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ABSTRACT

We have developed a model for coal devolatilization that incorporates
the diversity of coal structure in such a way that the analytical data
obtained from solid state NMR provides the initial input data. Using an
experimentally determined kinetic rate parameters, it is possible to fit
the gas, tar and char production of a lignite and high volatile bituminous
coal. We have employed percolation theory to provide analytical expres-
sions for the lattice statistics required in devolatilization modeling.
The percolation theory aliows one to avoid the more time consuming Monte
Carlo technique with no loss of generality or important statistical
features. Percolation theory analytically describes the size distribution
of finite clusters of sites joined by intact bridges but isolated from all
remaining sites by broken bridges. The theory specifies a critical bridge
population, depending only on the site coordination number, above which
infinite arrays will coexist with clusters of finite size. It is a simple
matter to adapt the structural features of percolation theory to both the
tar and gas obtained in coal pyrolysis. The infinite arrays of percolation
theory are interpreted as the macroscopic lattice of unreacted coal and/or
char while the relatively small tar molecules may be identified with the
fine clusters of percolation theory. The details of the model will be dis-
cussed together with the results obtained in modeling devolatilization

behavior of coals of various ranks.
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INTRODUCTION

A model for coal devolatilization, the chemical percolation
devolatilization (CPD) model, has been developed! that incorporates the
diversity of coal structure in such a way that the analytical data
obtained from solid state NMR provides some of the initial input data.
Using kinetic rate parameters reported by others2, it is possible to fit
the gas, tar, and char production of a 1ignite (Zap), and a high volatile
bituminous coal (I11inois No. 6). Percolation theory is employed to pro-
vide analytical expressions for the lattice statistics required in the
devolatilization modeling. Percolation theory allows one to avoid the time
consuming Monte Carlo techniques with apparently no loss of generality or
important statistical features. The straight forward computational tech-
nique is very efficient even on a small VAX computer as opposed to the more
time consuming Monte Carlo methods which have shown that appropriate lat-
tice statistics are important in coal devolatilization3.

The CPD theory analytically describes the size distribution of finite
Clusters of sites joined by intact bridges but isolated from all remaining
sites by broken bridges. In percolation statistics a critical bridge popu-
lation exists which depends only on the site coordination number, o, above
which infinite arrays will coexist with clusters of finite size. It is a
simple matter to adapt the structural features of percolation theory to

both the tar and gas obtained in coal pyrolysis. The infinite arrays of
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percolation theory are interpreted as the macroscopic lattice of unreacted

coal and/or char while the relatively small tar molecules may be identified

with the finite clusters of percolation theory.
EXPERIMENTAL

The devolatilization data is that reported by Serio, et. al.z, for a
heated tube reactor of advanced Fuel Research. The raw kinetic data was
kindly supplied by Serio and Solomon. The kinetic parameters used in the
model are those obtained by Serio, et. al.z, and are given in Table I. The
NMR data for the coals are from Solum, et. al.%. The initial and final

coal specific parameters are given in Table II.
RESULTS AND DISCUSSIONS

The details of the Chemical Percolation Model have been described by
Grant, et. al.l, and the details of the model will not be repeated. The
comparison of the theoretical simulations of the experimental data are
given in Figures 1 and 2 for the I11inois No. 6 and ZAP coals. The yields
of gas, tar and char/unreacted-coal are given as a function of reaction
time along with the corresponding predicted dynamical variables required
for the simulations. The success of the simulations is thought to be good
considering the number of parameters which were constrained from other

work. We are engaged in an assessment of the sensitivity of the simula-
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tions upon the several parameters and eventually hope with more experi-
mental data to employ multiregressional analysis of devolatilfzation data
as a way to determine an optimal set of parameters. The correlation matrix
between the several parameters is expected to enhance our understanding of
the manner in which these parameters interact to influence the model.
Several of the features observed for these diverse coals are note-
worthy and warrant comment in terms of the dynamical variables required in
the simutations shown in Figures 1 and 2. The contrast in the material
yields in both coals is quite apparent with the 1ight gas exhibiting the
typical exponential character, while the tar release exhibits a precipitous
release or "flooding" because of the non-linear percolation statistics
superimposed upon the multiexponential kinetic parameters which character-
ize the bridge-breaking processes. Even though the activation energy used
for tar formation is lower than that for 1ight gas release, considerable
light gas is produced before any appreciable amount of tar is released.
The “flood" of tar observed as the lattice begins to break down dramatizes
the importance of lattice statistics in the tar release process. While the
qualitative features are somewhat similar in both coals, significant quan-
titative differences may be observed in both material yields and the
dynamical variables plotted for the two coals. The relative release with

time of gas and tar have similar characteristics in both coals.
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The model accurately predicts the modest but measurable loss of
tar weight observed in the experimental data? after the initial "flooding"
of tar. The maximum tar weight corresponds closely in time with the com-
plete loss of labile bridges (see Figures 1 and 2). From this point on the
decrease in tar weight arises from the release of 1ight gases through con-
tinued cracking of the side chains as the material proceeds along the
heated tube reactor. The rate of gas release slows with time as the more
reactive bridge material is consumed in accordance with the distributed
activation energy submodel. It is worth noting that this model predicts
for both coals that a reasonably large side chain population will persist
in both the tar and char throughout the whole process, and as a result
1ight gases are released until the devolatilization is terminated at the
end of the reactor tube. The gas release during the latter part of the
process is not due to breaking of labile bonds with the accompanying
release of bridge material, as the labile bridge population is zero during
most of this latter period for the cases used in these simulations. Thus,
the tar cluster size is not changing during this period of the reaction,
but instead, the side chains are cracking to reduce the weight fraction of
both the tar and the char.

For reaction conditions under 800°C, which obtain in the heated
tube reactor experiments (Serio, et. al.z). the model predicts that a sig-

nificant fraction of side chains persist throughout the whole reaction and
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still exist even at the termination of the devolatilization process.

Inspection of the plots of dynamical variables indicate that it is the &
variable (side chains) which exhibits the most interesting excursions with
time rising and falling in concentration in the dynamical competition for
bridge material. It is interesting to note that even when all of the
labile bridges have been consumed and the number of char bridges have
reached their final population, the reactive side chain population is still
both appreciable and changing due to cracking of the side chain material.
The amount of side chain material produced in the disappearance of the
labile bonds is governed in part by the amount of transferable hydrogen.
Thus, the rate constant of the side chain bond breaking would include
explicitly the concentration of transferable hydrogen and a good test of
the model would be its ability to simulated hydroliquifaction data obtained
for various partial pressures of hydrogen.

The well known gas release occurring at early times is provided by low
activation energies due to the distributed activation features incorporated
1ﬁ the model. The model also indicates a "tar" mass fraction of a few per-
cent present at time zero in the unheated coals suggesting the presence of
extractables in coals at ambient temperatures.

Future work will focus on model refinements to include a transport
model. The molecular weight distribution of the tar is provided by
the model and we will compare experimental molecular weight distribu-

tion data of Suuberg5 with the theoretical predictions of the CPD model.
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Table 1

Kinetic P for Coal Devolatilizati

Parameter Yalue

Fitting Parameters  Literature Derived Values

Eb 55.4 Kcal/mole
Ap 4x 1019 sec’!
Vb 2 Kcal/mole
Eg 69 Kcal/mole
(69, 66,71 Kcal/mole)2
Ae 3x 1013 sec’!
(3.5,29, 2.6 x 1017 sec’lya
Ve 7 Kcal/mole
P 0.89 sec’l ®

a. Weighted average values for the Illinois #6 bituminous, Rosebud subbituminous, and Zap lignite coals, respectively.

b. AsEp and Ap can not be determined for the relatively small devolatilization temperature range affecting these data only a
single effective rate parameter for p may be used in this fitting.
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Table IT

Coal Specific Par

Parameter Zap Lignite Rosebud Sub-Bit

1l #6 High Vol. Bit.

Adjustable Fitting Parameter

o+ 1 8.8 (>4.4)

Parameters Set from NMR and Ultimate Gas Yield Data

o+1
Po (=£0)b 0.44
fgas(e=) © 0.55

Calculated Parameters from Fitted and Set Parameters

/o 0.13
(o +1)p,d 3.9
r=mp/my ¢ 0.28

8.8

0.45

0.46

0.13

4.0

0.19

(>4.1)

43
0.73

0.41

0.30
3.1

0.32

(43)a

a. NMR eslimates for ¢ given in parentheses.

b. The simulation value for £, which becomes p, under the assumption of ¢, = zero, are estimated reasonably reliably from
NMR data on the number of methyls and of side chains attached to an aromatic cluster.

c. Solomon's ultimate light gas yields may be obtained by summing the y; fromi=11to 17.

d. This quantity measures the number of intact bridges per cluster and is calculated from the above values of p, and 6.

e. Calculated from o and fgas(e0).

f. The NMR estimates for r given in parentheses.
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