

H =  

where 
p L  = molar density of molten phase 

Molecular Weight Distribution of Metaplast at Formation. Figure 7: 

Macropore Volume$: 4 x lo-' m'/kg coal 

(22) 

(23) 

(24) 

'Unless otherwise noted, the correlations are developed by Oh (1985). 
**Frankel and Acrivos (1967). and Oh (1985). 
***Maiorella (1978). 
tUnger and Suuberg ( I  983). 
$Attar (1978). 
§Can et al. (1972). 

fusivity in molten coal (Eq. 22) is taken from several theoretical 
correlations for gas diffusivities in liquids such as those by 
Arnold, Wilke and Chang, and Akgerman and Gainer (dis- 
cussed in Reid et al., 1979). The exponent on viscosity is 
assumed to be 0.5 for gaseous volatiles and 5 for metaplast of all 
molecular weight based on several experimental studies (Reid et 
al., 1979). A typical diffusivity of a gaseous solute in a hydrocar- 
bon liquid at  room temperatures is around 1 x loT9 m2/s when 
the viscosity is on the order of 1 x lo-' Pa - s. Since the mini- 
mum viscosity of the coal melt of interest is approximately lo3 
Pa - s at  temperatures around 5OO0C, the constant in Eq. 22 is 
adjusted to give a maximum diffusivity of 1 x lo-" m2/s. 

The surface tension of molten coal is understood poorly, but 
probably varies with temperature, pressure, and viscosity. For 
example, experimental data on coal liquids show that the sur- 
face tension, in general, decreases with increasing temperature 

and pressure, but the magnitude of the decrease is small com- 
pared to that of the viscosity or the diffusivity (Hwang et al., 
1982). In addition, an empirical correlation of surface tension 
with viscosity for pure liquids (Pelofsky, 1966) suggests a con- 
stant surface tension throughout the region of high viscosities. In 
the present analysis, the surface tension of coal melt is assumed 
to be a constant. 

The solubilities of gases in the molten coal are estimated 
using H2, CH4, and C 0 2  solubilities in various hydrocarbon liq- 
uids. The vapor pressure of metaplast could be estimated from 
vapor pressure correlations for organic liquids, based on critical 
properties (Grey and Wilson model, Wilson et al., 198 1; Grey el 
al., 1983) or from structural information for the tar vapor (Ed-, 
wards et al., 1981). However, both estimation methods arecom- 
plicated. The former requires information on the molecular 
weight and specific gravity (SG) of tar components. The latter 
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requires knowledge of the vapor pressure of each component a t  
one temperature and rather detailed information on tar molecu- 
lar structure, and is limited to molecular weight <475 daltons. 
An alternative, used here, is a more simple, semiempirical model 
based on the Clausius-Clapyron equation and the assumption 
that the latent heat of vaporization of a given component is 
linearly proportional to its molecular weight. Thus, one needs 
the molecular weight of each component and the vapor pressure 
of any one component at two temperatures. Such a correlation 
applicable to coal tar and metaplast was proposed by Homann 
(1977). Modifications were later given by Maiorella (1978), Eq. 
23, and by Unger and Suuberg (1983), Eq. 24, by correlating 
vapor pressure of selected model compounds with molecular 
weight. 

Figure 6 compares vapor pressures predicted from these two 
semiempirical models a t  l,OOO°C as a function of MW, with cor- 
responding predictions from the Grey and Wilson model, which 
was derived from vapor pressure data for coal liquids of molecu- 
lar weight up to approximately 350 daltons. Although the Grey 
and Wilson measurements covered a more narrow M W  range 
than that of current interest, they were still useful in assessing 
the validity of the two semiempirical correlations. Figure 6 
shows that, above 300 daltons, Maiorella’s correlation predicts 
much higher vapor pressures than other correlations. Unger and 
Suuberg’s correlation gives too low a vapor pressure for the pres- 
ent model to predict the observed tar yield a t  temperatures 
between 450-600°C, while use of Maiorella’s model a t  high 
temperatures overestimates metaplast vapor pressure and 
causes the model to overpredict tar yield (Oh, 1985). Both vis- 
cosity correlations (Eqs. 20 and 21) and vapor pressure correla- 
tions (Eqs. 23 and 24) were employed in deriving kinetic param- 
eters for tar and gas evolution by fitting the model to laboratory 
pyrolysis data. 

The MWD of metaplast employed in the present vapor pres- 
sure calculations is shown in Figure 7. This distribution was cal- 
culated from Oh’s (1985) measurements of the M W D s  of tar 
and the pyridine extract of char from low temperature pyrolysis 
of Pittsburgh No. 8 coal. Since the formation rate of each meta- 

i\ 

200 400 600 800 100012001400 
Molecular weight, dalton 

Figure 6. Comparison of vapor pressure predictions of 
metaplast at 1,OOO”C. 
(A) Maiorella; (B) Grey and Wilson, SG = 900 kg/rn’; (C) Grey 
and Wilson, SG = 1,000 kg/rn3; (D) Grey and Wilson,SG - 1,200 
kg/m’; (E) Unger and Suuberg. 

Molecular weight, dalton 

Figure 7. Molecular weight distribution of metaplast at 
formation. 

plast MW fraction is assumed to be the same, the MWD of 
metaplast generated due to decomposition of coal stays constant 
regardless of the formation temperature. 

Model Predictions and Discussion 
Model simplification 

Inclusion of the coagulation contributions to bubble growth 
(terms 3 and 4 on the RHS of Eq. 6) created significant numer- 
ical complications. Thus, in implementing the model, bubbles 
were assumed to grow solely by diffusive influx of volatiles. Even 
without coagulation, prediction of the time-dependent bubble 
size distribution remains difficult because bubbles of different 
size have different growth rates, which are determined by solv- 
ing Eqs. 7 and 9 simultaneously. Sectional representation, a 
numerical technique developed by Gelbard et a]. (1980) for 
computing particle size distributions in aerosol dynamics, was 
employed. The method is based on dividing the bubble size 
domain into m arbitrary sections and assigning one integral 
quantity, such as mass u, to each section. This technique has the 
advantages of reducing the number of equations and of conserv- 
ing the integral quantity within the computational domain. The 
dimensionless domain w, where w = In (u/vmin)/ln (umaX/umi,,), is 
divided into 20 equal-size sections. The bubble growth rates, 
dw/dt  and d y / d t  where y = In (u/umin)/ln (amx /urnin), are 
solved at  section boundaries along with the 20 sectional bubble 
mass balances and the volatiles balance in the melt. The growth 
rates of bubbles within a section are estimated by linear interpo- 
lation of the growth rates a t  the section boundaries. 

Figure 8 plots the changes in the bubble size distribution a t  
various times and shows that the growth of bubbles shifts the 
bubble size distribution to the larger bubble sizes and that the 
rapid growth of smaller bubbles promptly leads to a large frac- 
tion of the volatiles mass being in bubbles near the minimum 
size. Thus, the model predicts that while, throughout pyrolysis, 
there may be a few bubbles in every size range considered, most 
of the bubbles grow into practically one size and essentially all 
the mass transported from the melt to bubbles enters those bub- 
bles with the smallest stable size. This important result greatly 
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simplifies the governing equation of bubble growth, permitting 
the approximation of uniform bubble sizes. 

Initial generation of bubbles 
Little is understood about bubble genesis in the freshly 

formed coal melt including the phenomena governing their ini- 
tial size and generation rate. Quantitative modeling of bubble 
initiation as a function of pyrolysis conditions is difficult to for- 
mulate. The present model treats pores in the solid coal as one 
source of bubbles. Coals have significant pore volume with poro- 
sities varying from 2.5 to 18% and pores which-have openings 
ranging from 4-5 8, to around several microns. Changes in the 
pore structure of softening coals with heating have been studied 
extensively, primarily under carbonization conditions. Results 
show that both micro- and macro-pore volumes reach maxima at 
a certain temperature (Franklin, 1949; Toda, 1970; Muira et al., 
1980; Singla et a., 1982). 

Coals have a significant fraction of fine pores, the configura- 
tion of which is related to the way coal micelles are bound 
together (Franklin, 1949; Hirsh, 1954). However, calculations 
show that the survival of submicron pores into the plastic period 
is questionable because they are very likely to dissolve in the 
molten phase. The existence of fine pores in chars from pyrolysis 
of softening coals implies that fine pores reappear as the coal 
resolidifies and contracts. It is assumed that bubbles which sur- 
vive the initial softening of the coal originate from macropores 
and that the initial number of density of these bubbles can be 
calculated from the macropore volume of the coal given a rea- 
sonable approximation for the minimum bubble size which is 
stable in the newly formed coal melt. 

Another possible mechanism for bubble initiation is sponta- 
neous nucleation. Application of nucleation rate theory to pre- 
dict the bubble generation rate is considered to be unjustified, 
since it involves great uncertainties in the rate function of a 
highly nonhomogeneous medium such as molten coal. Instead, 
calculations were made to test whether nucleation of bubbles 
could be a rate-limiting step in the transport processes for the 
pryolysis conditions of interest (Oh, 1985). It was concluded 
that, in light of the uncertainties in present knowledge of the 
solubilities of volatiles in the molten coal, nucleation of bubbles 
is not a rate-limiting process. This contrasts with an earlier con- 
clusion by Attar (1 978) who apparently underpredicted bubble 
nucleation rates by underestimating pyrolysis gas generation 
rates from inappropriate kinetic data. Thus, one can assume 
that bubbles, nucleated or derived from the pores, exist in the 
molten coal a t  the onset of softening. The number density of 
bubbles then decreases as bubbles grow and are released from 
the particle. 

Derivation of kinetics parameters 
Table 2 summarizes kinetic parameters inputted to the model 

from other sources. Since gases (1) are assumed to be formed at  
low temperatures ( t400°C) from preexisting metaplast, their 
corresponding kinetic parameters (k,,,g, El,g,  and V,*, in Eq. 1) 
are obtained by fitting total volatiles yields from I-atm, vacuum 
pyrolysis a t  peak temperatures below 4OOOC to a single reaction 
model, without considering transport. 

The parameters for tar cracking reactions in bubbles and for 
formation ofgases (3) (Eqs. 3 and 5) areobtained from the work 
of Serio ( 1  984, 1987). 
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Table 2. Kinetic Parameters lnputted 
to the Model from Other Sources 

Gases ( I )  Formation Reaction*: 

I'll 0.0285 kg/kg orig. coal 
El, 112 kJ/kg mol 
k,,, 1 x loi3 I / s  

Metaplast Formarion Reaction* *: 
V: 0.7 kg/kg orig. coal 

Tar Cracking Reaction in Bubbles?: 

E3,m 64.5 kJ/kg mol 
ko3.m 9.96 x 10' I/s 
A.3 1 .o 

'Obtained from pyrolysis data at  low peak temperatures. 
The k,,, is a fixed parameter. 

**Fong (1986a,b) 
TSerio (1984). 

The Arrhenius kinetic parameters for metaplast formation 
and decomposition reactions and for formation of gases (2) 
(E,,, ,  ko,,,, E,,,, ko2,", and f,z in Eqs. 1, 2 and 4) were deter- 
mined from the complete transport model and the pryolysis data 
a t  peak temperatures above 400°C at  I atm. The ultimate 
amount of metaplast that can be formed, V:, was assumed to be 
constant. For the present coal, the value VX = 0.7 kg/kg original 
coal was used, based on the work of Fong et at. (1986a, b), who 
found that the maximum yield of pyridine extract plus volatiles 
was between 0.65 and 0.76 (as received) when this coal was 
pyrolyzed in a screen heater reactor a t  low temperatures and 
then rapidly quenched with liquid nitrogen. 

The initial number density of bubbles is also left as a fitted 
parameter. Essentially all the gas formed is transferred to bub- 
bles because the equilibrium-allowed amount of dissolved gases 
in the melt is small. As a result, increasing the bubble number 
density a t  a fixed rate of pyrolysis gas generation means that a 
smaller amount of gaseous volatiles is transported to each bub- 
ble. This reduces the bubble growth rate, which lowers the vola- 
tiles yield and increases the particle swelling. However, the 
amount of tar in each bubble does not depend on the bubble 
number density but rather on its vapor pressure, except a t  high 
temperatures where all metaplast is vaporized. Thus, the total 
amount of tar in bubbles increases with bubble number density, 
and one can observe more secondary reactions of tar in bubbles 
a t  a higher bubble number density. In the calculation of kinetic 
parameters, a high bubble number density resuits in rapid meta- 
plast formation and slow liquid-phase decomposition reactions, 
while a low number density gives slow metaplast formation rate 
and fast liquid-phase secondary reactions a t  high temperatures. 
Current understanding precludes a priori predictions of the ini- 
tial number density of bubbles in the coal melt for different 
pyrolysis conditions, so this quantity is determined as a fitted 
parameter as mentioned above. As discussed before, bubbles 
which survive through softening probably originate from macro- 
pores. Thus, the initial number density of bubbles can be esti- 
mated by assuming a fixed pore volume and changing the pore 
radius (awre) within the range of the macropore sizes. The vol- 
umeof macropores in bituminous coalsvaries from 1.5 x lo-' to 
4 x lo-' m3/kg (Can et al., 1972). The pore volume in this work 
was fixed at  4 x 

The requirement of six fitted parameters may seem excessive. 
m3/kg. 

However, the model utilizes three independent sets of laboratory 
data to obtain these parameters: total gas yield, tar yield, and 
extract yield. This corresponds to deriving two fitted parameters 
per data set, rather than three per data set usually obtained 
when fitting data on pyrolysis weight loss or product yields to a 
single reaction mode!. 

To examine the effect of two different viscosity-temperature 
correlations and two vapor pressures correlations on model per- 
formance, three different combinations of viscosity and vapor 
pressure correlations (Cases A to C, Table 3) were considered, 
and the influence of each combination on model predictions was 
studied. Table 4 summarizes three sets of six best-fit parameters 
obtained by using the model with each of the above cases. 

Model predictions of transient product distribution, 
plasticity and swelling 

The kinetics parameters for Case A were used in this calcu- 
lation. The product distribution as a function of total heating 
time predicted for pyrolysis a t  1 atm is shown in Figure 9a for a 
heating rate, peak temperature, and holding time of 448OC/s, 
76OoC, and 5 s, respectively. At around 4OO0C, the coal starts to 
soften (predicted viscosity = 4 x lo4 Pa . s); and essentially all 
of the gas formed is immediately transported into bubbles, 
because the equilibrium-allowed amount of dissolved gases in 
the melt is small compared to the amount of pyrolysis gas being 
formed and because the rate of gas being transported into bub- 
bles is fast. In contrast to the gaseous volatiles, the tar content in 
bubbles is limited by its vapor pressure. The transport of meta- 
plast across the melt-bubble interface is sufficiently fast to jus- 
tify the assumption that tar vapor in bubbles is in equilibrium 
with the molten phase. As temperature increases, Maiorella's 
vapor pressure correlation predicts that the equilibrium-allowed 
concentration of tar in bubbles will increase rapidly. Simulta- 
neously, the yields of gases and tar evolved from the coal 
increase rapidly. For the above temperature-time history, the 
metaplast formation reactions attain 99% of completion before 
the peak temperature is reached. By the time the peak tempera- 
ture is attained, the low residual concentration of metaplast 
results in  a high melt viscosity, which in turn inhibits bubble 
growth and tar removal from the particle. Thus, most of the tar 
remaining in the bubbles is decomposed to gases, resulting in a 
large gas hold-up in bubbles a t  longer pyrolysis times. 

As the metaplast formation reactions approach completion, 
the coal starts to resolidify and transport by bubble growth 
becomes less important. Some of the gases in bubbles may dis- 
solve back into the molten phase and gas release occurs by diffu- 
sion of dissolved gases through the melt. Even though the model 
allows for this mode of volatiles transport to the particle surface, 
their rate of diffusion through the melt is extremely slow. Thus, 
almost all gases formed at this stage of pyrolysis are trapped in 
bubbles. Once sufficiently connected porosity is reestablished by 
resolidification of the melt, these volatiles are transported to the 
particle surface by diffusion and hydrodynamic flow through 
pores. Since the present model does not treat volatiles transport 
through pores, any gas trapped in bubbles upon resolidification 
is assumed eventually to diffuse out of the particle after the reso- 
lidification. Metaplast remaining in the particle is either con- 
sumed in secondary reactions, if there is sufficient residence 
time at  high temperatures or is retained as liquid within the par- 
ticle as the coal cools down. 

The predicted variations in viscosity and the swelling ratio are 
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Table 3. Physical Property Cases Studied with the Model 
~~~ ~ 

Temp. Dependence in 
Vapor Pressure Correlation Viscosity Model 
- _ _  -~ __. _ _ _ _ _  _-__ 

Unger and Abbr. Temp. Full 
Case Maiorella* Suuberg* * Range!’ Temp. Range$ 

A X X 
B X X 
C X X 

‘Eq. 23, Table I .  
**Eq. 24.Table 1. 

tEq. 20, Table 1.  
SEq. 21,Table 1.  

shown in Figure 9b. After a rapid initial decline at  about 0.8 s 
the melt viscosity starts to increase a t  around 1.5 s, and the 
molten coal starts to resolidify. The predicted “plastic” period, 
i.e., where the melt viscosity is less than 2 x lo4 Pa . s, is about 
0.6 s, which is much shorter than the 0.9 s of plastic period mea- 
sured under similar conditions by Fong et al. ( I  985, l986a) as 
shown in Figure 10. With parameters employed, the model pre- 
dicts that metaplast depletion in the melt arises from rapid 
transport to bubbles rather than from secondary reactions. The 
shorter predicted plastic period thus implies that the metaplast 
vapor pressure is overestimated by Eq. 23 at temperatures 
higher than 600OC. 

Since the swelling is a result of bubble growth and plasticity, 
the rapid build-up of bubble volume during the plastic period 
causes the swelling ratio ( R p / R p o )  to increase. However, after 
the peak temperature is reached, the high melt viscosity inhibits 
further bubble growth and release. Therefore, the swelling ratio 
stays constant at 4.2 even though the bubble pressure is increas- 
ing due to higher gas concentration. 

The effect of the rate of the tar secondary reactions i n  bubbles 
on the extent of swelling and other pyrolysis behavior may not be 
as important as the impact of metaplast vapor pressure. Figure 9 
shows that the rate of tar conversion to gases, predicted by a sin- 
gle reaction model, is slow during heat-up and that most of the 
gases (3) are formed after the coal starts to resolidify. I f  thesec- 
ondary reactions of tar in bubbles occur rather rapidly during 
the plastic stage, the enhanced growth due to the resulting gas 
formation causes more bubbles to be released from the particle, 
thus lowering both the number density of bubbles and the 
amount of gas hold-up. Serio et al. (1983, 1987) found that data 
on homogeneous (vapor phase) cracking reactions of freshly 
formed coal pyrolysis tar were well correlated by a kinetic model 
based on three independent parallel reactions, involving distinct 
tar lumps of high, medium and low reactivity. The rate of tar 
cracking, predicted by their three-lump model is somewhat 
faster than corresponding predictions from the present single 
reaction model. On the other hand, the Serio et al. model predict 

a lower overall contribution of intra-bubble tar cracking to net 
gas production, since their three-lump model requires about 40 
wt. % of the tar vapor to remain unreactive under the present 
pyrolysis conditions. Therefore, the three-lump model may 
lower and thus improve the swelling predictions. 

Model predictions of yields of tar, metaplast 
and total volatiles 

Figures 1 l a  through 1 l c  compare the model predictions of 
total volatiles yields, tar yields, and the amount of metaplast 
remaining in the particle for the three cases in Table 3 to the 
corresponding experimental data from I-atm pyrolysis. Unless 
stated otherwise, the time-temperature history employed in the 
calculations was linear heat-up at I ,OOO°C/s, followed immedi- 
ately by natural cooling. The temperature-time history for the 
cooling period, Eq. 27, was derived assuming radiative and con- 
vective cooling of the screen; and the constants b, and b2 were 
obtained by fitting Eq. 27 to measured temperature-time histo- 
ries (Oh, 1985): 

Y3 
b, t > f p  (27) 

‘ = [ [ I  +&]exp[3b2( t - t , ) l  - 1 

where Tp and H ,  are the peak temperature and the heating rate., 
l,OOO°C/s; t ,  = (T ,  - T,)/H,; b ,  = 2.20 x lo-’’ K-’ . s-I; and 

The model predictions of total volatiles and of tar obtained 
using Maiorella’s vapor pressure model and a restricted temper- 
ature dependence for melt viscosity (Case A) are in the best 
overall agreement with experiment for the three cases consid- 
ered in Table 3. However, the correlation by Maiorella gives 

bz = 6.73 x 10-2~- i .  

Table 4. Effect of Vapor Pressure and Viscosity Correlation on Kinetic Parameters* 

Case A Case B Case C 

E l , , ,  kJ/kg - mol 90.9 67.4 183. 
I x 101~ k,,,,, 1 1 s  2.88 x lo6 3.20 x 104 

E,,,, kJ/kg . rnol 78.7 70.8 108. 
k,z.,, 1 /s 2.98 x 105 2.96 x lo4 3.48 10’ 
ff.2 0.053 0.284 0.205 
a,. Lcm 0.076 0.080 0.094 

AIChE Journal 786 

*From two vapor pressure models and two viscosity models. 
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higher metaplast vapor pressures a t  all temperatures, so the 
model predicts more extensive metaplast evaporation into bub- 
bles, resulting in a low melt concentration of metaplast and pre- 
mature resolidification of the molten coal. Furthermore, since 
most of the secondary gases are formed by tar cracking in bub- 
bles, this case causes the model to predict that a large fraction of 
the secondary gases end up trapped in bubbles (-7 wt. % a t  a 
peak temperature of 1 ,OOO°C). 

The correlation by Unger and Suuberg ( 1  983) does not give a 
sufficiently high vapor pressure to predict the tar yields a t  low 
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Figure 10. Measured apparent viscosity of Pittsburgh 

seam No. 8 bituminous coal under rapid heat- 
ing during 1-atm pyrolysis (Fong, 1986a). 

temperatures. As a result, the model predictions of integral 
yields of pyrolysis products a t  different peak temperatures do 
not fit the data as  well as Case A. However, a t  higher tempera- 
tures, use of the Unger and Suuberg correlation gives somewhat 
better model predictions of observed tar (Figure 1 1 b) and meta- 
plast (Figure l l c )  yields, implying that the actual vapor pres- 
sures may be lower than those predicted by the Maiorella model 
under these conditions. This would also mean that liquid-phase 
secondary reactions would have a more significant role in sec- 
ondary gas formation and in supplementing transport as a 
means of metaplast depletion. Thus, the form and temperature 
dependence of the vapor pressure correlation strongly affect how 
the model partitions metaplast and tar between the bubble and 
the molten coal phases as well as  what contributions from sec- 
ondary reactions the model assigns to each of these phases. 

With the viscosity correlation showing a full-range tempera- 
ture dependence (Case C), the model predictions of both tar and 
total volatiles yields are in poorer agreement with the data (Fig- 
ures 1 l a  and b) than the corresponding results using an abbre- 
viated temperature effect on viscosity (Case A). This finding is 
consistent with the changes in melt viscosity with time and tem- 
perature calculated by each correlation. Examples of the melt 
viscosities predicted by the model for all three cases a t  a heating 
rate of 448OC/s and a peak temperature of 76OOC are shown as a 
function of time in Figure 12. Again, this particular time-tem- 
perature history was chosen to compare the model predictions 
with measured values of an apparent viscosity shown in Figure 
10. The viscosity predictions for Case C show a sharp minimum 
a t  I .27 s, and the plastic period is much shorter than those for 
the other two cases. The attendant higher melt viscosities a t  
both low and high temperatures inhibit the growth of bubbles 
and, therefore, the model generally predicts lower volatiles and 
tar yields for Case C than for Case A. 

A longer plastic period and slightly slower rate of molten coal 
resolidification are predicted by using a correlation that gives 
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Figure 11. Yields of total volatiles, tar, and pyridine ex- 
tract from 1-atm pyrolysis with model predic- 
tions. 
Model predictions are for the three cases in Tables 3 and 4. 

lower metaplast vapor pressures (Case B vs. Case A, Table 3). 
This is expected since Case B favors more retention of metaplast 
within the liquid phase. Similarly, Case A predicts that resolid- 
ification of the coal occurs sooner (Figure 12), because of 
greater evaporative loss of metaplast to bubbles. Consequently, 
the predicted plastic period is shorter than the measured value. 
The predictions of viscosity with Unger and Suuberg’s vapor 
pressure model agree quite well with the measured viscosity. 
From this observation and the above effects of Case A vs. Case B 
on product yields, one can conclude that the true metaplast 
vapor pressure for this coal is more reasonably estimated by 
Maiorella’s model a t  lower temperatures (s6OOOC) and by 
Unger and Suuberg’s model a t  higher temperatures. 

It is encouraging that the correlation of temperature effects 
on melt viscosity, which gives better predictions of experimen- 
tally determined apparent viscosities of softened coal (Cases A 

I .  

1 2 3 
Time, s 

Figure 12. Predicted variations of viscosity of Coal melt 
at 1 atm, as coal is heated to 760°C at 448OC/s 
and held at that temperature. 
Kinetic parameters in Table 4, Case B, were used. 

and B), also gives better predictions of tar, metaplast and total 
volatiles yields. 

The model predictions of the extent of swelling range between 
4 and 4.4 for all three cases (Oh, 1985) which is roughly two to 
three times higher than expected. Observed swelling ratios of a 
single particle were found to range between 0.9 and 4, but 
mostly a t  around 2 (Essenhigh and York, 1965; Sung, 1978; 
Matsugna, 1978; Dolan, 1980; Lowenthal et al., 1986; Tsai and 
Scaroni, 1987). 

Model predictions of pressure, particle size and heating 
rate eflects 

Pressure Eflects. I t  is well known that softening coals show 
stronger effects of total external pressure on volatiles yield than 
nonsoftening coals (Howard, I98 I ) .  For example, Suuberg et al. 
(1978, 1979) and this work found that volatiles yield decreases 
with increasing pressure in bituminous coal pyrolysis, with most 
of the effect being a consequence of reduced tar yield. Volatiles 
and tar yields predicted by the present model a t  three different 
pressures are plotted as a function of peak temperature in Figure 
13. Unger and Suuberg’s vapor pressure model, Eq. 24, and the 
kinetic parameters listed in Table 4 (Case B) were used. 

An increase in external pressure on the particle means that 
the bubble pressure must be increased correspondingly to sus- 
tain a given growth rate since more work is required for bubble 
expansion. Similarly, for a given internal volatiles generation 
rate, the bubble growth rate will decrease with increasing exter- 
nal pressure. Simultaneously, the mole fraction of tar in bubbles 
declines because the partial pressure of tar in bubbles rises only 
modestly with pressure due to the Poynting vapor pressure cor- 
rection. Thus, the amount of metaplast transported by bubbles 
for a given mass of gas cotransferred decreases, and observed tar 
yield decreases. 

The predicted tar yields a t  vacuum are somewhat higher than 
the measured values a t  peak temperatures between 500 and 
7OO0C, as shown in Figure 14. The calculated tar yields a t  69 
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Figure 13. Model predictions of the pressure effect on 
total volatiles and tar yields. Calculations 
made for pyrolysis of softening coal heated to 
different peak temperatures. 

atm (Figure 13) are significantly lower than the experimental 
data (Suuberg, 1978). Thus, while the present model properly 
predicts the major qualitative trends in observed effects of pres- 
sure on pyrolysis yields, quantitative calculations of pressure 
effects require further analysis and model refinements. One 
such refinement is to model the effect of total pressure on the 
initial number density of bubbles, such as a lower initial number 
density at higher pressures. This modification will help over- 
come the inability of the current model to properly simulate 
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Figure 14. Comparison of tar and total volatiles from vac- 

Parameters from Table 4, Case B, were used for model prcdic- 
tions. 

effects of pressure on plasticity and may improve the model pre- 
dictions of volatiles yields at different pressures. 

The predicted final swelling ratios (RJR,)  at different peak 
temperatures and at three pressures are shown in Figure 15. 
Since the present model does not predict an effect of pressure on 
plasticity, predicted effects of pressure on swelling ratio reflect 
pressure effects on volatiles holdup in bubbles. At 1 atm and 
vacuum, the predicted swelling ratio exhibits a maximum at low 
peak temperatures (-600 and -5OO"C, respectively), decreases 
as bubbles are released from the particle, and then starts to 
increase again at peak temperatures above 7OO0C, where the 
rate of tar cracking in bubbles becomes significant. Above 
7OO0C, predicted swelling is reduced at vacuum than at 1 atm 
because faster bubble growth rates at vacuum cause more bub- 
bles to be released from the particle, leaving less gas to expand 
the coal particle. At high pressures, compression reduces the 
total volume of gases held up in bubbles and lowers the swelling 
compared to the 1-atm case. The predictions in Figure 16 imply 
that there are optimum pressures and peak temperatures where 
maximum swelling is expected. Improved predictions should be 
attainable when more information becomes available on plastic- 
ity, vapor pressure of metaplast, initial bubble number density, 
and the rate of bubble generation. 

At all temperatures studied, the number average molecular 
weight (MN) is between 0.3 and 0.35 kg/mol for I-atm tar and 
is about 0.05 kg/mol higher for vacuum tar (Figures 4a and 4b). 
The model can predict reasonably well the MW variations of 
1-atm tar with peak temperatures, but is unable to predict the 
decrease in molecular weight as pressure increases from 0.0001 
atm to 1 atm (Oh, 1985). Evaporation of high-MW metaplast at 
the particle surface is enhanced at low pressures. Even though 
the model includes this evaporative transport at the particle sur- 
face, almost all the metaplast is vaporized into bubbles and 
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Figure 15. Yodel predictions of swelling ratio as a fUnC- 
tion of peak temperature at different pres- 
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Figure 16. Heating rate effect on plastic period as coal is 
heated to 1,OOO"C at 100°C/s, 5OO0C/s, and 
l,OOO°C/s at 1 atm. 

leaves the particle via bubble growth, and the model does not 
predict the observed enhancement in high-MW metaplast yields 
a t  low pressures, The lower molecular weight of the tar from 
I-atm pyrolysis may also be caused by tar cracking in bubbles 
and outside the particle, and by changes in the MWD of meta- 
plast due to liquid-phase secondary reactions. Changes in the 
MWD of metaplast and tar are not included in the model. 

The model prediction of the MW of extract was less than 
satisfactory. The model, however, does offer an explanation for 
the MW trends observed experimentally for I-atm extract (Fig- 
ure 4a). The MW of extract is the average MW of metaplast 
plus tar in bubbles a t  the time of cooling and is related to the 
number density of bubbles, the vapor pressure of metaplast, the 
rates of metaplast, and tar secondary reactions. At low tempera- 
tures, lower MW metaplast components are depleted by trans- 
port to the particle surroundings, resulting in an increase in the 
MW of metaplast retained in the particle. At higher tempera- 
tures, liquid-phase decomposition of metaplast is faster than 
decomposition of tar vapor in bubbles. During cool-down, tar 
vapor remaining i n  bubbles is condensed and extracted with the 
metaplast. Thus, a t  higher temperatures, the extractables are 
enriched by these lower molecular weight tars and exhibit a 
lower MN. Experimental data on tar and extract yields, and on 
M W distributions for additional pyrolysis conditions would help 
better understand tar and metaplast reactivity and physical 
properties. 

Healing Rate Efsects. The effects of changing heating rate 
from 1 OO°C/s to 1 ,OOO°C/s on volatiles yields and on the tem- 
perature range, in  which the coal is plastic, were calculated with 
the model. At lower heating rates more metaplast is consumed 
in liquid-phase secondary reactions, since coal spends more time 
at the relatively lower temperatures where the competing meta- 
plast depletion process, evaporation into bubbles, is slow. At 
faster heating rates, coal particles are rapidly brought to tem- 
peratures where the rates of intra-particle gas and tar transport 
are significantly faster, causing the volatiles yields to increase. 
However, taking these phenomena together, the model pre- 

dicted a rather small effect of heating rate on volatiles yields 
(Oh, 1985). For example, the predicted total volatiles yields 
increased by 3.4% of coal on an as-received basis, while tar 
increased by 2.2% (same units) a t  a peak temperature of 
l,OOO°C when the heating rate was increased tenfold as noted. 
These predictions are not inconsistent with the experimental 
observations of Suuberg (1 977). Suuberg observed the decrease 
in total weight loss of 1% when the heating rate was reduced 
from 1 ,OOO"C/s to a range of 35O-45O0C/s. 

It has been experimentally observed that increasing heating 
rate has little effects on the coal softening point, but does shift 
the resolidification point to a higher temperature (Fong et al., 
1986, a, b, c). The model predictions of change in plasticity 
under different heating rates as a function of temperature (Fig- 
ure 16) are in accord with these observations. 

Partide Size Effects. Figure 17 shows the model predictions 
of the effects of changing particle diameter on total volatiles and 
tar yields for pyrolysis a t  1 atm at  different peak temperatures. 
Since smaller particles have larger external surface area per unit 
mass available for the growing bubbles to release their volatiles 
from the particle, the model predicts an increase in volatiles 
yields as the particle size decreases. Again the model predicts 
the correct trend, but exaggerates the decrease in tar yield with 
increasing particle size as  compared to the data by Suuberg et 
al. (1978). The spherical geometry of the model may be one of 
reasons for the overprediction. These calculations assumed that 
there were no spatial temperature gradients within the particle 
throughout pyrolysis. However, extension of the model to treat 
nonisothermal systems should present no fundamental prob- 
lems, although applications to engineering calculations would 
involve significantly more computational complexity. 

Conclusions and Significance 
A new approach to quantitative modeling of volatiles mass 

transfer within pyrolyzing particles of softened coal was devel- 
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Figure 17. Model predictions of the particle size effect 
on total volatiles and tar yields at 1 atm. 
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oped and tested. The model used the following crucial concepts: 
Bubbles, uniformly distributed throughout the molten coal 

continuum, grow by an influx of pyrolysis volatiles. 
This bubble growth plays a major role in intraparticle trans- 

port of tar and gases. 
The model predicts total weight loss and the yields of tar, gas 
and metaplast, and quantitatively described the physical trans- 
formations of pyrolyzing coal including swelling behavior of 
individual particles and the transient viscosity of the molten 
coal. 

The model is shown to provide realistic description of impor- 
tant chemical and physical processes in softening coal pyrolysis. 
Laboratory data on yields of tars, total volatiles, and pyridine 
extractables of chars, as affected by temperature and time, are 
well correlated. Predictions of effects of pressure, particle diam- 
eter, and temperature on tar and total volatiles yields, of effects 
of pressure on swelling ratio, and of effects of heating rate on 
plastic behavior are in good qualitative accord with expecta- 
tions. 

Previous models have not demonstrated capability for simul- 
taneously predicting volatiles and tar release rates, extractables 
yields, swelling, plasticity dynamics, and effects thereon of tem- 
perature, time, heating rate, particle size and total pressure. The 
last two variables are of increasing industrial importance due to 
expanding interest in developing and commercializing coal-fired 
pressurized heat engines, and pressurized equipments for elec- 
tric power generation by fluidized bed combustion cycles and 
integrated coal gasification combined cycles. 

The broad capabilities and satisfying performance of the 
present model arise because it accounts explicitly for: 

a )  Intra-particle coupling of volatiles transport and secondary 
reactions 

b) Transient plasticity of the reacting coal 
c) Intra-melt volatiles transport mechanism (namely expan- 

sion and surface escape of bubbles) that is significantly faster 
than liquid-phase diffusion 
The encouraging agreement of the model predictions with sev- 
eral experimental results from this and other laboratories sup- 
ports the essential validity of the modeling concepts and pro- 
vides strong incentive for further research to simplify the model 
mathematics and obtain reliable physical and chemical property 
data for applications to softening coal and other thermal plastic 
materials. 
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Notation 
a = bubble radius, m 

a = dajd t  = bubble growth rate, m/s 
aprc = pore radius, m 

b,,  b ,  = constants 
B, = mass of gases in bubbles, kg/kg original coal 

B,,, = mass of tar component i in bubbles, kg/kg original coal 
C& = equilibrium concentration of volatile i at the interface 

C, = average concentration of gas dissolved in molten phase, 

C, = average concentration of metaplast in molten phase, kg/kg 

between the molten coal and bubble phase 

kg/kg original coal 

original coal 

D,, = diffusivity of volatiles in liquid, m2/s 
D,, = diffusivity of tar in ambient gas, m’/s 
E,j = escape coefficient of bubbles of sizej from the particle, 

1 /s 
E, = escape coefficient due to gas diffusion to the particle sur- 

Em = escape coefficient due to metaplast diffusion to the particle 

H, = heating rate, l,OOO°C/s 
k = reaction rate constant, 1 /s 

k ,  = preexponential constants, l / s  
K, = growth rate of bubbles of sizej due to diffusion, l /s  
n, = number of bubbles of sizej per kg original coal 
P - ambient pressure, atm 

Pb = bubble pressure, sum of partial pressures of gases and tar, 

Pij = coagulation coefficient of between bubbles of size i and j ,  

P ,  I vapor pressure of metaplast, atm 
Rp = particle radius, m 

Rp = particle radius at f = 0, m 

face, l / s  

surface, I/s 

atm 

1 /s 

t = time, s 
T = temperature, K 
v = bubble mass, kg/kg original coal 

V: = amount of species i formed at time t = m, kg/kg original 

V, = amount of species i formed at time t, kg/kg original coal 
w = dimensionless bubble mass 

coal 

Greek letters 
6 = weight fraction of metaplast in coal melt 
y = dimensionless bubble radius 
p = melt viscosity, Pa 

po = mass density of coal, kg/m’ 
pa .= molar density of ambient gas, mol/m3 
pL = molar density of coal melt, mol/m3 
u = surface tension, N/m 

s 
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