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Introduction 

In devolatilization, coal particles are heated to convert most 
of the organic coal mass, hydrogen, oxygen, nitrogen, and sulfur 
into gases. Volatiles consist of permanent gases with high heat- 
ing value, light oils suitable as fuels, and high-boiling tars for 
subsequent refining. Tar is a mixture of aromatic compounds of 
molecular weights from 100 to more than 1,000 whose chemical 
structure closely resembles that of the parent coal. Char, the 
porous solid residue, consists of extensive, condensed-ring aro- 
matic structures. 

The impact of devolatilization on energy utilization, ignition 
and flame stability, product quality, and pollutant abatement 
has prompted an extensive characterization of the important 
processing conditions. Elevating the temperature or reducing 
the ambient pressure increases the ultimate yields of volatiles 
(Anthony et al., 1975). For high-volatile bituminous coals, tar 
yields from vacuum pyrolysis can be 50% greater than from 
high-pressure pyrolysis. Yields are enhanced by faster heating 
at  moderate temperatures, but only under vacuum (Niksa et a]., 
1985). Similarly, yields are enhanced by reducing particle size 
under vacuum (Niksa et al., 1982; Heyd, 1982), but not a t  
atmospheric pressure (Anthony et  al., 1975; Suuberg, 1985; 
Bautista et al., 1986). Ultimate volatiles yields are remarkably 
constant (at about 50 wt. %) for lignites, subbituminous, and 
high-volatile bituminous coals, then diminish for coals of higher 
rank. But the proportions of gases and tar vary widely with coal 

rank; tar yields are greatest for high volatile bituminous coals, 
reaching 40 wt. % under reduced pressures (Freihaut et al., 
1982). 

A rationale for the behavior of different coal types is unavail- 
able, but the dominant processing influences have been ex- 
plained. A distribution of decomposition energies is the best 
basis for the temperature dependence of ultimate yields (How- 
ard, 1981). Yield enhancement by faster heating implies com- 
petitive chemistry, although important aspects of nonisothermal 
devolatilization are exhibited by even the single first-order reac- 
tion evaluated over a linear temperature ramp (Juntgen and van 
Heek, 1968; Niksa et al., 1985). 

The pressure dependence has long been attributed to redepo- 
sition of tar from the gas phase on the time scale for transport of 
volatiles through the particle surface; see Howard (1 98 1) and 
Suuberg (1985) for reviews. This scheme correlates reduced 
yields for elevated pressures, but is inconsistent with several 
other aspects. First, the time scale for volatiles escape evident in 
time-resolved weight loss measurements is three orders of mag- 
nitude shorter than the observed weight loss transient. Based on 
measured rates of tar cracking on this time scale, the extent of 
tar redeposition is inconsequential throughout all pressures of 
practical interest (Niksa, 1986). In addition, the measured rate 
of weight loss is the same for pressures between vacuum and 
3.45 MPa (Niksa et al., 1982; Heyd, 1982), suggesting again 
that the primary thermal reactions, not transport, determine the 
rates of product evolution. 
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Moreover, mass transfer limitations are usually apparent in 
yield or rate measurements for a range of particle sizes, provided 
that all other conditions can be held constant. For pyrolysis in 
entrained flow systems, the heat transfer and, consequently, the 
fuel’s thermal history are altered as the particle size is varied, 
and evidence of any independent influences of mass transfer is 
obscured (Howard, 1981). But this complication has been elirni- 
nated in several wire-grid experiments in which the coal sample 
was small enough to be dispersed in a layer only a few particles 
deep. Five such studies have been reported for a range of sizes 
for the pyrolysis of five coals at similar heating rates (ca. 1,000 
K/s), temperatures (1,200-1,300 K), and pressures (0.1 MPa) 
for reaction times sufficient to achieve ultimate yields. These 
data appear in Figure 1 and Table 1. In the results of Anthony et 
al. (1975), the weight loss decreases by 3 wt. % for sizes from 70 
to 1,000 pm. This is the largest size effect reported for atmo- 
spheric pyrolysis although, since the extent of this apparent size 
effect is only one-half of the variation in the weight loss from 70 
pm particles at 1,250 Kin Anthony’s temperature study (Figure 
12.8; cf. Figure 12.9 in Howard, 1981), it may not be statisti- 
cally significant. The results of Suuberg (1977) appear in Fig- 
ure 1 with the least-squares linear regression line. The weight 
loss correlation decreases by only I .6 wt. % for sizes from 70 to 
920 pm, which is also within the experimental uncertainty. The 
corresponding tar yields, which appear in Table 1, also show no 
systematic variation with particle size. In Bautista’s (1984) 
study of size effects, three coals were examined, including a low- 
volatile sample that does not soften or swell. As seen in Table 1, 
neither the total weight loss nor the tar yields from any of these 
coals varied for particle sizes between 80 and 180 pm. 

The absence of size effects, the uniform rates of devolatiliza- 
tion at all pressures, and the scaling for negligible homogeneous 
tar deposition for all pressures of interest are inconsistent with 
the transport/redeposition scheme. Nor does the size effect in 
vacuum pyrolysis support this scheme, because all analyses indi- 
cate that redeposition becomes negligible in vacuum (Suuberg, 
1985). Hence, it seems more likely that char forms from inter- 
mediates in the condensed phase, not from tar vapor. The char 
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Figure 1. Particle size effects on ultimate weight loss 
from an HVA bituminous coal, atmospheric py- 
rolysis. 
(a) Anthony et al. (1975) 
(b) Suuberg (1977) 

Table 1. Ultimate Tar Yields and Weight Loss from 
Atmospheric Pyrolysis for Various Particle Sizes 

Particle 
Size* Tar Yield* 
r m  wt. % 

149-177 
(300 

297-833 
297-833 
833-991 

Particle 
Size* 
r m  

81 
121 
180 

21.8 
24.2 
21.2 
21.3 
16.7 

Weight Loss/Tar Yields 
from Three Coals** 

HVA LVB HVA 
40.4127.9 - 40.1/30.4 
41.1129.5 19.6114.5 39.3132.4 
40.3130.8 19.3118.1 40.4/3 1.1 

*Data of Suubcrg (1977) 
**Data of Bautista (1984) 

formation rate in the condensed phase must be orders of magni- 
tude faster than in the vapor, because the concentration of char 
precursors is that much greater in the condensed phase. 

Finally, no quantitative theory has shown why the molecular 
weight distributions (MWD) of tar shift toward lower molecu- 
lar weights as the ambient pressure is increased, or why the 
MWDs are insensitive to temperature (Unger and Suuberg, 
1984; Suuberg et al., 1985). 

An alternative explanation for the influence of pressure cir- 
cumvents these inconsistencies, and also accounts for the behav- 
ior of tar MWD’s. Its central feature is a phase equilibrium 
among intermediates in the condensed phase and tar compo- 
nents in the vapor phase. At high pressure, the phase equilib- 
rium retains lighter species in the condensed intermediate, 
which condense into char, thereby reducing the yield of vola- 
tiles. James and Mills (1976) introduced this scheme and estab- 
lished its correct qualitative performance. Niksa’s (1 982) rendi- 
tion, also qualitative, invoked a scaling in which the internal and 
ambient pressures are equivalent (except in vacuum), gas-phase 
redeposition is absent, and all product evolution rates are estab- 
lished by chemical kinetics. Suuberg’s models are somewhat dif- 
ferent, being analogous to droplet evaporation (Suuberg et al., 
1978; Unger and Suuberg, 1981). They envision an equilibrium 
tar concentration over the external surface of the particle, and a 
tar evolution rate limited by film diffusion into the ambience. 

The reaction model introduced here describes the phase equi- 
librium in terms of the molecular weight distributions of con- 
densed-phase intermediates and tar components, to explain the 
observed shifts in tar MWD for ranges of pressure and tempera- 
ture. It interprets coal devolatilization as a single-stage equilib- 
rium flash distillation driven by two chemical reactions. The 
mathematical formulation accommodates transport, but trans- 
port resistances are deemed negligible for the particle sizes con- 
sidered in the comparisons with data, and gas-phase tar deposi- 
tion is omitted. The product evolution rates are established by 
the chemical reaction rates and therefore are independent of 
pressure and particle size. Nevertheless, the phase equilibrium 
shifts to retain intermediates in the condensed phase at elevated 
pressures, thereby reducing the tar yields. 

The empirical basis for each element is discussed in the next 
section, followed by a derivation of the model and the scaling for 
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negligible transport resistances. Then the model predictions are  
evaluated against measured transient and ultimate yields of gas 
and tar and tar MWD's from bituminous coals for wide ranges 
of temperature and pressure. 

Elements of the Model 
This theory develops an analogy between coal devolatilization 

and a single-stage equilibrium flash distillation. There are only 
three elements in the model: 

1. Primary thermal reactions generate fragments of the coal 
macromolecule, including those small enough to evaporate and 
escape as tar 

2. The partitioning of these depolymerization fragments into 
intermediates in the condensed phase (metaplast) and tar vapor 
follows a phase equilibium represented as Raoult's law for con- 
tinuous mixtures 

3. Metaplast condenses into char, simultaneously forming 
noncondensible gases 

These reaction mechanisms are analyzed in terms of gross 
species lumps rather than functional groups to avoid the labora- 
tory prerequisites and to minimize the number of adjustable 
parameters. Coal is represented as reactant units of a molecular 
weight sufficient to spawn the molecular components of both 
metaplast and tar; the unit molecular weight is on the order of 
several thousand. Bridge dissociations within the coal units U 
generate a mixture of primary fragments of the same chemical 
constitution, but of lower molecular weight. Among the func- 
tional groups in coal, bridges are distinguished from peripheral 
groups by their enormous range of dissociation energies (Gav- 
alas et al., 1981; Niksa and Kerstein, 1986). Although the 
actual distribution of energies cannot be measured, a continuous 
distribution function adequately depicts their very broad ther- 
mal response. Despite contrary observations in model compound 
studies (Allen and Gavalas, 1984), the rate of bridge scission is 
based on the same frequency factor to avoid unnecessary param- 
eters. 

The primary decomposition fragments D are analogous to the 
throughput of a multicomponent feed stream. They partition 
into metaplast M, a relatively heavy mixture that remains in the 
condensed phase, and tar H ,  the portion of the primary frag- 
ments that is light enough to evaporate. The collection of sizes 
within these three reaction species is represented by continuous 
functions of molecular weight, as specified below. The chemical 
constitution of coal units, primary fragments, metaplast com- 
pounds, and tar compounds is taken to be the same. This is plau- 
sible insofar as the elemental composition and the functional 
group content of tar and its parent coal are virtually identical for 
bituminous coals (Solomon and Colket, 1979). However, the 
model species are not coal constituents; due to their large size, 
the model species comprise many actual coal nuclei, bridges, 
and peripheral groups. 

As depicted in Figure 2, the porous fuel particle is analogous 
to the flash chamber. The vapor consists of a binary mixture of 
tar and light gas that, in softening coals, is dispersed throughout 
the melt as small bubbles in a viscous liquid otherwise it is dis- 
persed in a pore system that delineates solid subunits a few 
hundred Angstroms in size (the size of mesopores). Regardless 
of the state of the condensed phase, the composition of solid mat- 
ter is taken to be uniform at  any instant. Under the restriction of 
negligible internal heat transfer resistances, the particle is iso- 
thermal. 

But the internal pressure must accommodate the generation 
rate of gases and the resistance to escape. The internal pressure 
is ambiguous because coal's physical structure admits several 
plausible transport mechanisms and the transport coefficients 
are uncertain. Nevertheless, since there is no size effect for 
atmospheric pyrolysis, the pressure difference for escape by bulk 
flow must be significantly less than one atmosphere, and it 
seems likely that the internal and ambient pressures are nearly 
equivalent (except in vacuum pyrolysis). To maintain a fixed 
internal pressure, the light gases escape a t  their rate of produc- 
tion by chemical reaction. Tar evolution is also specified by this 

Light Gases with Small[ ..\ 
Amounts of Tar VaDor ' .' 

TAR: Cheniical Cons1 
100 < Molecu:ar * .. .: . ' 

, P F V ( I ) d I  = x,PSAT(T,I)FL(I)dI 

PHASE EQUILIBRIUM Defines 
COAL 

MWDs of Metaplast and Tar Vapor A 

~~ 

100 < Molecular Wetght < 3000 

.. . -. .._.... _....._... 4 
:.:.:;,METAPLAST: Chemical Constitutton of coal 
.. . 

.itution 01 
Weight 

Coal 
c 3000 

DEPOLYMERIZATION FRAGMENTS CHAR FORMATION Consumes Melaplast 
and Generates Noncondensible Gas +. -C Chemical Constitution of Coal 

**-%=e Aromatic Compounds 

-&- loo < Molecular Weight< 3000 CHAR Extensive Condensed-Ring 

Figure 2. Analogy between a single-stage equilibrium flash distillation and coal devolatilization. 
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rate, with the additional constraint that phase equilibrium is 
maintained while the tar vapor is within the particle. 

The concentrations of metaplast and tar are related by a gen- 
eralization of Raoult's law for continuous mixtures that was 
recently developed for flash calculations (Ratzsch and Kehlen, 
1983; Cotterman et al., 1985; Cotterman and Prausnitz, 1985): 

y,PF"(Z)dI = xMMPn'(T, I)FL(I)dZ (1) 

where yH = mole fraction of tar vapor, based on the concentra- 
tions of tar and light gases, P = pressure within the particle, 
FY = tar MWD, x,,, = mole fraction of metaplast, based on the 
concentrations of metaplast, coal units, and char, Pa' = satu- 
rated vapor pressure of metaplast, as a function of temperature 
T and molecular weight I ,  FL  = metaplast MWD. This simple 
form is in keeping with the lack of data on the volatility of coal 
tar, and is justified by very small mole fractions of both continu- 
ous mixtures in their respective phases. Although the saturated 
vapor pressure of metaplast cannot be measured, that of aro- 
matic coal liquids is of the form 

80 1 T 

'I 

T 

T 0 

T 
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t o  
a 
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6 
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Figure 3. Hydrocarbon yields from an HVA bituminous 
coal normalized by their ultimate values. 
Yields at atmospheric pressure during heat-upat lo3 K/s with rapid 
quenching, measured by gas chromatography (Bautista et al., 

where P, and A are constants. Unfortunately, the available mea- 
surements represent compounds of molecular weight to only 3 15 
(Gray et al., 1985), and cannot be applied directly to the sub- 
stantially heavier metaplast formed in rapid pyrolysis. In other 
studies (Suuberg, 1985), P"'(T, I )  has been represented with 
power law functions of molecular weight in the exponent. How- 
ever, for the sake of mathematical tractability, Eq. 2 is imple- 
mented in this model, and P, and A are regarded as adjustable 
constants. 

Of course, no condensed-phase species leave the particle. But 
their efflux is analogous to the rate a t  which metaplast forms 
char. Char and light gas form when the aromatic nuclei within 
the metaplast compounds coalesce into refractory compounds, 
thereby expelling bridges and peripheral groups as light gas: 

kc 
M F L ( I )  dl C + uC (3) 

I 

where kc is a rate constant of Arrhenius form and u is a stoi- 
chiometric coefficient. The proposed elimination of metaplast is 
independent of its molecular weight, and this unimolecular 
global step overlooks the repolymerization of metaplast into 
compounds that may still be volatile. 

The connection between char and gas formation is motivated 
by recent transient measurements of gas yields from a high- 
volatile bituminous coal. In Figure 3 the yields of various light 
hydrocarbons and the oxides of carbon measured by Bautista et 
al. (1986) have been normalized by their ultimate values, and 
plotted vs. temperature. These results are for uniform heating of 
a wire grid a t  1,000 K/s to the stated temperatures, immedi- 
ately followed by rapid quenching (at about 5,000 K/s). There 
was no isothermal reaction period. 

Observe that all of these species are generated on similar 
kinetic time scales except for carbon dioxide, which is evolved 
much faster than the others. The process underlying this corre- 
lation is taken to be char formation, presuming that as nuclei 
coalesce, peripheral groups and bridges are added, abstracted, 
and ultimately eliminated by free radical mechanisms. Since the 

ultimate yields of carbon dioxide from bituminous and high- 
rank coals are  very low (only 1 wt. % in Bautista's study), and 
the data correlations are currently restricted to such coals, a sep- 
arate reaction for C02 is not included (but will need to be added 
when low-rank coals are considered). 

The stoichiometric coefficient for gas production, u, is related 
by mass conservation to ratios of molecular weights, according 
to 

(4) 

where MW, is the molecular weight of species i. The numerator 
is the mass fraction of gas precursors per coal unit, and could be 
estimated from the relative amounts of aromatic and aliphatic 
carbon or hydrogen. The molecular weight of gases can be esti- 
mated from measured product distributions, and is typically 20- 
25 g/mol. For a unit molecular weight of 3,000 and a mass frac- 
tion of bridges plus peripheral groups of 0.2, u is 25. The value of 
u will diminish with increasing coal rank. 

The form of the MWD's for all continuous species can be 
anticipated. The molar probability densities FJ(Z) must vanish 
below some molecular weight, which delineates noncondensibles 
from condensibles, increase through a maximum density, then 
fall off toward the molecular weight of the coal units. Among 
the distribution functions of this form, it is an empirical fact that 
the MWD's of coal tar and solvent extracts are very well corre- 
lated by the r distribution function, which is 

( I  - yy-' 
r(a)@" F ( I )  = ( 5 )  

where y < I i m, r is the gamma function, y is a shift parameter 
indicating the origin of F ( I ) ,  and a, B are adjustable parame- 
ters. The mean is cup + y and the variance is given by cup2. These 
distributions are normalized to unity over the pertinent range 
of I .  

In Figure 4, measured MWD's of atmospheric and vacuum 
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the same throughout the disintegration of the coal reactants; i.e., 
FD(Z) is independent of the extent of pyrolysis. This simplifica- 
tion substantially reduces the model's computational burden, 

tion. Coal devolatilization is an especially complex polymer deg- 
radation, in which nuclei liberated by bridge dissociation re- 

links. Such irreversible reattachment diminishes the likelihood 
of liberating additional small, aromatic nuclei (Niksa and Ker- 
stein, 1986, 1987). Consequently, there is no predetermined 
concentration of tar precursors, per se, present initially in the 
coal. Yet this is implied by the coal disintegration step in this 
model, because all coal units eventually become primary frag- 

2000 3000 4ooo ments and the lightest of these become tar. In actuality, during 

- but omits a fundamental aspect of an actual coal depolymeriza- 

attach onto network fragments, thereby forming refractory char - 

- 

1000 0 

Figure 4. 

... 

Number Average Molecular Weight 

Correlations of MWD's from pyrolysis liquids 
wlth the weight-based partially integrated dis- 
tributions defined in Eq. 6. 
Preparation from HVA bituminous coal at a nominal heating rate 
of 10' K/s to 820 K (Unger and Suuberg, 1984): 

B r a  
0 Atmcspherictar 367 100 1.5 
El Vacuumtar 500 100 1.5 + CoalextractinTHF 825 100 1.5 

tars from the pyrolysis of a high-volatile bituminous coal, and of 
the associated extracts in THF (tetrahydrofuran) (Unger and 
Suuberg, 1984) are shown with correlations based on I'distribu- 
tions. In contrast to the molar probabilities, these M W D s  are 
normalized to unit mass fraction, and partially integrated. Their 
values indicate the fraction of the total species weight within 
f 100 units of the value of molecular weight on the abscissa. The 
relation between the molar probability density F'(Z) and the 
weight-based MWD, G'(Z), is 

The satisfactory correlations of tar and extract MWD's were 
obtained by varying only the value of @; for the three distribu- 
tions in Figure 4, the shift parameter is the same and the value 
of a is also fixed. This latter observation motivates a substantial 
simplification in the analysis to predict the tar MWD, and we 
will return to it. 

It is reasonable to assume that the MWD of the primary frag- 
ments is also a I' distribution. But quantitatively assigning 
FD(Z) is ambiguous. Clearly the mean value of F D  is bounded by 
those of F" and FL,  but is F L ( I )  evident in Fig. 4? Identifying 
the MWD of coal extracts as F'(Z) is dubious for two reasons. 
First, solvent extracts have not been related to the precursors to 
pyrolysis products in any definitive way, and probably include 
components that are too heavy to affect the equilibrium between 
tar and metaplast. Second, the technique used to collect the 
measurements in Figure 4 could not have isolated the interme- 

devolatilization aromatic nuclei undergo liberation and re- 
attachment concurrently, so many nuclei are never liberated as 
small fragments and therefore are not subject to the tar forma- 
tion process. 

Overcoming this deficiency involves the methodology devel- 
oped in our earlier treatments of monomer evolution only (Niksa 
and Kerstein, 1986, 1987), supplemented with population statis- 
tics that describe the complete distribution of fragment sizes. 
These extensions will identify the evolution of FD(Z) with simul- 
taneous disintegration and integration of a crosslinked macro- 
molecule, and are in progress. Here we avoid a prohibitive com- 
putational burden by representing the primary fragments with a 
uniform distribution function. 

Finally, the escape rates of the vapor products are presumed 
to be proportional to the bulk pressure difference and the mole 
fractions of the vapor species: 

where Ji = molar escape rate of species i, k, - a lumped trans- 
port coefficient, y I  = mole fraction of vapor species i, Po = ambi- 
ent pressure. In this model, the product evolution rates are 
independent of the transport coefficient, and this crude repre- 
sentation of bulk flow only appears in the scaling for equivalent 
ambient and internal pressures, and the conditions for negligible 
resistance to transport. 

It is worth repeating that bulk flow is the only escape mecha- 
nism compatible with observed volatiles evolution rates; all 
forms of diffusion are too slow (Russel et al., 1979). Two factors 
ensure that bulk flow, either through the pore system in non- 
softening coals or through a foaming viscous melt in softening 
coals, is the actual escape mechanism. First, the change of phase 
increases the molar volume of any species by three or four orders 
of magnitude (at atmospheric pressure). Second, the stoichiom- 
etry of the thermal reactions further increases the molar volume 
of vapor species; for light gas evolution, the mole change supple- 
ments the molar flux by at least an additional order of magni- 
tude. Consequently, the volatiles escape rate is largely deter- 
mined by the molar production rate of light gases, while tar is 
present in minor concentrations and is simply entrained away. 

diates in the partially reacted chars; substantial associations 
must have occurred while the chars were brought to room tem- 
perature. We ignore the M W D s  of extracts, and instead regard 
the measured MWD of vacuum tar as the first approximation to 
F D  because the fraction of the primary fragments that evaporate 
is greatest under vacuum. 

In this model the MWD of the primary fragments remains 

Modal Formulation 
Reaction species and yields 

The model is formulated in terms of scaled molar concentra- 
tions (mol/cm3 original solid) that appear in Table 2. The moles 
of coal units, primary fragments, metaplast, and char are scaled 
on the initial concentration of coal units U,. The molar yield of 
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Table 2. Reaction Species* 

C Moles of char 
D 

G 

H 

M 
U 
yc 
YT Molar vield of tar 

Moles of primary depolymerization fragments, a con- 

Molar concentration of noncondensible gases within 

Molar concentration of tar within the particle, a con- 

Moles of metaplast, a continuous mixture 
Moles of aromatic coal reaction units 
Molar yield of noncondensible gases 

tinuous mixture 

the particle 

tinuous mixture 

*Concentrations of these. species are based on unit coal volume, and are made 
nondimensional by vVo for the light gas yield, by C,,,, for Hand G; and by Uo for 
all others 

tar, Y,, is also scaled on U,, while that of light gas, Yc, is scaled 
on the product uU,. The scale factors for the concentrations of 
tar and gas within the particle are established by the pressure, 
temperature, and void volume through the ideal gas law. Both G 
and H a r e  scaled on the total molar concentration in the vapor, 
which is approximately 

where 6 is the void fraction of the condensed phase. 
Species mass fractions (wt. % coal) are defined from the 

molecular weights of reactants and products, since the initial 
concentration of coal units cannot be measured. The initial bulk 
density is the product MW,U,. Since the density is of order uni- 
ty, the magnitude of U, is roughly the inverse of MW,. Species 
mass fractions Wi are 

Wi = MWiUoSi/po = Si; i = U, D, M ,  YT (9a) 

where Si refers to the normalized concentrations designated by i. 
For light gas, 

Wc = (1 - MW,-/MWu)Yc 

and for char 

w, = (MW,/MW")C (9c) 

Note that the initial concentration of coal units, Uo, need not be 
specified to compute the weight fractions of unreacted coal, 
char, metaplast, gas, and tar. 

Reaction rate equations 
It is essential to recognize that the generation rate of primary 

fragments sets the characteristic time scale for this system. On 
this basis, the concentrations in the vapor are in quasisteady 
equilibrium with the changing concentrations of condensed- 
phase species, and the transport resistance to escape can be 
neglected. The most rapid time scale is that for maintaining 
phase equilibrium, followed by the transport time, followed by 
the time scale for the primary decomposition reactions. Thus, 
the pertinent nondimensional time is 

r = kBt = ABt exp (-Eo/RT,) (10) 

where t is dimensional time; AB and Eo are parameters in the 
generation rate of primary fragments; and T, is the ultimate 
reaction temperature. 

Species conservation is applied in the nondimensional species 
concentrations defined in the previous section and nondimen- 
sional time. Following the derivation of the distributed activa- 
tion energy model (Anthony et al., 1975), the coal decomposi- 
tion rate assumes the nondimensional form 

where f(E) is the activation energy distribution; here f(E) = 

( I /  &u) exp [ - ( E  - EO) ' /~ ' ] .  Rates of char and light gas 
formation are based on Eq. 3 and are 

dC - = RcM 4- FL(Z)  dZ 
dr 

and 

where R ,  = (Ac/AB) exp [ - (E ,  - E,)/RT,], a scale for the 
relative rates of char formation and coal decomposition. 

The inventory of the continuous mixtures is formulated for 
constituents of specific molecular weights, according to 

- FL(Z) dZ + F"(Z) dZ = - 
d M  
dr U, dr 

Accumulation of liquid and vapor Fragment generation 

- R & F ~ ( Z )  dZ - - dYT F"(Z) dZ (14) 
dr 

Char formation Tar production 

These four rate equations express molar conservation among the 
reaction species in equivalent moles of coal units. But only Eqs. 
11 and 12 are in final form. We proceed to establish, in turn, the 
quasisteady equilibration of the vapor concentrations, the equiv- 
alent ambient and internal pressures, and the definitions of the 
M W D s  of tar and metaplast in terms of the primary fragment 
MWD. 

A quasisteady equilibrium among the vapor species is evident 
in the value of the coefficient in the accumulation of light gases 
in Eq. 13. Specifically, a t  atmospheric pressure and 1,000 K, for 
respective values of c, MW,, and u of 0.3, 3,000, and 25, 
uUo is of the order of Consequently, the accumulation of 
light gas within the particle is entirely negligible, and the gas 
evolution rate equals the production rate by chemical reaction. 
Similarly, the accumulation of tar vapor is of the order of 
so that the concentration of tar equilibrates rapidly with the 
changing concentrations of condensed-phase species. Both accu- 
mulation terms for vapor species in the conservation equations 
should be omitted. 

The scaling for equivalent internal and ambient pressures fol- 
lows from Eq. 13, omitting the accumulation term, and the 
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transport rate defined by Eq. 7.  In nondimensional form, must be developed from the relations for phase equilibrium. The 
stipulation that the mole fractions of the two vapor species sum 
to unity implies that 5 = RT6,G = RcM $" FL(Z) dZ (15)  dr 7 

where R7 = k,C,,Po/vksUo, a relative measure of the escape 
rate and the gas-formation rate, 6, = ( P  - Po)/Po, a scaled 

H H  
=- - 

C 1 - H  

The mole fraction of tar vapor, H, is implicitly defined in 
the expres- 

driving force for escape. 
Gases and tar are generated on similar time scales, so that the 

gas evolution rate, dY,/dT, must be of order unity. Conse- 
quently, balancing the terms in Eq. 15 implies that 

Raoult,s law, Eq. 
sion for P"( T, I )  and some rearrangement: 

which becomes after 

F"(Z)dZ = (x) X M P C  exp (-AZ/T)FL(I)dZ (20) 

where 6 ,  is of order unity. Thus the internal pressure is 
Integrating this expression over the domain of Z yields an 
explicit definition of H, which is 

( 16b) 
P 
PO 
- = 1 f 0(1 /RT)  

XMPC - exp ( -YAIT)  
Po 

( 1  + ABL/T)QL 
(21)  

and combining Eqs. 19 and 21 yields the desired definition of 
H / C :  

Clearly, for short transport times relative to the primary decom- 
position time (RT > I ) ,  the internal and ambient pressures 
become equivalent. 

But this scaling breaks down if 6, is not small, as in vacuum 
pyrolysis. The product evolution rate is still determined by the 
rate of the primary devolatilization reactions. However, the 
internal and ambient pressures are certainly not equivalent as 

patible with the transport resistance and the generation rate of 
volatiles, according to the first equality in Eq. 15. The role of the 

H =  

(22 )  
Po goes to zero. The internal pressure reaches a level that is com- H xMpclPO - =  

c [exp ( . /AIT)(l  + ABLIV' - X,Pc/~oI 

transport resistance and the fact that the phase equilibrium is 
especially sensitive to pressure at subatmospheric pressures 
imply a size dependence in the yields from vacuum pyrolysis, as 
is observed. Actually, the internal pressure is directly propor- 
tional to particle size for escape by continuum flow (represented 
by Darcy's law) as the ambient pressure goes to zero. This re- 
scaling could be implemented in succeeding relations, but only 
the case of equivalent internal and ambient pressures is ana- 
lyzed in what follows. 

Whenever the internal and ambient pressures are equivalent, 
the nondimensional vapor species concentrations, G and H ,  can 
be identified as the mole fractions of gas and tar (to order R;') .  
Introducing the species concentrations into the expressions for 
the fluxes of gas and tar yields the relation between gas and tar 
evolution: 

Observe in Eq. 22 that the relative amount of tar vapor depends 
on the parameters y, aL, and BL, which define the MWD of 
metaplast. These parameters as well as those in the MWD of tar 
are related to those in the MWD of primary fragments below. 
The relative amount of tar vapor also depends on the ratio of Pc 
to Po This is the explicit form of the mechanism by which the 
phase equilibrium shifts the partitioning of the primary frag- 
ments into the metaplast as the ambient pressure increases. 
Observe also that because of the subtraction in the denominator, 
the analysis is restricted to a minimum ambient pressure that is 
determined by the values of the parameters in Eq. 22. This the- 
ory does not apply to vacuum pyrolysis, although the same rate 
equations could be rescaled to allow the transport resistance to 
determine the internal pressure whenever (P - Po)/Po is not 
small, as sketched out above. 

We settle for an approximate closure of the mole balance over 
the constituents in the MWD's, by matching moments of Eq. 18. 

dr G G However, before we proceed to close the mole balances, observe 
that the moments of the metaplast and tar vapor MWD's are not 
independent. The mean and variance of the metaplast MWD 
are based on the following moments of a gamma distribution: 

(17) 
dYT u H R T ~ ,  vHRcM - =- 

Substituting Eq. 17 into Eq. 14 Yields the working form of the 
rate equation for the continuous mixtures: 

F"(Z) dI (18 )  
uHR,M 

G 
- RcMFL(I)  dZ - ~ 

Integrating Eq. 18 with respect to Z appears, at first glance, to 
eliminate all of the MWD's and to close the total mole balance 
among the reaction species. But the ratio of vapor mole frac- 
tions, H / C ,  is an implicit function of the MWD's. This function 

The moments of the tar MWD need not involve independent dis- 
tribution parameters, since the tar and metaplast MWD's are 
related by Eq. 20. The mean and variance of F"are defined from 
successive integrations of Eq. 20 after multiplying through by 

796 May 1988 VoI. 34, No. 5 AIChE Journai 



(I - y) and (I - p")', respectively, and they are 

It is interesting that only the parameter A appears in the rela- 
tions among the moments of the tar and metaplast MWD's, 
because the integral of F Y ( I )  over I is normalized to unity. 

The moments of both F" and FL appear in the relations that 
close the mole balance over the constituents in the MWD's. The 
zero moment is an integration of Eq. 18 over all I, which elimi- 
nates all F J ( I )  because they are normalized, but still includes 
distribution parameters through Eq. 22. Its form is apparent 
from Eq. 18. The first moment obtains from integrating Eq. 18 
over I after multiplying through by I - y, and yields after rear- 
rangement that involves Eq. 23c: 

The second moment obtains from integrating Eq. 18 over I after 
multiplying through by (I - p,)', and yields after rearrange- 
ment that involves Eq. 23d: 

+ (..D@D - aLbL)']  - RcM 
dr ffLPZ 

With initial values of unity for LI and zero for all other spe- 
cies, and the primary fragment characteristics c~,, BD, and y, 
Eqs. 11-13, 18, and 22-25 constitute a closed set of rate equa- 
tions for the instantaneous concentrations U, C, M ,  Y,, and YT, 
and the MWD characteristics aL (=av), Pr, and By.  While the 
instantaneous MWD of metaplast is described by aL and OL, the 
tar MWD must be constructed as a weighted sum of the incre- 
mental tar yields and the instantaneous values of a" and BV, 
because the phase equilibrium applies only while the tar vapor is 
within the particle. 

Based on the acceptable correlations in Figure 4 of quite var- 
ied MWD's for the same value of a, the second moment equa- 
tion, Eq. 25, can be eliminated by fixing the values of a for meta- 
plast and tar a t  those for the primary fragments. Then the zero 
and first moment equations are combined into an implicit defini- 
tion of p L ,  

where 

- 
P = PLJ/PL 

A= A/@,T 

The rate equations are solved by coupling a numerical root- 
finder for Eq. 26 to the program LSODE, a general purpose 
numerical package for initial value, stiff ordinary differential 
equations. Simulations of this model require less than 1 min per 
complete simulation of an AT-type personal computer. 

Comparison with Experimental Data 
The theory underlying this model is relatively easy to evaluate 

because there are very few adjustable parameters considering 
that the model predicts the yields of gas and tar as  well as the tar 
MWD. Values for the model parameters in Table 3 resulted 
from correlating the measurements in this section. The adjust- 
able parameters are the two reaction rate constants, the stoi- 
chiometric coefficient, and the constants in the saturated vapor 
pressure of metaplast. In contrast to all previous devolatilization 
models, this model does not include any parameters that set the 
ultimate yields of any of the products. Instantaneous and ulti- 
mate yields of both tar and gas reflect the competition between 
escape and char formation, which is determined by the thermal 
history and ambient pressure. Extending the analysis to predict 
tar MWD's involves no additional parameters, but does add 
stringency. 

The measured product distributions and weight loss in this 
evaluation were determined with a microsample wire-grid heat- 
er, and have been reported separately (Bautista et al., 1986; 
Niksa et al., 1982). In these experiments the time-temperature 
histories consist of a linear temperature ramp (constant heating 
rate), an abrupt turnover to a constant reaction temperature, 
and immediate quenching after the specified isothermal reac- 
tion period. Transient yields were resolved by forced quenching 
with cold nitrogen, and are regarded as instantaneous values. 
Ultimate yields refer to the results for reaction periods suffi- 
ciently long to achieve asymptotic values as the stated operating 
conditions. Results are included from two HVA bituminous coal 
samples that were matched by the Penn State Data Base. 

The samples of tar for the M W D  measurements were also 
generated in a screen heater, but in independent studies (Unger 
and Suuberg, 1984; Suuberg et al., 1985). This heater is not 
equipped with a quench, so the results are regarded as ultimate 
values. Only results from the HVA coal are included. The 
MWD's are based on gel-permeation chromatography using 
T H F  as the mobile phase. These MWD's extend to substantially 
higher molecular weights than those determined in pyridine 
(Oh, 1985) or with FIMS (field ionization mass spectrometry) 
(Solomon et al., 1987), which is problematic hut not surprising. 
Notwithstanding these uncertainties, all measured MWD's are 
consistent in their insensitivity to temperature and in their shift 

Table 3. Values of Model Parameters 

MWD of Primary Decomposition Fragments 

Reaction Rate Parameters 

y - 100; (Y - 1.5; BD = 550 

A-Factor E. 
S - '  kJ/mol 

Primary decomposi- 

Char formation 1.5 x 109 146 

Molar stoichiometry of light gas per mole char is 22.2 
P"'(T,1)=7.1 exp(-1.6f/T),MPa 

tion 3. x 107 160 (a - 29.3) 
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to lower molecular weights with increasing pressure, and all are 
well represented by gamma distributions. The mechanistic bases 
for these trends are emphasized in what follows. Moreover, by 
adjusting various parameters the mean values of the predicted 
tar MWD’s can be shifted over a sizable range while the pre- 
dicted product yields remain the same, as demonstrated in the 
Appendix. 

Figure 5 shows the predicted ultimate distribution of all reac- 
tion species and the ultimate weight loss at atmospheric pressure 
for a heating rate of lo3 K/s. Coal units are present through 
1,200 K as a result of the broad distribution of dissociation ener- 
gies in the decomposition step, consistent with the substantial 
volatiles yields for two-step heating (Anthony et al., 1975). Note 
also that the amount of char increases monotonically with tem- 
perature throughout this range. As is evident in the data, the 
competition between tar and char formation heavily favors char 
formation during the decomposition of the last half of the coal 
units, above 900 K. Throughout this temperature range, the cor- 
relation of weight loss is within the experimental uncertainty. 

The ultimate product distribution of volatiles for the same 
conditions appears in Figure 6. Here too the correlations are 
within the experimental uncertainty. At low temperatures, tar is 
the first product to appear, while gas formation becomes more 
pronounced at high temperatures. On a mass basis, the propor- 
tions of tar and gas range from about 1O:l at 800 K to 3:l at 
1,300 K, reflecting the selectivity to char formation above 
900 K. The coupling of gas formation to char formation in this 
reaction scheme captures this behavior. 

Ultimate yields provide a good test for this model, but tran- 
sient yields during heat-up are more relevant to most coal utili- 
zation processes, and more stringent means to evaluate models. 
The time scale for the primary decomposition reaction, IZq. 10, 
varies by four orders of magnitude for temperatures from 800 to 
1,300 K, and the actual variation is much greater if the activa- 
tion energy distribution is accounted for. A comparison with 
transient weight loss and gas yields during heat-up at lo3 K/s 
appears in Figure 7. The onset of devolatilization and the yields 
throughout the linear thermal transient are correlated within 
the experimental uncertainty, as are the proportions of tar and 
gas. On a mass basis. tar formation becomes aomeciable at 
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Figure 6. Predictions compared with measured ultimate 
yields (Bautista et al., 1986). 
Pyrolysis as in Figure 5 
V Tar; 0 gases 

800 K, 200 K below the onset of gas production. But on a molar 
basis, light gases are always the major component in the vapor. 
The computed mole fraction of tar is 0.3 at 800 K, at the onset of 
devolatilization, but falls quickly and remains at lo-’ to lo-’ 
throughout. In all of these simulations, tar is a sparse component 
that is entrained away in a stream of light gases. 

We turn next to the tar MWD’s from atmospheric pyrolysis. 
While no prior devolatilization model has attempted to predict 
tar MWD’s, the comparison in Figure 8 establishes the validity 
of this aspect of the theory. The data correlation is for tar 
MWD’s on the partially integrated weight basis, defined in Fq. 
6, from atmospheric pyrolysis at 820 K. The predictions from 
the model are as accurate as any curve fit based on the r distri- 
bution can be, and are probably within the experimental uncer- 
tainty throughout. The weight-based MWD of the primary 
fragments also appears in Figure 8, demonstrating that the 
model predictions involve a substantial partitioning of the 
assumed fragment distribution into metaplast and tar. The 
mean value of the tar MWD is some 275 units less than the 
mean of the fragment MWD. 

40 

800 900 1000 1100 1200 1300 

Temperature, K 
Figure 5. Predicted ultimate distribution of model spe- 

cies compared to measured weight loss (Bau- 
Figure 7 .  predictions with measured weight 

loss and gas yields (Bautista et al., 1986). 
tista et a!., 1986). 
HVA bituminous coal, atmmpheric pyrolysis at 10’ K/s 

+ Weight loss, 0 gas yields, during heat-up a1 lo3 K/s, atmospheric 
pressure 
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Figure 8. Predicted and measured weight-based tar 
MWD’s from atmospheric pyrolysis at 820 K. 
- Predicted; 0 measured 
--- Molar MWD of primary fragments 
. . . Weight-based MWD of primary fragments 

The fragment MWD on a molar basis is included in Figure 8 
to show that a molecular weight of 3,000 for the coal units is a 
reasonable characteristic value. (The MWD’s of coal extracts 
include substantial amounts of material of molecular weight 
greater than 3,000.) For v = 22.2 and MW,/MW, = 0.8, the 
predicted average value of the molecular weight of gases is 27, in 
agreement with Bautista’s reported value of 26 for the gases 
from atmospheric pyrolysis. 

Perhaps the most puzzling result from recent laboratory stud- 
ies is that tar MWD’s are insensitive to temperature (Unger and 
Suuberg, 1984); their mean values increase by only about 100 
units for pyrolysis temperatures from 700 to 1,300 K. An ear- 
lier, semiquantitative attempt to rationalize such behavior, 
based on a film-diffusion-limited evaporation scheme, predicted 
much larger shifts (Suuberg, 1985). But the scheme based on 
this theory is successful. Figure 9 compares predicted and mea- 
sured tar MWD’s for temperatures between 730 and 1,300 K. 
The bars through the data points indicate the range of measured 

0 1000 2000 3000 4000 

Number Average Molecular Weight 

Figure 9. Predicted (curves) and measured weight-based 
tar MWD’s from atmospheric pyrolysis, 703- 
1,300 K. 
0 Measured MWD’s, I value range observed (Unger and Suu- 
berg, 1984) 

values in the MWD’s of the various tar samples a t  each molecu- 
lar weight. The agreement is remarkably close for the lighter 
weight components. The minor discrepancies for molecular 
weights between 800 and 1,600 are due to the imposed form of 
the distribution functions, not to any defect in the model’s 
underlying mechanisms. 

These results seem surprising because the temperature depen- 
dence in the saturated vapor pressure of metaplast is indeed 
strong; the molecular weight dependence in P‘( T, I )  ensures 
that it will be. But two additional mechanisms alter the primary 
fragment inventory, counteracting the shifting phase equiiib- 
rium somewhat. First, coal decomposition extends over a wide 
range of temperature (due to the broad thermal response of the 
energy distribution), and replenishes the system with lighter tar 
precursors throughout this temperature range; as seen in Figure 
5, coal units are available through 1,200 K. Second, the accu- 
mulation of metaplast supplements the inventory with interme- 
diate-weight compounds. At moderate temperatures such com- 
pounds reside in the metaplast, but a t  higher temperatures they 
are expelled as tar. Of course this is a factor only during heat-up. 
But since yields a t  the end of the heating period to temperatures 
above 1,150 K are substantial fractions of the ultimate yields, 
the accumulation of metaplast accounts, in part, for the satisfac- 
tory results in Figure 9. 

The remaining two elements in this comparison focus on the 
influence of ambient pressure. The comparison of ultimate 
weight loss at  1,050 K for a wide range of pressure appears in 
Figure 10. The correct qualitative trend is evident in the predic- 
tions. Volatile yields fall very rapidly as the pressure is increased 
from vacuum to a few atmospheres, then reach an asymptote. 
But the model predictions continue to fall, albeit with lower sen- 
sitivity, for pressures above 1 MPa. The predicted gas yields 
increase by 50% as the pressure increases from 0.1 to 3.5 MPa, 
in accord with an established trend (Suuberg et al., 1978). The 
quantitative discrepancy is in the tar yields. Although the pre- 
dicted tar yields are too low a t  high pressure, they remain 
substantial throughout this pressure range (W,  at  3.5 MPa is 
8 wt. %). 

This discrepancy is most likely due to the expedient represen- 
tation of coal depolymerization in this model. Increasing the 
pressure substantially increases the metaplast inventory, espe- 
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Predicted and measured ultimate weight loss 
at 1,050 K, 0.07-3.5 MPa. 
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--- Predicted yields of light gases 
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cially of the high molecular weight components of the primary 
fragments. In this scheme, these components can only be con- 
verted into char. But in actuality, metaplast continues to decom- 
pose into smaller fragments, replenishing the inventory of spe- 
cies that can vaporize a t  even the highest ambient pressures. The 
time scale for metaplast decomposition is the same as that for 
the primary decomposition (both processes being determined by 
bridge dissociation), so this explanation is consistent with uni- 
form rates of devolatilization for all pressures. 

Even omitting metaplast decomposition, the predicted tar 
MWD's become substantially enriched in lighter species as the 
pressure is increased. Weight-based tar M W D s  for 0.1, 1 ,  and 
3.5 MPa and 1,050 K appear in Figure 11. Increasing pressure 
does indeed shift the phase equilibrium to suppress tar forma- 
tion. Observe that compounds of molecular weight below 2,000 
are predicted to escape as tar a t  even the highest pressures of 
interest. This value is probably too high, because of the omission 
of metaplast decomposition. While no tar MWDs from high- 
pressure devolatilization have been measured, the predicted 
trend lies well within the resolution of current experimental 
techniques, and needs to be evaluated against data. 

Conclusions 
Accurate single-particle models of coal devolatilization must 

account for widely varied operating conditions, especially tem- 
perature and pressure. On the other hand, only models that are 
computationally expedient can pave the way for better full-scale 
combustor and gasifier simulators. This theory was developed 
with these conflicting demands in mind and its description of 
temperature and pressure effects is encouraging. 

Data correlations of the yields from high-volatile bituminous 
coals for temperatures to 1,300 K are within the experimental 
uncertainty, including the proportions of tar and light gas dur- 
ing heat-up and for reaction periods long enough to achieve ulti- 
mate values. For the first time tar  MWD's are correlated within 
the experimental uncertainty, and a quantitative basis for their 
observed insensitivity to temperature is available. The activation 
energy distribution, metaplast accumulation, and devolatiliza- 
tion during heat-up are needed to explain why measured tar 
MWD's are insensitive to temperature. 

0 " " " "  I ,  , . ,  , 
0 1000 2000 3000 4000 

Number Average Molecular Weight 

Figure 11. Predicted weight-based tar MWD's for 1,050 
K. 
. . . at 0 1 MPa; --- at 1.0 Mpa; - at 3.5 MPa 

The tendency to form lighter tar a t  higher pressures is also 
explained. As the pressure is increased, a progressively smaller 
portion of the heavier fragments has a vapor pressure that is 
comparable to the ambient pressure, as required for evapora- 
tion. Fragments meeting this criterion at  low pressure are 
retained in the metaplast at high pressure, and ultimately are 
converted into char. And as more char forms, the yields of light 
gas increase. Thus, the model exhibits the correct behavior of 
reduced tar yields, lighter tar MWD, and increased gas yields 
with increasing pressure. Qualitatively, the predicted influence 
of pressure on product yields is sound, although predicted tar 
yields a t  pressures above 1 MPa are too low, due to the expedient 
treatment of coal depolymerization. The predicted gas yields are 
reliable throughout the relevant pressure range. 

The scaling for negligible transport resistances is consistent 
with the lack of a particle size effect for atmospheric pyrolysis; it 
also rationalizes the particle size effect in vacuum (although this 
model does not apply to vacuum pyrolysis). And basing the 
product evolution rates on the rates of the primary decomposi- 
tion reactions ensures equal devolatilization rates for all pres- 
sures, in agreement with measurements. 

Extensions already underway are addressing the network sta- 
tistics for the depolymerization step and accounting for the heat 
and mass transport from the free stream during pulverized coal 
combustion, to model ignition. Although the theory is developed 
for coal devolatilization, with only minor modifications it can be 
adapted to the devolatilization of charring polymers and bio- 
mass, and the evaporation and combustion of residual fuel oils. 
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Notation 
A_= adjustable constant in Pu'(T, I )  
A = parameter AP,/T 

A, = frequency factor for primary decomposition 
C,, = molar concentration of vapor per coal volume 

E = dissociation energy for primary decomposition 

F J ( I )  = normalized molar probability density function of J 
f(E) = distribution of energies for primary decomposition 
G'(I) = weight-based, partially integrated MWD of J 

Eo = mean dissociation energy for primary decomposition 

I = molecular weight in any of the continuous mixtures 
Ji = molar transport rate of species i by bulk flow 
k, = characteristic Arrhenius reaction rate constant for primary 

decomposition, evaluated at  A,  and Eo 
kc = Arrhenius rate constant for char formation 
k ,  = lumped transport coefficient for bulk flow 

MWi = molecular weight of reaction species i 
P = pressure within the coal particle 

Po = ambient pressure 
P, = adjustable coefficient in P ( T ,  I )  

R = gas constant 
P"'(T, I )  = saturated vapor pressure of metaplast 

Rc = scale for char formation vs. primary decomposition 
R, = scale for escape by bulk flow vs. gas formation 

t = dimensional time 
T = instantaneous temperature 
T, = ultimate reaction temperature 

Uo = initial moles of coal units per unit coal volume 
W, = species mass fractions in wt. % coal 
xy = mole fraction of metaplast 
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Although the tar yields do depend on Po (through A), the sen- 
sitivity is weak. But the independent influence of Po on the mean 
molecular weight of tar is strong, and this feature allows pn to be 
shifted substantially while the yields of tar remain the same. In 
Figure AI ,  uItimate tar yields and mean tar molecular weights 
predicted for atmospheric pyrolysis a t  1,000 K are plotted vs. 2 
Only the values of A and Po were varied in these simulations; 
values of all other parameters appear in Table 3. The solid and 
dashed curves represent variations in Adue  respectively to vari- 
ations in A (case A) and to variations in Po (case B). 

The tar yields for both cases are essentially the same, and in 
accord with the parametric dependencies in Eq. A l .  But the 
independent influence of on pv is striking. Mean molecular 
weights of tar are very sensitive to A7 but change in opposite 
directions for these two cases. Consequently, pv can be shifted by 
hundreds of units by varying A and Po within the constraint of 
fixed A, without affecting the correlations of measured tar 
yields, or the theory’s correct depiction of the influences of tem- 
perature and pressure variations on tar MWD’s. 
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Y, = molar yield of vapor species i 
yw = mole fraction of tar vapor 

Greek letters 
[z - adjustable constant in r distribution function 
pi - adjustable constant in l’distribution function of continuous 

mixture i 
6 = P D l &  
y - shift parameter in r distribution function 
6, = scaled pressure difference for bulk flow 

c - particle void volume per unit coal volume 
p, = mean value in MWD’s of continuous mixtures 
Y = molar stoichiometric coefficient for gas formation 

po - initial bulk coal density 
u = standard deviation of dissociation energy distribution for 

primary decomposition 
ut = variance of MWD of continuous mixture i 

T - nondimensional time 

Subscripts 
C = char 
D = primary decomposition fragments 
G - light gas 
L = size characteristics of metaplast 
T = tar 
U = coal units 
V = size characteristics of tar vapor 

Superscripts 
D = size characteristics of primary decomposition fragments 
L = size characteristics of metaplast 
V - size characteristics of tar vapor 

Appendix 
Notwithstanding the current experimental uncertainties in 

the mean molecular weight of tar, all measured MWD’s are con- 
sistent in their insensitivity to temperature and in their shift to 
lower molecular weights with increasing pressure, and all are 
also well represented by gamma distributions. The parametric 
studies in this section demonstrate that the uncertain magni- 
tudes of tar MWD do not undermine the theory’s correct depic- 
tion of the influences of temperature and pressure on the prod- 
uct yields and tar MWD’s. 

The behavior of this model is governed by nondimensional 
groups formed from its adjustable parameters; i.e., those in the 
two reaction rate constants, the stoichiometric coefficient, the 
two constants in F ( T ,  I ) ,  and Po. (In the primary fragment 
MWD both y and a were assigned independently.) The nondi- 
mensional groups were identified, in part, from approximate 
analytical solutions for isothermal pyrolysis. The parametric 
dependence of the ultimate tar yields, W,, involves four param- 
eters, according to 

where 

P& exp ( - y A / T )  1 q = ( v -  1) 

and all other parameters are defined in the body of the paper. 
The mean molecular weight of tar, M,, depends on these same 
four parameters and independently on Po, according to 

0.4 

Figure A l .  

.” 
0.6 0.8 1 .o I .2 I .4 

- 
A, nondimensional 

Predicted ultimate yields and mean molecular 
weights of tar vs. n = A@,/ T. 
Atmospheric pyrolysis at 1,OOO K reaction rate parameters as in 
Table 3 
- Case A: variations inAfor 0.873 < A < 2.545 at B0 - 550 
--- Case B: variations in A for 300 B0 < 875 at A - 1.6 
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