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Chapter 5

HEAT AND MASS TRANSFER IN PYROLYSIS

The experimental data reviewed in the previous chapter generally referred to

small particles «100 ~m) and low pressures (atmospheric or lower). Under these

conditions, heat and mass transfer are rapid and have relatively small influence

on weight loss and product yields. In this chapter we will examine the more

general situation in which mass and, to a smaller degree, heat transfer have a

significant influence on product yields. In Chapters 2 and 3 we discussed

chemical structure and reactions with minimal reference to physical properties

such as viscosity and porosity. These properties have a decisive effect on

transport phenomena. Thus in the first section, we briefly discuss the relevant

physical properties of plastic and nonplastic coals. In the second section we

survey experimental data on the effect of pressure and particle size which, of

course, reflect the presence of transport limitations, and in the last section

we develop a simple theoretical treatment of these phenomena. Although heat

and mass transfer are coupled to the kinetics of pyrolysis, the scope of the
theoretical analysis will be limited to problems that can be treated without

reference to detailed kinetics.

5.1 PYROLYSIS AND THE PHYSICAL PROPERTIES OF COAL

5.1.1 The plastic state of coals

The two physical properties that govern the rate of transport processes,
especially mass transfer, are the viscosity during the plastic stage, and the

porous structure of coal. These two properties are not independent because the
plastic properties determine to a major degree the evolution of the porous

structure during pyrolysis. Under certain conditions, when heated above about

3500 C coals melt to a highly viscous, non-newtonian liquid, or melt, whence the
term "plastic", or "softening" coals. Whether or not such melting or softening

takes place and the actual viscosity or fluidity (reciprocal of viscosity) of

the coal melt depend on rank, heating rate, particle size, pressure and surround

ing gas.

Almost all rheological measurements of coals have been conducted at low

heating rates - a few degrees per minute - using a few grams of coal sample.

Under these conditions, certain coals, chiefly bituminous, become fluid. Fluidity

is most evident in coals with carbon content (dry, ash-free) in the range 81-92%
with a maximum at about 89% (ref. 107). Carbon content does not, of course,

provide complete characterization of rheological properties. The contents of

hydrogen and oxygen are also strongly correlated with fluidity. At fixed carbon
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content, fluidity decreases with increasing oxygen content. The latter property

has been already discussed in section 4.2.4.

The conditions of heating play an important role in the development of plastic

properties. At fixed heating rate, increasing pressure and particle size or mass

of sample result in increased fluidity. Particle size and heating rate can, of

course, be varied independently only within a limited range. The plastic proper

ties of dilute pulverized particles depend strongly on the heating rate. Hamilton
(refs. 108, 109) heated dispersed vitrinite particles (100 ~m) to 10000 C in nitro

gen employing heating rates in the range 10-1 to 104 °C/s and observed manifesta

tions of plastic behavior such as the rounding of the particles and the formation
of vesicles and cenospheres. He found a striking relationship between coal rank

and heating rate required for plastic behavior. For high volatile bituminous

coals, changes in char morphology such as rounding, vesiculation, etc. started

becoming significant at about 1 °C/s and increased up to about 102 °C/s. Further

increase of the heating rate beyond 102 °C/s did not produce any further morpho

logical changes. Vitrinites of lower or higher rank e.g. subbituminous and

semianthracites required heating rates of 102 °C/s or higher before they displayed

any morphological changes. Once manifested, such changes increased up to 103 to

104 °C/s, depending on the particular vitrinite. These results suggest that

coals of different rank can be made to exhibit similar plastic behavior by

suitably adjusting the heating rate.
The plastic behavior of coal and its dependence on rank and heating rate can

be qualitatively accounted by the reactions of pyrolysis. With increasing temper

ature, the disruption of secondary bonds and the dissociation of covalent bond
induces melting and fluid behavior. The extent of covalent bond breaking required

for this purpose is probably limited, at least for high volatile bituminous coals.

Concurrently with bond breaking, other processes work in the opposite direction

to increase molecular weight and resolidify coal. These are the loss of tar,

which increases the average molecular weight of the remaining material, and the

free radical recombination and various condensation reactions (e.g. condensations

of phenolic groups) which also increase molecular weight. The balance of these
processes determines the occurrence, extent and duration of the fluid or plastic

state. Anthracites are too heavily graphitic in character to exhibit plastic

behavior. Semianthracites and low volatile bituminous coals contain highly con

densed aromatic units of relatively large molecular weight. They exhibit some

plastic behavior at sufficiently high heating rates. High volatile bituminous
coals consist of units of lower molecular weight and exhibit maximum fluidity.

With further decreases in rank, the molecular weight of the starting material

would not necessarily decrease, but increased polarity and condensation of phenolic
groups restrict the range and extent of plastic behavior. In particular, plastic
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properties are exhibited only at high heating rates. Under such rates, however,

fluidity commences at high temperatures and is of short duration due to the

acceleration of all reaction rates.
Almost all measurements of rheological properties of coal have been conducted

at heating rates of a few degrees per minute. At such rates only bituminous

coals exhibit fluid behavior, the fluidity commencing just below 4000 C, the

maximum fluidity being attained at about 4500 C, with resolidification taking
place above 5000C. The resolidification relates to the essential completion

of tar evolution and the increased molecular weight of the residual material.
Coals that exhibit pronounced fluid behavior, are commonly called softening or
plastic coals.

The transformation of a coal to a liquid and its subsequent pyrolytic decom

position induce physical changes that have a profound effect on the transfer of

pyrolysis products. Following melting, preexisting pores partly collapse due to

surface tension forceso The volatile products of decomposition initially dis

solved in the melt start nucleating once their concentration exceeds a critical

level and the nuclei formed coalesce into larger bubbles which eventually break

through the particle surface. Nucleation, growth and bursting of bubbles consti

tute the chief route of intraparticle mass transfer.

The formation and growth of bubbles causes an expansion or "swelling" of the

coal particles. The degree of this swelling depends on particle size, external
pressure and heating rate or, generally, temperature-time history. Swelling

factors (volumetric) as large as 25 have been observed (ref. 110) under rapid
heatinq conditions. To characterize the swelling properties of coals a standard
ized test has been developed providing the "free swelling index".

The viscosity of coal in its plastic state has a pervasive influence in many

rate processes of interest. It regulates the dynamics of nucleation, bubble

growth and bubble coalescence and has an inverse relationship with the diffusion
coefficient of pyrolysis productso It also affects the intrinsic kinetics by

controlling the rate of bimolecular reactions such as free radical recombination.

Viscosity or fluidity (the reciprocal of viscosity) is a transient property and

comparisons among different coals are meaningful only under specified conditions

of temperature time history, particle size, etco

Waters (ref. Ill) has made extensive rheological measurements suggesting a

close relationship between fluidity and instantaneous weight loss. This rela

tion is, of course, due to the fact that fluidity and devolatilization must both

be preceded by covalent bond breaking. The rheological properties of coal can

be measured by several techniques which have been reviewed in the monograph of
Kirov and Stevens (ref. 112). The most common of these techniques employs a

rotational viscometer known as the Giesel plastometer, which measures the
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"fluidity" of coal as a function of time at a heating rate of 30 C per minute

and other specified experimental conditions.
At heating rates characteristic of flash pyrolysis (several hundred or thous

and degrees per second) it is not possible to measure the viscosity, although it

is still possible to observe swelling and bubble formation. At high heating

rates, the inception of fluidity, the point of minimum viscosity, and the

resolidification are displaced towards higher temperatures, in close relation

with the rate of weight loss.

An important consequence of coal's plastic properties is the agglomeration

of particles to grape-like structures Ot' to a completely coalesced mass or "cake"

whence the terms "agglomerating" or "caking" are often used in place of "softening".

By contrast, coals which exhibit a limited range of fluid behavior (e.g. sub

bituminous and lignites) are normally considered as "nonplastic", "nonsoftening",

"noncaking", or "nonagglomerating". The agglomeration of coal particles is a

serious difficulty in the operation of fixed bed or fluidized bed gasifiers and

has also been identified as the most serious technical obstacle in the development

of commercial pyrolysis processes as a route to coal liquids (section 4,3).

5.1,2 Changes in the porous structure of coal during pyrolysis

The pore structure of coals has been comprehensively treated by Walker and
Mahajan (ref. 113) and more recently by Mahajan (ref, 114). These references

discuss experimental techniques available for the measurement of surface area,

pore volume and pore size distribution. In this subsection we will summarily

review the aspects of coal porosity that have an important bearing on transport

processes during pyrolysis and the changes of porous structure occurring during

pyrolysis.

Coals have a very complex pore structure, both in terms of size distribution,

which is very broad, and in terms of the geometry of individual pores or voids.

Following ref. 115, we classify pores according to pore diameter into micropores:

0.4 - 1.2 nm, transitional: 1.2 - 30 nm and macropores: 30 - 1000 nm.
Table 5,1 below reproduces measurements of Gan et al. (ref. 115) of pore

volumes in the three size ranges for several American coals, The total pore

volume VT was computed from helium and mercury densities, the macropore volume

VI was estimated from mercury porosimetry, the transitional pore volume V2 was

estimated from the adsorption branch of the nitrogen isotherms and the micropore

volume was estimated by difference, V3=V T-V 1-V 2 ,

The last two columns in table 5.1 list the surface areas obtained by adsorption

of nitrogen and carbon dioxide, SN2 was calculated using the BET equation while

SCO was calculated using the Dubinin-Polanyi equation. The difference between

the~e two areas has always been of great interest. It is generally attributed
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to the ability of the carbon dioxide molecule at 2980 K to penetrate pore openings
0

as small as 4 A, whereas the slightly smaller nitrogen molecule at 77 0 K can only
penetrate openings larger than about 5 E.

TABLE 5.1

Pore volumes and surface areas of several American coals (ref. 115).

Designation Rank 3 V1(%) V2(%) V3(%) 2 2VT(cm /g) SN (m /g) SCO (m g)
2 2

PSOC-80 Anthr. 0.076 r (' 13.1 11.9 7.0 408:l.U

PSOC-127 lvb 0.052 73.0 0 27.0 <1 .. 0 253
PSOC-135 mvb 0.042 61.9 0 38.1 <1.0 214
PSOC-4 hvab 0.033 48.5 0 51.5 <1.0 213
PSOC-105A hvbb 0.144 29.9 45.1 25.0 43.0 114
Rand hvcb 0.083 47.0 32.5 20.5 17.0 147
PSOC-26 hvcb 0.158 41.8 38.6 19.6 35.0 133
PSOC-197 hvcb 0.105 66.7 12.4 20.9 8.0 163
PSOC-190 hvcb 0.232 30.2 52.6 17.2 83.0 96
PSOC-141 1ignite 0.114 19.3 3.5 77,2 2.3 250
PSOC-87 1i gni te 0.105 40.9 0 59,1 <1.0 268
PSOC-89 lignite 0.073 12.3 0 87,7 <1.0 238

Consider for example sample PSOC-26. The surface area of micropores includes

that of pores with openings below 5 ~ is S' = SCO - SN = 98 m2/g. From S' and
V3 = 0.03 cm3/g we can estimate a lower bound for

2
the m~an size of the micropores.

Assuming spherical shape, the mean diameter of micropores must be at least

6V 3/S' = 1.8 nm. This estimate suggests that the microporous space largely con

sists of voids having diameter of a few nm which, however, are accessible via
much smaller openings. This particular feature of the microporous system, the

"aperture-cavity" structure, has been poi nted out by many authors, e. g. refs.
116, 117. Similar observations have been made for cokes (ref. 113) from carbon

ized coal.

The coals listed in table 5.1 contained substantial porosity in the micro

and macro ranges. In particular, micropores constituted more than 60% of total

volume in the high rank coals. By contrast, only the high volatile bituminous

coals had significant volume in the transitional pore range. Figure 5.1 shows

the cumulative pore volume distribution of one such coal (PSOC 190). The dis

tribution covers a wide size range from a few angstroms to about one micron.

The changes in the pore size distribution accompanying pyrolysis depend a

great deal on the rank of the coal and, in particular, on its softening or plastic
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properties. It is thus essential to distinguish between softening and nonsoftening

coals. Nsakala et al. (ref. 119) measured the He and Hg densities and the N
2

and

CO2 surface areas of two lignites as a function of isothermal pyrolysis time at

800
0 C. The lignite particles were injected with a stream of preheated nitrogen

in a vertical furnace thus achieving heating rates about 104 °C/s. They also

measured the He and Hg densities for slow heating (lOoC/min) in a fluidized bed

maintained at 8000 C. At the high heating rates, the helium density increased

while the mercury density decreased with pyrolysis time so that the total open
pore volume given by

1

V=-"-T il Hg

increased with pyrolysis time. The slow heating produced negligible change

in the mercury densities but substantial increase of the helium densities. As

a result, the helium and mercury densities of the chars produced under slow

heating were larger than those possessed by the chars produced by rapid heating.
Rapid heating produced sharp increases in the N2 and CO2 surface areas as shown

for one of the two lignites in Fig. 5.2. In this case, the N2 surface area

increased by a factor of almost one hundred while the CO2 surface area almost

doubled.

2 L.....__.L.-__.L.-__.L.-_--J 10
o 0.05 0.10 0.15 0.20

Cumulative pore volume (cm2/g)

c:

Fig. 5.1. Cumulative pore volume distribution of a hvc
bituminous coal "Illinois No.6" (source: ref. 115).
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The authors discussed their experimental results in terms of two competing

processes. Thermal bond breaking produces tar and other volatiles, the removal
of which increases pore volume and widens constrictions, whence the large increase

in the CO2 surface area. Bond breaking also facilitates the alignment and coales

cence of coal's structural units tending to decrease pore volume and surface area.
At the same time, bond formation or cross-linking results in decreased pore

volume and surface area. The balance of these processes depends on coal rank,

heating rate, maximum temperature, and time at the maximum temperature. For

lignites rapidly heated to 8000 C, volatile removal predominates over alignment

and cross-linking leading to increased open pore volume and surface area. In

this respect, the increase in the He density in conjunction with the sharp in

crease in surface area probably signifies the widening of previously impenetrable

apertures. The decrease in the Hg density reflects the removal of material which

at high heating rates is not accompanied by compensating particle shrinkage, At

slow heating, volatile removal is evidently supplemented by cross-linking and

alignment leading to much higher He densities but leaving the Hg densities un

affected.
Nandi et al, (ref, 120) measured changes in the pore volume and surface area

of three anthracites upon pyrolysis at different final temperatures with heating
rates of 50 C/min. The helium densities in all cases increased with final tem

perature to about 20% above their initial value. The changes in the mercury

400,--------------..,
-.-o
'0

C;;300
........
E

200....._-
o.....
o

oI.::tt:=tl:::::::.L_--L_..l.----.J
o 0.2 0.4 0.6 0.8 1.0
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o...::J

en

Fig. 5.2. N2 and CO2 surface areas of a lignite as a function
of residence time in a vertical furnace. Large times achieved
by multiple passes (source: ref. 119).
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densities were smaller and had no definite direction. The change in the total
open pore volume was also small and erratic. The N2 and e02 surface areas of
two of the three anthracites increased with temperature, passed through a

maximum at about GOOoe and then decreased sharply above 8000 e. The areas of the

third anthracite declined slowly until about 8000 e and rapidly thereafter. The

increase in the surface areas at the lower temperatures can again be attributed

to the loss of volatiles (e.g. carbon oxides) widening the micropore openings.
At the higher temperatures, cross-linking between adjacent units decreased

micropore openings causing the sharp decline in surface area.

Toda (refs. 121, 122) studied changes in the pore structure of several Japanese

coals following a treatment consisting of heating at 30 e/min to a final temper

ature and holding at that temperature for 15 min. The pore structure was probed

by mercury porosimetry as well as by measuring the densities in helium, methanol,
n-hexane and mercury. Figures 5.3 a, b show the specific volumes in mercury and

n-hexane as a function of the final pyrolysis temperature for a nonsoftening and

a softening coal respectively. The specific volume in n-hexane is the volume

impenetrable by n-hexane, while the volume in mercury is the total particle volume.

The difference between the two is the total volume of pores with size above a few

angstroms, i.e. it includes macropores, transitional pores, and a portion of the
micropores, i.e. those penetrable by the n-hexane molecule. The specific volume

in n-hexane of the coals described in Fig. 5.3 and, in fact, of all but one of

the coals examined declined with temperature from about 3500 e on indicating con

solidation. The decline in this volume is much steeper for the softening coal

(Fig. 5.3b), evidently due to melting at about 3500 e. The specific volume in

mercury for the nonsoftening coal declines monotonically, indicating a shrinkage

of the whole particle. In contrast, the specific volume of the softening coal
goes through a maximum at about 5000 e indicating mild swelling due to bubble

formation, followed by sharp shrinkage signalling the completion of rapid devola
tilization and the resolidification of the particles.

An interesting comparison is provided in Figs. 5.4 a, b from the same work of

Toda comparing the volume difference VHg - V h with the total volume of poreso n- ex
above 150 A as determined by mercury penetration. The close agreement between

these two volumes at all pyrolysis temperatures clearly implies that those coals

did not possess significant pore volume with openings between a size penetrable
o 0

by n-hexane ( ~ 8 A) and 150 A. Moreover, no such volume is produced during

pyrolysis. The absence of pores with openings between about 8 ~ and 150 ~ is

certainly not a universal property of coals (see table 5.1). Figure 5.4 a, b

also shows that the volume VH - V h for the softening coal passes through a
g n- ex

maximum coincident with bubble formation. This volume, which belongs to pores
o

of size 150 A or higher, subsequently declines with the disappearance of the
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Fig. 5.3. Specific volumes in mercury and n-hexane of a nonsoftening (a) and a
softening (b) coal as a function of final pyrolysis temperature at heating rate
30 C/min (source: ref. 121).
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bubble structure and sustains no further change above 6000 e. For the non-softening

coal, the volume VH9 - Vn- hex shows no significant change with the maximum pyrol

ysis temperature.

To characterize the evolution of the microporous structure with heat treatment,

Tocta measured specific volumes in helium and methanol as well as in n-hexane.

Figure 5.5 a, b shows these volumes as a function of the final pyrolysis tempera

ture for the non-softening and the softening coals examined in the earlier

figures 5.3, 5.4. For both coals the three specific volumes show a rapid decrease

after about 4000e suggesting drastic changes in the microporous structure. For

the nonsoftening coal, the volumes in methanol and helium reach a minimum at

800 - gOOOe above which they increase again. For the softening coal, all volumes
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Fig. 5.5. Specific volumes in n-hexane, helium and methanol of a nonsoftening
(a) and a softening (b) coal vs. final pyrolysis temperature at heating rates
30 e/min (source: ref. 122)0

continue to decline up to the highest pyrolysis temperature utilized (12000e).

The difference between the two types of coal was attributed to the susceptibility

of softening coals to alignment and consolidation of their crystallites. In

nonsoftening coals, alignment and consolidation are negligible, the primary

volume changes being due to widening or narrowing of apertures. Initially,

apertures are enlarged due to volatile removal leading to a decrease in the
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helium and methanol volumes. Beyond 800 or 9000 C, apertures start being sealed

by cross-linking reactions leading to an increase in the two specific volumes.
Methanol is known to penetrate very fine pores and cause a certain degree

of swelling. Because of this penetration, or inbibition, the volume in methanol

is lower than that in helium (at least up to 8000 C) despite the reverse order in
their molecular size. The difference Vn- hex - VMeOH was chosen as a measure of
the volume of micropores with openings smaller than those penetrated by n-hexane,

o
i.e. smaller than about 8 A. Figure 5.6 a, b plots the difference Vn-hex - VCH30H

versus the final pyrolysis temperature for the two coals. Both coals display a
maximum, the nonsoftening coal at about 7000C, the softening coal at about 6000C.

The increasing part of the curves is mainly due to volatile evolution while the
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Fig. 5.6. The volume difference Vn- hex - VMeOH
vs. final pyrolysis temperature for a softenlng
(a) and a nonsoftening (b) coal (source: ref. 122).



88

decreasing part mainly due to sealing of pore apertures by crosslinking reactions.

An additional feature of the softening coal is the minimum at about 4000 e, obvi

ously due to loss in pore volume caused by melting.

The results just discussed were obtained with very low heating rates (30 e/min).

The differences between softening and nonsoftening coals are expected to be

more pronounced at higher heating rates which accentuate softening and swelling

properties, Unfortunately, very little work has been conducted on the changes

in the porous structure of softening coals under conditions of rapid pyrolysis.

Figure 5.7 (a) shows the changes in the size distribution of transitional pores

of a softening coal heated to 5000 e at heating rates about 2000e/s. The main
°change is the elimination of pores in the range 15 to 60 A. The total pore

volume, however, increased indicating increase in the macropore range due to
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Fig. 5.7. Pore volume distribution of a hvc bituminous coal (a)
and a subbiturninous coal (b) before and after pyrolysis at 5000 e
for 30 s (source: ref. 62).
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bubble formation. At higher temperatures and heating rates, the rapid evolution

of volatiles leaves behind large voids occupying almost th~ entire volume of the
swollen particle with the solid matter forming a lacey network of thin shells.

A single void occupying almost the whole particle is called a "cenosphere".

Photographic studies of these phenomena (refs. 123, 124) have documented the
geometry of the large voids but have not given information about changes in the

pore volume distribution at the lower end of the size scale.

5.2 THE EFFECTS OF PRESSURE AND PARTICLE SIZE ON PRODUCT YIELDS

5.2.1 The effect of pressure
From the limited data available on the pr~ssure rlependence of the weight ;oss

we reproduce here Figs. 5.8 and 5.9 from the work )f Anthony et al. (refs. 125,

126). Figure 5.8 shows the weight loss of a hva bituminous coal (Pittsburgh No.8)

as a function of temperature for two pressure levels. Above about 600°C the
weight loss at 69atmis substantially lower than that at atmospheric pressure.

Figure 5.9 shows the weight loss at lOOO°C as a function of pressure for the same
high volatile bituminous coal. Even at atmospheric pressure, the weight loss is
substantially below its vacuum value. The difference, however, should be less

pronounced at lower temperatures.
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Fig. 5.8. Weight loss vs. temperature at two pressure levels
for a hva bituminous coal (source: ref. 125).
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An investigation of the pressure dependence of individual product yields for

the Pittsburgh No.8 bituminous coal was conducted bySuuberg (ref. 63). Figures

5.10, 5.11 summarize some of his results. The tar yield is shown in Figure 5.10
a function of temperature for two pressure levels, 1 and 69 atm. The yields at
the two'pressures begin to diverge at about 7000e. At 10000e the yield at 69 atm

is almost half its atmospheric value. Figure 5.11 plots the yields of various
classes of products versus pressure at 10000e. The basic trend is very clear.

As the pressure increases the yield of tar decreases while the yields of hydro
carbon gases increase. Since tar is the predominant product on a weight basis

its decrease outweighs the increase in the gases, whence the decrease in the total

volatiles (weight loss).

I:J~
o

"0
o
0: 6

1~
10- 5 lQ-3 iO I 101

Pressure (atm)

Fig. 5.11. Product yields vs. pressure for the pyrolysis of

the Pittsburgh No.8 coal in helium at 10000 e (source: ref. 63).

In a study of a hvc bituminous coal Gavalas and Wilks (ref. 62) found a sig

nificant pressure dependence of product yields at temperatures as low as 500 0 e.

The pyrolysis tar of the Kentucky No.9 was separated by gel permeation chromatog

raphy into three molecular weight fractions and it was observed that the vacuum
tar had larger molecular weights than the atmospheric tar (ref. 7.). The pressure

dependence of the product yields in the pyrolysis of a lignite was reported by
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Suuberg et al. (refs. 63,64). Below 700°C the yields were pressure independent but

above that temperature the yield of gases increased with pressure as shown in Fig.

5.12 for the case of methane. In the same figure the yield of other hydrocarbons
and tar is observed to decrease with pressure due to the decline of the tar com
ponent. The total yield of volatiles, not shown in the figure shows a modest de
cline with pressure.
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Fig. 12. Methane yield vs. temperature at three pressure

levels for the pyrolysis of a lignite (source: ref. 64).

5.2.2 The effect of particle size

Very few experimental data are available concerning the particle size dependence

of product yields. Figure 5.13 describing the pyrolysis of a bituminous coal shows

that increasing the particle diameter by a factor of ten causes only a modest de
crease in the weight loss and the yield of tar and an increase in the yield of
gaseous products. A similar effect was found by Anthony et al. (ref. 126) for the

Pittsburgh bituminous coal at atmospheric pressure and 10000C. Gavalas and Wilks

(ref. 62) and Solomon (ref. 70) also observed small effects of partlcle size in

the pyrolysis of high volatile bituminous coals in the pressure range vacuum to
2 at and at temperatures 500-1000C.

Significant size effects were observed in the pyrolysis of a subbituminous coal

(ref. 62) as shown in Fig. 5.14. The tar yield shows a mixed trend probably due
to difficulties in its quantitative recovery. The yield of gases, however, shows
a substantial increase with particle size.
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Fig. 5.13. Weight loss vs. particle size for the ptrolysis and
hydropyrolysis of the Pittsburgh No.8 coal at 1000 C at 1 atm
He. (Source: ref. 125).

In studying particle size as an experimental variable it is necessary to take

some precautions to avoid simultaneous variation of chemical composition due to

maceral enrichment. If a quantity of coal is ground and sieved, the size fractions

will not be uniform in maceral content (and hence chemical composition) because

of the different grindability properties of the macerals. Moreover, the small

size fraction usually becomes enriched in minerals, especially pyritec The diff

erentiation in maceral content can be avoided by a simple modification of the

grinding-sieving procedure. The whole coal is ground and a particular sieve
fraction separated representing the largest size desired. A portion of this
fraction is ground again and a second and smaller sieve fraction is separated, etc.

5.3 ANALYSIS OF HEAT TRANSFER
In a broad range of experimental conditions heat transfer is sufficiently rapid

compared to chemical reactions so that it does not influence the weight loss and

yield of individual products. In the first subsection we derive a criterion for

the absence of heat transfer limitations. In the second subsection we briefly

discuss some attempts towards a theoretical analysis of simultaneous heat trans

fer and kinetics.

5.3.1 Criteria for the absence of heat transfer limitations

To estimate the magnitude of heat transfer effects in coal pyrolysis we shall
examine a very simple model problem that possesses the main features of the real
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Fig. 5.14. Product yields as percent of weight loss vs. pressure
for two particle sizes in the pyrolysis of a subbituminous coal
(source: ref. 62).

problem. In the model problem we consider a solid sphere with density, heat capac

ity and thermal conductivity p , c , A immersed in a hot gas with bulk tempera-s ps s
ture Too' The heat transfer between gas and sphere is described by a heat transfer
coefficient h. The interior of the sphere is cooled by a constant and spatially

uniform volumetric heat sink of strength bT simulating the heat effect of the

pyrolysis reactions. The equations governing this simple situation are

1 8a -s 2
X 8x

8T
+ at (5.1 )

x = 0: 8T/8x = 0

x = a: As8T/8X = h(Too-T)

where as = AS/PSCps and a is the particle radius.

Equations (5.1)-(5.3) can be written in the dimensionless form

(5.2)

(5.3)

+ 13(1-8) = l£
8T

o

(5.4)

(5.5)
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(5.6)
2 2

where E; = x/a,T = astla , S = a biAs' y = halAs' 8 (Too~T)/Too'

The solution of this problem can be written as

8 = 8ss + 8us
where

!-;:; .k:
_ 1. exp(S2E;)-exp(-S2E;)

E; 6~[exP(6~)+exp(-S~)]-(1-y)[exp(s~)-exp(-6~)]

(5.7)

(5.8)

00

8us '= L gnexp
n=l

[

2 ]sinl:;E;
-(I:;n + S)T ---E;--n-- (5.9)

where gn depend on the initial particle temperature and 1:;1 < 1:;2 < ••• are the
positive roots of the equation

tan I:; = _1:;_
1-y

As T+oo,8 tends to the steady state profile 8ss for which

k
8
ss

(0) = 1 _ 2yS2
1: h 10: h hS2[exp( 6 2)+exp( -6 2)]_ (l-y) [exp( 62)-exp( -6 2)]

(5.10)

(5.11)

The preceding expressions can be used to investigate the time required to

reach the steady state and the shape of the steady state. The length of time is
2

determined by the quantity I:; + 6, the smallest coefficient of T in the exponen
1

tials of Eq. (5.9). This time can be defined by

T
1

1
--2

S+I:;
1

(5.12)

showing that the presence of an endothermic reaction speeds up the approach to
2

steady state. The quantity I:; is a function of y(eq. 5.10) which can be
1

estimated as follows

ha A
y = - = Nu .-Jl

\ AS

The Nusselt number is usually larger than 2 while Ag/As ~ 0.1-0.5. Hence y>0.2.
An examination of (5.10) reveals that y>0.2 implies I:; (y) > I:; (0.2)=0.593, hence

1 1

T <
1 6+0.593 (5.13)

or in terms of the dimensional time
2

t < __l_~
1 6+0.59 as
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2

When the heat effect due to reaction is insignificant, t
j

< 1.69 a/as'

We now examine the steady state profile. The quantity 8 (0) = (T -T(O))/Tss 00 00

represents the maximum difference between particle temperature and gas tempera-

ture. Eq. (5.11) shows that as 6~0, 8ss (O)~O as it should. The net effect of

the pyrolysis reactions can be endothermic (b>O) or exothermic (b<O). In a sub
stantial range of experimental conditions 6«1 and 8ss (0) can be approximated by

8ss (0) = 6~2Y < 0.~+6 oe 2.56

We take as an example a reaction temperature of 1000oK, a heat of reaction 30cal/g
3 3 °and ps=l g/cm , As=lO cal/cms K, a=50 ~m. To obtain b we need the rate of de-

volatilization. At 10000K we may assume a devolatilization rate of 3 g/gs so
3 ° 2 3 3

that b = 30x3/1000 = 0.09 cal/cm s K and 6 = 0.005 xO.09/10 = 2.25xlO • Under
_3

these conditions the approximate expression above holds, i. e. 8ss(0)oe5.6xlO or

Absence of heat transfer limitations requires that the time to reach steady

state is short, compared to the reaction time, and that the steady state tempera

ture difference is small:

2

~_l__ « t
as 6+0.59 r

2.5 6«1

These are equivalent to

6 « 0.4

(5.14 )

(5.15 )

(5.16 )

(5.17)

The experimental reaction time has the order of magnitude l/ro where ro is the

rate of devolatilization in g/gso Substituting the experimental time for t r in

Eq. (5.14) and using dimensional variables in (5.15) we obtain

« 0.59

The last equation can be rewritten as

(5.18 )

(5.19 )

(5.20)
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The ratio 11IHI/Tcp fs always much smaller than unity, hence (5.18) implies (5.19).
Our final conclusion then is that Eq. (5.18) provides a necessary and sufficient

criterion for the absence of heat transfer limitationsc It should be kept in mind

that ro is the experimentally measured rate and when Eq. (5.18) is violated, the
reaction 'rate ro already includes the retarding effects of heat transfer.

As an illustration of the above criteria we may take the rate expression r =o
870 exp(-13,200/RT) obtained by Suuberg et al.(ref. 71) for the devolatilization

of a bituminous coal in the range 1000-2l00oK. Curve A in Fig. 5.15 is a plot of
the equation

2

a ( 13200)a 870 exp ,-~ = 0.059
s

which defines on the T-a plane the region free of heat transfer limitations.

The above simple analysis can be supplemented to take into account two effects,

the radial convective flow in the gas film surrounding the particle, and the swell

ing of the particle.
The effect of the convective flow in the film can be taken into account (ref. 127)

by changing boundary condition (5.3) to

x=a: \3T/3X

When Gc /h«pg
we have

Gc (T - T)pg 00 (5.21 )

Using G=r p (4TIa 3 /3)j4TIa 2 ,h=NuA /a
o s 9

(5.22)

(5.23)

Typical values for the first two factors are :\Cp/AgCpg '" 6, Nu=2, hence

2

GC pg '" r oa
h O:s

It is now seen that Eq. (5.18) implies (GCpg/h)«l and the boundary condition

(5.21) reduces to the simpler (5.3).
A more serious complication is encountered in the thermal analysis of strongly

swelling coals. Bubble formation in the molten coal increases particle size and
decreases density and thermal conductivity. Since the decrease in density out

weighs the decrease in conductivity, the thermal diffusivity experiences a modest
decrease. The predominant effect, however, is due to the increased particle size.

If the swelling factor is known then the heat transfer analysis should be based

on the expanded particle rather than the initial particle. The situation, how

ever, is more complex because the swelling factor itself depends on temperature

and initial particle size.
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Fig. 5.15. The region of heat transfer (A) and film mass transfer (8)

limitations for the pyrolysis rate r =870 exp(-13,200/RT)g/gs and
o

as=2.2xlO- 3 cm 2 /s.

5.3.2. Analysis of combined heat transfer and kinetics

Among the few modeling studies of coal pyrolysis including the effects of heat

and mass transfer are those of Mills et al. (ref. 127) and Jones and Mills (ref.

128). The kinetics are described by an empirical set of reactions quite similar
to that used in other studies,

coal~
k2metaplast-

metaplast
semi coke + volatiles

The transport aspects of the model are treated in a rather detailed fashion, es

pecially the energy equation which incorporates convective terms due to particle
swelling. The swelling is described in an empirical and not altogether satisfac

tory way, therefore the specific numerical results obtained are not very reliable.

Nevertheless, they point out, at least qualitatively, the gross effects of heat

transfer limitations. A sample of the numerical results of Mills et al. (ref.

127) is given on Figure 5.17 showing the cumulative evolution of total volatiles

as a function of time for different particle sizes. The ultimate weight loss is
predicted to be independent of particle size in view of the lack of secondary
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reactions in the above kinetic model. Hence, the particle size is predicted

to influence only the time required to complete devolatili~ation.

5.4 ANA~YSIS OF MASS TRANSFER
Mass transfer effects are experimentally manifested in the dependence of product

yields on pressure and particle size reviewed in section 5.2. The qualitative in

terpretation of these effects is straightforward. A molecule generated in the

interior of the coal particle requires a certain length of time before it is re

moved from the particle. During this time the tar molecule may become reattached
to the condensed phase to eventually decompose into light gases and solid char.

Slow mass transfer thus increases the extent of secondary reactions causing a
higher yield of gases, a lower yield of tar and a lower overall production of

volatiles.
Mass transfer includes two processes, intra-particle and film mass transfer.

Intraparticle mass transfer involves the transfer of a product molecule from its

generation site in the condensed phase to the external surface of the particle.
Film mass transfer involves the transfer of the molecule from the external part

icle surface to the bulk of the gaso

- 40
~0- 30
If)
If)

~ 20-.r::.
0' 10
CD
3: a

0.001 0.01 0.\ 10

Time (s)

Fig. 5.16. Model calculations of weight loss vs. pyrolysis time for
several particle sizes (~m)(source: ref. 127).

Film transfer proceeds by the same mechanism in softening and nonsoftening

coals although in the former case one might have to consider the change in particle
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size due to swelling. The mechanism of intraparticle mass transfer, on the
other hand, differs profoundly between these two types of coals. In softening

coals the transfer of products occurs by nucleation, growth and coalescence of

bubbles during the plastic state of the particles. In nonsoftening coals diffusion

and forced flow through the pore structure constitutes the transfer mechanism.
In the first subsection we examine film transfer seeking criteria for the absence

of transfer limitations. In the second and third subsections we consider intra

particle mass transfer in softening and nonsoftening coals seeking a semiquanti

tative interpretation of the effects of pressure and particle size.

5.4.1 Film mass transfer

To develop simple criteria for the absence of transfer limitations we consider

a spherical particle immersed in a radially uniform flow field generated by the
flux of productso The products are lumped into two species: gas and tar, the gas

including all low molecular weight products and the tar including all products
with molecular weight above one hundred. The lumping is employed so that we may

use the equations of binary diffusion and thus obtain analytical results. Binary

diffusion at steady state (pseudo-steady state) is described by

(5.24)

(5.25)

(5.26)

where it is assumed that the only convective term is in the radial direction. In

Eqs. (5.24) and (5.25) NT,NG'YT'YG are molar fluxes and mole fractions for the
tar and the gas, c is total concentration and DTG is the binary diffusion coeffic

ient. These two equations are equivalent (as shown by addition), therefore only

one need be considered.
2

In the absence of any source terms in the gas phase the quantities FG=x NT'
2

FG=X NG are constant and equation (5.24) can be integrated to

YT(a)=vT(l-e-o)+e-OYToo

where YT(a)'YT are the mole fractions of tar at x=a and x=oo, vT=FT/(FT+FG) and
00

(5.27)

Equation (5.26) can be used to analyze two related but distinct problems. In

the first problem YT(a) and FG are considered known and Eq. (5.26) is used to de

termine FT' Since vT and 0 are functions of FT the determination of FT is implicit.

In a broad range of conditions 0«1 (see below) and Eq. (26) provides the
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approximate solution

which after setting c=p/RT, YT=PT/P can be rewritten as

DTG
FT =~ (PT(a)-PToo)

where R is the gas constant.

(5.28)

(5.29)

Up to this point the analysis is similar to that of Unger and Suuberg (ref. 129).

These authors assume that Pr(a) is an equilibrium pressure corresponding to the

concentration of dissolved tar, or metaplast, which is uniform throughout the par

ticle. The latter assumption probably does not hold in most conditions of inter

est and will not be adopted in the following.

The effects of pressure and particle size can be explored to some extent with

out making any statement about the value of PT(a) which largely depends on intra

particle kinetic and transport processes. Expressing the molar rate of tar prod

uction per unit mass of coal we obtain

(5.30)

(5.31)

where Pc is the density of the coal particleo The rate of tar evolution appears

inversely proportional to a
2

, but this does not take into account the dependence

of PT(a) on particle size. The effect of pressure is twofold. The diffusion co

efficient is inversely proportional to pressure while PToo is approximately pro

portional to pressure. Thus as the pressure increases the rate of tar generation

decreases resulting in a higher "metaplast" concentration in the coal melt and a

smaller cumulative tar yield.

Eq. (5.30) is coupled through the term PT(a) to the kinetics governing the

evolution of the metaplast concentration in the coal meltc Some results can be

obtained, however, without kinetic considerations. In experiments carried out by

the captive sample technique, PT = a because of tar condensation on the cold reactor

walls, therefore

3 DTG(po)po PT(a)
r T = p RT paz-

c

where p =1 atm. This expression implies that the ultimate tar yield depends on the
o 2

product a p rather than on p and a independently. The scarce data available on

particle size dependence do not allow evaluation of this particular result. As

we shall see below, however, film mass transfer is in most cases very fast, there

fore the pressure and particle size dependence of the tar yield must be mainly
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due to intraparticle mass transfer processes.

We now return to Eq. (5.26) to derive a criterion for the absence of film mass

trans fer 1imitations. Such a criteri on may be expressed in the form

which can be rewritten with the help of Eq. (5.26) as

(5.33)

Clearly, this criterion is satisfied when 0«1. The parameter 0 is a kind of a

Peclet number depending on particle size and temperature but independent of pres

sure since DTGcrl/P.
To estimate 0 we relate vT and Fi to the experimental rates of tar and gas prod

uction:

i=T,G

(5.34)

(5.35)

where MT and MG are the mean molecular weights of tar and gases, about 300 and 30

respectively. Introducing (5.35) into the definition of 0, Eq. (5.27), we obtain

The parameter 0 may now be estimated by using
2 ° 3cm /s,Tl =800 K,pc=1.2 g/cm , rT/MT+rG/MG=ro/30.

=870 exp(-13,200/RT) we obtain

(5.36)

I. 75

the estimates pDTG~(T/Tl) atm
Using the previous expression ro

1.14 a
0- --'-"--'-'---"-.

O. 75

T
(

13,200)exp - ~ (5.37)

with a in ~m and T in oK. To obtain concrete results, we arbitrarily set 0=0.1

as the limit of transfer limitations. The value 0=0.1 defines curve B in Figure

5.16. This curve lies remarkably close to curve A defining the region of heat
transfer limitations. The location of both curves is specific to the rate ex

pression chosen to represent the rate of pyrolysis.

5.4.2. Intraparticle mass transfer in softening coals
We are here primarily concerned with the evolution of tar and gases during the

plastic state of coal. In this situation mass transfer consists of two ~rocesses

in series: diffusion through the molten coal to some internal surface, that of a
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bubble or a pore; and transport with the bubble or through the pore to the surface

of the particle. The role of preexisting pores is not well understood. As dis

cussed earlier in connection with Fig. 5.7, a certain fraction of preexisting

pores «60 A) collapse during pyrolysis perhaps due to surface tension effects.

Pores in the range 60-300 Awere preserved but in this case one could not distin

guish between preexisting pores and pores generated by the evolution of bubbles.

It appears likely that the major part of mass transfer occurs via bubbles while

preexisting pores playa relatively minor role.

A detailed theoretical analysis of mass transfer based on the nucleation,

growth and coalescence of bubbles was carried out by Lewellen (ref. 130). The rate

of bubble nucleation employed in this analysis depended on several variables

including the rate of pyrolysis and contained some adjustable parameters. Bubble

growth was described by the Navier-Stokes equations assuming an idealized geom

etry. Coalescence and bursting were postulated to occur when the surfaces of

growing bubbles meet one another or reach the external particle surface. The

bubble transport equations were interfaced with the chemistry by assuming that

the volatiles experience secondary reactions on the bubble surface. The calcula

tion of extent of these secondary reactions employed bubble surface area and

pressure which, in turn, depended in a rather complicated fashion on particle

size and external pressure. The analysis thus established the dependency of

the volatile yield on particle size and external pressure. The predicted

dependence on particle size was in qualitative agreement with experimental data

but the predicted dependence on pressure was not satisfactory.

Although adjustments can be made to improve the predicted dependence on ex

ternal pressure, the coupling between chemical reactions and bubble dynamics

remains questionable. As formulated, the analysis does not distinguish between

tar and gases and does not take into account considerations of phase equilibrium

between bubbles and coal melt which as we shall see below hold the key to the

evolution of tar vapors. In spite of these deficiencies and its complexity,

Lewellen's analysis contains many useful ideas especially with regard to bubble

growth.

To take into account the constraints imposed by thermodynamics we must disting

uish between gases and tar vapors. Liqht hydrocarbon gases, water vapor and

carbon oxides have very low solubility in the coal melt at the reaction temperature,

therefore they nucleate quite rapidly to bubbles which grow, coalesce and finally

burst through the boundary of the molten particle. Tar molecules on the other hand

possess relatively low vapor pressure, therefore make a negligible contribution

to the nucleation rate. Nevertheless, they do exert a vapor pressure in the bubbles

at equilibrium with their concentration in the coal melt adjacent to the bubble

interface. It appears very likely that secondary reactions involve primarily

the tar dissolved in the coal melt and to a lesser extent the tar vapors in the
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bubbles or outside the particle.

The partial pressure of tar in the bubbles is at equilibrium with the coal

melt at the bubble surface and not necessarily with the bulk of the coal melt.

Whether or not substantial gradients of tar concentration exist between the bulk

and the interface can be determined, in principle, by comparing the characteristic

time for diffusion in the melt with the time for chemical reactions. If DTM is

the diffusion coefficient of tar molecules and xMis the corresponding diffusion

path, the characteristic diffusion time may be defined as tm(X~/DTM"

The diffusion coefficient can be crudely estimated from the Stokes-Einstein

equation

where w is the viscosity of the melt and a the radius of the diffusing molecule.

The viscosity of the coal melt is not well defined because of the transient nature

of the plastic stage and the presence of bubbles and solid particles. For esti-
6

mation purposes we may use values in the range l-SxlO g/cms (refs. 112,131). Such

values correspond to low heating rates (a few ·C/min) and temperatures about

420°C. The transient viscosity at higher heating rates and temperatures could be
6 0 0

considerably lower. If we use w=3xlO g/cms and a=8 A,2.S A for tar and gases

we obtain the estimates DTM=2X10-14cm2/s, DGM=SxlO-14cm2/s at SOO·C. These values

are lower by many orders of magnitude than those employed by Attar (ref. 132) and

Unger and Suuberg (ref. 129) in their analysis of diffusion in the coal melt.
The diffusion path xMis the thickness of melt layers between adjacent bubble

surfaces and depends on the rates of bubble nucleation, growth and disappearance.

Bubble nucleation in coal melts has been analyzed by Attar (ref. 132) but his

estimates of nucleation rates are probably too high because of overestimating the

diffusion coefficient. Bubble growth, coalescence and disappearance have been

analyzed in the aforementioned work of Lewellen (ref. 130). The lack of reliable
physical properties and the difficulty of describing bubble coalescence constitute

a formidable problem in estimating xM. However, we can inquire about the values

of xMfor which the diffusional resistance in the melt becomes important. For a

pyrolysis time of lOs (at 5~O·C) diffusion starts being important when tMS=ls

which corresponds to xM=lO A, if we use the previously estimated values of DTM .

Even if the viscosity were lower by a factor of one hundred, tar transport from

the bulk of the melt to the bubble surface would remain one of the rate determining

processes. The above observations suggest a qualitative explanation of the role

of external pressure in determining the yield of tar. Increasing the external

pressure causes the bubble size and the rate of bubble coalescence and bursting

through the particle surface to decrease. As a result of the longer bubble
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residence time and tne higher bubble pressure,the partial pressure of the tar

increases and tar evolution is slowed down. The result is more extensive

secondary reactions and -lower cumulative yield of tar.

The tar yield also depends on particle size. Larger particles require larger

internal bubble pressure to overcome the viscous resistance to bubble growth. As

before, larger internal pressure adversely affects the tar yield. Howev€r, the

particle size effect has not been adequately documented and seems smaller than
the pressure effect.

5.4.3. ~tIaparticle mass transfer in nonsoftenino coals

Mass transfer in these coals proceeds through the porous ~tructure which rem~ins

relatively stable during pyrolysis. Much of the rilethodology Of mass tl'ansier in

porous solids has been developed in the context of heterogeneous catalysis and is

not directly applicable to coal and coal char. The latter materials possess a

very broad pore size distribution including micropores 0.0004-0.0012 ~m, trans

itional pores 0.0012-0.03 ~m and macropores 0.03-1 ~m diameter. This broad size

distribution poses two theoretical difficulties: (i) diffusion in the micropores

is activated and suitable diffusion coefficients have not been measured at pyrol

ysis temperatures (ii) coal particles with size of the order of 100 ~m, typical

of many experimental situations, cannot be strictly treated as continua using

an effective diffusion coefficient.

The microporous space of coal and char has molecular sieve characteristics.

Diffusion through this space depends on molecular size and is very slow and acti

vated. The pyrolysis products must first slowly diffuse through a domain pene

trated by micropores only until they reach the surface of some transitional pore

or macropore and then be transported by convection and diffusion to the surround

ing gas. The coal or char particle may then be considered as a two ohase region,

the coal phase, including the micropores, and the void phase consisting of pores

larger than 12 Ain diameter. The average diffusion path that a molecule in the

coal phase must transverse before reachi~g the void phase depends on the pore size

distribution in a complex fashion which has not yet been investigated. However,

for commonly encountered materials some tentative estimates place it in the range

500-2500 A. The diffusion coefficient of molecules such as CH4, H20, CO etco in

the coal phase is probably larger than 10- 10 cm2 /s so that under most conditions

such molecules require about 1 s before they reach the void phase. Given the low

reactivity of these molecules such residence time is too short for any secondary

reactions.

Because of their size, molecules in the tar range diffuse much more slowly in

the coal phase. Although the diffusion coefficients are not known they could be

smaller than 10- 12 cm2 /s. The corresponding diffusion times are in the range of

100 s, quite long given the propensity of the tar molecules to secondary reactions.
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Limitations in the evolution of tar due to this sloW diffusion in the coal phase
are independent of particle size (the diffusion path depends on the pore size
distribution and not on the particle size) and cannot be experimentally separated

from the kinetics of pyrolysis. An empirical device for taking into account the
slow diffusion through the coal phase has been utilized in the pyrolysis model of
Gavalas et al. (refs. 133,134).

Once in the pore space (>12 A in diameter) gases and tar vapors are transported
by the customary mechanisms to the particle surface and from there to the bulk
of the gas. The transport of pyrolysis products through the intraparticle void
or pore space depends on r~rticle size and external pressure. This is the de

pendence that has been studied experimentally and constitutes what is nQrmally
called intraparticle mass transfero Mass transfer and kinetics are intimately
coupled and should in principle be analyzed together. However, to combine mass
transfer with an elaborate kinetic model requires the solution of a coupled system
of several stiff partial differential equations, a formidable numerical task in
deed. Russel et al. (ref. 1351) studied th'eoretically mass transfer in combination
with simple empirical kinetics for coal hydropyrolysis. Gavalas and Wilks (ref.
62) obtained some qualitative results concerning the effects of pressure and par
ticle size on pyrolysis yields by formulating a simpler and limited in scope prob
lem. If the instantaneous rates of tar and gas production are known experimentally
an analysis of the mass transfer equations provides the pressure and concentrations
of gases and tar in the pore space. The concentration of tar can then be used as
a qualitative measure of the pressure and particle size effects.

We will now summarize the chief results from reference 62. By assessing the
o

role of pores of various sizes it is found that pores in the range 300-A to 1 ~m

constitute the main channels for mass transfer. This pore range is approximated
by a bimodal pore system with radii 0.05 and 0.5 ~m. The larger pores are few in
number and hence poorly cross-linked, therefore, transport in the particle cannot
be treated using the customary diffusion coefficient and permeability. Instead,
the following simplified assumptions may be employed. Once a molecule enters the
large pores it is quickly carried to the external surface due to the large trans
port coefficients in these pores. Thus the large pores effectively shorten the
diffusion path through the smaller pores via their mutual intersections. This
situation is approximately described by defining a smaller effective particle
size and considering diffusion through the small pores alone. Binary effective
diffusion coefficients can then be employed.

The multicomponent mass transfer problem can be further simplified by lumping
the various gases into two or three groups according to molecular size. When
pyrolysis is carried out in hydrogen or helium, three components are required:

hydrogen (helium), gases (C02,H20,CH4 etc.) and tar. When pyrolysis is carried
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out in the atmosphere of pyrolysis or combustion gases, or in nitrogen carrier,

two components are sufficient, gases and tar. Although reference 62 treats both

the ternary and the binary problem we will here give the results for the binary
problem only.

Neglecting accumulation terms, the mass balance equations for gases and tar
in a spherical coal particle are given by

G,T (5.38)

where Ni are the molar fluxes and Yi the molar rates of production per unit vol
ume. The source terms Yi are assumed spatially uniform and known, from the meas
urements. In a more complete analysis, of course, Yi would have to be related to
the concentrations via the kinetics and would thus vary with the radial position.

With Yi treated as independent of r, Eq. (5.38) is immediately integrated to

r
Ni = Yi 3" i = G,T (5.39)

The quantities Ni can be described by the approximate flux model

N. = -c· .§. Q2.
d
d + N~

1 llJr 1
i = G,T (5.40)

where S,~ are permeability of the coal and viscosity of the gaseous mixture while

ci are molar concentrations and p is the pressure. In Eg. (5.40) the flux consists

of two terms, one due to a pressure gradient and the second, Ni, due to diffusion.

The diffusive fluxes Ni are given by

dCG = N~ N.yXG-NGxT- ~+
dr DGK DGT

dCT
N~ NGxrN.yxG_ .J:. +F=
DrG DGT

where Di k' DGT are the

given by

Dik
s *= 3" Dik

(5.41 )

(5.42)

effective Knudsen and binary bulk diffusion coefficients

G,T

*where Dik is the Knudsen diffusion coefficient in a single capillary of the type

considered, D~i is the bulk diffusion coefficient at atmospheric pressure and
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P'Pat are pressure and atmospheric pressure. The pressure p is a function of

location within the particle.

Combining Eqs. (5.39)-(5.42) we obtain

::' 0 - ~ ~:K :: -; [yO (~:T' D:K)- YT ~:T] (5.43)

::T 0 - ~ ~;K :: -; [YT (~:T' D;K) -Y, ~:T ] (5.44)

By adding these two equations and using the ideal gas law cG+cT=p/RT we obtain an

equation for the pressure,

Q2.=
dr

RT(YG+ YT)
DGK DTK r

(

XX )-3
1+~ _G_+~

)l DGK DTK

(5.45)

By inserting (~.45) into (5.43) and (5.44) the term dp/dr can be eliminated re

sulting in two coupled equations in cG,cT with the initial conditions

i = G,T (5.46)

where Po' xGo ' xTo are the known pressure and mole fractions in the bulk of the gas,

Equation (5.45) can be written in dimensionless form as

dW

dE:

Pat 1 + oPT

Po 1+A( VG+PTVT)
(5.47)

E: r/a,V i = ci/(po/RT), (i=G,T),W=p/po

*. / *o YT/YG' PT = DGK DTK

B

Although linearly dependent on (5.43) and (5.44), Eq. (5.47) is useful in cer

tain limiting cases where it can be solved independently. For example, in the

pyrolysis of subbituminous coals the molar production of gases far exceeds that
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of tar: YT«YG and, in addition, xTo«xGo and VT«VG, so that Eq. (5.47) may be
simplified to

dW pat 1 + oPT

+ AW (5.48)

which can be integrated with the initial condition W= 1 at ~ 1 to yield the
maximum dimensionless pressure difference

1+ A{[W(O)-l = - -A- 1

where

3SPat
A =-
at EjJD*

GK

+ Aat(l + c5PT)B

(1 + A)2
(5.49)

The maximum pressure buildup depends on the dimensionless parameters A, Aat
and B. For any given coal, the parameter A depends on pressure only and repre

sents the ratio of characteristic times for diffusion and forced flow (due to the

pressure gradient). Large values of A imply that forced flow is the predominant

mass transfer mechanism while small values of A imply that diffusion is the main

mode ,of mass transfer. The parameter Aat is simply the value of A when P=Pat.

The parameter B is a ratio of characteristic times for diffusion and the pyrolysis

reaction and encompasses the effect of particle size and temperature. For small

values of A (low pressure) transport occurs mainly by diffusion and the intrapar

ticle concentration profiles of tar and gases are determined solely by B.

To examine Eq. (5.49) in more detail, we note that the permeability S for

straight cylindrical capillaries of radius R and porosity E is given by S = R2 E/24.

For R = 0.05 jJm it can be seen that Aat«l. As long as B is not much larger than

unity (5.49) can be simplified to

l+ c5PT Aat
W(O)-l = -2- A(l+A) B

or, in dimensional form

(5.50)

(A/p )(l+A)o
B (5.51 )

The pressure buildup is proportional to the parameter B which is proportional to

the square of particle size, and inversely proportional to l+A which includes the

effect of pressure. The quantity A/po is independent of pressure. At low pres

sures A«l and the pressure buildup depends on B alone. At high external pressures,

the buildup p(O)-p depends on both B and A and diminishes with increasing pressure.o
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Some results from the numerical solution of Eqs. (5.43), (5.44) are presented

in Figure 5.17. The average intraparticle tar concentration is given as a func

tion of A (dimensionless pressure) for three values of B (function of particle

size and pyrolysis rate). At low pressures the average concentration is a strong

function of particle size but depends very little on pressure. At high pressures
the concentration depends on both pressure and particle size. Inasmuch as the
extent of secondary reactions depends on the average tar concentration, the

above dependence of concentration on pressure and particle size indicates,
qualitatively, the effect of these two variables on the yield of tar. To

describe this dependence quantitatively requires as we have pointed out the joint

analysis of kinetics and mass transfer.
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Fig. 5.17. Model calculations of average
tar concentration, based on pore volume,

as a function of the dimensionless param

eters A and B (source: ref. 62).




