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1.0 Introduction 

This review is divided into separate sections that deal with mass transfer during 
devolatiliza=ion and during gasification {or combustion). This quarterly report is 
devoted to the f i r s t  topic. This division is somewhat a r t i f i c i a l ,  since normally 
the two processes tend to merge wlth one another, and i t  is d l t f i cu l t  tO say when 
devolati l iza:ion ends and gasification begins. S=i l l ,  the phenomena are more 
easily presented in terms of the separate regimes ~n which they occur, an~ as is 
the sequence in nature, the material concerning devolati l ization precedes that 
concerning gasification. 

2.0 The Role Of Mass Transfer in Coal I)evolat i l izat ion 

The major focus of tn~s review is "rapid rate" pyrolysis or devolati l ization, 
involving heating of finely ground coals ~of diameter of millimeters or less) at 
heating rates above roughly !OD0 K/s tO high temperatures (above 700 K). This 
covers all conditions of relevance in pulverized coal combustion, fluidized bed 
combustion or gasification, entrained flow gasification or liqueTaction, and dust 
explosions. Much of the material presented here has been presented previously in 
an extensive review on mass transfer processes In coal pyrolysis ( I ) .  

The coal pyrolysis l i terature has been reviewed many times; within the last few 
years, three reasonably comprehensive reviews emphasizing rapld rate coal pyrolysis 
phenomena have appeared (2-4). An extensive review of the pyrolysis l i terature 
w~ll not be presented here. Rather, the fOCUS w~ll be narrowed to the role of mass 
Lransfer in pyrolysis processes. This aspect of rapid rate pyrolysis processes 
has, until recent years, received relatively l i t t l e  attention. As w~ll be 
discussed below, a proper understanding of mass transfer processes is central to 
gaining a fundamental understanding of the rapid rate pyrolysis processes. 

There is abundant evidence that mass transfer processes play a role in determining 
the yields of volatiles obtained during pyrolysis (2-8). The majority of the 
evidence comes from studies in which the effect of pressure in the gas phase 
external to the particle is examined. Figure I presents a summary of data obtained 
with a Pit=sburgh No. 8 bituminous coal. I t  shows clearly that as gas pressure 
external to a particle is increased, the yield of tar obtained during pyrolysis is 
decreased. At the same time, the yield of l ight gases increases with increasing 
pressure. The effect of pressure on l igni te pyrolysis behavior is not nearly as 
signif icant, but is qualitatively similar (gJ. This point is i l lustrated in Fig. 2 
which ShOwS data on pressure effects for a variety of coals. 

Tars have been singled out as key species in considering the effect of mass 
transfer limitations on coal pyrolysis. Tars are operationally defined as any room 
temperature condensable volati les. Roughly one K~arter to one third of both the 
mass {3,5,10) and heating values (6) of bituminous coals can be carried Into the 
vapor phase by escaping tars. Up to three quarters of the total heating value of 
zhe volati les can be contained in these tars. Tars have also been suggested as 
important intermediates in soot formation processes. The recent observations of 
soot t ra i l s  around individual coal particles (inside gas flames) has been ottered 
as evidence of tar condensation mechanisms for soot formation t11,12}. I t  is 
significant that only coals whicM yield large quantlties of tar exhibit this 
behavior {11). Neither the mechanisms of escape of the tar from the particles nor 
zhe mechanism of condensation of the soot is understood. 

The role of mass transfer l imitations in shaping yields from pyrolysis seems to be 
greatest in the case of bituminous oals and less so in other ranks (2-4,13). This 
is apparently related to the higher yields of tar produced during pyrolysis of 
bituminous coals, compared to other ranks. This is consistent with the observation 
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that the bituminous ranks tend to show more tendency towards soot t ra i l  formation 
than do lower ranks (11,12). 

Thus Fig. 2 presents an attempt at summarizing the majority of data concerning 
pressure effects on yields during rapid high-temperature pyrolysis. I t  is 
nominally a plot of normalized tar yield against the pressure external to the 
particle during pyrolysis (all results obtained in inert gas environments). Table 
I su~arizes the conditions under which the data in Fig. 2 were obtained. Where 
actual tar yield data were available, the tar yield at any pressure was normalized 
by dividing by the maximum tar yield obtained from the coal at vacuum conditions 
(see Table I for what constituted vacuum conditions in each case). Where actual 
measurements of tar yields were not available, estimates were made, based on 
correlation between normalized tar yield and weight loss (derived from all 
available tar yield data). This correlat~&~ was of form: 

No-realized Tar Yield = 1-O.55((vO-v)/(vO-vh)) ( i) 

where v 0 is the weight loss at the lowest pressure employed i~ the study, v h is the 
weight loss at the highest pressure employed in the study, and v is the actual 
weight loss at the pressure of interest. In the case in which i t  was necessary to 
use this correlation, there was relatively l i t t l e  ambiguity regarding appropriate 
values of VD and v h. 

Given the admittedly crude nature of the plot a rather consistent trend of 
decreasing tar yield with increasing pressure is observed, regardless of the rank 
of coal. Note that the data include both softening and non-softening coals, 
ranging from the l ignites to low volatile bituminous in rank. I t  is noteworthy 
also that the points which seem to fal l  above the general trend line were 
normalized with respect to 0.1 atm tar data. Many data (14,17) seem to imply that 
0.1 atm is a suff iciently high pressure scch that further decrease in pressure 
would result in further increase in yield; thus the normalization factor applied in 
the case of studies with minimum vacuum pressures of 0.1 atm might be too high. In 
any event, the data shown in Fig. 2 only suggest that there might be some common 
behavior patterns in all ranks of coal, obviously more data are needed to prove the 
point. 

There is general qualitative agreement on the role of mass transfer l imitations in 
coal pyrolysis. I f  the rate of escape of the tar decreases with increasing 
pressure, this implies a longer residence time for tar precursors in the particles 
thus allowing a larger fraction of them to be repolymeriz~ iRto the char 
structure. Once reincorporated into the solid matrix by more stable bond~, the tar 
precursors can yield volatiles only by reactions which involve cracking off  of 
small side groups (hence the increased yields of gas with decreasing tar  y ie ld) .  
The mechanism by which the increased pressure serves to retard the escape of tars 
from the particle is s t i l l  open to some debate. The various models which have been 
advanced to explain this effect are outlined below. 

I t  is cust)mary to explore for some types of mass transfer limitations by 
experiments in which the diameter of particles is varied. Unfortunately, data on 
the variation of pyrolysis product yields with particle diameter are often 
influenced by unintentional variations in heat transfer conditions (18). In 
addition, even in situations in which heat transfer to particles is relat ively 
well-defined, there are sometimes particle size characterization d i f f i cu l t ies ,  
since particles can swell and/or flow on the surface of solid supports they are in 
contact with. Care must also be taken to avoid maceral segregation effects in such 
particle size effect studies. I t  is well known that different macerals have 
differing mechanical properties, so grinding and sift ing operations may lead to 
enrichment of certain macerals in certain size fractions (19). Since different 



TABLE (1) 

Conditions for Figure 2 

Reference S~bol Coal s+ Parti cl e Heating 
Size (/~m) Rate/Max. 

Temp. 

Arendt & HVB (26), 200-315 200'C/s 
van Heek (14) HVB (25), 1DO0'C 

MVB (17), 
LVB (9 )  

Gavalas & HVB (19), 110 600'C/s 
Wilks (13) SUBB (6) 500'C 

Suuberg et al. Lignite [8J 53-88 IO00'C/s 
(5,6,9) HVB (36) 900'C 

Unger & HVB (36J 62-88 IODO'C/s 
Suuberg (7,24) 900'C 

Howard (16) HVB (20) 400-800 I'C/s 
525'C 

"Anthony et al. HVB 70 650'C/s 
(i7) 1000' C 

*Ni ksa [ 8) HVB 125 1000" C/s 
750'C 

Pressure Method 
arm. 

0. I- 90 HWM 

0.1-2 HWM 

10-4-69 HWM 

10-I-1 HWM 

10"i-I RETORT 

10-3-69 HWM 

10-4-100 MWM 

*Tar Yield 

+Maximum observed tar yeilds under vacuum shown in parentheses 

HWM = Heated Wire Mesh 
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macerals can have widely varying pyrolysis behavior (20), mass transfer issues may 
be clouded by chemical differences. 

Nevertheless, there do exist a limited number of data on the effect of particle 
diameter on yields and compositions of volatiles {3-5,8). Generally, lower total 
volatile yields and lower tar yields are observed with increasing particle size. 
This is evident from the data in Figures I and 3. This has usually been considered 
as consistent with the view that longer volatiles residence times lead to lower tar 
yields; as wil l  be discussed below, large particle sizes will most l ikely lead to 
longer volatiles residence times. 

3.0 External Mass Transfer Limitations 

Throughout this review, i t  will be assumed that the coal particles are motionless 
with respect to the surrounding gas. This viewpoint is not as restrictive as i t  
may in i t i a l l y  appear. In many real situations, particles as small as those of 
interest here (less than a millimeter in diameter) will be carried along with the 
gas flow at roughly the same velocity. Where this assumption is not appropriate, 
allowance for gas-solid sllp and resultant mass transfer enhancement will be 
possible by techniques discussed below. 

There are two main mechanisms of transport of volatile species to be considered 
here. Upon leaving the surface of the particle, species may diffuse away from the 
particle or be carried away in a convective flow. I t  should be recalled that the 
main species of interest with respect to mass transfer effects during pyrolysis are 
the tars; of course many light gas species are simultaneously escaping the 
particle. I t  wil l  be assumed that once a l ight (non-condensable) species is 
formed, i t  can undergo no further reactions, and thus the rate of transport of 
these species is unimportant {except as i t  influences tar transport). This 
assumption ca~ be challenged on the basis that l ight gas species can certainly 
undergo second~-~- reactions before escaping the coal particle, but to address 
issues of this kind would divert attention from considering the role of the 
obviously key component, the tars. 

When attention is thus focused on the escape of tars from the surface of a coal 
particle, analogy with the evaporation of liquid droplets is clear. The tars are a 
condensed phase within the coal particle, and must evaporate and diffuse away from 
the surface in order to be collected as a separate condensed phase product. The 
similarity of the infrared spectra of tars to parent coals has long been noted (20- 
23), and on this basis, i t  has been postulated that tars are merely 
=depol3nnerization" fragments of parent coals. Since the tars are relatively high 
molecular weight substances, as is shown below, they are only marginally volatile, 
even at pyrolysis temperatures. Recent experiments with n i t r ic  oxide free radical 
scavengers have again suggested that the tars actually diractly evolve as high 
molecular weight substances, rather than being formed by secondary radical 
recombinations in the gas phase surrounding the particles (24). 

The analogy between l iquid droplet evaporation and tar escape during pyrolysis has 
thus been explored (6,25). The theory for single component droplet evaporation is 
well developed and is widely employed in the combustion f ie ld  (e.g, Ref. 26). The 
theory for multi-component dro.r.let behavior {more like the situation that exists in 
coal particles) is somewhat less developed and has recently received a great deal 
of attention (e.g. Refs. 27-29), In essence, all droplet evaporation theories 
postulate that the escape of a species from the surface of a droplet is controlled 
by a combined vaporization and diffusional process. Vapor-liquid equilibrium is 
assumed to exist at the droplet surface, meaning that the concentration of tar in 
the vapor phase right at the particle surface is determined by the vapor pressure 
of the tar. The rate at which liquid (or tar) can evaporate is limited by the 
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requirement that this equilibrium be maintained at all times. The actual escape of 
the liquid or tar involves diffusion of the evaporated species through the stagnant 
gas surrounding the particle. The standard derivation of the model assumes a 
spherical droplet, but other geometries can of course be considered at the expense 
of greater mathematical complication. The formal mathematical statement of the 
model, in a form relevant for coal pyrolysis, wil l  be presented below. I f  the 
droplet is in a non-stagnant environment, semi-empirical corrections have been 
suggested for the basic droplet model (26). 

It  has generally been assumed in implementing the coal pyrolysis analogs of droplet 
vaporization models that the temperature of the particle surface effectively tracks 
the gas temperature. This is due to the fact that net heats of coal pyrolysis are 
often quite modest, typically cited values being between zero and 100 cal/gm of 
coal (30-32}, most often endothermic, but at times exothermic. 

To this point, ~he role of convection, due to escape of l ight  gases from the 
particle, has not been discussed. Certainly i f  this flux is sufficiently high, 
escape of tars from the particle surface might be enhanced by such a flow. The 
issue of whether the surface flux of l ight volatiles is suff ic ient ly high so as to 
contribute to the transport of tar has been examined (25). I t  has been shown that 
the ratio of the pure diffusion flux of tar (in the absence of l ight gas evolution} 
to the flux of tar in the case of convective enhancement is:  

pure diffusion/convective enhancement = @/(l-exp(- ~ )) (Z) 

where ¢ = NR/DvCv, N = true molar surface flux of all species (gas + tar) ,  R = 
particle radius, D v = diffusion coefficient of tar in the surrounding gas, and C v = 
molar density of the gas phase. This of course assumes that the flux is uniform 
over the entire surface of a spherical particle. I t  was calculated that for a 
typical 75 ~m particle, the convective enhancement is at most a few percent, but 
for 1 mm particles i t  can be quite significant. 

This discussion leads into another possible mechanism of tar transport. I t  has 
been observed on occasion that volat i le matter does not uniformly leave the surface 
of pyrolyzing coal particles. Rather, "jets" of volatiles art observed, indicating 
the existence of highly non-uniform surface fluxes. I t  has been presumed that in 
such a situation, the velocity of a je t  of volatiles leaving the surface of a 
particle may be sufficiently high so that physical entrainment of tar may occur (in 
a high shear region, or upon bursting of a bubble at the surface). This leaves 
open the possibi l i ty that tar need not evaporate in order to escape the particle. 

Evidence that evaporation must be a significant factor in determining the escape of 
tar in pulverized fuel size particles is shown in Figs. 4 and 5. Figure 4 shows 
the molecular weight distribution of an atmospheric pressure pyrolysis tar in 
comparison to the molecular weight distribution of extractable material lef t  behind 
in the part icle. These experiments involved pyrolyzing f inely ground particles in 
an electr ical ly heated wire mesh which allowed rapid escape of all vapor phase 
species. Clearly, there was a selectiveevaporation of l ighter  material. Physical 
entrainment mechanisms would predict similar molecular weights in tar and 
extractable residue. In addition, Fig. 4 also ~hows a significant difference 
between atmospheric pressure tar and vacuum tar produced under similar conditions. 
These data similarly suggest that vapor phase transport processes must be 
important, since i t  is d i f f i cu l t  to imagine why condensed phase transport processes 
should be affected by variations in external pressure. 

Figure 5 shows a comparison of the molecular weight distributions of atmospheric 
pressure pyrolysis tar from I l l i no is  No. 6 coal, and a sample of tar wblch was re- 
evaporated from this original tar  under identical pyrolysis conditions. Both 
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experiments involved placing the samples (coal in one case, dry tar in the other) 
on the electr lcal ly heated wire mesh described above. The molecular weight 
distr ibut ions of the original tar and re-evaporated tar are very similar, implying 
that similar processes are involved in the escape of the tar in bDth cases. There 
is of course no ~arge convective flux due to simultaneous gas evolution in the re- 
evaporation case, hence the conclusion that evaporation must control escape of the 
tar in both. lne fact that the original coal tar does include more higher 
molecular weight material than the re-evaporated tar probably reflects the fact 
that there was relatively less Such material in the sample of previously evaporated 
tar than originally present in the coal. 

I t  is however, also possible that the presence of greater amounts of high molecular 
weight material in the original coal pyrolysis tar could be due to some 
contribution of physical entrainment. Evidence in favor of this hypothesis has 
been presented in the form Of elemental composltlon data on various molecular 
weight fractions of pyrolysis tars (33). These are summarized in Table I I ,  for the 
same Bruceton bituminous coal that was the Subjecz in Fig. 4. I t  is apparent that 
the highest molecular weight fraction shown has such a low H/C ratio that i t  is 
rather unlikely to have escaped the particles by a vaporization process. Hence i t  
must be inferred that this material escaped by entrainment. 

Reference to Fig. 4 establishes that there is almost a third of the tar present at 
SUCh high molecular weights, and thus the significance of the entrainment mechanism 
may be considerable. 

Thus far ,  the discussion of molecular weight distr ibutions of flash pyrolysis tars 
has focused on data obtained by gel permeatlon chromatography (GPC). There Is some 
dispute as to the interpretation of tnese results in view of: i) the well known 
problem of association of large molecules i~ solution and 2) discrepancy between 
these results and those obtained by Field ~onization Mass ~pectrometry (FIMS}. 
There is ,  however, no question that FIMS also reveals that the tars produced in 
vacuum are heavier than those produced at higher pressures {34,35). I t  has also 
been shown that the molecular weight distr ibution of the tars is StrOngly 
influenced by heating rate {34,36) the higher the heating rate, the broader the 
range and the higher the molecular weight of tars released. Thus any comparison of 
FIMS and GPC molecular weight distr ibutions should be performed using the same 
sample of coal tar produced at comparable heating rates. FIMS suffers the possible 
d i f f i cu l t y  that not al l tar is vaporized during the analysis of a sample; anywhere 
from a few percent to over 50% might be unanalyzed typical ly (37). Thus i t  is not 
surprising that FIMS would tend to give lower molecular weight than GPC for 
comparable tars. Whether the GPC measurements are wron5 due to association, or 
FIMS are wrong due to inab i l i ty  to vaporize some larger fragments as e f f i c ien t ly ,  
is s t i l l  open to debate. To put the problem in perspective, data on l igni te flash 
pyrolysis tars snow roughly the same most probable molecular weight of 400 daltons 
by both FIMS (34) and GPC (38). By FIMS analysis 99% (wt) of the tar is less than 
80D in molecular weight, while by GPC, only about 50% (wt) of the tar is below this 
molecular weigh. For difterent samples of Pittsburgh Seam bituminous coal, a FIMS 
analysis {35} of vacuum pyrolysis tars revealed a number average molecular weight 
of 403, whereas GPC (39) ylelded 426. 

In short, both techniques confirm the key trends of tar molecular weight as a 
function of pressure and temperature, but there is s t i l l  some question as to 
exactly how large the biggest fragments are that can escape the particles during 
rapid pyrolysis. This is an important question, since i t  provides a clue at to 
what kinds of vapor pressures might be expected for such tars. 
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TABLES ERIC WP#Z1 4/81 

TABLE II  

Hydrogen-carbon atomic rat ios of moleular weight 
f ract ions of Bruceton coal vacuum ta r  and vacuum chars 

Molecular weight a H/C ato,~ic ratio 

1642 0.83 
704 1.10 
391 1.09 
256 0.98 
220 1.03 
185 1.05 

Raw coal 0.80 
813 K char 0.71 

I043-1D65 K char b 0.49 

a Average molecular weight of a 2 ml elution volume fraction from preparative 
chromatogrphic col umn. 

b Atmospheric pressure char. 
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Tar from different ranks of coals show Oifferences in molecular weight 
distr ibut ions, as i l lustrated in Fig. 6 and shown in several studies (?,34,36,38- 
40). Generally very low rank and very high rank coals give lower molecular Weight 
tars than 6o the medium and high vo!atlle bituminous coals (38). 

Evaporation control models of pyrolysis could be more extensively tested, were 
vapor pressure data available for coal tars. Unfortunately, such data do not exist 
for these substances or any heavy hydrocarbons with signif icant heteroatom 
contents. Part of the d i f f i cu l ty  in obtaining such data lies in the fact that 
these materials thermally degrade at the temperature of interest. Nevertheless, 
attempts have been made to evaluate evaporation controlled processes by using a 
vapor pressure correlation of form (24,33,39): 

pO(atm) : 5756-exp(.255-MWO.5B6/T ) (3) 

where MW is the molecular weight and T is in K. This correlation was derived ~rom 
data on miscellaneous high molecular weight hydrocarbons {containing no 
heteroatoms) and should certainly not be assumed to be better than an indication of 
the order of magnitude of the pure component vapor pressure. This is clearly an 
area awaiting furtner Oevelopments. 

The above correlation would imply that a tar species of molecular weight 2000 might 
have a pure component vapor pressure of !ess than a mircotorr at 723 K {450~C}. In 
as much as small amounts of material of this molecular weight appear to be present 
in low temperature pyrolysis tar samples (see Fig. 4), i t  is possible that e~ther 
the vapor pressure prediction is incorrect, or again, that a small amount of tar is 
physically carried from the surface. 

There is likewise a d i f f i cu l ty  in obtaining data on vapor phase di f fus iv i t ies of 
the tar species. However, i t  ~s fe l t  that standarO group addit ivi ty methods (e.g. 
Fuller-Schettler-Giddings, 41) Should be applicable (42), at least at the level of 
accuracy required. 

4.0 Internal  Mass Transfer L imi tat ions 

There exist widely varying viewpoints concerning the nature of transport of 
volati les within coal particles. The discussion of internal transport must always 
be focused f i r s t  by considering whether the coal in question is softening or non- 
softening. In the case of softening coals, i t  appears to make sense to treat the 
particle as a l iquid droplet during part of the pyrolysis process. In the case of 
non-softening coals, the transport of volati les within the particle wil l  most 
l ike ly  occur along pores. Unfortunately, i t  is d i f f i cu l t  to predict whether Or to 
what degree a particular coal wi l l  soften in any situation. 

4.1 Softenin ~ Coals 

Coal is commonly thought of as a b r i t t l e  elastic solid under ordinary ambient 
conditions. But even under these conditions, f inely ground coal particles (50#m 
or less) can behave more l ike thermoplastic resins, in that they display permanent 
deformation under high shear (43). Under elevated temperature conditions ( i .e .  650 
K and higher), many types of coals show much more easily discernable f lu id i ty  or 
p last ic i ty .  Generally this high temperature p last ic i ty  is seen only in cQals of 

~ eater than 13 to 15% volati le matter, and is usually not observed in coals whose 
TM volat i le matter yields exceed 40% (44). Various other factors, however, can 

play a role in determining whether a coal softens during pyrolysis (e.g. see 
reviews in 44-47). I t  has been reported many times that the rate at which a coal 
is heated determined i ts  f l u id i t y .  Generally, the higher the rate of heating, the 
more f luid coal becomes, and the wider the temperature range over which f lu id i ty  is 
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observed. In fact, very rapid heating of l ignites and brown coal macerals resulted 
in apparent plast ic i ty of these normally non-softening materials (48,49). The 
gaseous environment also has an enormous influence on the f lu id i ty  of the coal; 
increased pressure and the presence of hydrogen during pyrolysis both tend to 
increase the tet~deucy of coals to soften and become fluid (including making 
softening coals out of otherwise non-softening coals). On the other hand, pre- 
oxidation enormously decreases softening tendency. 

It is fa i r  to say that the processes involved in development of f lu id l ty  in coal 
remain poorly understood. Tne problem is parZly due to the heterogeneity of coal. 
Different meceral compounds can exhibit markedly ditferent sottening behaviors. 
For example, a coal which is mainly composed of infusible v i t r in i te  may be softened 
by the action of exinite components, which are thought to act as "plasticizers" 
(44). A p]ausible explanation of the plastic properties of coal, based on 
dep~lymerization mechanisms, has been advanced based on work wi~h model systems 
(45,50). The extent of crosslinking of the parent material has been shown to be a 
key factor in determining softenlng and tar forming tendency. 

In i ts high temperature fluid state, coal is decidedly non-Newtonian in behavior 
(51J. Measurements of the f lu id i ty  are normally performed in high temperature 
rotating-arm viscometers {Geiseler plastometers), and results are expressed only in 
units pertaining to tha~ particular device. The ordinary concept of viscosity has 
l i t t l e  meaning in such systems, since not only is the fluid non-New~onian, but i t  
is ful l  of bubbles and suspended solids durlng measurement (recall that the coal is 
pyrolyzing at the time). Where attempts have been made Zo calibrate such a devise 
against known standards, minimum apparent viscosities of highly fluid coals are in 
the range of 104-105 poise under slow heating conditions (45}. 

A recent study on plasticity of rapidly heated coals has shown that as much as 80 
w~% of a Pittsburgh Seam bituminous coal becomes fluid (either extractable or 
volatile) during pyrolysis (52). The peak in yield of pyridine extractabl~s 
coincides well with the rapid decrease in apparent viscosity of the softened coal. 
At heating rates of order a few hundred to one thousand degrees per second, 
apparent viscosities ranges from a few thousands to one million poise {53), which 
values are at the low end of range observed for very f luid coals at slow beating 
conditions. The effect of either increasing or decreasing pressure from 
atmospheric was to generally decrease the plastlc period. 

Despite the very high values of apparent viscosity cited above, many coals are 
sufficiently f lu id  during pyrolysis so as to lose vir tual ly all solid structural 
identity. Generally, these are exactly the same coals that exhibit highest tar 
yields, and thus greatest cbsolute sensitivity to mass transfer effects. Of course 
all these materials begin and end the pyrolysis processes as solids, and there 
might be a question regarding whether the period of softened behavior coincides 
with the period of significant tar evolution. I t  has, however, been observed under 
rapid heating conditions (IDO0 K/S) that a bituminous coal displays evidence of 
softening at a temperature of about 650 K, prior to the evolution of the majority 
of the tar (5). More recent work has shown softening at a constant temperature of 
580 K, independent of heating rate near 1000 K/s (53). Hence i t  appears to make 
sense to view the transport of pyrolysis products through softening coals in terms 
of liquid phase processes rather than pore diffusional processes. 

Within a softened coal particle, two mechanisms of transport of tar species from 
bulk to surface must be considered-ordinary diffusion and convection. Again 
because of the general paucity of physical property information, i t  is d i f f i cu l t  to 
be quantitative about either mechanism. W~th regard to convection, the in i t ia l  
assumption of no gas-particle relative motion necessarily implies that there wi l l  
be no drag-inJuced circulation within the particles. Even i f  there were 
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significant gas-particle relative motion, i t  is not l ikely that the internal 
circulation would be very vigorous given the highly viscous nature and small 
diameter of the particles (for a discussion of how induced circulation affects 
vaporization of multi-component droplets, see for example Ref. 54). 

Another possible mechanism of convective mixing within a softened coal particle 
involves the passage of bubbles through the particle. Whether the bubbles can 
provide a large amount of physical mixing is unclear. The very viscous nature of 
the surrounding medium suggests that motion of the f lu id may not be very vigorous, 
but of course i t  is d i f f i cu l t  to predict what the dynamics of such processes as 
bubble growth, merger and surface breakage might be, particularly since the f luid 
properties are unknown to even an order to magnitude. Again, the above cited 
minimum apparent viscosities are for a slowly heated coal, not for the rapidly 
heated material of interest here. Surface tension is likewise unknown for such 
materials, put has been estimated to be of order 10 to lO0 dyne/cm (55,56). 

In addition to providing physical agitation in the liquid phase, bubbles can also 
transport volatile species from the bulk to the surface as vapor species. This 
lat ter  mechanism would reduce the distance that a tar species would have to diffuse 
through the liquid before evaporating. A semiquantitative analysis of homogeneous 
bubble nucleation processes in coal melts has been performed, and showed that the 
tendency to nucleate bubbles should decrease with decrease in particle size (55). 
I t  seems unlikely that homogeneous nucleation phenomena should control bubble 
formation, however, as there are a myriad of solid surfaces with irregular surfaces 
in coal particles (ash particles, infusible macerals, etc.). Nevertheless, the 
competition between diffusion of vaporizable species to bubbles vs. the particle 
surface should determine the growth rate of bubbles and thereby, their importance 
in transport of volatiles. 

I t  has been claimed that transport of tars to bubbles (with subsequent escape of 
the bubbles) must be a primary mechanism of transport of tars out of softened coal 
particles [4). This conclusion was based on a liquid phase dif fusivi ty estimated 
to be of order 10 -14 sq cm/sec, to be discussed below. The alternative to this 
combined diffusion/convection escape route is the pure diffusion route, whereby the 
tars escape by diffusion to the surface of the part icle, regardless of whether 
bubbles exist or not. The importance of one mechanism relative to the other would 
depend heavily upon bubble dynamics within the particle. In the l imit  of very few 
small bubbles, liquid diffusion to the particle surface must control; i f  on the 
other hand many large bubbles purge the particle frequently, the characteristic 
length for liquid phase diffusion of a tar species is much smaller than the 
particle diameter. 

In considering the role of l iquid phase diffusion processes, there is a major 
problem of lack of l iquid phase diffusion coefficient data. Many measurements have 
been made on the rates of methane diffusion in solid coals at ambient conditions 
(57-60). Diffusivities which range anywhere from 10 -5 to 10 -15 sq cm/sec may be 
calculated ~rom these data Measurements of CO 2 and argon diffusivit ies range from 
10 - I  to 10 "~ sq cm/sec [61i. There appears to Be general agreement that the 
diffusion of such gases in coals tend to be an activated process, with an 
activation energy of order 1 to 10 kcal/mole. Of course these data are for systems 
quite different than that of present concern. The only estimates of diffusion 
coefficients in common use fo.- systems which resemble softened coal are those for 
diffusion of hydrogen in coal liquids, typically assumed to be of order 10 -5 sq 
cm/sec (e.g. Ref. 62). Again, i t  is questionable whether such values have 
relevance for diffusion of tars in softened particles. 

Given the shortage of relevant data, i t  has been suggested that the Stokes-Einstein 
equation might be suitable fo r  estimation of tar d i f fusiv i t ies,  and is the origin 
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of the 10 "14 sq cm/sec estimate cited above (4). Unfortunately this estima%ion 
technique relies upo~ navin~ a good estimate of sottene~ coal v~scos~ty, wn~cn of 
course is ~ot readily available. AlsO, the S%okes-Eins:ein equation can rigorously 
only appl~ to s~zuations wm;cn there ~s d~ttus~on of a large solute relat ive to 
small solvent mclecuIes [which may be treated as a continuum). Since there exists 
no Such d~spar~%y of mol~cu]ar sizes in the present S~tuation, the equation ~s of 
questionable ap~l icaoi l i ty .  Measurements of the dqffusion of naphthalene in high 
viscos;tZ oi ls h~ve clearly shown the StoKes-E~nstein equation zo be i~vaIid (63}. 
The diffuslo~ coefficient was found to vary inversely wi%n viscosity Zo tne 2/3 
power in the above study, as opposed to ~nverse f l r s t  ~ower as pre¢~czed oy S%oKes- 
Zin~%ein. I t  was found that naphthalene [MW = 128) has a ~ i f f us i v i t y  of about 3 x 
~0 -~ s~ :m/see in 50 poise oi l  az 29~ K. 

I~ i s  wTtno~t quest ion very dangerous ~o e x t r a p o l a t e  the above data to the 
conditions of present interest;  nevertneTess i t  is usefa7 to do so only tO ge~ an 
estimate of a reasona~ie or6er of magnitude of G~t lus iv l ty .  ASsuming %ha% %he 
~iSCOSity of z~e ooal may be take~ as 10 ~ poise iZ can be estimatec znat the 
d i f f u s i v i t y  9f ~aphtnaqene would be of order 10 -9 s~ cm/sec at 1000 K. Th~s is in 
agreement w~tn a~ es:imate wnlcn may be made from an empirical correlation for 
self-Giffusion coefficients of hyCrocarbon l iquids !54]. 

D L = 6 .3  x i 0 - ~  ( T / T b ) O . 7 8 0 5 T / ( p ~ 2 t 3  

where D L is in sq cm/sec, T anC T b (the boiling point) are in K, an~ viscosity ~ is 
in C~. ~t is assumeG tna% the term involving boil ing point is of order unity a: 
I003 K. The exam~na:~on of a correlation for self-Gif fusion is appropriate 
inasmucn as the tar is assumed :o consist of oligomers of not very widely d i f fer in~ 
molecular weigh:. 

F inal ly ,  i :  snoul~ be mentione~ zna: HerShkowitz has estimated a d i f f u s i v i t y  for 
tar ZO be of order 10 -6 sq cm/sec (65). This estimate was based on measurements of 
d i f fus iv i t~es of aspnaltenes {66). On these grounds, i t  appears t~at the 
a~propriate range of d i f f u s i v i t i e s  for tars should be of order 10 -6 to 10 -9 sq 
cm/sec. 

On ~ne basis of such d i f f u s i v i t i e s ,  i t  may be surmised that even with part icles as 
f ine ly  grgund as those in Figs. I-4 [of order IO'2cm), the time scale for tan to 
diffuse out of the particles unassTste~ by buDDies would necessarily be of order 
~R2/D L =) 10 to 10 ~ sec. This is longer tha~ the actual time required fGr :he 
~yrolysis process to achieve apparent comple~ion (order I to ID sec under typical 
nigh beatin~ rate, high temperature conditions}. The la t te r  time scale is 
undDub~eGly dictated by the rates of chemical reactions rather ~han d~ttusion. 
However, as wi l l  be shown la ter ,  a diffusion coeff ic ient of 10 -° sq cm/sec may 
s t i l l  be high enough to allow escape of a rea l i s t i c  amount of tar,  even i f  a 
s ign i f icant  amount is trapped in the part icle. 

I t  is also instruct ive to compare the magnitude of the ~nternal and external 
di f fusionel processes. Again neglecting the role of bubbles, i t  has been shown 
~2~,25) tnaz ~ne relat ive time scales tor ~nternal and external ~ittuslon must be: 

t i /Te  = DvCvY/DLCLX (5) 

where D V and D L are %he vapor and l iquid phase d i f f u s i v i t i e s  of the tar species, 
respectively; C V and C L are the vapor and l iquid phase molar densities; and y and x 
are the vapor and l iquid phase mole fractions of tar .  Assuming Raoult's Law, i f  po 
is the vapor pressure of any pure tar species, y/x=pO/Pto t .  P 
external %o the coal part ic le.  The ratio {Cv/CL) is of order tn~t2is 

the Rressure 
to ~0 "~. Based 

on the above estimates of d i f f u s i v i : i e s ,  (Dv/D L) is of order 105 to 10 ~. This 
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means that unless ¿P°/Ptot) is of order 10 -3 or less, internal diffusion is l ikely 
to control the rate of tar escape. 

Employing the previously presented vapor pressure equation, for "typical" tar 
molecular weights of 300 to 2000, at 700 K, the quantity (PO/P~ot) would range from 
10 "1 to I0-ID; at 1000 K, tile range would be from unity to I0 -b. On this basis, i t  
is apparent that either gas phase diffusion or !iquid phase diffusion might 
control, depending upon both the temperature and the molecular weight of the 
species in question (lower molecular weights and higher temperatures tend to favor 
internal mass transfer control). Enhancement of liquid phase transfer processes by 
bubbles would increase the likelihood of external film diffusion control. 

The observed pressure dependence of tar yields cannot be explained i f  pure liquid 
phase diffusion controls escape of the tars. I t  was just such a pressure 
dependence that i n i t i a l l y  suggested use of an evaporation-gas fi lm diffusion 
control model of tar escape. The pressure dependence does not unequivocally 
establish zhe case for external Gas film diffusion, however. I f  bubbles transport 
the tar from the bulk of the particle to the surface, then the pressure dependence 
might be explained in terms of slower bubble growth and escape rates with 
increasing external pressure (56). As previously noted, in this case true liquid 
phase diffusion of tar may have to occur over only a short distance, to the nearest 
bubble (4). 

What is d i f f i cu l t  to rationalize by a bubble-escape-limited model is the very 
definite shift in molecular weight distributions of pyrolysis tars with pressure 
(see Fig. 4). I f  bubbles, by virtue of intimate contact with the coal melt, are 
equilibrated with respect to all tar species, then variations in external pressure 
should h~ve no effect on relative concentrations of different molecular weight tars 
within bubbles (assuming that the mole fraction of tar in the bubbles is low; 
estimated from overall pyrolysis product compositions (5) to be no more than a few 
percent). 

The weight of experimental evidence presented to this point seems to favor external 
gas film control of tar escape from softened coal particles. The data in Fig. 7 
show that the process is not as straightforwardly analyzed as multi-component 
droplet evaporation, however. Figure 7 shows the variation of the molecular weight 
distributions of tars evapcrating from Pittsburgh No. 8 bituminous coal (7), as a 
function of different temperature ranges of pyrolysis. Surprisingly l i t t l e  
temperature dependence is observed, although the shift towards higher molecular 
weights with increasing temperature is expected. A much more dramatic shift  has 
been predicted based on essentially a "batch dist i l la t ion" model. Low temperatures 
should favor the evaporation of l ight species, and higher temperatures should favor 
the evaporation of progressively heavier species, as l ight species become 
exhausted. Such predicted behavior is shown in Fig. 8, based on an existing model 
of softened coal pyrolysis ~39). 

The absence of the predicted dramatic temperature dependence has been attributed to 
the superposition of chemical reaction phenomena on the multi-component evaporation 
process. In the pyrolytic reaction rate controlled evaporation case, the various 
low molecular weight classes are continually replenished by chemical reaction at 
the same time that evaporation is occurring. Evidence of this is presented in Fig. 
9, which shows the simultaneous variation of tar and extractable material with 
pyrolysis temperature {extractable material here can be viewed as identical to tar,  
expect that i t  has not yet escaped the particle; i t  is recovered by extracting the 
particle with a suitable solvent after the pyrolysis experiment). I t  is apparent 
that under the rapid heating conditions employed, the sum of extractables and tar 
increased continually with increasing temperature. Earlier i t  had been believed 
(6,25) that the reactions which formed the tar precursors occurred very quick 
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prior to evaporation of any tar. In view of Fig. 9, i t  must be concluded that the 
"pool" of evaporable tar is constantly being replenished throughout the period of 
most active tar evaporation. 

Consequently, the weight of experimental evidence favors a process of tar escape 
which is partly controlled by the rate at which evaporable species are formed and 
partly by the evaporation rate of these species once formed. This is the 
assumption upon which several recent models of coal pyrolysis are based. These 
will be discussed below, 

4.1 .1  Chan~es in Part ic le  Morphology During Softening 

There are two important aspects to this problem, one having to do with changes in 
the fine porous structure of softening coal particles, and the other with changes 
in the gross morphology of the entire particle i tse l f .  The latter issue will be 
explored f i  rst. 

Cenosphere Formation - Under certain conditions, particles become fluid enough and 
gas evolution rapid enough such that the particles "balloon" into so-called 
cenosphere structures with diameters many times those of the original particles 
(see discussions in Refs. 3 and 67). This phenomenon is also only qualitatively 
understood, and many contradictory claims exist concerning the effects of various 
factors on the behavior (particle size, heating rate, etc.). From a sampling of 
data on a variety of coals showing such behavior, i t  appears that with the finely 
ground particles of interest here, diameters may typically be expected to increase 
by a factor of 1.5 (67). Not all particles will tend to swell, although a 
significant frac:ion often do (bB-72). The ambient gas has a significant influence 
on the swelling tendency. In air, the increase in diameter of coals rapidly heated 
in a drop tube was typically less than a factor of 1.2, whereas in N 2 the factor 
was seen to be between 1.16 and 1.6 (697. In other recent similar studies, the 
diameters of particles were observed to increase by a factor of as much as 4, in 
inert gas (70). Steam slightly decreases the tendency to form cenospheres, while 
coal gas and hydrogen seem to have l i t t l e  effect, compared to inert gas (717. The 
influence of coal rank on swelling behavior, is of course, well established (67-69, 
71, 73) but standard swelling tests appear to be poor indicators of extent of 
swelling under high heating rate conditions (58,6g). The standard low heating rate 
swelling test has been noted to depend upon the particle size examined, wi%h 
smaller particles swelling relatively less than larger particles (74). This is 
contrary ~o the findings of another study that found rapidly heated particles in 
~he 400-700pm size range swelled less than those in the 50-100~m range (73). 
Another study also revealed increased swelling with decreased particle size in the 
range 10D/~mto 1000pm (?5). A previously cited study, however, indicated l i t t l e  
effect of particle diameter, in the range of 24-]05 pm (69). This again is 
contradicted by data in a recent thesis, which reported that in inert gas, 
Pittsburgh Seam particles of 45-54/Im diameter are less prone to swelling than 20- 
25Rm particles (767. 

Recent studies of coal p las t i c i t y  have also suggested that the plastic properties 
a r e  not only a function of coal type and heating rate, but of absolute pressure as 
well (77,78). Increased rate of heating has already been noted as a .factor in 
determining higher p las t i c i t y ,  but there is only scattered evidence to support the 
viewpoint that increased rate of heating leads to higher swelling ratios (737. In 
fact, some data from a laminar flow reactor in which very high temperatures (2100 
K) and high heating rates were examined suggest that no swelling occurs in 
devolatilization of a highly softening coal (up to a mass loss of 60% wt7 (79). 
Examined at lower temperatures (1510 K) in the same device, the Pittsburgh Seam 
coal of original 60 pm diameter swelled to an average diameter of 450 ~m. 
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In the face of such confusing and sketchy e~perimental evidence on swelling, i t  is 
s t i l l  d i f f i cu l t  zo construct very robust models of swelling ~ehavior. Until a 
rel iable set of da=a are available for validation of any moael, i t  is clear that 
progress w~I1 be hampered. Nevertheless, progress on moaeI~ng of swell~ng is 
important, and some a=tempzs are outlined below. 

Obviously, a large amount of cenosphere formation during devolatil ization cou]d 
have a large effect on mass transfer, both durlng devolatiliza:~on and subsequent 
gasificaSion. But i t  has never been clearly established how crucial the accuracy 
of such models might be In any Sltuation. Obviously, several tactors are attected 
by cenosphere formation: 

The aerodynamic drag on the particle is altered, as the particle becomes 
larger (and of course, less ~ense). 

The heat ~ransfer surface of the particle is increased, and it= interior 
:her~al conduc=ivity changes. 

II The ex=ernal surface for mass transfer is increased, and the internal 
surface area may also change. Bulk gas phase transport becomes more 
important in the particle inter ior.  

Some features wil l  be much more sensitive to swelling than others. Most obviously 
affected are quantities such as the particle Reynolds number, which is proportional 
tO diameter. But unless sl ip veloc~tles between part lcle and gas are large, the 
Nusselt number for neat transfer or the Sherwood number for mass transfer are not 
much affected by small changes in size when particles are of order lO01~m in size. 
This is because for particles of lO0 ~m in size, the Reynolds numbers in pulverized 
coal flames are not expected to exceed lO0, and w11l generally not exceed even 
unit~. For examole the kinematic viscosity ( #.l/p ) of air  at 180D K is roughly 
3 cmL/s, and even w~th a high slip velocity of 10 m/s between particle anO gas, a 
lO0~m part icle would have a Reynolds number of Re = pVD/~ = 3.3. 

Commonly applied correlations for the Nusselt number for spherical coal particles 
are exemplified by (80) 

Nu = 2 + 0.654 Re 0-5 Pr 1/3 (6) 

This means that, given a Prandtl number for air of 0.7, the Nusselt number would go 
up by a factor of only 14% with a doubling in particle size, implying an increase 
of a factor of just over 2 for the actual heat (or mass) transfer rate due to 
conduction/convection, despite the factor of four increase in surface of the 
part ic le.  

Radiative transfer to/from the part icle wil l  scale with the surface area, and thus 
go up by a factor of four with a doubling in size. I t  is apparent that i f  the 
maximum swelling is as modest as some Studies have suggested i t  is in air (--10%) 
and i f  s l ip is small, then convective rates of transport wil l  not be affected much 
by inaccuracies in a swelling model. The radiative transport rate wil l  be more 
signif icantly affected, but whether this is important or not depends upon the 
relative importance of radiative and convective heat transfer in a particular 
situation (generally radiation is more important, the larger the part icle).  

F o r  more complete discussion of the .issues involved in calculating transport rates 
to and from particles, the reaaer is referred to the extensive reviews in Refs. 81- 
B3. 
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T~us far, no mention has been made of the change in porous structure that 
accompanies the softening and swelling of coals. Discussion of this issue will be 
reserved until the presentation of material concerning non-softening coals. 
Instead, attention will be turned f i r s t  to the modeling of softening coal pyrolysis 
and the macroscopic swelling phenomena. 

4.1.2 ~elin~), of ~ftenin 9 Coal l~jrrol~rsis 

The majority of presently available pyrolysis models do not explicit ly account for 
the observed effects of external gas pressure or particle diameter on yields. 
Since many applications of these models involve conditions not very different from 
:hose from which their pseudo-kinetic constants were derived, the problem of 
failure to account for mass transfer limitations is sometimes not important. The 
extrapolation of such models to significantly different particle sizes, pressure 
conditions, or heating rates can however be dangerous. 

Of the models in the l i terature which do account for mass transfer effects, several 
involve only predictions of weight loss (17,56,84-88). Of these, some have modeled 
the transport processes by use of an empirical external mass transfer coefficient 
(17), some by invoking pore transport (84,88), some by postulating transport 
controlled by bubbles within the particle (56,86,87), and one employed both a crude 
model of pore diffusion and an external mass transfer coefficient (85). 

In i t i a l l y ,  we consider only those models that pertain to softening coals. 

~thon~et al. (17) 

Anthony et al. (17i considered pyrolysis of bituminous coal as involving formation 
of two kinds of volati le precursors within the coal particles-"reactive" 
(qualitatively associated with the tar species) and "non-reactive" (fixed gases). 
The general outline of the model is given below: 

CHAR 

COAL ~ NON-REACTIVE VOLATILES ~ ESCAPE PARTICLE 

~ R E A C T I V E  VOLATILE$ ~ C H A R  

The change with time in concentration (C) of the reactive volatiles within the 
particles is represented as: 

dC/dt = Qr - KmC " krC (7) 

where Qr is the formation rate of reactive volatiles (mass per unit mass of coal); 
K m is a rate of "deposition" or "repolymerization" reactions within the particle. 
Both the mass transfer process and the reactive volatiles repolymerization 
processes are thus modeled as f i r s t  order in reactive volatiles. I t  is assumed 
that a quasi-steady state exists for the concentration of reactive volatiles (dC/dt 
= 0). On this basis, C = Qr/(Km+kr), and thus the rate of mass loss of reactive 
volatiles (m r ) is given by: 

m r = KmC = Qr/(1+kr/Km) (8) 

Integration of this expression over time yields the total amount of reactive 
volatile which escapes the particle during an experiment. Assuming the ratio kr/K m 
to be independent of time, and letting Q* represent the integral of Qr over time, 
then the actual fractional mass of reactive volatiles (per unit mass of coal basis) 
to escape the partic;~ is: 
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V r : Q' / ( !+kr /Km) {g) 

I t  is suggested that K m snould be proportional to an ordinary bulk diffusion 
coefficient, which varies inversely w:th pressure. Hence a pressure dependence is 
postulated for V r. The total yield of vo]atiles Ion a per unit mass of coal basis) 
is given by the sum of V r and Vnr , where the lat ter  term represents the fractional 
yield of non-reactive volat~les, on a per unit mass of coal basis. The quantity 
Vnr is no= a function of pressure. 

The above model was used to f i t  a curve of weight loss vs. pressure which quite 
closely resembles that ~n the top most sectlon of Fig. !. In order tO obtaln Such 
a f i t ,  i t  was necessary to take Q* = 0.17, Vnr = 0.37, and kr/K m =0.56. There of 
course Is no a-priori means of predicting tnese values. Nevertheless, the success 
of this simple model in predicting the trend of the mass transfer effects has 
suggested a search for a more fundamental :ransport model which involves the 
inverse pressure aepenQence of ordinary diffusion. 

M i l l s  e t  a l .  (86~87) 

These models pertain only to softening coals, and consider only transport processes 
internal to the particle. IS was ~nlt lal ly postulated by Mi]Is et el. (86) that 
the pyrolysis process involves reactions to form primary, secondary, an~ ter t iary 
gas species (PG, SG, TG); intermediate solld coal and softened coal (IC and M- the 
lat~er symbol representing "metaplasz"); and both semi- and final coke (SC and C). 
The general structure of the proposed model was: 

j PG SG TG 

COAL .... -r I C ~ M ~ S C  m C 

The tars were postulated to be part of the PG and SG tract:ons. Ordinary f i r s t  
order rate expressions were used to described the reactions of the pseudo-species 
named above. No attempt was made to differentiate between different products Of 
pyrolysis, So the pseudo-species merely represented parameters in a weight loss 
model. In this early implementation of their model, Mi l ls,  et al. focussed mainly 
upon particle swelling phenomena. The model ~nvolved prediction of extents of 
swelling via an empirical "foaming law", which related the speclfic volu~ of the 
bubble containing metaplast [Vm) to the gas mass flux witnin the particle [G): 

v m = [ I  + fG)/P (i0) 

where f is a foaming constant and p is the i n i t i a l  density of the coal (a reference 
density). As the gas flux increases, i t  is clear that a greater extent of swelling 
is predicted. The swelling process is pictured as li~lited only by the rate of gas 
evolution, and by the extent of total mass loss from the coal. No expl ic i t  account 
was taken of gas bubble escape followed by surface tension driven collapse. As a 
result of the empirical approach taken here, there is no a-priori way of predicting 
swe]ling behavior ~n a coal for which measurements are unavailable. 

In the more recent version of the model proposed by this group, i t  is assumed that 
the heavy vapor species (tars) are always in equilibrium with the condensed phase 
within the particle, and that these species exist within bubbles (BT). Few details 
of the equations governing this vapor-condensed phase partit ioning are provided. 
The reaction scheme has been sl ight ly modified in this case as well, and reflects 
the competition between escape of the tars and their repolymerization into the 
coke: 
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M ~ TAR 

TG 

The nomenclature shown here is consistent with the f i rs t  version of the mo~l. 
Also, several other model structures have been explored; that shown here is among 
the more "realist ic". 

The transport of pyrolysis products vis bubbles is governed by the rate of bubble 
motion relative to the condensed phase {Vb), where 

V b = K l ( I-  p ' )  (dP/dr) ( i i )  
o 

The bubble velocity is thus assumed proportional to the pressure gradient within 
the particle (dP/dr). This gradient is set up by the evolution of gaseous species 
within the particle. The quantity ~t' is a normalized viscosity ( ~' = 1 is a 
solid), and K I is a proportionality constant. Vapor is also permitted to flow by 
an unspecified separate mechanism outside of the bubbles; the velocity relative to 
the condensed phase is: 

Vg = V b - Kz(dP/dr)/(1-K3#/' ) (12) 

where K 2 and K 3 are again empirical constants. Presumably this equation represents 
an empirical treatment of pore transport prior to softening. In this 
implementation of the model, swelling is nominally allowed for by considering 
growth of bubbles; however i t  was claimed that unreasonable results were obtained 
and the swelling equations were dropped (the implications for the bubble transport 
picture have not been discussed}. 

While this second model apparently gives realistic trends of volatile mass yields 
with presz -e, no validation against experimental data has been attempted. No 
sensitivity analyses have been reported on the large number of adjustable 
parameters. 

Le~_11en (56) 

This model involves a description of transport in softening coals. The focus is 
almost entirely upon internal transport of volatiles via bubbles (although a ~mall 
allowance is made for direct escape of volatiles from the surface). I t  is assumed 
that coal particles are essentially isothermal, viscous liquid droplets. All 
volatiles are assumed to be the same in molecular weight and chemical nature. The 
general structure of the transpo~ and reaction model is as shown below: 

_CHAR S__~CHAR 

COAL~VOLATILES INTO BUBBLES ESCAPE 

"~DIRECT ESCAPE OF VOLATILES 

Once formed, the volatiles within a particle can either escape from the surface of 
the particle directly or enter a bubble; the ratio of volatiles escaping the 
particle to those entering bubbles was assumed proportional to the ratio of 
particle surface area to internal bubble surface area. Volatiles leave bubbles in 
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either of two ways, by repolymerization on the surface of the bubble (to form a 
coke precursor) or they escape to the surrounding atmosphere when the bubble breaks 
the particle surface. 

The strong feature of this model is the attempt to treat the fluid mechanics of 
particle swelling and growth in a real ist ic yet mathematically tractable manner. 
Bubbles are assume~ to nucleate throughout the particle in a stochastic manner. 
Growth of each bubble is governed by the magni;ude of the pressure gradient between 
the bubble and external environment, and is evaluated based on the shortest 
distance between the surface of the bubble and the surface of the particle. 
Analogy is drawn with the process of blowing up a balloon with a thin spot; growth 
wil l  always be most rapid at tha'. location. Bubble growth rates are thus given by: 

- - .  ~b ( F  o ! "b : _  . . - P  j - 2 :  i ° t~ i 

': _ b " ( 1 3 )  
c: 3 

r 1 ~ -  - 

4_ ['., vrb, abj ] 
where r b : bubble radius; Pb,Po = bubble anc ambient pressures; (7,/~ = coal melt 
surface tension and viscosity; and w b = shortest distance from particle surface to 
bubble. As noted earl ier,  mass is added to each bubble at a rate proportional to 
i ts  surface area, and %he total mass of the bubble determines Pb- 

Bubbles are assumed to grow independently of one another until two intersect 
(defined by the instant that two develop a point of tangency on the expanding grid 
system used to oescr~be the part icle). At that moment, tne two bubble masses are 
merge~ and a new single bubble of equal mass is created at the center of mass of 
the former pair. The new bubnle is stationary at the moment of formation. The 
escape of bubbles from the particle occurs when they come within a certain 
arbitrary distance of zne particle surface, (a cr i t ica l  film thickness ms detined). 

While admittedly not a highly refined model, i t  shows a great deal of insight into 
the mechanics of bubble transport and shOuld be quite valuable ~s ~ gulde to future 
developments along these lines. In i ts  present form, the model does successfully 
predict trends Such as repeated particle swelling and collapse. Realistic diameter 
increases, in the range of I to 3, were predicted assuming viscosities of order 106 
poise a~C a surface tension of 50 dyne/cm. The general trends of volat i le yield 
with pressure are to some extent cDrrectly predicted, although problems were 
encountered in certain cases. I t  ~s not surprising that better success was not 
achieved, given the cruae assumptions concerning many chemical features. 

M e l i a  and Bowman {~) 

Melia and Bowman have treated the coal as retaining a well-defined pore structure 
throughout pyrolysis, but allow for the swelling of the pores during the period 
when coal shows a softened character. There is no attempt made to explain the 
variation of pyrolysis yields with pressure. This is mainly a pseudo-kinetic model 
of pyrolysis with a hypothesized swelling mechanism superimposed. The general 
structure of the pyrolysis model is as shown: 

CHAR 

COAL~---~VOLATILES ESCAPE 

NO attempt has been made to distinguish between different kinds of volatl les, and a 
single molecular weight was assumed for all species. The release of volat i le 
species is assumed to be governed by a Gaussian-type distributed activation energy 
model, as developed by Anthony et al. (17). 
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Transport within the particles is modeled using an equation normally employed in 
analysis of flow in packed beds (and which in turn was derived by analogy with flow 
in parallel capillaries): 

AP : KRaDbT(m/n)C/(1 +~P/2) (14) 

where m is the mass rate of volatiies evolution as governed by chemical kinetics, n 
is the number of pores through which flow occurs, T is temperature, R is particle 
radius (assumed proportional to pore length), D is the pore diameter, ~P is the 
particle center to surface pressure drop, and K,a,b and c are all adjustable 
parameters. The swelling of the particle is governed by the magnitude of the 
calculated pressure drop, and is governed by: 

~L/L = 3 ~PZI:I8 (15) 

where L represents any characteristic dimension of the particle ( i .e.  diameter), 
is the coal melt viscosity, and t is time. Swelling ratios between I and 10 were 

predicted, i f  a softening temperature of 850 ~, a resolidification temperature of 
ID50 K and a viscosity of softened coal of 10 ° poise were assumed. A distributed 
activation energy model was used to describe the rate of volatiles release (~7), 
with mean activation energy of 62.1 kcal/mol and preexponential of I0 ze sec -z. 

Again, this model depends upon a large number of adjustable parameters which cannot 
be experimentally verified independently of the system in question. I t  is also 
questionable whether the postulated physical picture of pore swelling would be 
realist ic in a highly fluid coal. 

Oh et a l .  (89-91) 

This very recently presented model combines some of the features of the 
evaporation/diffusion models (to be presented in the next section) with some new 
approaches to the problem of modeling bubble dynamics and particle swelling. I t ,  
of course, again applies only to softening coals. Here, only the parts of the 
model which apply to bubble dynamics and swelling are considered. 

I t  is assumed that bubbles are uniformly distributed throughout the softened coal. 
Cj is the number concentration of bubbles containing j molecules of vapor (mostly 
fixed gases). There is no restriction on the smallest size of a bubble; C I 
represents a single molecule in solution. The growth of bubbles by molecular 
diffusion involves a process symbolized by: 

Cl + C j ~ C j + I  (16) 

with a rate given by 

Kj = 4~rj2h(Ceq-Cl)/Cl (I?) 

where rj is the radius of a bubble containing j molecules, h is the mass transfer 
constant and Cea is the equilibrium so]ubil i ty of the gas in the coal melt. Thus 
growth of a bub61e by diffusion through the coal melt is proportional to bubble 
surface area (as assumed by Lewellen {56)) and to the degree of supersaturation of 
the coal melt. The coalescence is modeled by a process: 

C i + Cj --p Ci+j (18) 

where the rate is given by: 

Pij = 4~T(ri+rj)~2(dri/dr + drj/dt) (19) 
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where the time derivatives of the bubble radii { i .e.  growth rates) are given by Eq. 
13. The bubble conservation equations are: 

N 

dCi/dt = Qc - Cl iZ2KiCi - E1 {20) 

and 

dCj/dt = Kj .Cj C. - KjCjC i + ; /2  
3-2 
z Cj - z pi~cicj _ EjCj i=2 Pi'j-iCi -i i-2 

(21) 

where Qc represents the rate of production of volatiles within the coal melt, and 
Ej represents the rate of escape of bubbles of size j from the panicle surface: 

Ej = 3(Rp-rj)2(daj/dt)/Rpo3 (22) 

where Rp is the radius of the coal particle (Rpo refers to the in i t ia l  radius) 

In this work, the viscosity of the coal melt was taken as: 

~= C v e×P(Eu/RT) f(LF) (23) 

where C v is a constant, E u = 45.5 kcal/mol, and~B'is the fraction of metaplast in 
the coal melt. An equation for f(R) was derived on the basis that a molten coal 
particle is a heavily solids-laden f lu id,  for which i t  can be shown that, as~-~O, 

f ( ~  = K/~ (24) 

where K is a constant. The values of C v and K were adjusted so as to give M = 104 
poise at heating rate~ Of hundreds of degrees per second and a temperature of 
773 K, in l ine with the results of Fong (53). The surface tension was taken as 
constant in this study, based on the results of Pelofsky (92), which show that the 
surface tension of high viscosity liquids is nearly constant ( i .e .  independent of 
viscosity). A value of 30 dyne/cm was assumed, based on l i terature values for coal 
liquids (93). 

The model has been mainly applied to prediction of product yields thus far, based 
on a model of tar cracking in both liquid and bubbles. Results of the model for 
prediction of swelling behavior have not been presented, except in a few cases. 
The swelling ratios, based in particle diameter, appear to be in the range of 3 to 
6, in line with some earlier reported measurements in inert gas (70). Predictions 
of product composition histories (for heated mesh type experiments) are also 
reasonable, i f  the following f i r s t  order kinetic constants are assumed: 

Process E (kcal/mol I A (sec - I )  

Gas formation 26.8 
Metaplast formation 21.7 
Metaplast decomp. ( l iq) 18.8 
Metaplast decomp. (bubbles) (94) 15.4 

1013 
2.9 x 106 
3.0 x 105 

103 

The metaplast decomposition parameters are quite different than those for metaplast 
decomposition reported by Fong et al. (52), i .e. E = 42.2 kcal/mol and A = 1.9 x 
ID I0 sec -1. These lat ter  values are in fa i r  comparison with the range reported 
some time ago by Bronowski st al. for "carbonization" (47.3 to 52.7 kcal/mol) (95). 
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The disagreement in these values warrants further attention. 

~neral Features of Evaporation-Diffusion Control Models 

These models view diffusion in the gas phase above the surface of the coal as 
limiting the rate of transport of tar away from the particle. The assumption of a 
well-mixed, softened coal particle has usually been employed. At present, several 
models which account for internal transport limitations are under development. The 
considerations inherent in treating a softened particle as well-mixed were 
previously outlined in Section 4.1. All of the f~llowing models assume the 
particles to be spatially isothermal, of course allowing for temporal variations of 
temperature. The assumption is also made that continuum diffusion tileory can be 
applied in the gas phase surrounding the particles. This is probably questionable 
under vacuum conditions, but this issue has not been addressed in any coal 
pyrolysis modeling work, 

The equations presented below are derived for the case of spherically symmetric 
particles, but the case of a f la t  plate geometry will be mentioned later. 

The rigorous starting point for a multi-component gas mixture diffusion problem is 
the Stefan-Maxwell equation (g6): 

~ Y i  = ~ l  (i/CvDi3 } ) ,~_$ (YiNj-Yj~i (25) 

where, as usual, Yi represents a mole fraction and N i a molar flux of i .  the total 
number of species diffusing from the particle is n, and component n+l is the inert 
gas surrounding the particle, I t  is d i f f i cu l t  to use this generalized form for 
actual solution. Normally the assumption is made that the di f fusivi ty of species i 
relative to any species j in the mixture is a constant, i .e.  Dii = Di. Often the 
further assumption is made that all Di are equal, but here this-assumption will be 
put off for the moment. The simplifying assumption concerning the diffusion 
coefficients allows expressing species fluxes in a form analagous to Fick's Law in 
a stationary coordinate system: 

I~ I  

Ni = Yi , Nj) - CvD i (¢y i /~ r )  

I t  is now explicit ly assumed that the concentration gradients exist only in a 
radial direction. 

(26) 

In deriving the species continuity equations for the vapor surrounding the 
particle, i t  is normally assumed that pseudo-steady state exists, because the time 
scale for adjustment of gradients is short compared to the characteristic time 
scale for pyrolysis. Since no source or sink terms exist in the vapor phase, the 
species continuity equation is particularly straightforward to integrate, giving: 

r2Ni = R2Nio (27) 

where Nio is the flux of i at the particle surface {r = R). Solving for N i in Eq. 
27 and substituting this result into Eq. 26 yields an easily integrable equation. 
The boundary conditions for integration of the n+1 resulting equations are that all 
Yi (except Yn+1) are zero at inf in i te distance from the particle. In addition, 
Yn+1 = I ,  since the particle is surrounded by inert gas. At the particle surface 
i t se l f ,  Raoult s Law is usually assumed to hold, such that: 

Yi = Yio = xiPi°/Ptot (28) 
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where x i is the mole fraction of i in the condensed phase at the particle surface, 
Pi ° is the pure component i vapor pressure, and Ptot is the total atmospheric 
pressure. Integration of Eq. 26 yields after some manipulation: 

F Yi°exp (Nt°R/CvDi) i 
I~i° = Nt° I expCNto R/C D.) 1 I (291 

,~+I 
for all i except i=n+l (the inert gas). Where Nto = Z Njo" For the inert gas: 

j--I 

F Yn. 1. oe.Xp (NIoR/CvDn,. 1) 1~ 
Nn.l, 0 = 0 = :~ : to;;_ exp [Xzo R/CvDn. 1 ) - 1 .: (301 

where i t  is recognizeO that Inert gas is neither created nor destroyed. Equation 
3D may be solved for Nto , and Yn+l,o eliminated. Hence: 

I% 

Nto = +(CvDi /R) ln(1 /yn÷l ,o )  = " [CvDi /R) ln [1 -  ~ Yio) (311 
i=1 

Substitution of this expression for Nto into Eq. 2g permits solving for the flux of 
i from: 

qi , 
C D ~ Yio u 1 v n-!  !n(u) i 

Xio R u qi- 1 
(32) 

where qi : Dn+I/Di and u = ( l - ~ l Y i o )  " I .  

The solution assumes a somewhat simpler form i f  all vapor species are all assumed 
to have similar di f fusiv i t ies (probably a fair  assumption}; thus qi ~ I .  I f  i t  is 
further assumed that the tar is relatively non-volatile, such that ~ Yio << 1, 
then a very simple result emerges: C=1 

Nio = CvDeffxiPiO/RPtot 

This result was previously demonstrated by a similar line of reasoning (25). 
Pi ° are provided by Eq. 3, and the x i are known from the molecular weight 
distribution of the metaplast. 

The 

Finally, consider the effect of a superimposed gas product flux on this result. 
Consider the gaseous pyrolytic products Cexclusive of tars) to be the component n, 
whose flux (Nno = Ng) is determined sole!y by reaction kinetics ( i .e .  there is no 
need to consider vapor-liquid equilibrium). Assuming qg = i ,  then: 

CD T'v u ~  
x = " ~  In(u) i L 2 ~  I g R L u - !  (341 

which is now an equation which may be used to solve for Yqo- With this value of 
YQo, solution may now be effected using Eq. 32. As was d~scussed earlier in 
S~ction 3.0, the contribution of Such a gas flux can be quite significant when 
particles exceed a few hundred micr~T~eters in size. Equation 32 and/or 33 wi l l  be 
considered the primary working equations in the models below. 
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Suuberget al.  (6) 

This model pertains specifically to softening coals. The general structure of the 
model is: 

k2 
COAL~GASES ~ R E P O L Y M E R I Z A T I O N  (CHAR) 

METAPLAST • ~ EVAPORATION (TAR) 
kl 

where k I and k2 represent, respectively, rate constants for formation and 
destruction of-metaplast (the as yet unevaporated tar precursors within the 
particle). In the implementation of this model, k I was determined to be 
ch@~aclerized by an activation energy of 40 kcal/mol and a pre-exponen:ial of 
10~°s -*. These parameters are independently set, based on assuming thaz the coal 
to metaplast reaction must be roughly 50% complete at experimentally observed 
softening temperatures. They are reasonably insensitive to the percentage 
conversion selected, within a rather wide range, i t  should be noted, that these 
rate constants assure that the time scale for metaplast formation is short in 
comparison to the time sca]e for the remainder of the pyrolysis process, under 
typical conditions. 

The metaplast that is formed during the in i t ia l  reaction has been assumed to have 
molecular weights in the range 4DO to 1200, with the shape of the distribution an 
adjustable quantity. The vapor pressure of this material can be estimated with an 
equation similar to Eq. 3. The actual rate of tar evolution is calculated by use 
of Eq. 33. The rate of metaplast repolymerization is modeled as f i r s t  order in 
metaplast, with the activation energy of the process determined as roughly 65 
kcal/mol, based on the observation of temperature at which yields from vacuum and 
atmospheric pressure experiments diverged. Thus, k 2 is set independently of the 
actual pyrolysis model. Finally, the gaseous products of pyrolysis are assumed to 
evolve independently of the tars, at rates measured experimentally and are modeled 
as a series of f i rs t  order processes. 

Reasonable agreement has been obtained between the tar yield data of Fig. 1 and the 
model calculations. The key adjustable parameters which permit reasonable 
agreement to be achieved are the total yield of metaplas% and the molecular weight 
of the metaplast. The following table shows a metaplast molecular weight 
distribution that provides a reasonable f i t  to the tar total mass yield data, and 
the resulting predicted molecular weight distribution of t~Je tar. The results are 
in reasonable accord with the recently obtained data on to" molecular weight 
distributions shown in 
Fig. 4. 

MW METAPLAST TAR 

200 0 0 

400 2 Z 
600 2 2 
800 6 6 

1000 10 9 
1200 12 6 

(a11 values in wt.% of coal) 

Gaseous yields at atmospheric pressure are well-modeled, since a }arge number of 
adjustable parameters are employed to describe their evolution. I t  Is unlikely 
that the number of such parameters can be significantly decreased, since each 
species evolves by a chemically distinct route. I t  will hopefully be possible to 
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eventually relate these gaseous evolution parameters to dist inct chemical 
structures in Zhe parent coals, and thus gain true predictive power. Such attempts 
are detaile~ below. 

The observation must be made that distribu=ed molecular weight models allow a great 
deal of curve-fitzing f l ex i b i l i t y  within a reasonable range of molecular weights. 
Their use, without experimental verif ication of the true distr ibution of molecular 
weights may be dangerous. 

Zacharias (4Z) 

This model is quite similar in form to that discussed in the previous section. 
Significant efforts were made to more carefully estimate the d~ffuslon coett~cients 
of tars in the surrounding gas, but the effect of small variations in th is  
parameter are unimportant. 

One significant difference between this and the preceding mode] is in the geometry 
considered. Whereas the above model is concerned with the behavior of ~solated, 
spherical particles, the present model has been derived to describe pyrolysis in a 
heated wire mesh experimental apparatus. In this system, the coal approximates a 
thin f lat  slab, rather than individual spherical particles. The flux from the 
surface of the slab is given by: 

Nio = 2CvDiPi°xi/Ptot 6m (35) 

where ~m is a diffusion film thickness calculated from boundary layer theory and a 
knowledge of the flow pattern around the wire mesh which confines the coal "slab". 

Small differences also exist in the treatment of the metaplast formation reaction 
kinetics, the metaplast decomposition reactions and the shape of the metaplast 
molecular weight d ist r ibut ion.  The metaplast formation reactions are, in this 
case, modeled as being characterized by a distr ibut ion of activation energies. 
This is considerably more real ist ic than requiring a single activatlon energy to 
characzerize the depoly~erization process. Undoubtedly there are many types of 
bonds wnich can be cleaved to give the tar precursors. 

The model also allows for the formation of gases from decomposition of metaplast 
which has not escaped the particles. This is likewise real ist ic.  Since the 
metaplast is quite similar to the parent coal, i t  should be able to undergo the 
same sorts of reactions. By the same token, i f  metaplast does escape the particTe, 
i t  is no longer available for participation in gas forming reactions and the gas 
forming tendency of the coal is reduced (see Fig. I and relevant discussion in 
Section 2.0). 

The distribution of metaplast molecular weights needed to achieve a good f i t  to the 
temperature and pressure trends of tar yields is reasonable. The mean is in the 
range of 560 to 580, with a standard deviation of about 150 to 250, for the 
Pittsburgh high volat i le  coal considered. These values are low when compared to 
the extract molecular weight distributions in Fig. 4, but ~ompare favorably with 
the actual atmospheric pressure tar molecular weight C:stributions. 

Upger and Suuberg (Z5) 

The structure of th is  model is quite similar to the two which have preceded i t .  
once again, a spherical partlcle is assumed. 
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COAL 

kl  7 H2 

METAPLAST ~ EVAPORATION (TAR) 

H20,CO 2 ~'~HYDROCARBON GASES + CO + CO 2 

The major difference between this and the earlier versions of this type of model 
are in details of the chemistry. The very important role of donor hydrogen has 
been highlighted. Another key difference between tnis and the earlier models of 
this kind involves an attempt to avoid arbitrary specification of what fraction of 
coal can form metaplast. In the present implementation, all of the reactive ( i . e . ,  
except ash, inert inite) portions of the coal are assumed to form metaplast at a 
rate given by k I (the rate parameters were determined as outlined in Ref. 6). The 
metaplast so formed is governed by a Gaussian molecular weight distribution, the 
mean and standard deviation of which remain adjustable parameters. 

Once formed, the metaplast species participate in what are assumed to be 
irreversible repolymerization reactions to yield high molecular species. This rate 
(k2) is tied to the aromatization process, which evolves hydrogen. The increase in 
molecular weight which accompanies these repolymerization processes decreases the 
fraction of potentially volatile metaplast. This treatment is quite different than 
those in the earlier models. I t  is assumed that metaplast does not go to char in a 
single step, but that i t  reacts in a gradual polymerization process to form 
progressively higher molecular weight material. 

The shuttling of hydrogen between various chemical groups occurs as a result of 
s~veral processes. A|iphatic hydrogen is consumed whenever a bond breaks to form a 
metaplast species r Likewise, aliphatic hydrogen is lost via evolution of 
hydrocarbon gas species. All forms of hydrogen are carried away by the tars, in 
proportion to their amounts in the particle at any time. This permits predictions 
of hydrogen to carbon ratios to be made throughout the pyrolysis process. The 
ratios of the different types of hydrogen within the tars appear to agree 
reasonably with what few data are available, but the model requires further 
validation on this point. 

A reasonable f i t  to atmospheric pressure tar yield vs temperature data is achieved 
by assuming the metaplast to be formed with an in i t ia l  mean molecular weight of 
1200 and a standard deviation of 360 g/mol. The agreement between this mean value 
and the actual peak of the extract curves shown in Fig. 4 is reasonable. I t  is ,  
however, fe l t  that the model results are unrealistic in the sense that at no time 
does the coal become IOD% extractable as is predicted. I f  the molecular weight of 
the whole coal were to decrease as quickly as postulated to the values suggested 
above, complete extractability might be expected at temperatures near the softening 
temperature. Nevertheless, Fong et al. (52) have shown extractabil i ty of nearly 
80%, which confirms the high degree of breakdown of the macromolecular structure. 

Not surprisingly, the model considerably overpredicts yields at vacuum conditions, 
since internal transport limitations are not included. This sort of overprediction 
at vacuum is not observed with the two previously discussed models because they 
both involve treating the maximum yield of metaplast as an adjustable parameter. 
Both previous models permit only about 1/3 of the coal to form transportable 
metaplast. In actuality, such a parameter would take into account the fact that 
metaplast formed deep within the particle cannot escape. The weakness of such an 
approach is that this fraction is not a-priori predictable. See the next model for 
further discussion of this point. 

The activation energies for metaplast formation and retrograde reactions are 
40 kcal/mol and 65 kcal/mol, respectively. This, again, highlights the fact that 
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there exists a significant spread of values for these parameters in the different 
pyrolysis models, and this is an issue requiring settling before any models are 
considered "re l iable" .  

Suuber~l a ~  5ezen (97) 

This study was undertaken to establish whether softening coal pyrolysis models, 
which postulate internal Sransport by l iquid phase diffusion, could predic= the 
major observed trends quantitatively correctly given "reasonable parameters" for 
describing the kinetic and transport processes in Such coals. There was concern 
that the assumption of bubble-phase-transport-control of volat i les escape was 
perhaps unnecessary. Consequently, the external diffusion control model developed 
by Unger anc Suuberg (25) was combined with a model of internal diffuslon of 
metaplast species, governed by 

D L ~ r 2 

2 r Or ~ r  PT. O~ (36) 

where D L is the di f fus iv i ty  of me=aplast species in the part ic le,  W i is the mass 
fraction of me:aplast species of molecular weight M i at any radial position r in 
the par=icle, PL is the density of the part icle, and ¢i is a net volumetric 
production rate of me=apias: species i ,  involving both formation ana retrograde 
reactions. 

Reasonable f i t  was obtained to the data of Figs. 4 and 9 i f  the value of D L was 5 x 
IO -6 cm2/s, the metaplast formation activation energy is 35 kcal/mol, anO the 
activation energy for retrograde reactions is 60 kcal/mol. 

The sensit iv i ty of the model to part ic le diameter and diffusion coefficient 
is large, and being re-examined. But at least the tentative concluslon is that 
there is no% necessarily a need to invoke transport of tars out of the particles by 
bubbles, in order to correctly predlct trends. Tnis should not be misconstrued as 
a suggestion Gnat bubble transport models are not important, hut rather than their 
development shoJld proceed together with classic diffusion models. 

Sc:mmon et al (lOr34-36rgBF991 

Tnis model constitutes the cornerstone of further model developing on this project. 
What is offered here is a cursory historical perspective on itS development. In 
she early versions of this model, the emphasis was mainly on the chemistry of 
y ro lys is  rather than on the mass transfer aspects of the process (lO). Transport 
of tar was only indirectly considered via psuedo-chemical rate parameters which 
included tar evaporation. These parameters did not account for any pressure or 
particle diameter effects. The general structure of the early pyrolysis model was: 

(I-Mo) SEMiCHAR~ ~- CHAR 

COAL o) METAPLAST EVAPORATION (TAR) 

The term me:aplast has been intro<luced here for consistency with discussions of the 
previous models. In the original presentation of this model, the term "potential 
tar forming fraction" was used instead. The use of the term metaplast here should 
not connote any softening tendency, since this model has been applied to softening 
and non-softening coals alike. Likewise, there term semichar has been substituted 
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for  the term "non-tar-forming fraction", and indicates a fraction which wi l l  not 
lead to tar.  

The fundamental structure of this model is thus quite similar to several of the 
other models discussed to this point. I t  is important to note that this model 
placed a great deal of emphasis on correct prediction of l ight gaseous species 
evolution. The prediction of how much of a particular gas can be evolved was 
largely based on empiricism, but a concerted effort was made to t ie these 
predictions to a knowledge of the starting structures within the coal (as revealed 
by a combination of elemental analysis and infrared spectroscopy). 

The gaseous species could eve!re either from the semichar fraction or the 
metaplast, with the same kinetics. The only distinction to be drawn between these 
two sources i t  that the metaplast may escape as tar before i t  can react, thus 
carrying away a certain fraction of the structures which would otherwise be able to 
form l ight gases. The model can be viewed in the following terms. 

I t  is assumed that there is an in i t ia l  pool of metaplast, consisting of M o 
"molecules". The rate of metaplast molecule disappearance (via bond rupture and 
evaporation) is assumed to be f i r s t  order in the number of molecules (M) in the 
pool at any time: 

or, integrating over time: 

dMldt = -ktM (37) 

M = M o exp(-ktt) (38) 

I t  was assumed that the particle is isothermal over i ts  l i fetime, but allowing for 
non-isothermality is straightforward. There was in this early model no allowance 
for repolymerization reactions of the metaplast. Once one of these molecules of 
metaplast is produced, i ts only possible fate is to escape the particle, as 
demanded by Eq. 38. The molecular mass of metaplast "molecules" can, however, be 
decreased by the loss of sidegroups which form the l ight  gases. The loss of any 
sidegroup i by cracking reactions is also modeled by a f i r s t  order process 

dmi/dt = -kim i (39) 

where m i is the mass of i remaining in the semichar plus metaplast, The problem of 
modeling the pyrolysis reduces to one of bookkeeping, wherein proper account must 
be taken of i lost by chemical reaction,vs, release and evaporation with the tar .  
The groups i are equally distributed throughout the semichar and metaplast. 

Further development of the gas release model involved noting that to a f i r s t  
approximation, all coals release the same gaseous species (in different 
proportions) with the same kinetics (98,g9). I t  was also noted, as has been shown 
before (10D-104), that rather than being able to describe the release of each 
gaseous species in terms of discrete, single reaction kinetics, a Gaussian 
distribution of activation energies was required for each species (98,99). The 
current set of constants for the major gas species is shown in Table I l l .  

I t  is tO be noted that tars are singled out for special attention in Table I l l .  
While a set of pseudo rate parameters is offered for tar evolution, i t  is clear 
from the preceding discussion in this section that tar release can not be modeled 
as a simple chemical process. Based upon: i .  the observation that tar molecules 
appear to be fragments of the present coal (20-23), 2. the success of vaporization 
rate limited models in describing several features of tar release (6,15,17,25), and 
3. new insights into the macromolecular structure of coal e.g., Ref. 105, a new 
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TABLE I l l  

Universal Kinetic Rate Constants for Gas Release During 

k i : kio exp (-CEn/R 

CO 2 extra loose k I = 0.56E+18 
CO 2 Ioos~ k 2 = 0.65E+17 
C02 t igh t  k 3 : 0.IIE+16 
H 2~ loose k 4 = O.22E+Ig 
H20 t igh t  k 5 = 0.17E+14 
CO etner loose k 6 = 0.14E+19 
CO ether t igh t  k 7 = 0.15E+16 
HCN.Ioose k 8 = 0.17E+14 
HCN zight k 9 = 0.69E-13 
NH 3 KlO = 0.12E+13 
CH 2 al iphat ic k11 = 0.84E+15 
methane extra loose ki2 = 0.84E+15 
methane loose k13 = 0.75E+14 
Methane t ight  k14 = 0.34E+12 
H aroma=it k15 = 0.10E+15 
methanol k16 = O.OOE+DO 
CO ex t ra  t i g h t  KI7 : 0.20E+14 
C nonvo la t i l e  k18 = 0 
S organic 

Pyrolysis 

+ C/R)/T 1 

exp(-30000 + 20DO)/T) 
exp(-33850 ~ 1500)/T) 
exp(-38315 ~ 2000)/T) 
exp(-30000 7 1500)/T) 
exp(-32700 + 1500)/T) 
exp(-40000 ~ 6000)/T) 
exp(-40500 ~ 15DO)/T) 
exp(-30000 + 1500)/T) 
exp(-42500 ~ 4750)/T) 
exp(-27300 + 3000)/T) 
exp(-30000 ~ 1500)/T) 
exp(-30000 + 1500)/T) 
exp(-30000 + 2000)/T) 
exp(-30000 7 2000)/T) 
exp(-40500 ~ 6000)/T) 
exp(-30000 T O)/T) 
exp(-455DO ~ 1500)/T) 

Tar k t = 0.45E + 14 exp(-{26400. + 1500.)/T) 

E o = mean activation energy 

= standard deviation of act iv ia t ion energy 

Serio, et a l . ,  Energy & Fuel, ~, 138, (1987). 
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model of coal fragmentation, crosslinking and tar volati l ization was developed (34- 
36). Considerable use was made of polymer model compounds in constructing the 
elements of the theory. The vaporization theory is largely that described earlier 
(25), while the depolymerization reactions are modeled in a manner similar to that 
proposed by Gavalas et el. (106). I t  has been noted here, as earlier [25), that 
donatable hydrogen correlates to some extent with tar yield (107) which led to the 
incorporation of a mechanism stressing hydrogen capping of radicals into this 
model. 

The final element in development of this model for softening coals is the inclusion 
of a swelling submodel. The model (98) is, in considering the growth of bubbles, 
similar to those employed by Lewellen (56} and later Oh (89-91). The bubble is 
considered spherically symmetrical with respect to the particle, and surface 
tension effects are neglected in determining gro~rth rate. A rupture criterion is 
defined as 

r2~ - r l  ~ (40) 

where Pc is a cr i t ical stress, P2 is the external pressure, r 2 is the particle 
radius, r 1, is the bubble radius and P i ts  pressure. 

For an assumed viscosity of the softened coal of Z x 104 poise and a cr i t ical  
stress of Pc = 10 atm, the particle swelling behavior was very real ist ic,  and the 
internal particle pressures were somewhat more realist ic than those obtalned by 
Lewellen (56). The objective will be to t ie the viscosity of the coal melt in with 
the depol~erizatlon model discussed above. 

4.Z Non-Softening Coal s 

The transport of species within coals which do not soften must largely be governed 
by transport within the pore structure of the coals. There exist many reviews on 
the nature of porosity in coals (e.g. 45,108-110). The porosity of coals is 
divided according to the normal conventions employed for most porous solids; 
macropores are pores with d~ameters greater than about 300A (500A) and less than 5 
to lO/Jm, micropores are smaller than about 12A (20A) in diameter, and transitional 
pores exist between these l imits. The figures in parentheses are the IUPAC 
recommended values. The distribution of porosity according to these limits is 
shown in Table IV for a variety of coals (111). 

I t  is apparent from the data in Table IV that the coals displaying significant 
amounts of transitional porosity are just those which will tend to soften during 
pyrolysis {the high volati le bituminous ranks). There are certainly a few 
exceptions. Anthracites apparently show a significant amount of transitional 
porosity, but are of l i t t l e  interest here because they yield very l i t t l e  tar during 
pyrolysis. In one case (13), a subbituminous coal showed a significant amount of 
transitional porosity. Except for such materials, i t  might be reasonable to assume 
that the porosity exists only as macro- and macro-pores for the purposes of 
modeling transport during pyrolysis. 

The changes in pore structure occurring during pyrolysis have been studied to a 
limited extent in the case of non-softening coals. I t  has been observed in one 
case that l i t t l e  formation of what can be interpreted as transitional porosity 
occurs during pyrolysis (112). In general, total porosity increases with extent of 
pyrolysis, but accessibility of porosity to large molecules can decrease (45). 

Typically, apparent porosity may increase from an in i t ia l  value of 10% to a final 
value of 50% during pyrolysis. The helium density of the coal solid is not 
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IABLE3 Ll(, , , ' ,  41~I 

TABLE IV 

Pore Size Distr ibut ions for Various Ranks of Coal a 

Sample Rank 

V ~ V -d 03£ 
{cm Ig) ( ) { ) { ) v2{%) v1{z) 

I 

t o  
~ 0  

! 

PSOC-80 Anthracite 0.076 O.O00g 0 . 0 1 0  0.057 75.0 
PSOC-[2/ LVB 0.052 0 .014  I).00(1 0.038 73.0 
PSOC-t35 MVB 0.042 0.016 l].000 0.026 61.g 
PSOC-4 IIVA bituminous 0.033 0.017 0.000 0.016 40.5 
PSOC-[O5A IIVB bituminous 0.144 0 . 0 3 6  0 . 0 6 5  0.043 29.9 
Rand IIVC bituminous 0 .083 0.01/ 0.02/ 0.039 4/.0 
PROC-26 IIVC bituminous 0,|50 0.031 0.06[ 0.066 41,B 
POC-]97 IIV0 bituminous 0,]05 0.022 0,013 0,070 66./ 
PSOC-]90 HCV bituminous 0,232 0,040 0,122 0,070 30,2 
PSOC-141 Lignite 0.114 0.088 0,004 0.022 19.3 
PSDC-B7 Lignite 0.105 0 .062  0 . 0 0 0  0.043 40.9 
PSOC-8g Lignite 0.073 0 .064  0 . 0 0 0  0.009 12.3 

13.1 
0 
0 
0 

45.1 
32.5 
38.6 
12.4 
52.6 
3.5 
0 
0 

]] .9 
27.0 
38.1 
5] .5 
25.0 
20.5 
Ig.6 
20.9 
|7.2 
I1.2 
59.1 
81,1 

a Reference 111. 
b VT . total porosity. 
¢ V! ~ Macroporosity (300 ~-1 pm). 
d V2 transit ional porosttg !12-300 ~). 
e V3 ° mlcroporusity (4-12 A) 



constant during such a process, and may vary from around 1.3-1.4g/cc to about 1.8- 
2.0g/cc during pyrolysis (113). Various correlations exist wnlch may allow 
calculation of helium densities from elemental composition (114). 

When focussing specifically on the variation of surface area in rapidly heated 
coals, the data are somewhat more limited. Nsakala e t a l .  (115) have shown that 
the helium density, CO 2 surface area, and N 2 surface area increased by varying 
amounts in rapidly heated l ignites, during the f i r s t  30% weight loss. In one case, 
the CO 2 area changed less than 10%, whereas in another type of l ignite the increase 
was from 200m2/g to over 300m2/g. N 2 surface areas generally paralleled these 
trends, but were generally considerably lower. Si~.lar trends were noted in a 
study on medium and low rank U.K. coals, in air (116). In fact, after 
devolatilization was complete, the xenon surface areas (comparable to CO 2) of chars 
were noted to decrease with increasing time in the furnace. Recently, another 
study (117) of surface areas of chars produced in inert gas by rapid heating 
revealed that the CO 2 surface area of a l ignite increased rapidly with 
devolatilization in the range of temperatures lO00 to 130D°C. The micro pore radii 
were largely unchanged under these conditions. There was a slight indication that 
the surface area increase was smaller with increasing temperature of 
devolatilization. A subbituminous coal showed a similar pattern. A softening high 
volati le bituminous coal showed the most dramatic behavior of this sort, giving the 
results shown below. 

Temperature % Weight Loss Surface Area {m2/B) 
i000 46.3 401 
1100 53.4 304 
1200 52.3 109 
1300 59.0 21 

These results are in quantitative agreement with the results of a study on chars 
prepared in nitrogen fluidized beds (118). A l ignite showed a rather dramatic 
opening of CO 2 porosity during pyrolysis, but the value of surface area decreased 
sl ight ly with increased temperature of pyrolysis. A high volatile A bituminous 
coal showed a large increase in surface area during pyrolysis, and a significant 
decrease in th iS quantity with increased t~_mperature of heat treatment. More 
interesting was the fact that the N 2 surface area of the l ignite increased 
dramatically in pyrolysis, and decreased just as dramatically during heat 
treatment. The high volatile A bituminous coal showed very l i t t l e  N 2 surface area 
under any conditions. 

I t  appears that charges in the pore structure of rapidly heated coals are 
significant and, because of their complicated behavior, may be d i f f i cu l t  to predict 
a-priori.  This area certainly warrants more attention. 

4.2.1 Significance of Porous Structure on Tar Transport Dufin 9 Pyrolysis 

Since microporosity is of a scale comparable to the dimensions of the diffusing tar 
species (of order 1 to IOA), i t  is l ikely that there will be strong pore wail/tar 
molecule interactions. As a result, diffusion in such a case is l ikely to be 
activated, and that prediction of dif fusivi ty will be as d i f f i cu l t  a s  in a true 
condensed phase. Such diffusion is sometimes termed hindered diffusion or 
configurational diffusion. 

When the mean free path of the diffusing species is long compared to the dimensions 
of a pore, but wall-molecule interactions are limited to collisional precesses, 
Knudsen diffusion will control transport. This is l ikely to be the case for l ight 
gas molecules in micro- and transitional pores, and perhaps for tar molecules in 
transitional pores. At atmosp~,~ric pressure and temperature, small gases typical ly 
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exhibit mean free paths of order IO00A (varying inversely with molar density). As 
a result, Knudsen diffusion may be important in small pores even i f  the pressure in 
the pore in substantially above atmospheric. 

Walker has shown that with increasing extent of gasification, the opening up of the 
pore structure occurs to an extent that micropores which i n i t i a l l y  allowed only 
activated diffusion, become "open" enough to permit Knuosen diffusion ( l i9 ) .  The 
data were for diffusion of methane in anthracite chars, but there is no reason Zo 
believe that the same processes are no% important for other species in other chars. 

Inasmuch as the focus here for the moment is on the transport of tar molecules, 
issues of transport in micropores wi l l  be disregarded. Instead, i t  wil l be assume~ 
that a condensed phase diffusional transport process is responsible for carrying 
the tars from zne bulk of the pyrolyzing coal int~ the macropores. At the surface 
of the macropores, i t  is l ike ly  that a vapor-liquid equilibrium wil l  exist ,  just as 
discusse~ in zne context of the softening coal models. This simplified picture is 
similar to one suggested in a recenS study, in wi~ich an empirical coefficient was 
use~ to descrioe the fraction of tar which reached the macropore wall (106). 

Transport wi2hin macropores can Occur by either a diffusional or convective 
mechanism. I t  has been noted that for atmospheric pressure and below, both 
mechanis~s can be important, whereas at higher pressures, convection almost 
certainly ~ominazes (&,I2D). This can be shown by a comparison of characteristic 
times for transport by diffusion compared to convection (120): 

td i f f / tconv : PB/# Def f (41) 

where Def f is the effective d i f f us i v i t y  of vapor through the particle, B is the 
permeability of the particle, # = viscosity, P = pressure, and R = parti~le radius. 
Assume %nat Def f = De/T = 0(i0 -Isq cm/sec), where e = voioage (order 10"I), ~ :  
tortuosity (oroer unity); # = order (lo-4g/sec-cm), and B = r2e/24 = 0 {r 2 x i0-2), 
where i t  is assumed that the pores are straight cylinders of radius r. Thus: 

td i f f / tconv = Pr 2 x 103 (42) 

i f  P=l arm ~=I x IO6g/sec2-cm), and the macropores are characterized by a radius of 
IOODA (=10" cm), then diffusion dominates. In larger pores (e.g. l#m = 10-4cm), 
the time scales are comparable. Consequently, the equations used to describe pore 
transport are written to include both diffusional and convective transport. 

Simple geometric arguments suggest that the distance which a species would have to 
diffuse through micropores to reach a macropore would be: 

r 

r ~(I/e)2-1 = rK (43) X 
L 

This assumes that the coal is uniformly distributed around cylindrical pores of 
radius r. On this basis, the ratio of characteristic times for micropore diffusion 
to macropore diffusion would be: 

tmicro/tmacro = (Dmacro/Dmicro)K2(r/R)2 (44) 

where K is normally of order 10 to 102 , (r/R) would be of order 10 -3 to 10 -2 for 
typical macropores and a particle radius R of lO0#m; the ratio of diffusion 
coefficients is unknown because Dmicr o is unknown. I t  is however apparent that i f  
I~icro is of the same magnitude at the previously discussed liquid d i f f us i v i t i es ,  
mcropore transport wi l l  actually be a more signif icant l imitation to escape of tar 
than macropore transport. Dn the other hand, i f  the ratio of the diffusion 
coefficients is near unity, macropore tr~nspo~ wil l  undoubtedly control. 
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The effect of increasing pressure on tar yield is most l ikely fe l t  through the 
increase in residence times of tar in pores. I f  diffusion controls transport and 
the diffusional process is Fickian (rather than Knudsen), then the effect of 
pressure can be seen through the inverse pressure dependence of the diffusional 
coefficient. Pure Knudsen diffusion control would not exhibit any pressure 
dependence. I f  convection in macropores controls transport, then the rate of tar 
escape wi l l  depend in a complex way on pressure. This wil l  be apparent in the next 
section, which deals with details of the transport models. 

4.Z.Z Mocleling of_Non-softening Coal I~rol~fsis 

Obviously the description of transport in porous coal particle exhibits strong 
analogies to many other porous solid models. 

All three porous transport models assume spherical particles of constant radius, 
although one employs a pseudo-radius rather than a true radius. In all cases, i t  
is assumed that the inventory of vapor phase volatiles within the pores is 
sufficiently small so that the time derivative of any vapor phase species 
concentration within the particle may be taken as zero. As a result, the general 
species i conservation equation within the particle may be written a s :  

( 

where r is the radial position 
radial position, and R i is the 

1/r2)d/dr(r2Ni) = R i (45) 

within the particle, N i is a molar flux of i at any 
production rate of i per unit volume of particle. 

This equation of course may be changed over to a mass basis merely by 
multiplication by the molecular weight of i ,  and is so expressed in some 
treatments. 

Typically, some sort of ternary mixture approximation is made for the vapors within 
the particle. Thus i can represent tars (or "reactive volat i les"),  fixed-gases (or 
"non-reactive volati les"), or the inert gas which surrounds the particle (for which 
case Ri=O). I f  i t  is possible to assume that the rate of production and/or 
destruction of tars and fixed gases is independent of position and vapor phase 
concentrations, then the integration of Eq. 45 is straightforward and yields: 

Ni = rRi/3 (46) 

It was also'assumed in obtaining Eq. 46 that sjnmnetry exists at r=O. Of course, 
the assumption that the rate of repolymerization of tars is independent of the 
vapor phase concentration of tars is fe l t  by some to be unrealistic. Likewise, 
some feel that fixed gaseous volatiles are produced by tar cracking reactions, and 
thus the rate of gas evolution depends upon local tar concentrations. I f  the rate 
of repolymerization of tar or formation of fixed gaseous species is taken to be a 
function of tar concentration, then R i for both gas and tar species wi l l  certainly 
be a function of r and a simple integration of Eq. 45 Is no longer possible. 

The main difference between the various pore transport models concerns the relation 
between the fluxes N i and the actual species concentrations. Some view the 
diffusion as Fickian, with appropriate accounting for bulk flow, while others allow 
for the contribution of Knudsen diffusion mechanisms. These differences wi l l  now 
be outlined. 

Russel et a l .  (120) 

This model naturally pertains only to non-softening coals. 
of the model is as shown: 

The general structure 
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CHAR 

CDAL---~,, (l-u) NON-REACTIVE VOLATILES -'~ ESCAPE 

(9) REACTIVE V O L A T I L E S ~ ~  REPDLYMERIZATION(CHAR) 

The transport l imitation in this case was assumed to exist s t r i c t l y  within the 
part icle. The flux of any species i within the pore system was assumed to be given 
by Fick's Law written for a stationary frame of reference: 

N i = yitNr + Nnr) - (PDeff/RgT)dyi/dr (47) 

where Yi refers to the vapor phase mole fraction of i ,  all species are assumed to 
have equal d i f fus iv i t ies Def f ,  and the Subscripts r ana nr refer to reactive and 
non-reactlve volati les. Note that the product of pressure and d i f fus iv i ty  is 
constant throughout the particle. I t  was assumed that the Yi for reactive and non- 
reactive volati les were zero at the outsiae edge of the particles. The solutlon of 
the three coupled transport Eq. 45 with the three flux definit ions Eq. 47 is not 
d i f f i cu l t  despite the fact that the rate of reactive volati les destruction (tar 
repolymerization) is assumed to be proportional to the local reactive volatiles 
concentration: 

R r = koC cu - klCvy r (48) 

where C v and C c are vapor and coal molar densities within the particle. The f i r s t  
term represents the formation of reactive volati les from the coa$ and the second 
term the destruction of the reactive volati les (see reaction scheme above). The 
rate of non-reactive vo~atiles evolution per unit volume is taken as a constant 
(Rnr), and thus Eq. 45 may be solved direct ly for Nnr: 

Nnr = rRnr/r 3 = kOCc(1-p)r/3 (49) 

This may now be substituted for Nnr in Eq. 47, which may then be solved for N r. 
The expression of N r may then be used in Eq. 45 to solve for Yr, since the la t ter  
becomes an ordinary differential equation for Yr in terms of radial position. In 
one particular case, i t  was assumed that bulk flow dominates diffusion, so that the 
term involving the concentration gradient in Eq. 47 becomes small, thus: 

Nr = Yr(Nr + Nnr) (5O) 

The solution for Yr with position is obtained by solving Eq. 50 for Nr, 
substituting Eq. 49 for Nnr, and substituting the resulting expression for Nr into 
Eq. 45. I f  the solution of Yr with position is further integrated over the entire 
particle to yield an average concentration of reactive volat i les, the result is: 

Yr = I - i (51) 
2~ (I + 

where g = klCv/koC c. I t  is apparent that since C v is a function of pressure, the 
average tar concentration within the part icle depends upon pressure. I t  is 
apparent from Eq. 4B that the rate of tar deposition reactions wi l l  thus also 
depend upon pressure. 

The above example is cited only to give a flavor for the solution process and to 
indicate the origin of the pressure dependence of volat i le yields as'predicted by 
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this model. Solution was also effected without assuming bulk flow domination of 
flow. A main strength of the presentation by Russel et al. involves extensCve 
examination of limiting cases. The model was also further developed in order to 
examine hydropyrolysis situations (involving reaction of pyrolyzing coal with 
gaseous hydrogen); this wil l not be considered here. 

The validation of this model involved f i t t ing total weight loss vs. pressure data 
such as those shown in Fig. 1. The f i t  was quite reasonable in many respects, in 
part attributable to the existence of several adjustable parameters in the model. 
The major criticism of the validation attempt is that i t  compares a model which 
postulates that a well-defined pore structure exists throughout pyrolysis with data 
obtained on a softening coal which loses all pore structure during the most active 
phase of pyrolysis. 

then and Wen (I21) 

This model is quite similar in structure to that explored by Russel et al. I t  
again pertains only to non-softening coals, which retain a well-defined pore 
structure throughout pyrolysis. There is however a distinct difference in the 
chemical pathways consldered here as opposed to those in the previous section. 
structure of the present model is: 

The 

C H A R ~ G A S  

C O A L ~ T A R f  ~ ESCAPE 

k° k ~ 2 C H A R  

Note that the gaseous products of pyrolysis are here postulated to be secondary 
decomposition products of tar rather than primary products of coal decomposition. 
In reality, both sources are most l ikely to be important, The rate of tar 
formation/destruction is given by: 

Rtar = fkoC c - (k I + k2)Cta r (52) 

The rate of gas formation is given by: 

Rgas = kzCta r (53) 

Again, a fixed-coordinate Fickian diffusion law is used to express the relationship 
between fluxes and concentration gradients, so Eq. 47 applies in this case as well. 
In the original formulation of this model, fluxes and concentrations were expressed 
in mass, rather than molar units, but the distinction is unimportant. 

Solution of the problem as posed here is considerably more d i f f icu l t  than solution 
of the equations posed by Russel et al. The Eq. 45 must truly be solved 
simt,ltaneously, because Eq. 53 involves a tar concentration dependence, whereas Eq. 
49 did not involve a reactive volatile concentration dependence. In addition, a 
convective boundary condition was assumed in the present case: 

Ni  = kgi(Ci . Ci ) (54) 

where kg i is a mass transfer coefficient for species i ,  and the concentration 
difference is taken between the particle surface (R) and the bulk (b). 

Few details are given concerning the transport properties or the solution technique 
employed. There is no consideration of any sort of vapor-liquid equilibrium for 
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the tar species. Validation is again performed against weight loss vs. pressure 
data such as those in Fig. I ,  but the same crit lcism apply as In the previous 
section; there is a significant probability that the successful f i t  to the data is 
a result of parameter adjustabi l i ty ,  since a non-softening coal mo~el is being 
tested a~ainst softening coal da~a. 

Gavalas and W i l k s  (13) 

This model again applies only to non-softening coals. I~s che~ica~ structure is 
considerably less complicated than that of t~e previous two models: 

CHAR 

COAL ~TAR 

~ G A S  

Note that ~o explicit account is taken of the competition between tar transport and 
repol~erizaS~on reactions. The volumetric generation rates of gas and tar are 
taken as constants (Rqa s and Rtar). As a result, the model as presently cast 
cannot be used to predict tne effect of pressure on total pyrolysis yield. The 
major e~phasis in this model is placed on the proper accounting for porous matrix 
transport processes, and in znis regard i t  Is the most sophisticated of the three 
porous part icle models discussed. 

I t  is recognized that coal contains a highly crosslinked porous system, exhibiting 
a wide range of pore sizes. I t  is argued that the micropores are really t~o small 
to support true gas phase transport of any of the larger pyrolysis products 
(part icular ly tars). The transit ional pores are treated as merely surface area for 
evolution of the vslatiles from the bulK. Actual transport is considered only 
within the macropores. I t  is also concluded that a rather narrow range of 
macropore sizes embodies the majority of internal mass transfer resistance. These 
macropores are represented as having a diameter D3, between 0.03 and 0.3 m. 
Larger ma:ropores are claimed to represent minimal resistance to flow of volat i les,  
and thus are viewed as an extension of external part icle boundary conditions to 
within the particle. A mathematical art i fact is used to represent tnls assumption; 
an effective radius is defined for the particle. This effective radius is 
calculated base~ on assuming a f i c t i t i ous  particle which has just as many D 3 size 
pore mouths per unit volume_ on i t s  periphery as the real particle haS on both i ts  
periphery plus on macropores of diameter greater than D 3 within i ts in ter ior .  All 
solutions of the transport equations are base~ on this effective radius, rather 
than the true radius. 

By virtue of the assumptions regarding the constancy of the source terms in Eq. 45, 
the direct integration results Eq. 46 ap;ly in tn~s case tor both gases and tars.  
The r in Eq. 46 is now taken as the effective radius of the particle. The 
concentration profiles of various species within the part ic le are calculated from 
the total fluxes given in Eq. 46 by assuming a combined diffusion-convective flow 
of volat i les:  

Ni = -{CiBIp )dPldr + Ndi 

where B is the pen~eability, given by: 

B = D~e3/96 

Ndi is a pure diffusional f lux, governed by: 

{55) 

(s6) 
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3 
dc i  = Nd__!_i + Yi - 

dr Dik j = 1 Dij (57) 

where Dik is the Knudsen dif fusivi ty of i ,  and the Dij are the effective binary 
diffusion coefficients of i in j .  Summing Eq. 57 for all species gives an 
expression for total gas phase concentration with position, which of course is 
equivalent to an expression for the pressure gradient in the particle. Used in 
conjunction with Eq. 55, this allows for simultaneous solution of the C i as a 
function of position. Results of this model were presented only in this form, and 
no experimental validation was attempted. 

A very interesting conclusion based on this model appears to be that the extent of 
pressure increase within the particle is quite small, for real ist ic values of the 
physical properties of coal. For example, a calculation for 89/Im particles 
suggests that at atmospheric pressure conditions, the difference in pressure 
between the particle center and surface is less than 0.1 arm (for D 3 = O.I/zm). 
Such a low intraparticle pressure gradient would be consistent with the swelling 
model of Melia and Bowman ~88) only i f  the viscosity of the coal to be used in Eq. 
15 is fa i r ly  low (order 10 o poise or less). 

Apart from the predictions of pressure gradient and species concentration profiles, 
this model has not been used to make any other predictions of pyrolysis behavior. 
At the present time, i t  can be viewed only as a possible framework for further 
developments. 

$imons (122-124) 

This model is the same general class as those immediately preceding i t .  Again, i t  
applies only to non-softening coals. A modified form of Eq. 45 is i n i t i a l l y  posed, 
assuming as usual pseudo-steady mass transport. This modified form of Eq. 45 is 
stated in terms of a rectangular coordinate y. The model postulates that the pore 
structures in coals are tree-like, and rules out "ink-bottle" structures. The 
coordinate y represents the straight line distance from the smallest pores in the 
tree towards the particle surface. The equivalent of Eq. 45 is then: 

d/dy(n PgCg ~rp 2) = n mw (58) 

where n is the number of pores in the tree at a particular position y, PQ and V o 
are the volatiles density and velocity, respectively, r o is the local po~e radiSs 
at y, and mw is a volatiles mass formation rate per unit length. A change of 
variables is effected by assuming a unique relation between rp and y: 

drp/dy = rp/l t (5g) 

where I t is the "trunk" length of the largest pores (124). Integration is 
performed by introducing (see Ref. 123): 

mw= Ps k ~frp2(ef-e)le (60) 

where k is a pyrolysis rate constant and ef is the final porosity of the char. The 
result obtained after assuming that Vg is zero in pores of the minimum size (rmi n) 
and employing the ideal gas law is: 

v =  tPsR T (el-e) in (rplr . n) (61) 
E p e 

g 

j , -  



The actual volati les flux (or velocity) is assumed to be governed by: 

Vg = -Dv/Pg (d Pg/dy) 

for Knudsen and continuum dlttusional control, and by: 

(62) 

Vg = -Srp2(dPg/dy) (63) 

for convective transport. For purely viscous drag, S = I/8 ~g,  while for the case 
in which the drag is due mainly to injection of large amounts of volat i le into the 
flow s = (~/~w)- The four Subcases of Eq. 62 and Eq. 63 are all considered 
individually, and after combinatlon with Eq. 61, wlth a change of variables from y 
to r D, are integrated piecewise over various regimes, in which the different 
mechanisms control. Boundary conditions for Pa are obtained by assuming that an 
arbitrary aaditive law governs Pn in the pore ~runks- Pn = P + P~ , where 

. : " ~, ~Ot ~ , 0  

Pint ~S the ambient pressure and Pn is obtained by solving Eq. 61 for the case of 
Vg'equal to the sonic velocity in ~t~e volat i les and rp equal to the trunk radius. 
In add i t i~ ,  a l imi t ing pressure is assumed to exist in the smallest pores, 
corresponding to the case in which the volat i les are formed but do not escape. 
This l imit ~s calculated to be thousands of atmospheres in the case of non- 
softening coals which release very l ight volat i les. Actually, i t  is known that the 
molecular weight of volatiles generally Shifts from nigh tO low during the course 
of pyrolysis (H 2 is among the last products evolved). I t  is thus expected that 
maximum internal pressures woula be achieved at some intermediate time during 
pyrDlysis. Unfortunately, the present model does not yet include any variations 
with time, nor does i t  distinguish between different kinds of volat i les.  As a 
result, comparison of ~his model with real experimental data is not yet possible. 
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a 

~j 

B 

% 

CL 

Ci 

C 

Dij 

Dik 

Di 

Deff 

Table of Nomenclature 

= co~xstant 

= bubble radius (cm) 

= Permeability (cm 2) 

= vapor phase molar density {moles/c~a 3) 

= liquid phase molar density (moles/c~3) 

= molar density of species i (moles/ca 3) or in section 

5.1.5 nt~ber concentration of bubbles of size i (cm -3) 

-- a constant or in section 5.1.1, a non-dimensional vola~iles 

concentration 

= liquid phase diffusivity (cm2/s) 

= vapor phase diffusivity (cm2/s) 

= binary diffusion coefficient of i in ~ (cm2/s) 

= Knudsen diffusion coefficient of i (cm2/s) 

= effective diffusion coefficient of i in a vapor mixture 

(cm2/s) 

= effective diffusion coefficient in pores (cm2/s) 

Dmicro,Dmacro = micro and macro-pore effective diffusion 

coefflcienns (cm2/s) 

D 

e 

E 

EL 

Z 

K 

K 

z~ 

= pore diameter (cm) 

= void fraction 

= activation energy (kcal/mol) 

= number rate of escape of bubbles of size j from ~he particle 

surface (se'c -1) 

= klCv/koCc ( d i m e n s £ o n ! . e s s )  

= (I/e2)-I in equat::ion (I0) 

= cozIstant 

= mass transfer coefficient (sec-l) 



Kj = bubble growth constant (sec -I) 

kg£ = mass ~ransfer coefficient for spec£es i (ca/s) 

ko kl k2 ki,k r = reaction rate constants (sec -l) 

k = overall pyrolysis rate cons'.ant (sec -I) 

I t  

L 

=i 

M 

MW 

Ni 

Nio 

Pb 

Pg = local 

P~Ot = 

pO,pi~ = 

AP 

P~5 
qi 

QT 

QL 

r 

R£ 

= characteristic length of a pore "trunk" (ca) 

= characteristic leng~h (ca) 

= mass of spec£es i Cg) 

= mass rate of vola~iles evolution (g/s) 

= -ass rate of volatiles evolution per length of pore (g/s ca) 

= moles of metaplast 

= molecular weight (glmol) 

= number of pores 

= molar flux of species i (moles/c~2s) 

= par=ic!e surface molar flux of species i (moles/cm2/s) 

= bubble pressure (acre) 

gas pressure (arm) 

total pressure of atmosphere surrounding the particle (arm) 

vapor pressure of tar.(species i), (a~m) 

= pressure drop in a pore (arm) 

= ra~e cons~an~ for merger of bubbles of size i and j (s -1) 

= Dn÷I/D i = rat£o of inert gas diffusiviry to species i 

di ffusivicy 

= mass formation rate of reactive volatiles per unit mass of coal (s -1) 

rate of formation of volatiles in coal melt (moles~croSs) 

= pore radius or general radial position in a particle (ca) 

= particle radius (ca) 

= gas cons~an~ (= 1.987 cal/mol K) 

= production rate of species i per unit volt~e (moles/e~.3s) 
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s 

t,t i 

T 

% 

u 

v 

v o 

Vh 

V r 

v== 

v= 

.% 

vg 

x 

xi 

Yi 

Yio 

Y 

Greek 

| 

p 

Pg 

Ps 

G 

= cons=ant defined below equation 443) 

= t ime (s )  

= temperature  (K) 

: boiling ~emperature (X) 
n 

-I 
= (I - g Yio ) (dimensionless) 

i=I 
= volatiles mass yield (g) 

= vola=iles mass yield at vacuum conditions (g) 

= volatiles mass yield at high pressure (g) 

= fractional mass ~eld of reactive volatiles (dimensionless) 

= fractional mass yield cf non-reactive volatiles (dimensionless) 

= specific volume of metaplast (cm3/g) 

= bubble velocity (cm/s) 

= gas velocity (cm/s) 

= shortest distance from bubble to particle surface (cm) 

= distance for a species to diffuse to a pore (cm) 

= mole fraction of i in the liquid phase 

= vapor phase mole fraction of species i 

= vapor phase mole fraction of i at the particle surface 

= distance from smallest pore to particle surface (cm) 

= d i f f u s i o n  f i l m  th ickness  (cm) 

= v i s c o s i t y  (g/s-c=)  

= d imensionless v i s c o s i t y  

= t rue mass dens i t y  of l i q u i d  (g/cm3) 

= loca l  v o l a t i l e s  d e n s i t y  (g/c~ 3) 

-- t r ue  so l i ds  d e n s i t y  (g/cm 33 

= surface tension (dyne/era) 
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