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ABSTRACT

A general model ¥or coal devolatilization which combines a functionzi aroup
model for gas evolution and a statistical model for tar formation has bean
presented. The tar formation model includes depolymerization, crosstinking,
external transport and internal transport. The crosstinking is related to the
evolutions of COp and CHg, with one crosslink formed per melecui2 evolvad. The
model predictions compare faverably with a variety of data for the
devolatilization of Pittsburgh Seam coal and Norin Dakota (Beulah) lignite,
including volatile yields, extract yields, crosslink densities and tar molecular
waight distributions. The variations with pressure, devolatilization temperature,
rank and heating rate were accurately predicted. Comparison of the model with
several sets of data employing alternative assumptions on transport suggests
assuming that the particle is weil mixed (i.e. the surface concentration of tar
molecules is the same as the bulk) overpredicts the transport rate. For 50 gm
particles, assuming that the internal transport limitaticn dominates (3.e.
neglecting the external transport) provides a gond Tit te the data. The rank
dependence of tar format:on, extract yields, crosslinking, and viscosity appears to
be explained by the rank dependence of COp yields and its associzted crosslinking,
High COy yields in low rank coals produces rapid crosslinking at low temperatures
and hence thermosetting behavior, low tar yields, low extiract yields, ioss of
solvent swelling properties and high viscosities., The relative importance of
crosslinking comparad to bond breaking is, howsver, sensitive o heating rats ang
this effect is predicted by the mcdel. Areas for improving the model include:
1) refinement of the internal and external transport assumptions; 2) accounting
fer hydroaromatic structures and bridge structuras besides ethylene; 3) including
polymethylene “guest” molecules. )
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Advanced Fuel Research, Inc., 87 Church St., East Hartford, CT 06108 USA
INTROBUCTI&N

Coal devolatilization is a process in which coal is transformed at elevated
temperatures to produce gases, tar* and char. The combined chemical and physicai
processes in devolatilization have been reviewed by a-number of investigators
(1-6). Gas formation can often be related to the thermal decomposition of
specific functional groups in the coal and can be predicted with reasonable
accuracy by models employing first order reactions with ultimate yields (5-15). On
the other hand, tar and char formation are more complicated and success in

mechanistic modeling of tar formation has been more limited.,

Predicting tar formation is, however, important for several reasons. Tar is a
major volatile product (up to 40% of the DAF coal weight for some bituminous
coals). Tar yields vary substantially depending on reactor conditions (pressure,
heating rate, final temperature, bed geometry, particle size, etc.). In combustion
or gasification, tar is often the volatiie product of highest initial yield ard

thus controls ignition and flame stability. It is a precursor to soot which is

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

devolatilization.

* To whom correspondence is to be sent.
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important to radiative heat transfer, The process of tar formation is linksd %o
the char viscosity (16-19) and the subsequent physical and chemical structure of
the char, and so is important to char swelling and reactivity. Also, vecanss tar

molecules are sometimes minimaily disturbed cozl molecular fragmerts, primsry tars

provide important ciues to the structure of the parent coal (5,6,20).

It is generaliy agreed that the tar formztion includes tha following stzps:
1) depolymerization by rusture of weaker bridges in the coal macromolecule to
release smailer fragments which make up the “metaplast” (3,5,7,16,21-33): 2)
repolymerization (crosslinking) of metaplast molecules (3,5,7,16,21-33); 3)
transport of lighter motecules avay from the surface of the coal particlzs by
combined vaporization and gas phase diffusion (23,32); 4) internal transport of
lighter melecules to the surface of the coal particles by convection and diT7uzian
in the pores of non-softening coals (24,27,34,33) and liquid phase or bubble
transport in softening coals (17,36-38). Char is formed from the unraleased or

recondensed fragments. Varying amounts of lonsely bound “"guest™ molecules, usually

associated with the extractable material, are alsc released in devolatiiization.

The complexity of proposed devolatilization models varies substantially. They
can be divided into four categories. The simplest are the "Weight Loss Models”
employing 2 single rate (6,22,39-42), two rates (29,43), multiple parallel rates or
distributed rates (9,22). Thase models do not account for the variations in tar
yield with reaction conditions and a number of “Tar Formation Mcdels™ incorporating
retrogressive char forming reactions and mass transport have been proposed which
acceunt for such variations (16,21-33,37,44-49). A racent innovation has bezn the

description of the decomposition and repolymerization of the macromolecular network

using statistical methods (28,29,44-46,50,51).
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Most of the above models do not consider the evolution of gas species, which
have been treated in a number of "Species Evolution/Functional Group Models" as
parallel f%rst order reactions (5-13). More complicated "Comprehensive Chemical
Models” also describe the composition of the char and tar (3,5,6,11-13;33,48,49,

51).

The ievel of detail required in a model depends on its application. In
modeling combustion and gasification the simple "Weight Loss Models" have often
been employed. However, to predict the variations in yield with reactor
cenditions, the more complicated “"Tar Formstion Models" must be used. A case.can
also be made for employing "Species Evolution/Functional Group Models" or
“Comprehensive Chemical Models". For example, in predicting the energy released
from combustion of the volatiles it is important to know that for low rank coals a
high percentage of the volatiles may be non-combustible Hp0 and COp. For a North
Dakota lignite, the total of these two components can be as high as 35% of the
rapidly released volatiles which are important for ignition (6).. In addition, the
swelling, particle agglomeration properties, char reactivity, and char
fragmentation aré functions of the char ccmposition. Soot formation (which can

dominate radiative energy transport) is controlled by the tar amount.

In modeling liquefaction and mild gasification, knowledge of the chemical
makeup and molecular weight distribution of the soluble and volatile products is

essential, requiring the more complete "Comprahensive Chemical Models".

This paper presents a "comprehensive chemical model" for ccal devolatilization
which considers the evolution of gas, tar, char and guest molecules. The model is
gereral in its applicability to bitumirous coals, subbituminous coals and lignites

(employing rank <independent kinetic parameters), in its application to reactors of



ReHRITE PAPER 4/8% WP#44

widely differing heating rates (0.05°C/sec to 20,000°C/sec) and in its ability to

LY

predict the variations in tar yield with reactor conditions.

Two previously developed models, a Functional Group (FG) model (5,5,11-13) (s
“Species Evolution/Functional Group Model™) and a Devolatiltization-Yaporization-
Crosslinking (DVC) model (30,31,43-47) {2 “Tar Formation Model™) have been ceombined
as subroutines of what is now called the "FG-DVC" model (33,50,51). The OV
subroutine is employed to determine tha yield oV tar and the molecular waight
distribution of the tar and char. The FG subroutine is used tc describs the Qa5
evolution, and the elemental and functional group compositions of the tar and char.
Crasslinking in the DVC subroutine is <omputed by assuming that this eveot is
correlated with CCg and CHs; evolutions predicted in the FG subroutine. The
depandence of the yield of rapidly released COy (which is related to coal rank or
weathering) is the factor which controls the thermousetting or thermoplastic

behavior of coals.

The combined FG-DVC model was described in two previous publications (50,31)
and comparisons were made to a iimitad set of data. In this paper, a description
of internal transport has been added to the model. The model =quations are
presented and comparisons are made to a wider set of data. The paper also includes
a discussion of the assumptions, approximations and exceptions to the model znd 2
sensitivity analysis for the parameters of the DVC subroutine. The model

describes the processes of:

1) Depolymerization and Hydrogen Consumption
2) Crosslirking

3) External Transport

4) Internal Transport
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5) Gas Formation for all principal species
6) Tar Compositionr
7) Char Composition

The work presented here is limited to dilute phase reactions of small coal
particles where internal temperature gradients can be neglected. Secondary gas
phase reactions have been discussed alsewhere (6) and reactions of pyrolysis
products with a char bed and large particle effects have not yet been included.

Only reactions involving C, H, and 0 are discussed here.

A number of coal composition parameters and reactor parameters (pressure,
particle time-temperatuée history) are required to predict the pyrolysis behavior.
A substantial reduction in the number of parameters which must be measured for each
coal is made by the use of rank independent kinetic rates. These parameters have
already been determined using a wide variety of coals and reactors. This
simplification is a good first approximation to describe the kinetics of
individual evolved species and the functional group decompositions (5,6,49,52-55).
The properties predicted as a function of time, include: TAR - molecular weight
distribution, elemental and functional group composition, yield; CHAR - molecular
weight distribution, elemental and‘functiona1 group composition, yield, crosslink
density, extract yield; GAS - yields of individual light gas species. Results are

presented for a Pittsburgh Seam bituminous coal and a North Dakota lignite.
EXPERIMENTAL

Coals Examined. The two coals described in this paper are a Pittsburgh Seam
bituminous coal and a North Dakota (Beulzh, Zap) lignite. Samples of the

Pittsburgh Seam coal were obtained from the Pittsburgh Energy Technology Center and

-5
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the Argonne National iaboratory premium coal sample collection. Samples of thz
North Dakota (Beulah, Zap) Tignite were cbtained from the University of North
Dakota Energy Rasearch Center and the Argonne MNational Laboratory premium coal

sample collection. Data on the premium samples are presented in Ref. 56 and on

1
=
i

other two samples in Ref. 6. The FG-DVC model wzs also compared to data on

Pittsburgh coal samples from Refs. 7,16 and 22, and characterizations of Thzse

samples are presented therein.

Coal Characterization. The crosslink density was estimated using the
volumetric swelling technique developed by Larsen and co-workers (57-2%;. PFyridine
extract yields were obtained using a Soxhlet appzratus. Molecular weizht |
distributions of tars we}e obtained at SRI Intzrnational using the Fieid Ionization
Mass Spectrometry (FIMS) apparatus described by St. John et al. (80). Tar samplac
were collected from the pyrolysis apparatus and vaporized from 2 heated probe into
the FIMS apparatus. In addition, coal samples ware pyrolyzed directly in the FIMS

apparatus.

Apparatus. Pyrolysis experiments ware performad in several apparatusas which
have been described previously including: a hezted grid pyrolyzer {(5,12), a heated
tube reactor (6,12), and 2 thermogravimetric analyzer with analysis of evolves

products by Fourier Transform Infrared (FT-IR) Spectroscopy (TG-FTIR) (6,61).

GENERAL MODEL

Any general model of a process as camplicated as coal devolatilization must
of course be a gross approximation. However, there are many general trends which
have been observed in devolatilization. The trick in developing 2 model is to pick

a set of first approximaticns which best match the majority of these trends. Thare

-
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will of course be exceptions tc the trends. These exceptions can be treated as
perturbations to the first order approximation. Differencas in models occur
because of the subjective choice of what is a general trend and what is an
exceptien. The following discussion presents the authors' view of the general

trends and the exceptions.

The General Trends in Devolatilization.

The general model of coal pyrolysis is based on a number of observations whicn
have been previously made concerning coal pyrolysis. These are: 1) pyroiysis
species kinetics are insensitive to rank (5,6,11-13,52-55); i1) species amounts
vary with coal rank ané can be correlated with the coal's functionail group
compositions (5,6.14,15,48,49,52). The evolution of each species can be correlated
with the change in the corresponding functional group composition in the char
(5,6,52); iii) the primary tar composition is similar (except for a higher
concentration of methyl groups) to that of the parent coal for bituminous coals and
rapidly heated low rank coal (5,20,45,62-64); iv) tar yields are controlled by the
amount of donatable hydrogen and how efficiently it is used {5,6,20,46); and v)

crosslinking correlates with C0» and CHgq evolution (51,52j.

The genera! outline of develatilization based on these observations was
presented by Solomon and Hamblen (5) and Serio et al. (6). Fig. 1 from Ref. 6
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 1ight 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 Sclomon (20). It consists of



Figurel Hypothetical Coal Molecule During Stages of Pyrolysis.
(Reprinted from Reference 6 with parmission).
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aromatic and hydroaromatic ciusters linked by aliphaiic bridges. During pyrolysis,
the weakest bridges, labeled 1 and 2 in Fig. la, can break producing molecular
fragments (depolymerizaticn). The fragments abstract hydrcgen from the
hydroaromatics or aliphatics, thus increasing the aromatic hydrogen concentration.
These Tragments will be released as tar if they are small enough to vaporize under
typical pyrolysis conditions and do not undergo retrograde reactions befare
escaping from the particle. The two lightest fragments are labele¢ tar. The other
two fragments are shown to have repolymerized, producing a molecule which is too

tTarge to vaporize.

The other events during primary pyrolysis are the decomposition of functional
groups to release COZ,.Iight aliphatic gases and some CHg and HpQ. The release of
CH4,.C02, and Ho0 hay produce crosslinking, CHy by a substitution reaction in which
the attachment of a Targer molecule releases the methyl group, CO, by condensation
after a radical is formed on the ring when a carboxyl is removed and H»0 by the
condensation of two OH groups to produce an ether link' (labeled 3 in Fig. 1b). The
crosslinking is important to determine the release of tar and the visco-elastic

properties of the char.

The 2nd of primary pyrolysis occurs when the denatable hydrogens firom
hydroarcmatic or aliphatic portion of the coal are depleted. During secondary
pyrolysis (Fig. 1c) there is additional methana evolution (from methyi groups), HCN
fram ring nitrogen compounds, CO from ether links. and Hy from ring condensation.

These general concepts are incorporated into the combined FG-DVC model.

The Exceptions to the General Trends.

:

2. Polymethylene. The major exception to the trends described above is the
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presence of varying amounts (typically 0 to 9%, but in some cases 3s hign 3 13%)
of long chain aliphztics (polymethyienes). These have recently been report=d in
pyrolysis products by Neison (65), by Calkins and co-workers (66-65), and
referencas guoted therein. The chains appzar alone and attached to arcmatic
nucleii (85). ODuring devolatilization, the smaller molecules may be releasad
without bond brezking and the heavier molecules with bond breaking to contribute to
the tar. The presence of these polymethylenes makes the tar more alipnatic than
the parent coal. Further cracking of this material under more severe
devolatilization conditions produces ethylenz, propylene and butadisne from whizh
the concentration of polymethylenes may be determined (63). Prasently, tne

polymethylenes are included in the FG model as part of the aliphatic functional

group pool, which is assumed to decompose to produce gas products, not tar, [f the

amount of hsavy polymethylenes is determinsd, these can be computed as z ssparate
functional group pool with an appropriate relzase rate and sdded To the tar., The
modeling of polymethylene evolution will be the subject of a subsequent

publication.

b. Tar/Ccal Similarities. The general model assumed, a2z & first
approximation, that tar is derived frem material of the same average composition as
that of the parent coal. The model predicts that the tar is richer than the parant
coal in methyl groups {due to hydrogen stabilization) and poorer in the ragidly
removed functional groups. Evidence for this assumption is the similarities in
eiemental compeosition, infrared spectra and NMR spectra (5,20,45,62-64) betwezn the
primary tar and parent coal observed for bituminous coals. It was, howsver, noted
(5,45,70) that the infrared spectrum for a lignite tar was significantly different
from that of the parent coal. The tar is much richer in aliphatic groups and

poorer in oxygen functional groups. Freihaut ot al. have recently reportad &

~10-
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systematic increase in the tar hydrogen concentration with decreasing rank which

suggests a similar trend (71).

There are at least two reasons for this variation with rank. One reascn is
the influence of the polymethylene groups. As noted by Calkins (68), the
concentration of polymethylenes increases with decreasing rank (~4% for high
volatile bituminous coals ccmpared to ~8% for lignites). in addition, the tar
yield decreases with decreasing rank, (~6% for the North Dakota lignite compared
to  30% for the Pittsburgh Seam bituminous coal). The relative contribution of
the polymethylenes to the tar is therefore increased with decreasing rank. This
will lead to a higher aliphatic content and lower oxygen content for the low rank
coal tar. This effect.can be treated in the FG-DVC model by the addition of

polymethylenes to the tar as discussed above.

A second reason for differences in structure between the tar and parent coal
is that the extensive cresslinking in low rank coals is related to the carboxyl
grouﬁ concentration, which increases with decreasing rank. This crosslinking will
thus selectively repolymerize the fragments rich in oxygen, while those poorer in
oxygen are more likely to be released as tar. This effect has not as yet been

included in the model.

It is interesting to note an exception to the above observations. At very
high heating rates, the North Dakota (Beulah, Zap) lignite is observed to melt and
swell and produce a higher yield of tar which resembles the parent coal (13.30,31).
The high heating rate appears to reduce the effect of crosslinking, leading to
higher oxygen concentrations in the tar and to increased yields. Both effects

enhance the resemblance to the parent ccal.

~11-
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c. VYariations of Kinetic Retec with Rank. While the model assume:s rank
independent kinetic rates, there is a systematic variation of rate with rank. As
reported by Solomon and Hamblen (32), tha variation between a lignite and
bituminous coal results in a 50-75°C difference in the peak evolution itemperzturs
for most species (at a heating rate of 20 X/min). Systematic rank variation:z in

the rate constants can be added to the model if increased accuracy is desired,

d. Macerals. Individual macerals are not considersd in tnis medel. The
influence of the maceral concentration is assumed to occur througn its =ffect on
the average =iemental and functional group composition. If details on macerals
are desired then each maceral must be treated as a distinct molecular population

with its own functional group composition and molecular waight distribution.

z. Physical Properties of Mglecular Fragments. The general modelﬂnas
assumed that the vaporization and solubility of the molecular fragments are
functions of molecular weight alone. Eoth proserties are expected to depzrd on
functional group cecmpgsition. Such effects can be included as corrections ta the

vaporization law and solubility assumptions.
The Depolymerization-Vaperizaticn-Crosslinking (DVC) Subroutine Foimulation.

The OVC model has been described in a number of publications (30,31,44-
47,50,51). It predicts the tar yield, the tar molecular weight distribution, the
char yield, the char molecular weight distribution, the extract yield and the

crosslink density. The model had its beginning in a study of polymers
representative of structural features found in coal (44). The ebjective of that

study was to develop an understanding of coal pyrolysis by studying & simpler, more

easily interpretable system. The polymers were studied in a series of pyroiysis

-12-
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experiments in which tar amounts and molecular weights were measured. The theory
which was developed describes the combined effects of: 1) dapolymerization and
hydrogen censumption; 2) cross-linking; and 3) external transport. Recently, an
expression to describe 4) internal transport has been added to the model (33).
These processes, which are described below, are incorporated into a computer code

. which employs a Monte Carlo method for performing the statistical analysis.

Process 1. Depolymerization and Hydrogen Consumption. Bond cleavage in coal
is iikely tc be very compiicated, including homolytic cleavage, ipso substitution
(46) and hydrogen-transfer induced bond scission reactions (72) for a variety of
bond types. However, it has been observed that tar evolution is consistent with a
narrow distribution of a;tivation energies (5,6,12), which allows consideration in
the model of a single type of bridge (while acknowledging that other types may be
present). Also, the rate for tar formation from coal, kiap, (6,13) is in good
agreement with the rate, determined for the breaking of ethylene bridges between
naphthalene rings, kg. This kinetic rate, kg, (46) employs an activation energy
which is in agreement with resonance stabilization calculations (73,74) and an
overall rate which agrees with previous measurements on model compounds (75). 1In
view of these observations, a single type of bond (ethylene) undergoing homolytic

cleavage is assumed for coal as a simple approximation of the complicated behavier.

Bond cleavage is accompanied by the consumption of donatable hydrogens, H(al),
to cap free radicals, along with corresponding carbon-carbon double bond formation
at the donor site. In the poiymers which were studied, the ethylene bridges were
identified as a source of donatable hydrogen with the formation of a double bond
between the bridge carbons (46,47). The double bond formation was assumed to
remove a breakable bond. It should be noted that hydroaromatic groups are also a

source of donatable hydrogen with aromatization of the ring. However, for

~13-



ReWRIIE PAPER 4/838 Wr#4d

simplicity, the DYC model assumes all the coal's donatable hydrogens, whether fin
bridges or in hydroaromatic rings, are in bridges, i.e., H(al) = (2/23)Wp.  Tnis
approximation will produce some error in tar yield since a broken bond in 3

hydroaromatic ring will not be as effective as a broken bond in a bridge in

AR )

fragmentating the coal. But this effect will be compensated for, since H(al) s a
parameter which is determined for each coal fram a selected pyrolysis experiment.
H(al) could, in principle, be determined by FT-IR or NMR but not with sufficient

accuracy.

The equation describing the disappearance of labiie bridges in the char,

Wg (char), due to bond breaking and hydrogen donation is,

dWp/dt = -2kpWp (

—
—

The value for kg iz taken as the previously determined keapr (6. The rate of
decrease of labile bridges is twice the rate of bond treaking s.nce for =zch broken
bond, an additional 1abile bridge is converted %o z non-labile bridge with the
donation of hydrogen. By assuming that all the donatable hydrogens are in thz
labile bridges, the consumption of labile bridges and donatable hydragens occur
simultaneously. The redistribution of hydrogen creates source and 1033 terms,

dW; (DVC}/dt, in the equations for the char functional groups Wi(char), as will be

discussed with the FG part of the model (see Eq. 7).

Equation 1 only describes the loss due to bond breaking and hydrogen donation.
The loss of labile bridges due to evolution with the tar is computed in thz lVonta

Carlo celculation using the transport equations (Egs. 3 and 4) discussed below.

Process 2. Crosslinking. Crosslinking reactions are important in describing

-14~
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the rank and heating rate dependence of the tar mo1eéu1ar weight distributions and
yields. While crosslinking reactions were originally included in the DVC model
using adjustable parameters for the rate and amount (30,31,46), work has recently
been performed to define the reacticns which cause crosslinking (33,50,51). Under
the assumption that the crosslinking reactions may also release gas species, the
molecular weight between crosslinks {or crosslink density) measured by solvent
swelling was correlated with the observed evolution of all the major gas species
during pyrolysis. Likely candidates were CO, formation from carboxyl groups or
methane formation from methyl groups. Suuberg at al. (59) also noted that
crossiinking in low rank coals is correlated with C0, evolution. Both C0p and CHy
forming reactions may leave behind free radicals which can be stabilized by °
crosslinking. Condensation of hydroxyl groups to form water and an ether 1link is

also a possible reaction.

For a series of chars, the reduction in the volumetric swelling ratio in
pyridine was compared with CO, evolution for a North Dakota (Beulah) lignite and
CHg evolution for a Pittsburgh Seam bituminous ccal (50). The results are
presented in Fig. 2. The abscissa (parameter Z}, which is the cnange in the
volumetric sweiling ratio (VSR) between coal and char divided by the maximum change

is given by:
Z = (VSRegal = VSR char)/(VSReoa1 = VSRpin)

Z is 0 for coail and 1 for fully crosslinked char. Since the Tignite reaches
maximum crosslinking before the start of methane evolution and the Pittsburgh Seam
bituminous coal evolves little COp, correlations can be made separately between
crosslinking and CO; evolution in the lignite and crosslinking and CHa evolution in

the Pittsburgh seam bituminous coal. On a molar basis, the evelution of COp from

-15-
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Figare2, Measured and Caleulated Normalized Volumetric Swelling Ratio
(VSR), for Coal and Chars. a) Pittsburgh Seam Bituminous Coal Plottzd Against
the Methane Yield and b) Zap North Dakota Lignite Plotted Against C02 Yield.
V.S.R. iy is the Value Achieved when Crosslinking is Complete. The Chars

were Prepared in an Entrained Flow Reactor (EFR), 2 Heated Tube Reactor (HTR),

and a Thermogravimetric Analyzer with Evolved Product Analysis by FT-IR (TG-FTIR)
Described in Ref. 61.
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the iignite and CHgq from the bituminous coal appear to have similar effects on the
volumetric swelling retio. The results suggest that one crosslink is formed for
each COp or CHy molecule evclved. No correlation was observed between the
volumetric swelling ratio and tar yield for either coal. A correlation with water
yield appears valid for the North Dakota (Beulah) lignite, but not for the

Pittsburgh Seam bituminous coal.

it therefore appears that a correlation exists between gas evolution and
crosslinking, wnich permits the rates for crosslinking and the number of crosslink
sites to be related to rates and yields for gas evolution. The model assumes the
following expression for the rate of increase of the number of crosslinks, m per

gram of coal

dn/dt = Nolducop(gas)/dt + dHgym(gas) aS)/dt} o
44 16

where the rates, d¥;/dt, of evolution of COy and CHj per gfam of coal are

calculated in the FG subroutine. N, is Avogadro's number.

Again, a caution should be added that the reactions which have been sssumed
must be a gross simplification of 2 very complicated set of chemical reactions.
This is especially true for the crosslinks cccurring during methane formation,
during which time there is extensive bond breaking and crosslinking accompanying
tar formation. The inaccuracy in the description of this higher temperature

crosslinking event is gne of the present weaknesses in the model.

Process 3. External Transport. The external transport of tars from the

partvicle surface to the bulk gas by vaporization and diffusion through a gas

-17-
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boundary layer as in the original DVC model (44-47,50,51) is describezd with the
msdel of Unger and Suuberg {23). However, in the current paper, the modificd
expression for the vapor pressure law of Suuberg at sl. (32) is now used <o rapiace
that in the model of Unger and Suuberg. The rate of avclution per gram of coal,

(dnj/dt)ET, of oligomers of molecular weight My is given by

(dnj/dt)gT = (3/r§p)rDjx§ (P5/RT) (

(&L
~—

where r is the particle radius assumed to shrink with the cubic root of its mass
and ro is the initial particle radius, p1is the particle density,.X§ is the mole
fraction of species of molzcular weight Mj in the metaplast at the surface or the
particle, Pj is the vapor pressure for oligomers of molecular weight M (given by
Suuberg et al. (32), Dj is the gas phase difiusivity of specias of molacular weignt
"5 (44), R is the gas constant and T is the particle temperature.

In the previous work, it was assumed that ithe surface mole fraction, ;(ﬁ, WAL
the same as that in the bulk, )(?. That is, mass transport to the surface was not

a limiting factor.

" Process 4. Internal Transport. Uhen comparing the predictions of tre meodel
to available data assuming )(j = ){R it was Tound that tar yields were
overpredicted when devolatilization occurred at low temparatures. Thiz wes
observed for either low heating rate experiments (6) or experiments with rapid
heating to relatively low temperatures (16). As discussed in the Results Section,
it appears that the Tower yields were the result of ths additional transport

limitations within the particle.
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For softening coals, the internal transport mechanisms inciude: 1) the
transport of tar molecules through the liquid to the surface; ii) the transit of
bubbles containing tar from the interior of the particle to the surface; iii) the
transport of tars within the liquid to the bubbles; and iv) the stirring action of
the hubble evolution. For non-softening coals, transport occurs by; v) convection

and diffusion within the pores.

Mechanism i was treated by Suuberg and Sezer (36). The unknown factor is the
diffusion coefficient of the tar molecules in the 1iquid. The detailed modeling of
mechanisms ii and iii has been undertaken by several investigators (4,26,37,38).
Calculations for mechanism v have also been published (24,25,34,35). The mo&é]s
are complicated and require many assumptions. A commcn feature of mechanisms iii
and v is that tars are transported out of the particle with the Tight
devolatilization products which exit the coal via bubbles or pores. In Ref. 33,
the upper limit for this process was calculated. This limit, which occurs when
the tars achieve their equilibrium vapor pressure in the evolving gases, can be
tomputed with few assumptions. 1In this case, the rate of £ransport, per gram of
coal (dnj/dt)IT, for tar component i is proportional to the volume of gases

evolved, dV/ét. That is

(anj/dt) = P5 X} dv/dt (1/RT).

The volume of gases is proportional tc the number of gas molecules and the
temperature. It is inversely proportional to the pressure within the particle, P,

+ AP where Pg is the ambient pressure and AP is the average pressure difference

between the surface and the particle's interior. Then
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aV/dt =y (dnj/dtygas _ BT

i Py + 4P

where jg (d”i/dt)gas i5 the rate of production per gram of coal of gas components

iu

=
3

i summed over all gas and light tar species. For gas molecules, dnj/dt is taken
the rate of production given by the FG model. For Tight tar molecules dnj/dt is
taken as the total amount traﬁsported out of the particle as tar computed in tne
previous timeg step. For computational efficiency, the sum has been limited to
molecular weights less than 300 amu, since this accounts <or over 90% of the

volume. Combining the two equations with this approximation gives,

(eng/dt)ry = P3XG D (dng/dt) gy 1 (4)
i < 300 Py + P

AP is used &s an adjustable parameter which varies with the coal and experirental
conditions. For the nighly fluid Pittsburgh Seam bituminous cozl, in casesn yhere
Po is one atmosphere or greater, we have considered the uppar limit %0 thic rate

where Py >> AP. Then all the terms in Eg. 4 can be determined by the combi:ed

ik

=
i

FG-DVC model. This 1imit coincides with assumptions recently used by !} a in nis

FLASHKIN model for Pittsburgh Seam bituminous coal {(76).

While AP = 0 appears to be a good spproximation for Fluid coals at one
atmosphere or more, AP > 0 is expectad for simz coals and situations. AP s
proportional to the coal's viscosity and so, will become important for less fluid
coals. AP is also important when Pg is small, for Yarge particles and whan the

heating rates are very high.

an




ReWRITE PAPER 4/88 WP#44

Two possibilities have been considered for combining the internal and external
transportation. In an earlier publication (33), the internal transport term and
external transport term (withX3 =)(§) were assumed tc be in series. Then the
transport was controlled by the smaller term. The internal transport term was the
smaller for all pyrolysis cases that were considered and s0 it dominated. Inm
fact, calculations performed neglecting the external transport limitation where

almost identical to those made assuming the two terms to be in series.

Alternatively, a cese can be made that the total transport should be the sum

of Eqs. 3 and 4. The reasoning is that internal transport assumes the tars to be

in equilibrium with the escaping 1ight gases. It is more 1ikely that this
mechanism will transport the tars to the ambient gas than to the surface. In this
case, the mechanism considered in Eq. 4 transports the tars away from the surface

in parallel with the surface evaporization and gas diffusion considered in Eq. 3.

If the two terms are taken in parallel, it is again obvious that )(§ = )(3 is
a bad assumpticn. Not having a good method to determine XS, calculations were

made assuming that the external transport term can be neglected i.e.,

(dnj/dt) 4ota1 = (dng/dt) 17.

This provides an excellent fit to the data for 50 um diameter particles.

Therefore, for either parallel or series combinations of the transport temms,

it appears best to neglect the external transport. It is Tikely that the external
ransport term will be increasingly important for smalier particles, but this will
require better knowledge of the liquid phase diffusion coefficient, (mechanism i)

and the stirring action of bubbles (mechanism iv). The relative importance of the
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varicus internal and external transport machanisms is the subject of on-going

research.
Schematic Representation of BVC Model.

In the current DVC model, the parent coal is represented as a two-dimensional
network of moncmars (condensed ring clusters) linked by strong and weak bridges as
shown in Fig. 3a. The monomers are linked to form unbranched oligomers of langth
"¢" by breakable and non-breakable bridges (shown as horizontal single or doudle
1ines, réspectively in Fig. 3a). The monomers are represented by circles witit
molecular weights shown in each circle. The molecular weight distribution of the
monomers is assumed to be Gaussian and is aescribed by two parameters, Mavg {rean)
and ¢ (standard deviation). The breakable bridges (assumed ta be ethylens) are
represented by single lines, ithe unbreakable bridges by double lines, g
crossiinks per gram are added (as vertical double lines in Fig. 3a) to connect thne
" oligomers of length £ so that the molecular weight between crosslinks, M
corresponds to the value reported in the literature (77) for coals of similar rank.
The crosslinks form the branch points in the macromolecule. Unconnected "quast”
molecules (the extract yield) are obtained by choosing the value of 2. A large
value of ¢ will mean that & completaly connected macromolecule will be formed when
even & small number of crosslinks are zdded, leaving no extractable material. For
smaller values of £ some of the oligomers will be unattached after the croszlinks
are added and these are the guest molecules. The number of etaylene bridges, Ho,
(two donatable hydrogens per bridge) is chosen to obtain the appropriate velue for
total donatable hydrogen (i.e., to fit a selected laboratory pyroiysis expariment),

The remainder are non-breakable bridges whose carbons are counted with the

arcmatics carbons.



a. Starting Molecule

Guest Molecule

20 Pyridine

S
% Pyridine Soluble Insoluble
50

Molecular Welght (AMU) 4@50

Pyridine
Pyridine Soluble Insoluble |

4050

Pyridine .
Pyridine Soluble Insoluble

4050

Figure 3. Representation of Coal Molecule in the DVC Simulation and Corresponding
Molecular Weight Distribution. In the Molecule, the Circles Represent Monomers
(ring clusters and peripheral groups). The Molecular Weight Shown by the Numbers
is the Molecular Weight ¢f the Monomer Including the Attached Bridges. The Single
Line Bridges arz Breakable and can Donate Hydrogen. The Double Line Bridges are
Unbreakable and do not Donate Hydrogen. The Molecular Weight Distribution of the
Coal, Tar, and Chars are Showrn as a Histogram at the Right. The Histogram is
Divided into Tar and Char with Pyridine Soluble and Insoluble ¥ractions. The Area
Under the Histogram Corresponds to the Weight Percent of the Oligomers.
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The parameters M., £, Mavg and o determine the molecular weight distribution
of oiigemers in the starting coal molecule. A histogram showing the distribution
created by randomiy picking monomers to form oligemers of length £ and random]y
crosstinking them to achieve an average molzcular weight betwsen crosshnks, Mo, is
presentea at the right of Fig. 3a. The distribution is divided inte z pyridine
soluble portion below 3000 AMU (1ight shading) and a pyridine insoluble portion

above 3000 AMU (dark shading),

Figure 3b shows the moiecule during pyroiysis. The rates for bond brazking
and crosslinking are from the FG model and ars the same for all coals and all
experiments. Some bonds have broken, othzr bonds have been converted %o
-unbreakable bonds by the abstraction of hydrogen to stabilize the fres radicals and

new cross]inkﬁ have beern formed. To determine the change of state of the computer
molecules during a time step, the number of crosslinks formed is determined using
the FG subroutire, and passed to the DVC subroutine. Thes2 crosslinks are
distributed randomly throughout the char, assuming that the crosslinking
probability is proportional to the molecular weight of the»monomer. Tnen the DVC
subroutiﬁe breaks the appropriate number of bridging bonds znd calculates the
quantity of tar evolved for this time step using the internal and external
transport equations. The result is the coal molecule representation and the
melecular weight distributions shown in Fig. 3b. The lighter “tar molecuylzs®,
which Teave the particle according to the transport equations, are shown as cross
hatzhed. A fraction of the donatable hydrogsn is used to stabilize the tree
redicals formed by bridge breaking, creating two new methyl groups per bridoz wnd
the same fraction of breakable bridges is converted into (unbrgakable)

double~bonds.

Pl



ReWRITE PAPER 4/88 WP#44

Figure 3c shows the final char which is highly crosslirked with unbreakable
bonds and has no remaining donatable hydrogen. The histogram now shows only tar
and pyridine insoluble fractions. The extractables have been eliminated by tar

formation and crossiinking.

The output of the DVC subroutine is the molecular weight distribution in the
coal, its time dependent transformation during devolatilization and the evolution

of tar determined by the transport of the lighter components.

Salection of DVC Parameters.

The DVC composition parameters emploved for a Pittsburgh Seam coai and North
Dakota Tignite are summarized in Table I. The FG ccmposition parameters and the
kinetic parameters, which are fixed for all coals and experiments, are presented in
Table II. In Table I, there are eleven independent composition parameters. Three
parameters are fixed, the moiecular weight of the labiie bridges, M., the non-

labile bridges, My , and the pyridine extractable Timit, Mpg.

Eight parameters are coal specific, (i.e., fixed for each coal, for all
conditions) and must be determined by some measurement. Mc and ¢ are determined
experimentally for each coal by the measured molecular weight between crossiinks
and the pyridine extract yield, respectively. The weight fraction of carbon in
nucleii and non-breakable bridges, Wy, is obtained from the F& model and is equal
t¢ the non-volatile carbon., This value is, in principle, determined for each coal

from a single pyrolysis experiment. In practice, several experiments are
performed. The number of potential crosslink sites, m(COy; and m{CHg), are
proportional to the total yield of COp and the total yield of CHp, respectively.

Wg»> Mayg, and o are determined by using the model to fit selected pyrolysis
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Table II - Kinetic Rate Coefficients and Species Composition Parameters for FG Subroutine.

e i
(o 0821 0.665
H 0056 0048
N 0017 0011
S(organic) 0024 0.011
0o 0.082 0265
iotal 1.000 1.000
Y; COy extra loose carboxyl kl =0.81E+13 exp((22500+1500YT) 0.0C0 0.065
Y°2 CO, looss carbozyl k2 =0.65E+17 exp(-/33850+1500¥T) 0007 0.030
Y o, tight ky =011E+16 exp(-35315:2000)T) 0005 0005
¥, HpOloose hydroxyl k, =022F. : exp(300Gu=1500YT) 0012 0.062
Y, HoOtight hydroxyl ko =017E+14 exp({32700:41500)T) 0012 0.033
Y. CO etherloose ks =014E+19 exp(-{40000:6000)T) 0.050 0.060
¥, COethertight ether O k, =015E+16 exp{-(40500+1500)T) 0.021 0.038
Y; HCN loose ks =017E+14 exp{{300001500YD) 0.009 0.007
Y’g HCN tight k. =C.69E+13 exp(-(42500:4750YT) 0.023 0013
Y:, NHz k) 5 =012E+13 exp(-(27300+3000)T) 0.000 0.001
Y‘u CEy aliphatic H(al) k.Ll =0.84E+15 exp((30000150C)VT) 0207 0102
Y;?. methane extra loose methoxy k_|2= 0.84E+15 exp((30000+1500)T) 0.000 0.000
Y;. 3 methane loose methyl }!13 =G6.75E +14 exp(H30000+2000¥T) 0.020 0.017
¥4 methane tight methyl 4 =034E+12 exp(-(30000:2000/T) 0015 0.009
¥ls X aromatic H(ar) k| - = 010E+15 exp(-(40500:6000)'T) o013 0017
Y°1  methanol = 0-00E+00 exp(-{30000:0)'T) 0.000 £.000
¥); CO extra tight ether O K, 7 =0.20E+14 exp(45500:1500'T) 0.020 0090
Y;.S C nonvolatile Clar) k18 =0 0562 0.440
¥ig S organic Doz oo

1.000 1.000
x ar kB= kT =086E+15 exp(-(27700ﬂ506)f1')

a. The rate equation is of the form k , =k exp{-(E/R)}{(

The ¢ desigrates the spread in activation energies in a Ganssian dishibution.

o/B)YT, withk, ins-l ,E/RinK and o/RinEK
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experiments. The value of Wp is adjustable o 7it the tar yield or total wolatile
yield from one or two selected experiments. In principle, Wp could he mzasurad by
FT-IR or NMR but not with sufficient accuracy for this highly sensitive DaATAmEer,

The values of My,q and o are chosen based on FIMS analysis of the coal. My, can

1

be determined from the average cluster size dztermined by NMR (73,79). The value
of 256 chosen Tor both the lignite and bitumincus ceal is in reasonable sgrez-ent

with these reported by Solum, et al. (79), 290 for Zap and 300 for thz Fi Lsauran

Seam coal.

One parameter, AP is adjustable and can vary with each type of experiment.
For fluid coals at pressures above one atmospherz, AP =0. For low esternial

pressures, less fluid coals, Targe particles or nigh heating rates, AP : 0,

There are three dependent parameters which are computed From the other
parameters, the weight fraction of peripheral groups, Wp, the donatable hydregen,

H(al), and the number of initial crosslink sites per monomer, Mg e
Functional €roup (FG) Model Formulation.

The Functional Group (FG) model has been described in a number of publiications
(5,6,11-13). It permits the detailed prediction of the composition of volatile
species (gas yield, tar yield and tar functional grour and elemzntal composition)
and of char (elemental and functional group composition). It employs coal
independent rates for the decomposition of individual assumed functionzi groups 11

the coal and char to produce gas species. The ultimate yields of each gas specis

1]

)

1

are related to the coal's functional group composition. Tar evolution fis 2
paraliel process which competes for all the functional groups in the coal. In the

original FG model, the potentiail tar forming ¥raction of the coal, X°, was an input
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parameter which was adjusted for each coal and type of experiment. In the combined

FG-DVC model, the DVC suoroutine provides this parameter.
Schezatic Representation of FG Model.

The mathematical description of the Functional Group pyrolysis model has been
presented previously (5,6,11-13). The evolution of tar and 1ight gas species
provides two competing mechanisms for.removal of a functional group from the coal:
evolutior as a part of a tar molecule and evolution as a distinct gas species.
This process is shown schematically in Fig. 4. To modei these two paths, with one
path yielding a product which is similar in composition to the parent coal, the
coal is represented;as a rectangular area with X and Y dimensiéns. As shown in
Fig. 4a, the Y dimension is divided into fractions according to the chemical
composition of the coal. Y9 represents the initial fraction of a particular
component {carboxyl, aromatic hydrogen, etc.) and the sum of the Y?'s equal one,
The evolution of each component into the gas (carboxyl into C02, aromatic hydrogen

into Hp, etc.) is represented by the first-order diminishing of the Y5 dimension,

dYi/dt = -kqYj.
The X dimension is divided into char, X, and tar, (1-X); initially X = 1. The

evolution of the tar is represented by the decreasing of the X dimension, dX/dt,

computed in the DVC subroutine as

The fractional amount of a particular functional group component in the char is

wi(char) = X-Y;
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Figare 4. Schematic Representation of Functional Group (FG) Model.
a) Initial Coal Composition, b) During Tar Formation, ¢) Completion of Tar
Formation, and d@) Completion of Devolatilization.
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and the amounts in the gas and tar may bz obtained by integration with respect to

time starting from t = 0:

Secondary reactions such as further decomposition of aliphatic species to form
olefins, acetylene, and soot modify the basic equations. Some of these have been
described elsawhere (6). These types of secondary reactions are not considered in

the current paper.

Figure 4a shows the initial state of the cocal. Values for YQ are obtained
from elemental analysis and FT-IR analysis of the raw coal, or from analysis of the
products of one or two selected pyrolysis experiments. Figure 4b shows the initial
stage of devolatilization, during which the most volatile components, Hy0, CO-
loose, and COp evolve from the hydroxyl, ether-loose, and carboxyl groups,
respectively, along with aliphatics and tar. At a later stage (Fig. 4c) CO-tight,
HCN and Hy are evolved from the ether-tight, ring aitrogen, and aromatic hydrogen.

Figure 4d shows the final state of the char, tar and gas.

The evolution of gas and the composition of the char and tar are then

described mathematically as follows:

Process 5. Gas Formatien. The evolution of esach gas species is assumed to be

a first order reaction,
dW;(gas)/dt = kiWj(char) = kiXY; (5)

where, dWj{gas)/dt is the rate of evolution of species { into the gas phase, kj is
a distributed rate for species i and Wj(char) is the functional group source
remaining in the chaer. The concept of the distributed rate was introduced by Pitt

{80) and subsequently employed by Rennhack (81) and Anthony et al. (22) to describe
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weight loss. Hanbaba et al. (32), Juntgen and van Hesk {23), Heimer and

Ngan (9) and Solomon et al. (12) empioyed distributed rates for individual spacies,
In the FG subroutinz, k; is given by an Arrhenius expression

ki = kQexp(-{E4 + 03)/RT) wiere + o indicates that a Gaussian distribution is
employed to describe the product sources, Wi(E;), as a function of the activation
energies Ey (5,9,12,22). Wj(E;) = (W9/ o V27 Jexp (-{E5-E9)2/2 04525, EF is the

average activation energy end 4 13 the width of the Gaussian distribution.
Note that Wj{char) also is decreased by its evolution with the tar,

Process 6. Tar Formation. The tar composition is tracked by summing the
functional group contributions evelved with the tar. The rate of avolution of each

centribution is:

dWi(tar)/dt = -(dX/dt)v; (

(o3}
—

where dWi(tar)/dt is the rate of evolution of each functional group component with

the tar.
Process 7. Char Formation. The change in the iy char pool, Wi(char), is
computed by summing the losses to the gas and tar and the redistributions

determined in the DVYC subroutine,

d¥Wj(char)/dt = -dW;(gas)/dt - dWj(tar)/dt + duW;(DVC)/dt {

-l
~—

where dWi(DVC)/dt includes the source and loss terms from the DVC model, given av

(30/28)kghp, (2/28)kpHp, (24/28)kgWp and -2kpWp for methyl, aromatic H, aromatic C

L)

and labile bridge functional groups, respectively.
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The general rates and specific composition parameters for Pittsburgh Seam coal

anZ North Dakota lignite are presented in Table II.
Schematic and Execution of FG-DVC Model.

Figure 5 presents a schematic of the lirked model for a simple case of only
one gas species. The combined model connects the upper (DVC portion) and lower (FG
portion) parts of Figs. 5a-5d. The model is initiated by specifying the Functional
Group composition parameters (Wg, Wy and, in this case, only one gas species
parameter, wp) and the coal structure parameters (starting oligomer length, £ ,
number of added crosslinks, my, and the monomer molecular weight distribution
parameters, Mavg and.¢ ). The starting molecular weight distribution of oligomers
1s presented at the top of Fig. 5a. The monomers are assumed to have the average
elemental and functional group composition given by the FG parameters. The
functional groups are divided into pyridine soluble and pyridine insoluble parts.

tach computer simulation considers coal to consist of a network made from 2100-2400

monomers.

Once the starting distribution of oligomers in the coal is estabiished, it is
then subjected to a time-temperature history made up of a series of isothermal time
steps. Each time step is chosen so the temperature rise in each step does not
exceed a fixed maximum. During each step, the gas yields, elemental composition
and functional group composition are computed using the FG subroutine. The €02
and CHy yields are used to determine the number of new crosslinks to be randomly
added to the molecule. The molecular weight distribution, the escape of tar
molecules and the re-distribution of hydrogens and carbons from the labile groups
is computed with the DVC subroutine. Figure 5b illustrates tar formation
simultaneous with gas formation. The labile bridges are either evoivgd with the

tar, converted to methyl groups (and thus added to the peripheral groups) or
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Figure 5. Schematic Representation of the FG-DVC Model Combining
the DVC and FG Subroutines. The FG Subroutine is lustrated for a
Single Gas Species Only. The Are

a Under the Histogram Corresponds
to the Weight Percent of the Oligomers.
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converted to unbreakzble bridges (and thus added to aromatic and CH groups). Tar
formation is complete (Fig. 5c) when all the labile bridges are consumed.
Devolatilization $s completed (Fig. 5d) when all voiatile functional groups (in
this case the single gas species represented as peripheral groups) are removed from

the char.

The model has been programmed in Fertran 77 and runs on the Sun Microsysiems
37260 and 3/50 computers. Run times on a Sun 3/260 are between 83 and 550
sec/simulation for 2100-2400 monomers. A streamlined version of the code designed
to run as a subroutine in a comprehensive combustion or gasification reactor
simulation employs from 400 to 800 monomers and requires approximately 10

sec/simulation for the pyrolysis of a single particie.
Summary of FG Subroutine Assumptions.

(a) Light gas species are formed from the decomposition of specific
functional groups with rate coefficients which depend on the functional group but
are independent of coal rank. The evolution rate is first or&er in the remaining
functional group concentration in the char. The rates Tollow an Arrhenius

expression with a Gaussian distribution of activation energies (5,12,22).

(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 which consist of a representative sampling of the functional group ensemble.
These fragments may be transported out of the coal particle to form tar. The

instantaneous tar yield is given by the DVC subroutine.
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(¢} 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, (2.9., the rate Tor methane
formaticon frem methyl groups in tar is the same as from methyl groups in the char)

Summary of DVC Subroutine Assumptions.

(d) The oligomer length, £, the numbar of crosslinks, my, and the fraction
of labile bridges, Wp, are parameters of ithe model, chosen to be consistent with

the coal's measured extract yield, crosslin density and volatile yield in selected

calibration experiments.

(e) The molecular weight distribution is adjusted so that the model
predictions fit the observed molecular weight distribution for that coal , measured
by pyrolysis of the coal (in vacuum at 3°C/min to 450°C) in a FIMS apparatus (60).
Molecular weights 106, 156, 206, 256, 306, 356 and 406 (which are 1,2,3,4,5,6 and 7
aramatic ring compounds with two methyl substituentg) are considered as

representative of typical monomer molecular weights,

(f) During pyrolysis, the breakable bonds are assumed to rupture randomly at
a rate kg = Kgap, described by an Arrhenius expression with a Gaussian distribution
of sources as a function of activation energies. Each rupture creates two Tree
radicals which consume two donatable hydrogens to form two new methyl groups and
convert two mere donatable hydrogens to two zromatic CH groups. Ozymzthylene
bridges, which may be important for low rank coals, have not been modeled altnough

a second ciass of labile bridges could easily be added.

-36-



TLOr AFER eIV LY

(g) A1l the donatable hydrogens are assumed to be located in the labile
bridges. Two donatable hydrogens are available at each bridge. The consumption of
the donatable hydrogen corverts the bridge into an unbreakable bridge by the

formation of a double bond. The unbreakable bridges are included in the aromatic

hydrogen and aromatic carbon functional groups.
(k) Tar formation continues until all the donatable hydrogens are consumad.

(i} During pyrolysis, additional unbreakable crosslinks are added at a rate
determined by the evolution of CHy and C0Oz. One crosslink is created for each
evolved molecule. The rates of CHyq and COp evolution are given by the FG

subroutine.

(j) The crossiinks are distributed randomly, with the probability of
attachment on any one monomer being proportionai to the molecular weight of the

monomer.

{k) Tar molecules are assumed to vaporize from the surTace of fhe coal
particle (or into bubbles) with a molecular weight and temperature dependence based
on the vapor pressure correlation of Suuberg et al. (32). The external transport

model is based or the surface evaporization model of Unger and Suuberg (23).

(1) To describe internal transport, a simple empirical expression (Eq. 4) is
used to describe both bubble transport in softening coals and convective transport

through pores in non-sottening coals. The tar is assumed ‘o be transporied at its
equilibrium vapor pressure in the light gas species. The pressure increase which

drives the transport within the particle, AP is between 0 and 0.2 atm for the
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bituminous coal and between 0 and 10 atm for the Tignite, depanding on zhe

experimental conditions.

(m) Extractable material {in boiling pyridine) in the char is assumzd to
consist of all molecules less than 3000 AMU. This limit can be adjusted depending
on tne soivent and extraction conditions,

{n} The molecular weight betwsen crossiinks, M., is computed to bz the total
molecular weight in the computer molecule divided by the total number of crosslinks.

This assumption will underestimate M. since broken bridges are not considered,

RESULTS

The model predictions have been ccmpared to the resulis obtained from & number
of experiments on the pyrclysis of a Pittsburgh Seam coa? {€,7,16,22) and o forth
Dakota (Beulah, Zap) lignite (6.51}. The cozl composition and kinetic parametars
are presentad in Tables I and Il. it shouid be noted that different samples of
Pittsburgh s2am coal from different sources were employed. While the olemental
compositions were simiiar, extract yields varied degending cn the sample sourcs,
The oligomer length in Table I was chosen to fit an extract yield of 30% for the
Pittsburgh Seam coal and 1% for the lignite. Comparisons are considersd for qas
yields, tar yields, tar molecular wzight distributions, extraci yields and

volumetric swelling ratios.

Velatile Yields. Extensive comparisons of the FG model with gas yields have
been presented previously for high and low heating rate develatilization
experiments (5,6,11-13). The evolution of gases for the combined model is similar

to results of the FG model and will not be repzated here. There is good agreement

-
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between the measured and predicted results., The Functional Group parameters and
the kinetic rates used for this work for the Pittsburgh Seam coal and North Dakota
(Zap) lignite are principally those determined previously and published in Ref. 6.
The methane parameters for the Pittsburgh Seam coal were, however, adjusted
(methane X-L = 0.0, methane-L = 0.02, methane-T = 0.015, unchanged) to better match
yields of Refs. 5,6 and 7 (see Fig. 20c in Ref. 6). Also note that the CHy-
aliphatic rate in Ref. 6 applies to the observed gas species (paraffins, olefins,
CoHg CoHp) only. The aliphatic material in the labile bridge part of the
aliphatic groups is assumed to be made up of bridges which volatilize only when
attached to a tar molecule (i.e., ki = 0). Also, the rate for COp-1oose has been
adjusted to improve the predictions of the change in tar molecular weight
distributions and yield with heating rate. The'predictions o7 gas yield due to
this change have not been chanced noticeably. The predicted values of X0 from the
DVC subroutine vary with heating rate and final temperature and are in qgood

agreement with the values of X° used in the original FG model.

Extract Yieids. Figure 6 compares the FG-DVC predictions to the data of Fong
et al. (16) on total volatile yield and extract yield as a function of temperature
in pyrolysis at 0.85 ATM. The experiments were performed in a heated grid
apparatus at heating rates of approximately 500°C/sec, with variable holding times
and rapid cool down. The predictions at the two higher temperatures (Figs. 6c and

6d) are in excellent agreement with the data.

The initial predictions for the two lower temperature cases, which negiected
internal transport limitations, were not good. The dashed 1ine din Fig. 6a shows
the predicted yield in the absence of internal transport limitations (i.e.,
(dnj/dt) T = 0 and with )(§‘=,X§ in Eq. 3). The predicted ultimate yield is

clearly too high. The data sﬁggest that the Tow yislds are not a result of
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Figure6. Comparison of FG-DVC Model Predictions with the Data of Fong
et al. (18) (symbols) for Pittsburgh Seam Coal. a) 813 K @470 K/s5,b) 856 K @
446 K/s,¢) 992 K @ 514 K/s, and d) 1018 K @ 640 K/s. P = 0.85 atm. The Solid
Line Assumes Transport by Eq. 4 (AP = 0 atm) and no External Tra.nb;t)ort
The Dashed Line in 6z Shows the Predicted Yield Assuming 7 5=

in Eq. 3 and no Internal Transport Limitations. i
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unbroken bonds (which would result from a lower bond breaking rate, kg), since the
extract yields at low temperatures are equivalent to those at the higher
temperatures. The coal molecule thus appears to be well decomposed, the low yields
resulting from poor transport out of the coal. This suggested an additional
transport limitation in getting molacules to the surface, so Xﬁ =,Y3 appears to be

a bad assumption.

Equation 4 was employed for the internal transport rate and surface
evaporation by Eq. 3 was assumed to be unimportant ()(§ = 0). Then, Wg had to be
slightly readjusted from 0.096 in Ref. 50 to 0.094 to match the 1018 K case. This
new value of Wg was used for subsequent cases. The predictions with this
assumption are the soiid lines in Fig. 6. The internal transsort limitation is
most important when pyrolysis occurs at low temperatures and 1{EBt dnj/dt in Eg. 4

is small.

There still is a discrepancy between the prediction and the data at early
times for the two lower temperature cases (Figs. 6a and 6b). While it is possible
that the rate kg for bond breaking is too high, adjustment of this rate alone would
significantly lower 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 (6). Another possibility is that the coal particles heat more slowly
than the nominal temperatures given by Fong et al. (16). Such an effect could be
caused by having some clumss of particle which would "eat more siowly than isolated
particles, by reduction in the convective heat transfer due to the volatile
evoiutian (blowing effect), or by endothermic tar forming reactions. A firm
conclusion as to the source of this remaining discrepancy cannot be drawn without

further invectigation.
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It is also seen in Figs. 6a «nd 6b that ihe crosslinking rate is hignzr than
predicted. This can be dus to othzr crosslinking events not considerzd. These

possibilities are currently under investigaticn.

Crosslink Density. 7o examine the effect of coal rank on crosslinking, the
volumetric swelling ratios (VSR) for North Dakoiz (Beulah, Zap) lignite and
Pittsburgh Seam bituminous coal were measurad as a function of temperature at
0.5°C/sec. The YSR can be related to the croszlink density (77). The swelling
data are plotted in Fig. 72 as 1-Z, where Z is the change 1in VSR between coal and
char normalized by the maximum change. For cozl, Z is 0 and for complztely
crosslinkad char, Z is one. While the weight Toss profiles of the two sample: look
similar at 0.5°C/sec, the sweiling behaviors in Fig. 7a are quite different. The
Pittsburgh Seam coal starts to crosslink during tar evolution and the Bzulah
lignite crosslinks well before tar evolution. Similar results nava besn reporiazd
by Suuberg et al. (59) who also suggested a correlaticn betwesn crosslinking in
lignites and CO02 evolution. The coals which underge early crosslinking are lass
fluid, produce less tar and produce lower molecular weight tar compared with coals

which don't experience early crossiinking (30,31,44).

As discussed previously, under the assumption that the crosslinking reactions
may also release gas species, the VSR was correlated with the observed evolution of

gas species during pyrolysis. Correlations pressnted in Fig. 2 show that on

it

molar basis, the evolution of COz from the lignite and CHy from the bituminous coal
appear to have similar effects on the VSR, Reactions which form these gases, leave

behind free radicals which can be stabilized by crosslinking.

Assuming that one crossiink is formed for esach COp or CHy evolved from the

char, the FG-DVC model predictions are presented as the lina2s in Figs. 2 and 7.

o
ro
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Figare7. a) Comparison of Measured and Predicted Normalized Volumetric
Swelling Ratio as a Function of Temperature. Solid Line is the Prediction of
Beulah Lignite, Dashed Line is for Pittsburgh Seam Coal. The Crosslink
Efficiency of CO9 is 1.0. b) Effect of Crosslink Efficiency of COp on the Normalized
Volumetric Swelling Ratio Profile with Temperature. For a) and b) Heating Rate
is 0.5°C/sec. AP =0 atm.
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The agreement betwzen thecry and experiment is good except that the incrazse in 7
for the Pittsburgh Seam coal in Fig. 7a is not predicted. This may be relzted to
the restrictions of assumption (n). The predictions in Fig. Za are different from
those originally presented in Ref. 50. In Ref. 50, the valus used for V3Rmin was
not appropriate for the fully crosslinked molecule. This error has now been

corrected.

In Fig. 7b, the effect of varying the CCy crosslinking efficiency is
considered. The Tigure shows cases calculated for the tignite assuming U, 0.5, and
1.0 crosslinks are formed per COy avolved., Varying this assumption has & major
effect on the early crosslinking of the lignite. Assuming that the crosslinking

efficiency per CO; is 1.0 gives the best agreement with the data.

The difference in crosslinking behavior betwzen the two coals is manifaested
in several areas. At low heating rates, the Pittsburgh Seam chars softezn, the
Beulah, Zap chars do not. This is in agreement with the hign predicted mac<imum
extract yields in the Pittsburgh char (70%) compared to the Tow extract yislds in
the Beulah, Zap lignite (7%). The measured values are 71% (Ref. 16) and ~ 61,
respectively. The predicted yield of tar plus aliphatic gases at 1 atmosphera,
0.5°C/sec to 900°C, of 26% is in good agreement with the measured value o7 28% for
the Pittsburgh Seam coal. The predicted value of 119 (for AP = 10 atm) is in good

agreement with the measursd value of 10% for ths teulah, Zap 1ignite.

Molecular Weight Distributien. A sensitive test of the general modal s the
ability to predict the tar molecular weight distribution and its variations W10
rank, pressure and heating rate. The input to the model is tha distribution of
monomer molecular weights, The tar, which consizts of oligomers, has a different

distribution from the monomer distribution and is controlled by the rslative
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effects of bond breaking, crossiinking and transport. Tne tar molecular weight
distribution is not highly sensitive to the choice of Myyq and 6. For Pittsburgh
Seam coal, the average monomer was assumed to be 2 three ring compound (Mavg = 256)
and a fairly broad distribution (o = 250) was chosen. The same values appeared to
work for the lignite. These are in reasonable agreément with the méasured values

of ~ 300 reported by Solum et al. (79) for both coals.

Figures 8¢ and 8d show results for the Pittsburgh Seam bituminous coal and the
Beulah, Zap Tignite pyrolyzed in the FIMS apparatus. The data have baen summed
over 50 amu intervals. While the Pittsburgh bituminous coal shows a peak intensity
at about 400 amu, the lignite peak is at 100 amu. The predicted average tar
molecular weight distributions are in good agreement with FIMS data as shown dn
Fig. sé and 8b, Since both tar distributions are from the same moncmer
distribution, the enhanced drop off in amplitude with increased molecular weight
for the lignite compared to the bituminous coal must be due to early crosslinking

and transport effects in the lignite.

Pressure Effects. The predicted effect of pressure on the tar molecular
weight distribution is illustrated in Figs. 9a and 9b. Pressure enters the model
through the transport Eqs. 3 and 4. The internal transport rate (Eq. 4), which is
assumed to dominate, is inversely proportional to the ambient pressure Py. The
reduced transport rate reduces the evolution rate of the heavier molecules.
Therefore, the average molecular weight and the vaporization “cut-off* decrease
with increasing pressure. The trends are in agreement with observed tar molecular
weight distributions shown in Figs. 9c and 9d. The spectra are for previously
formed tar which has been collected and analyzed in a FIMS apparatus (60). The low

values of intensity between 100 and 200 mass units are believed to be due to joss

of these components due to their higher volatility.
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Pressure effects on yields have also been examined. Figure 10 compares tha
predicted and measured pressure dependence on yield for a Pittsburgh Szam coal.
Figure 10a compares to the total volatile yisld data of Anthony et al. (22) while

Fig. 10b compares to the tar plus liquids data of Suuberg et zl. (7). Th

1Y)

agreement between theory and experiment is good at one atmosphere and above, but
the theory with AP = D (solid 1ine) overpredicts the yields at low pressure,
Below one atmosphere, it i3 expected that AP within the particle will become
important compared to the ambient aressure, F,. The dashed tines, which agres
with the data, were obtained assuming AP = 0.2 aztm, which is physically

reasonable.

~ Heating Rate Effects. It is well known that heating rate can affect

i+

h

o

amount of volatiles producad {29,76,34-86). Heating rate can also affect ths
meiting and sw21ling behavior of low rank coals (13). Considering the mechanizms
proposed for pyrolysis (including those in this paper), it is the relative rates of

competing processes for tar formation (e.g., bond breaking, crossiinking, and mass

transport) which provide the heating rate effects. The relative rates of thes

processes change with temperature end it is the neating rate which determines the
temperature at which the controlling reactions occur. So it is really the

temperature of tar formation not the h2ating rate per se which is important.

Consider first the effects of heating rate on the yields of a Pittsburah Ssam
bituminous coal. Table 111 summarizes the results for three experiments (16,27,28)
in which the heating rate varied from 0.5 to 5000°C/sec and in which the final
temperature reached is sufficiently high for tar formation to be completed during
the heating period. As can be seen, the predicted and measurad volatile yields

increased by about 10¥ from low to high heating rates. As can alsp be seen, The

increase in yield results from the increase in tar plus aliphatic gases.
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Examination of the rates in the model shows that the major contribution to the
variation in yield is the internal transport rate relative to the bond breaking
rate. At low temperatures, internal transport severely limits the evolution of the
heavier molecules resulting in smaller tar molecules and inafficient use of the

donatable hydrogens.

A set of dsta snowing the effect of heating rate on yield for the Araonne
Pittsburgh Seam coal was recently reported by Gibbins-Matham and Kandiyoti (84).
Data were obtained in a wire grid apparatus at 1°C/sec and 1000°C/sec with no
holding time and at 1000°C/sec with a 30 sec hold. These data (triangles) are
compared to predictions of the model in Fig. 11. For all three cases, the theory
predicts the correct pyrolysis final yields, the correct yield variation with

neating rate and the correct temperature shift with heating rate.

The predicted yields, however, occur at temperatures from 20-80°C higher than
the comparable experimental yields. At this time, the reason for the discrepancy
is not clear. One possible reason is the assumptions used fér the internal
transport limitations. Calculations were made assuming that molecules for which
Pj > Py + 4P evolve as they are produced, while only heavier molecules. evolve as
described in Eg. 5. The predicted curves (dashed 1ines in Fig. 11) are 20-40°C
lower than in the original calculation. Alternatively, the vapor pressure may not
be accurately described by the expression of Suuberg et al. {32). Oh (89) compared
a number of correlations for the tar vapor pressure. At 1000°C, the expression of
Suuberg et al. (32) gave vapor pressures from one to two orders of magnitude lower
than other published expression (90,91). <Calculations using the expression for
aliphatic molecules of Maiorella (90) gave predictions at about 40°C lower
temperatures, in better agreeﬁent with data of Gibbons-Matham and Kandiyoti. The

simulation, however, required a lower value of Wp (0.060) to compensate for the
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higher volatility. Predictions using the same assumptions failed to match those of
Fong et al. (16) in Fig. 6 with regard to the temperture of evelution and the
amount of extract produced. Possible refinements of the internal transport model

are being considered.

Another possible explanation for the discrepancy is the accuracy of the
reported pyroiysis temperature which has been notoriously variable zamong
investigators. Other Pittsburgh Seam coal data (not shown) from Niksa et 2i. (4C)
under the same conditions as Fig. llc (1000°C/sec, 30° sec hold) and from Ch (89)
and Suuberg et al. (7) for the same conditions as Fig. lla (1000°C/sec, zero hold)
show substantial variations in temperature compared to the results of Gibbons-
Matham and Kandiyoti (84). The theoretical predictions would 1ie within the

scatter of the several data sets. Work is in progress to resclve this question.

Low rank coals also exhibit heating rates effects. It has been found that
Beulah Tignite chars soften and exhibit bubble formation at high heating rates
(~20,000°C/s) (13). Under these conditions, molecuiar weigﬁt distribution of tars
of Beulah Tignite look iike that of a bituminous coal (20,31). The infrared
spectrum of the tar is also closer in appearance to that of the parent ceal (31).
The méss spectra of the tars formed at high heating rate (20,000°C/s) and low
heating rate (0.05°C/s) are shown in Figs. 12a and 12b, respectively. The low
values of intensity between 100 and 200 mass units in Fig. 12b are believed to be
due to loss of these components due to their high volatility. The molecular weight
distribution of the tars is very sensitive to the heating rate. The effect is
attributed to the higher rate of depolymerization reactions relative to
crosslinking reactions at high temperatures, as discussed in the sensitivity

section.
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The FG-DVC model, assuming the internal mass transport limitations, was Qsed
to cimulate the low heating rate (0.05°C/s) and high heating rate (20,000°C/s)
pyrolysis of Beulah lignite. The activation energy for CO» (extra loose) in the FG
subroutine was reduced from 60 kcal/mole to 45 kcal/mole in order to make it lower
than the activation energy for bond breaking (55 kcal/mole). This was done since
measurements of the rate of crosslinking at high heating rates suggested that the
relative rate of bond breaking and crosslinking reactions associated with COp
evolution is increased with increasing temperature (92). This change in the
activation ensrgy makes only a slight change in the CO» evolution profiles for high
heating rate (20,000°C/s) and low heating (0.5°C/s) predictions. The COp gas
evolution profiTes_are compared to the data in Figs. 13a aﬁd 13b for high heating
rate (20,000°C/s) and low heating rate (0.5°C/s) experiments with Beulah lignite
using activation energies of 60,45 and 30 kcal/mole. When the activation enargy
for COp (extra Toose) evolution was reduced to 45 kcal/moie, acceptable fits to the
gas evoiution data were stiil obtained. However, at 30 kcai/moie, the high heating
rate COp evolution profile was quite different and did not agree with the

experimental data.

The model, with internal mass transport limitations included, was used to
simulate the tar molecular weight distributions with AP = 0 atm for Beuiah lignite
for high heating rate (20,000°C/s) in Figs. 14a and 14b. The simulations were done
for both the original activatioﬁ energy (60 kcal/mole) and altered activation
energy (45 kcal/mole) for COp (extra iocose) evolution. The tar molecular weight
distributions (for AP = 0 atm) at high heating rates (Figs. 14a and 14b) show the
observed nigh values of the tar molecular weight at heating rate (Fig. 12a). ~he
Tower activation energy case (Fig. 14a) exhibits more high molecular weight
molec'iles and gives a higher tar yie:s (10%) than the hign activation energy case

(8%) (Fig. i4b). The low heating rate (0.05°C/s) case { 4P = 0) (Fig. l4c),
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exhibits Tower molecular weights consistent with Fig. 12b. At high heating rates,
where crosslinking reactions are curbed and the lTignite melts, AP is likely to bs
low. At low heating rate, due to the higher extent of‘crosslinking before tar
evolution, the coal is less fluid and hence, AP (which is related to viscasivy of
the solid/liquid mixture) is 1ikely to be higher. A simulation for ths slow

heating rate case with AP = 10 atm is shown in Fig. 14¢. The measured molecular

weight distribution if Fig. 12b appears to be intermediate between the AP =D

and AP = 10 atm caces.

Sensitivity Amalysis. Tnis section considers tha sensitivity of the FG-DVC
model to variations in the DVC parameters. The £G paremeter sensitivities hayz

been considered elsewhere (52).

a) Variatiens in Wg. The number of 1abile bridaes is the most important
parameter in determining tar yield. The value of Wy for the Pittsburgh Seam coal
vwas reduced from its value of 9.4 to 7.4 and 5.4. The results in Fig. 153 wers
calculated for the cese considered in Fig. 64. The reduction in Wp reduces tne tar
yield, the total volatile yield and the extract yield. Higher values of Wp could

not be considered because the molecule atready contained the maximum number o

ka7

labile bridges. This is a limitation in the modal as it is currently formulated

since all the donatabie hydrogens are assumed %o be in bridges.

b) Variations in £. The parameter £ sffects mainly the extract yield in the
raw coal. Figure 15b demonstrates variations in £ from § to 10 around the base
value of 7. The initial extract yield varies substantially while there is only &

minor effect on the tar yield, total volatile yield, and extract yield at elevatal

temperature.
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c) variations in AP. The effect of variations in AP on the overall yield
are considered in Fig. 10. There is no effact st one atmosphere pressure and zbove
but a strong effect at lower ambient prassures. Figure 15¢ confirms that AP has
1ittle effect on the tar yield or the total voiati}e vield for pyrolysis at ons

atmosphere pressure. Only the extract yield is slightly affected.

Figure 16 illustrates the effect on the molecular weight distribution for
three values of AP for pyrolysis in vacuum (P, = 0). The yield of higher
molecular weight tars present for AP =. 0 is Tower for AP = 0.1 atm, and
eliminated for AP = 0.2 atm. The total tar yields are 39%, 21% and 17% for
AP = 0, 0.1 and 0.2 atm respectively. The tar molecular weignt distribution for

AP = 0 atm gives the best match to Fig. 9z, but AP = 0.1 to 0.2 atm provides thz

best match to the yield.

The varijation of AP in the tar molecular waight distribution for lignite is

discussed with reference to Fig. 13.

d) variations in m(C0O2) and m(CHg). Variztions in m{COp) wzre consider=d “or
the lignite in the discussion accompanying Fig. 7. Variations in both m(COy) and
m(CHg) are considered in Fig. 15d. These have a major effect on the yields.
Increasing m(COp) from 1 to 10 reduces the extract and volatile yields whils

reducing m(CHy) from 1 to O prevents the repolymerization of the extract.

e) Variations in M.. Variations in tne M. values were madz. These chizfly
affect the extract yield, requiring an adjustment in£. They heve litile affect
on the subsequent crossiinking in the coal. Th2 reason for this can he seen in

Table I. The initial value of M. consistent with the literature regquired only G.09

and 0.18 crosslinks/monomer for the bituminous coal and lignite, respectiveiy. The
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total crosslinks added during pyrolysis are .49 and .89, respectively. The added
crosslinks is thus much larger than that in the raw coal, and, consequently,

dominates the char's behavior.

f) Variations in Mavg and o . Figures 17a, b, and ¢ illustrate the affacts of
variations in Mavg- Varying Mavg changes the shape of the tar spectrum, but not
drastically. The shape is still dominated by the transport properties (e.q., z=s

Fig. 16). The effect on the tar yield is also modest, giving values of 45%, 144,

and 42% for My,q values of 156, 256, and 356, respactively.

A similar lack. of sensitivity of the molecular weight distribution to Maog was
exhibited for the lignite for both high heating rate (~20,000°C/sec) and low

heating rate (0.05°C/sec) cases (not shown).

The effect of variations ir ¢ is illustrated in rigs. 17d, e and ¥. o = 250
fills in the spectrum in a more realistic fashion and is more aestnetically
pleasing than the two smaller values of ¢. The effect on the total tar yield 1is

minor with yields of 41%, 45%, and 45% for o= 0. 50, and 250, respectively.

¢) Variations in Hy. This parameter which is taken from the FG madel contrals

the split between tar, char, and gas.

h) Vaporization Law. The results are sensitive to the croice of the tar

vapor pressure correlation. Higher vapor pressures result in faster tar zvolution

and higher yields as discussed in reference to Fig. 11.

A summary of the sensitivity analysis is presented in Table IV. The

concentration of labile bridges W3 and the €0y, crosslinking parameter m(C0») are

~R7-
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most important parameters in determining yields.

CONCLUSIONS

A general FG-DVC model for coal devolatilization which combines a functionzl
group model for gas evolution and a statistical model for tar formation has been
presented. The tar formation model includes depolymerization, crosslinking,
external transport and internal transport. The crosslinking is related to the
evolutions of COp and CHg, with one crosslink formed per molecule evolved. The
predictions of the tar formation model are made using Monte Carlo calculation
methods. Predictions take between 10 sec and 10 min, (depending on coal "rank,

experimental conditions and accuracy required) on a Sun 3/260 computer.

The FG-DVC model predictions compare favorably with a variety of data for the
devolatilization of Pittsburgh Seam coal and North Dakota (Beulah) lignite, '
including volatile yields, extract yields, crosslink densities and tér molecular
weight distributions. The variations with pressure, devolatﬁlization temperature,
rank and heating rate were accurately predicted. Comparison of the model with
several sets of data employing alternative assumptions on transport suggests
ass&ming that the particle is well mixed (i.e. the surface concentration of tar
molecules is the same as the bulk) overpredicts the transport rate. For 5C um
particles, assuming that the internal transport limitation dominates (i.e.
neglecting the external transport) provides a good fit to the data. This is
consistent with: a) assuming that the internal and external transport mechanisms
act in series, or b) they act in parallel but liguid phase diffusion of tar
molecules to the surface is very small and so the external transport term can be

neglected.
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The rank dependence of tar formation, extract yields, crossTinking, and
viscosity appears to be explained by the rank dependence of 0y yields. Tne nigh
CO, yields in Tow rank coals produce rapid crosslinking at low temperatures and
hence Tow tar yields, low extract yields, loss of solvent swelling properties and
high viscosities. The relative importance of cresslinking compared to bond
breaking is, however, sensitive to heating rate and this effect is predictad by the
FG-DVC mcdel. The predicted crosslinking associated with methane evolution
appears to match the observed crosslinking in high rank coals (which evolve Tittle

C02).

The model has eight coal structure paramgters which must be determined for
each coal from selected laboratory experimmis. Once determined, these remain
fixed for all experiments. The model &lso contains one adjustadble parametzr, AP,
the internal pressure difference which drives the volatiles out of the particfe. A
sensitivity analysis shows that the volatile yield is most sensitive o the
fraction of labile bridges, Wg, the crosslinking efficiency parameters m(Clp) and
m(CHz), and, in some cases {low rank coals, low pressure), to AP. The monomer
molecular weight distribution parameters, Mayg and o, have only a weak af7ect on
yields and tar molecular weight distributions. The initial molecular weight
between crosslinks, M., and the initial oligomer length, 2, affzct the coul's

solvent swelling ratio and extract yield but have little effect on the subsequent

pyroiysis behavior.

The model currently has several deficiencies. There is no modsl Tor
estimating 1iquid phase diffusion of tar molecules which may be important for VEry
small particles. The calculation of the average molecular weight hetween
crosslinks neglects the effaect of labile bridge rupture. The assumption that 1]l

the donatable hydrogen is in bridges may he restrictive for some itigh hydrogen

~fif-
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coais. The model presented here has neglected polymethylenes in coal and the
effect of other types of weak bonds besides ethylene bridges. There are some

discrepancies between the predictions and reported temperatures of pyrelysis

experiments. It is unclear at this time whether this is due to errcrs in the
reported temperatures or in the transport predictions. Many of these deficiencies

require only minor modifications to the model and are currently being addressed.
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