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mathematically and the model is tested using extant experimental data. A 
significant feature of the model is the treatment of bulk flow due to the 
evolution of volatiles and the resulting balance between diffusion, bulk flow, 
and chemical reaction. Predictions of the variations in conversion due to 
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quantitatively with experimental data. 
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The objectives of this study were to develop a model of 
the chemical reactions and transport processes taking place 
within a small coal particle after exposure to hot hydro- 
gen at high pressures and to test the predictions using 
extant experimental data. Such a model provides a means 
for understanding the effects of process variables (princi- 
pally temperature, pressure, particle size, and residence 
time) on the yields from a given coal. Previous work on 
single-particle models focuses on the various chemical re- 
action rates and either ignores mass transport processes 

completely or lumps the resistance into a film coefficient. 
Although such models can often be adjusted to fit data 
for a given particle size, the sharp increase in yield ob- 
served as particle size is decreased appears to be beyond 
their predictive capabilities. To illustrate the role of mass 
transfer by bulk flow and diffusion, the kinetics of the de- 
volatilization process and the time temperature history of 
the particle have been simplified by assuming a single 
first-order devolatilization reaction, instantaneous heatup 
to an isothermal state, and a long reaction time. 

CONCLUSIONS AND SIGNIFICANCE 

A theory has been developed to describe the chemical 
reactions and mass transfer processes occurring in a single 
coal particle during hydropyrolysis. The particle is as- 
sumed to maintain a porous structure throughout decom- 
position, with volatiles transported by diffusion and hydro- 
dynamic flow. Chemical reactions are described in terms 
of the weight loss kinetics developed by previous workers 
and include the primary devolatilization of the coal, sec- 
ondary reactions of free radicals, and direct hydrogenation 
of char. Order of magnitude estimates are used to show 
that bulk flow and the combination of free radicals with 
hydrogen are rapid compared to devolatilization, while 
diffusion is generally slow. The corresponding mathemati- 
cal simplifications in the conservation equations lead to 
analytical solutions for the instantaneous rate of evolution 
of volatiles. Total yields obtained by integrating over an 
idealized temperature history agree closely with experi- 
mental data for variations in pressure, hydrogen partial 
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pressure, and particle size. Close agreement with experi- 
mental data is obtained for the effect of temperature on 
pyrolysis at low and high pressure in inert atmospheres, 
but for hydropyrolysis at 69 atm it is poor owing, evi- 
dently, to the simplified kinetic scheme and time-temper- 
ature history rather than to the way mass transfer is de- 
scribed. 

An important feature of the model is detailed treatment 
of the coupling between mass transfer processes and ki- 
netics. Previous models utilize mass transfer coefficients 
which must be adjusted heuristically to account for the 
way the coupling influences the overall conversion. Here 
the interactions are handled in terms of diffusion and bulk 
flow within the particle, processes which can be more di- 
rectly related to structural properties of the particle, 
Nevertheless, the number of required parameters remains 
the same. Finally, the approach emphasizes the importance 
of mass transfer, describes how its influence can be sepa- 
rated from intrinsic kinetic processes, and suggests the 
sort of structural information required to understand short 
contact time pyrolysis and hydropyrolysis. 
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In hydropyrolysis, small coal particles are exposed to 
hot, high pressure hydrogen for a short time to produce 
gaseous and liquid products, Typical conditions include 
temperatures up to 1 100°C, hydrogen pressures to several 
hundred atmospheres, particles as small as 50 pm, and re- 
action times as short as 10-’ s. The short contact time proc- 
ess appears attractive because yields significav tlv exceed- 
ing the proximate volatiles content are possible. Products 
include light gases such as methane, ethane, and the ox- 
ides of carbon as well as benzene and its derivatives and 
heavier aromatic liquids. Anthony and Howard (1976) 
present a broad survey of the field. 

While high yields are possible, several experimental 
studies (Anthony et al., 1976; Suuberg, Peters, and 
Howard, 1977; Graff et al., 1976; Steinberg and Fallon, 
1975; Greene, 1977) demonstrate rhat both the overall 
yield and the product distribution are sensitive to several 
process variables: temperature, pressure, hydrogen partial 
pressure, particle size, reaction time, product residence 
time, and coal type. Observed trends suggest the influence 
of several interacting rate processes: heat transfer, devola- 
tilization of the solid coal, both gas-solid and gas phase 
secondary reactions, mass transfer within the particle, and 
hydrogenation of the char. Optimal reactor design requires 
a model incorporating these or at least systematic corre- 
lations involving all the relevant variables. Reaction kinet- 
ics and heat transfer have received the most attention thus 
far. Mass transfer has been virtually ignored except in the 
MIT work (Anthony et al., 1976) which discloses that 
it may have a preeminent role. 

The dramatic pressure dependence of weight loss for 
a bituminous coal suggested the presence of resistance to 
the escape of volatiles from a decomposing coal particle. 
In the MIT model, this resistance was lumped into a 
necessarily ambiguous external film coefficient. In addition, 
a fraction of the volatiles was assumed to deposit as char 
if retained within the particle, providing a competitive ef- 
fect to account for the reduced yields at high pressures 
where deposition would be relatively fast. The authors 
avoided speculation about the internal structure of the 
particle during reaction and did not identify the mode of 
mass transfer. While the model correlated data for a single 
particle size fairly well, it did not explain the sharp in- 
crease in yield observed with decreasing particle size. 

In this paper, we analyze in detail mass transfer within 
a single coal particle in order to elucidate these trends in 
overall yield. Such a single-particle model provides infor- 
mation which can later be coupled into a large scale re- 
actor model. At this point, the particle is assumed to re- 
main a porous sphere during decomposition, with mass 
transport occurring through diffusion and hydrodynamic 
flow, This idealization provides a well-defined basis for 
the model but may not be applicable to some plastic coals. 

Analyses of diffusion and reaction in catalyst pellets 
( Aris, 1975), although possessing several similarities to 
our model, are not directly applicable to hydropyrolysis 
for two reasons. First, during the transient decomposition, 
the reaction rates (and possibly the physical structure) 
change rapidly, in contrast to the slowly varying condi- 
tions of most catalytic processes. Second, devolatilization 
drives a significant hydrodynamic flow out of the coal 
particle, whereas catalytic conversions frequently approxi- 
mate equimolar counterdiffusion. 

On the chemical side of the picture, we employ the 
weight loss kinetics of Anthony et al. (1976) which iden- 
tify five species: reactive coal, activated coal, reactive vola- 
tiles, stable volatiles, and hydrogen. Even with this sim- 
plification, the conservation equations comprise an intract- 
able set of coupled nonlinear partial differential equa- 
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tions. By estimating the time scales for the individual rate 
processes, however, a tractab!e and meaningful model can 
be formulated. The key lies in the rates of bulk flow and 
stabilization of the reactive volatiles by hydrogen, both of 
which are rapid relative to devolatilization. 

This disparity of time scales allows two significant sim- 
pligcations. First, the concentration and pressure profiles 
quicklv equilibrate to the changing devolatilization rate, 
permitting description of the internal processes in terms of 
a pseudo-steady state and eliminating an explicit time- 
dependence from the conservation equations. Second, if 
the stabilization reaction is treated as being essentially in- 
stantaneous, the coexistence of hydrogen and reactive 
volatiles is precluded. Thus, the number of components 
is reduced locally by one, and the particle interior divides 
into two regions: a sheath accessible to diffusing hydrogen 
and containing no reactive volatiles, and a core devoid of 
hydrogen. The instantaneous yield of volatiles then de- 
pends strongly on the size of the core and the rate of 
deposition within it. 

This model resembles the diffusion-controlled combus- 
tion of pulverized coal for which Nusselt (1916) devel- 
oped the “shrinking core” model for diffusion of oxygen 
through a sheath of ash to the reactive carbon. With the 
assumptions of instantaneous oxidation and pseudo steady 
concentration profile, Nusselt’s theory predicts the rate at 
which the combustion interface, initially at the external 
surface, burns toward the center as the reaction consumes 
carbon. The uniform production of volatiles characteristic 
of hydropyrolysis and their outward flow have no counter- 
parts in this model, so the similarities remain qualitative. 

The next two sections are devoted to development of 
the model; several order of magnitude arguments are pre- 
sented to motivate the various approximations. The solu- 
tions derived in the third section pertain to slow devola- 
tilization, wherein hydrogen permeates the entire particle 
and no core exists. Then the concentration profiles and 
core size for rapid devolatilization are calculated in terms 
of the pressure and particle size, These results lead to 
the instantaneous volatiles yields discussed in the fifth 
section. Several analytical results for limiting cases illus- 
trate the physics, while numerical solutions cover the en- 
tire range of parameters. The predicted variations in yield 
with pressure, hydrogen partial pressure, and particle size 
agree qualitatively with available data. 

In the sixth section we obtain the overall yield for hy- 
dropyrolysis by integrating the instantaneous values over 
the reaction time and adding the yield from the slower 
hydrogenation of char. To illustrate the interaction be- 
tween kinetic processes and mass transfer clearly, the rate 
expression for devolatilization and the time-temperature 
history have been simplified by assuming a single first- 
order rate constant, instantaneous heatup, and a long 
reaction time. The integrated yield structure is qualita- 
tively similar to the instantaneous yield. 

Finally, we compare our predictions with the data of 
Anthony et al. (1976). With lignite, which shows no in- 
dication of softening, Anthony found no particle size de- 
dependence and only a modest effect of hydrogen, inter- 
preted as the absence of reactive volatiles. While our 
theory will easily correlate these data, it provides no real 
test because mass transfer effects are unimportant. There- 
fore, we concentrate on the data for Pittsburgh No. 8 bi- 
tuminous coal. First, three unknown parameters in our 
model (the same number as in the MIT model) are de- 
termined from their weight loss data, producing values 
which closely correspond to independent estimates &om 
similar systems. The resulting theoretical curves conform 
to the data quite well, with variations in pressure, hydro- 
gen partial pressure, and particle size, supporting to some 
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extent the transport model. Owing to our idealized devola- 
tilization rate expression and time-temperature history, the 
effect of temperature in high pressure hytlropyrolysis is 
poorly represented. 

PHYSICAL AND CHEMICAL BASIS OF THE MODEL 

Coal is a heterogeneous mixture of organic minerals of 
common botanical origin known as macerals, many of 
which have been identified by their physical properties 
but remain ill-defined chemically. Since a particular coal 
is a poorly characterized mixture of these macerals, the 
complete delineation of the chemical and physical proc- 
esses involved in pyrolysis or hydropyrolysis seems remote. 
On the other hand, the integrated behavior of such proc- 
esses, observed as carbon conversion or in terms of yields 
of individual chemical species, appears much simpler. The 
trends with variations in pressure and temperature suggest 
an interpretation based on a small number of chemical 
reactions and transport processes. In this section, we pre- 
sent the basic assumptions for a quantitative model of 
these interactions within an individual coal particle. Our 
idealization has been guided by careful ordering of the 
various rates and by experimental results. 

The description of the chemistry follows closely the 
work of Anthony et al. (1976) which itself subsumed sev- 
eral earlier kinetic models. The new features introduced 
here lie not in these kinetics but in the detailed descrip- 
tion of mass fluxes within an individual coal particle and 
the subsequent identification and evaluation of the relevant 
dimensionless groups in the conservation equations. 

Chemical Kinetics 
Our kinetic model consists of three sets of reactions: 

primary devolatilization, secondary deposition, and hydro- 
genation. If individual reactant and product species could 
be identified, each set would contain many reactions pro- 
ceeding at different rates. Without detailed information, 
the reactants and products are lumped into the following 
categories: reactive coal, activated coal, inert char, stable 
volatiles, unstable volatiles, and hydrogen. The roles of 
these categories will become clearer in the discussion be- 
low. As more information on product distributions and 
the chemical structure of the coal as functions of the re- 
action conditions become available, further differentiation 
and sophistication will be possible. At this point, however, 
we settle for a kinetic model sufficient to explain variations 
in weight loss. 

A convenient starting point is the thermal devolatiliza- 
tion of coal at sufficiently low pressures for secondary gas 
phase reactions and mass transfer effects to be negligible. 
Thermally induced rupture of chemical bonds releases 
hydrogen-rich volatiles, the product in gasification proc- 
esses, and leaves a carbon-rich solid char. The evolution 
of volatiles can logically be modeled as a first-order process 
by analogy to the thermal decomposition of pure organic 
compounds. Ultimate yields and rate constants for many 
coals under a variety of conditions have been correlated 
on this basis, but an examination of these results reveals 
several shortcomings (Anthony and Howard, 1976). First, 
the ultimate yield for a particular coal depends on tem- 
perature and fails to correlate with the standard measure- 
ment of proximate volatile matter. Furthermore, the Ar- 
rhenius type of temperature dependence of the rate con- 
stant often produces activation energies far too low, 
N 8 to 8O0K-J/mole, for organic decompositions. To com- 
pound the problem, at high temperature significant weight 
loss occurs in the initial 0.1 to 0.5 s in which the coal parti- 
cle may be heating up at a rate dependent on the reactor 
configuration. 

AlChE Journal (Vol. 25, No, 1) 

Anthony et al. (1976) resolved these difficulties for 
their data by implementing Vand's (1943) analysis of 
the decomposition in terms of a set of independent first- 
order reactions with a spectrum of activation energies 
and then integrating the rate over the experimental time- 
temperature history to obtain the yield. The approach 
seems plausible because the carbon-carbon and carbon- 
oxygen bound strengths in coal must vary widely with a 
corresponding distribution of activation energies. The 
temperature dependence of the ultimate yield can then be 
quantitatively explained as a kinetic effect due to the ex- 
tremely slow rates at low temperatures of the reactions 
with high activation energies. The empirically determined 
distribution of activation energies characterized by only 
two adjustable parameters, the mean E ,  and the standard 
deviation u, correspond to those expected for organic de- 
compositions (80 to 370 kJ/mole). To fit the same data 
with a single exponential requires a very low activation 
energy, - 40 to 60 kJ/mole. 

With both the single and multiple reaction models, the 
primary devolatilization of reactive coal 

ko 
c+ (1 - Y)V + VV' + C' (1) 

is first order in the reactive coal C with rate constant 

single reaction k, = { AOe-EoIRT 
(2) 

A, 1" f ( E ) e - E / R T  dE multiple reactions 

The differences between the two models surface only when 
the rate is integrated over the time-temperature history to 
obtain the yield for a finite reaction time. For low pressure 
pyrolysis, the reactive and unreactive volatiles are indis- 
tinguishable, and the activated coal C' does not react 
further. 

At higher pressures, the devolatilization yields for some 
coals, bituminous for example, show significant particle size 
and pressure dependence ( Mazumdar and Chatterjee, 
1973; Anthony and Howard, 1976). These are attributed 
to secondary reactions involving the unstable or reactive 
volatiles V", apparently associated with tarry, or higher 
molecular weight-species possibly evolved as free radicals. 
The nature of the reactions also remains unclear; some 
evidence supports polymerization of the tars followed by 
deposition as coke, while other experiments favor crack- 
ing to coke and gas. In either case, the reduction in yield 
depends on competition between the secondary reaction 
within the particle and the mass transfer process by which 
the volatiles escape to the surrounding gas. The extent 
of deposition, therefore, increases with increasing particle 
size and with increasing pressure. The former produces a 
longer residence time inside the particle, while the latter 
raises the molar density of volatiles and hence the deposi- 
tion rate. 

To accommodate these effects, Anthony and Howard dis- 
tinguished between the reactive and unreactive volatiles 
as already indicated in (1) and introduced the deposition 
reaction 

(3)  
with rate 

pxv* 
k1- RT 

In a hydrogen atmosphere, the volatile yield equals or 
exceeds that in an inert gas at the same temperature and 
pressure. Two complementary mechanisms appear to ex- 
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TABLE 1 

A. Anthony and Howard ( 1976) 

Devolatihzation 

ko 
c-, ( l -v)v+"v '+c '  
&=bC 

Deposition 

ki v*+ s 

Stabilization 

ka 
V' + H 2 3  V 

B. Moseley and Paterson ( 1965) 

Direct hydrogenation 

k3 
C' + H z +  V + C' 

Polymerization 

k4 
c 0 4  s 
R4 = k4C' 

plain the enhancement. First, hydrogen reacts rapidly with 
organic free radicals (Benson, 1960) to form stable gas 
phase species, providing a mechanism for stabilizing the 
reactive volatiles according to the scheme 

k2 
V' + H z 4  V 

with rate 
(4) 

# 
k2 - ( R T ) 2  

and xn2 the mole fraction of hydrogen, Second, the char 
remaining after partial devolatilization reacts with hydro- 
gen to produce volatiles at a rate dependent upon the age 
of the char but much slower than the devolatilization. 
Moseley and Paterson (1963) proposed that active regions 
C' produced by the primary devolatilization (1) can 
further react with hydrogen as 

k3 

with rate k3C0 ~ x H , / R T  or disappear by a first-order ther- 
mal decomposition 

k.4 

For slow decomposition relative to the devolatilization, the 
concentration of active sites decays from the total available 
Coo as 

producing a volatile yield from direct hydrogenation of 

C " + H z + V + C '  ( 5 )  

C'+ s ( 6 )  

(7)  C* = Coo e - k d  

For reaction times long relative to k4-l, the yield asymp- 
totes to a constant proportional to the hydrogen pressure. 
More complex models capable of fitting a wider range of 
experimental data have been proposed by Zahradnik and 
Glenn (1971) and Johnson (1974), but the above theory 
satisfies our present needs. 

The reactions described above, along with the appro- 
priate rate expressions, comprise our kinetic model. The 
stoichiometry and rates for the four primary components 
(reactive coal, stable volatiles, unstable volatiles, and hy- 
drogen) are summarized in Table 1. We now proceed to 
formulate expressions for the fluxes which transport the 
volatile products out of the particle. 

Tronrport Processes 
Both heat and mass transfer affect the volatiles yield 

from pyrolysis and hydropyrolysis. In the kinetic picture 
described above, mass transfer enters through both the 
escape of reactive volatiles from the particle and the in- 
trusion of hydrogen to stabilize the reactive volatiles or 
react with the active solid. The time-temperature history 
of the particle, which influences the balance between 
kinetic and mass transfer effects, is determined not only 
by the environmental temperature but also by the thermal 
response of the particle and the energy released by reac- 
tion. A discussion of both of these rate processes must 
begin with the physical structure of the coal particle, 
itself a complex and incompletely understood subject. 
After describing a simplified structural model, we present 
the mass transfer mechanisms in detail. Then the relevant 
aspects of the heat transfer process are summarized. 

The physical transformations of a coal particle exposed 
to an elevated temperature depend strongly on its initial 
composition as well as the environmental conditions. TWO 
limiting cases are well defined. Certain coals maintain a 
porous structure throughout devolatilization, ultimately 
leaving a fragile skeleton of ash and char, Plastic coals, 
on the other hand, apparently soften into a droplet from 
which volatiles may escape as bubbles until resolidifica- 
tion occurs. While no absolutely reliable means of differ- 
entiation exists, the plasticity, or swelling, correlates fairly 
well with both volatile matter and carbon content (Loison 
et al., 1963) for measurements at 1 atm of inert gas and 
low heating rates, - 10-2 to 2 x 10-1 "C/s. Swelling oc- 
curs for volatile contents of 15-40oJo and carbon contents 
of 81 to 92% with maxima near 30 and 89%, respectively. 
Lignites and anthracites fall outside these ranges, while 
low volatile bituminous coals generally exhibit the most 
marked plasticity. 

These test conditions do not correspond, however, to 
process conditions for flash hydropyrolysis, leaving the 
relevant physical structure uncertain. Several experiments 
indicate that softening becomes more pronounced with 
higher pressures, higher heating rates, and hydrogen atmo- 
spheres (Loison et al., 1963), but the extrapolation to 
conditions of interest is tenuous. In addition, evidence on 
the effect of particle size is ambiguous, with little data 
available on individual particles in the 100 Fm range. 

Here we choose to model the coal particle as a porous 
sphere which more or less retains its integrity as the re- 
action proceeds. The initial internal structure apparently 
consists of both macro and micropore systems as indi- 
cated by low temperature adsorption and heat of wetting 
measurements (Van Krevelen, 1961). The 10-4-10-3 pm 
dimensions of the smaller pores, however, severely limit 
diffusion of even small molecules; thus, for processes with 
time scales of a minute or less, these regions should be 
relatively inaccessible. The pore structure in our model is 
characterized, therefore, by a single size, corresponding to 
the macropores. 
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Although the model will fail if the pores close imme- 
diately, it retains its validity as long as some semblance 
of open structure remains during the evolution of reactive 
volatiles. Here the model will be tested indirectly by com- 
paring predictions with experimental results. Data on parti- 
cle structure during the evolution of volatiles under rele- 
vant process conditions would be extremely useful. 

For a porous coal particle, mass transport resembles that 
encountered in porous catalyst pellets but with two sig- 
nificant differences. First, devolatilization generates large 
volumes of gas, thereby driving a significant bulk flow, 
Catalytic conversions, on the other hand, generally ap- 
proximate equimolar counterdiffusion with negligible ef- 
fect of volume change. Second, the decomposition is in- 
herently transient, with both the rate of volatile evolu- 
tion and the particle structure changing over the reac- 
tion time. We present general flux relations capable of 
handling these complexities in this section and in the 
next analyze the time scales characterizing the various 
transients. 

Simple flux expressions including both multicomponent 
diffusion and bulk flow can be derived from the dusty gas 
model of Mason et al. ( 1967). Hite and Jackson (1977) 
discuss the application of this model to the catalyst prob- 
lem, elucidating several limiting cases. Although the 
theory has a wide range of validity, extending from the 
continuous range down to pore sizes comparable to the 
mean free path of the gas molecules, this generality is un- 
necessary for our purposes, since the macropore dimen- 
sions of -0.01 to 1.0 pm (Van Krevelen, 1961; Wen/Dutta 
et al., 1975) generally exceed the mean free path. The 
mean free path for small molecules such as carbon diox- 
ide and methane at 1000"K, for example, ranges from 
10-1 pm at 1 atm to 10-3 pm at 100 atm. For mixtures 
of larger molecules, the paths should be shorter. There- 
fore, we take the continuum limit of the theory and obtain 
relations between the molar fluxes with respect to fixed 
coordinates Ni and the radial gradients in the mole frac- 
tions and the pressure p: 

P d q  --- - - X j N i  - ~ i N j  
j = 1  De.. 33 RT dr 
i#1 

1 j=l J 
Only n - 1 of these equations are independent; the final 
equation characterizes the bulk flux; namely 

Note that if all species have the same molecular weight, 
the last term in (9 )  vanishes, we obtain the Stefan-Max- 
well equations (Hirschfelder, Curtis, and Bird, 1954), and 
(10) becomes Darcy's law in its familiar form. 

The physical properties appearing in (9)  and (10) 
deserve further comment. The effective diffusivity Deij 
is related to the binary diffusivity Dij by a geometrical 
factor K1 (dependent on the structure but not the pore 
size) as 

Since Dij a: I/p (Reid and Sherwood, 1958), the product 
pDij will be treated as a constant. The Darcy permeability 
B ,  also depends on the structure and is proportional to the 
square of the pore size; both B ,  and K1 can be estimated 
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D'ij = KIDtj, K1 << 1 (11) 

from porosity and surface measurements (Scheidegger, 
1960; Aris, 1975). Variations in Kl and B, with extent of 
reaction and p and Dij with gas composition will be ig- 
nored for the moment. 

The intrusion of hydrogen and the escape of volatiles 
from the porous particle might also be limited by trans- 
port in the external gas. For pure diffusion with no bulk 
flow 

external conductance - Dij/a 
internal conductance Deij/a (12) -- 

indicating that the internal resistance dominates except 
for extremely porous particles, where K1 - O(1). The 
bulk flow of volatiles reduces the conductances for hydro- 
gen below these values by an amount proportional to the 
linear velocity. Conservation of mass, however, requires 
the velocity to be greater within the pores, where the 
cross section for flow is smaller. Hence, the internal con- 
ductance decreases faster than the external, further in- 
creasing the ratio given by ( 12). Similarly, convection 
of the bulk gas past the particle increases the external 
conductance without affecting the internal, again increas- 
ing their ratio. We conclude, therefore, that for a de- 
volatilizing coal particle internal mass transfer resistances 
dominate, in accord with similar analyses of catalyst pel- 
lets (Hutchings and Carberry, 1966). 

Three sorts of processes are involved in establishing the 
temperature of a coal particle: conduction and convection 
to the particle's outer surface, conduction and bulk flow 
inside the particle, and energy absorption and evolution 
due to the various reactions. In situations where a small 
particle is exposed to a high temperature gas, the heatup 
rate is characterized by the natural time scales of the 
internal and external processes. The time scale for heatup 
when the external resistance controls is a(pc,),/h; (6). 
is the volumetric heat capacity of the particle, and h the 
external heat transfer coefficient. Inside the particle, the 
time scale for conduction is &/as. These two time scales 
are roughly the same order of magnitude, about s 
for 100 pm particles at  600"C, disclosing that both external 
and internal processes are important in establishing the 
thermal response of the particle. Bulk flow, on the other 
hand, plays a very minor role. Heat transfer by bulk flow 
can be compared to the flux due to conduction in terms of 
the ratio 

k,C,RT u2 ( pcp) - (transfer by bulk flow) - (13) 
Po 4 P C p ) s  (conduction) 

which is small (10-4-10-2) for particles 100 pm and 
smaller. For larger particles (about 1000 pm), the ratio 
increases to become O( 1) at roughly 100 atm. 

When the time scales for devolatilization and hydro- 
genation are slower than conduction for small particles 
(about 100 Fm) , internal temperature gradients can be 
ignored. With reactions involving oxygen, water, and the 
oxides of carbon, on the other hand, there may be signifi- 
cant thermal effects, especially in hydropyrolysis. For 
the present, however, these have been omitted, 

In its present stage of development, then, the model 
treats the particle as though it were spatially isothermal. 
Furthermore, in studies to be described later on rapid 
heatup, temporal variations are suppressed. 

Conservation Equations 
Using the reaction rates and fluxes from the preceding 

two sections, we can formulate the conservation equations 
for the four gaseous species; reactive and unreactive vola- 
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tiles, hydrogen, and inert gas. This means 
of the form 

a pxi 1 a - - + - - r2Ni = Ri 
at RT 7 2  ar 

with 
ci = ciB at r L a 

xi = xoi at t = 0 

four equations 

(14) 

(15) 

and suitable initial conditions. Rather than attempt to 
solve this set of coupled, nonlinear partial differential 
equations directly, we have analyzed the time scales 
characterizing the various rate processes and capitalized 
on the disparities among them to greatly simplify the 
mathematics. 

The problem contains six independent time scales: one 
each for diffusion and bulk flow plus four for the chemical 
reactions. Estimates of the time scales for all but the 
deposition reaction, which is not controlling, are given 
in Table 2. Those for devolatilization and hydrogenation 
are based on Anthony and Howard's (1976) bituminous 
data (Figures 1 and 12 in their review). The time con- 
stants for stabilization pertain to methyl and ethyl radicals 
(Benson, 1960, pp. 296, 299) and are somewhat more 
speculative. The physical properties used in the calcula- 
tions of the transport processes 

B,  - Kld2 - 10W1Sm2 Pr - 0.6 

po - Pa . s 

(16) 

correspond to gases in the 600" to 1000°C range (Reid 
and Sherwood, 1958) and porous materials with void vol- 
ume + - 0.2 to 0.3, pore diameters d - 0.1 pm, and 
thermal properties from Badzioch et al. ( 1964). Despite 
the inherent uncertainty in these estimates, several clear 
conclusions can be drawn. 

One must recognize that the devolatilization rate sets 
the relevant time scale against which the others should be 
measured. On this basis, bulk flow and the stabilization 
of free radicals with hydrogen are generally much faster, 
while diffusion and direct hydrogenation are slower. This 
ordering permits two major simplifying assumptions. 

First, the volatiles clearly cannot escape by diffusion 
alone, except for very small particles at reduced pressures, 
but their flux can easily be accommodated by bulk flow. 
Indeed, the pressure difference required for the latter 
should only be a small fraction of the external pressure, 
allowing a linearization in the flux relations (9)  and ( 10).  
Furthermore, the flow should equilibrate instantaneously 
with changing devolatilization rate, permitting a pseudo- 
steady description of the concentration profiles. 

Second, hydrogen stabilizes reactive volatiles much 
more rapidly than it diffuses through the particle, except 
in small particles at low pressures. Hence, this reaction 
will be assumed to be instantaneous, so that hydrogen and 
reactive volatiles do not coexist. Instead, reactive volatiles 
released in a hydrogen-rich rcgion will be immediately 
stabilized, while those evolved in a hydrogen-free region 
will flow to an interface where the hydrogen flux can 
sustain the reaction and both concentrations vanish. AS a 
conseque~ice, each region contains only three components. 

TABLE 2. ESTIMATES OF TIME SCALES 

Chemical reactions 600°C 1 moot 

Devolatilization 1 sec 10- 1 
Hydrogenation 10 1 
Stabilization of free radicals 10-2 10-3 

1 atm 100 atm 

Transport processes' 102 pm lo3 pm 102 p m  103 pm 

Diffusion 

Bulk flow 
a2/Deff 10-3s 10-1 10-1 10 

pa2 /pBo  10-3 10-1 10-5 10-3 
Energy 1 

a( p c p  ) s /h  10-2 I 10-2 1 
a2/as 10-2 1 10-2 

* At 600°C. 

The stabilization reaction should be distinguished from 
hydrocracking of reactive volatiles which proceeds slowly 
by comparison. Furthermore, the latter reaction should 
have little or no effect on weight loss. 

Although the diffusivities of the components in each 
region are not equal, the differences will be suppressed for 
the present. This provides a simple qualitative description 
of the diffusion process and can be refined later, if nec- 
essary. 

Our concept of hydropyrolysis of an individual coal 
particle can be summarized as follows. For slow rates of 
devolatilization, hydrogen permeates the entire particle, 
immediately stabilizing all reactive volatiles and thereby 
preventing deposition. Since all volatiles ultimately escape, 
the fractional yield is unity. Increases in the devolatiliza- 
tion rate reduce the hydrogen level within the particle, 
with the concentration at the center eventually falling to 
zero. A further increase above this critical value then 
produces a core depleted of hydrogen and bounded by 
the reaction interface described above (Figure 1); the 
associated seduction in yield due to deposition of reactive 
volatiles is proportional to the volume of the core and 
the deposition rate. At extremely high rates of devolatiliza- 

\ ,/;-- \ xZ*=l-x: 
/ \ 

--- PARTICLE SURFACE 

-.- RE ACT I ON INTERFACE 

FLUXES .__c 

Fig. 1. Schematic of particle for rapid devolatilization with core 
depleted of hydrogen. 
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tion, bulk flow effectively excludes hydrogen from the 
particle, and the reaction interface coincides with the ex- 
ternal surface. In the next section, we employ these con- 
cepts to simplify the conservation equations. 

GOVERNING EQUATIONS 

Our model is formulated using the following assump- 
tions motivated by the preceding order of magnitude 
estimates : 

1. Spatially isothermal particle. 
2. No external mass transfer resistance. 
3. Diffusion slow relative to bulk flow. 
4. Pseudosteady pressure and concentration profiles. 
5. Small increase in internal pressure. 
6. Two regions separated by reaction interface at which 

hydrogen and reactive volatiles combine instantaneously. 
7. Equal binary diffusivities; that is, Deij = D e f f  for all 

i and i. 
The flux relations for a ternary mixture satisfying as- 

sumptions 3,4,5, and 7 are 

and 

The flux of component 3, the inert gas, does not appear 
since it must be zero at steady state. Note that the dif- 
fusive fluxes now resemble Fick's law for a binary mix- 
ture, but the bulk flow differs from Darcy's law in the mo- 
lecular weight dependence. The latter difference proves 
unimportant because we never need to solve the third 
equation for the pressure. 

It is worthwhile to identify the dimensionless groups 
characterizing the model. Our assumption that the stabil- 
ization reaction is instantaneous removes one character- 
istic time scale; comparing the devolatilization time to 
each of the other four produces 

klpo devolatilization 
r=- 

k,C RT deposition 

a2k,C RT diffusion 
(19) a2  = 

PoDeff devolatilization 

azpkoC RT bulk flow 
€ =  

po2Bo devolatilization 

k&o"po devolatilization 
'= k,CRT direct hydrogenation 

where C is the molar density of volatiles in the particle. 
These parameters can also be interpreted as the dimen- 
sionless pressure rr, the dimensionless particle size CY, and 
the fractional increase in internal pressure c. The order of 
magnitude estimates indicate that E, p, and a-1 should be 
small; S, however, may vary throughout a wide range. 

With the dimensionless variables 

the conservation equations and fluxes for the two regions 
can be written as 
(a )  core 

J -- 
(b)  sheath 

(24) 

( 2 5 )  

- [ 1 - (%)"I * dF (26) 

Associated with these are three sets of boundary condi- 
tions. 

1. The fluxes must satisfy the usual regularity condi- 
tions at the origin: - -  

- lim r Ni = 0 (27) 
r+ 0 

2.  At the reaction interfaceT= A, the hydrogen and re- 
active volatiles concentrations must be zero 

x H 2  = = 0 (28) 
and the fluxes must balance as 

- 
N H ~ ( A + )  = -NU*(A-) 

N,(X+) =Xu(X-) + T u * ( A - )  
(29) - 

3. The compositions and pressure must match those 
of the bulk gas at r= 1: 
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- 
p = o  

xH2 = %'HZ (30) 
x, = xu* = 0 

The position of the reaction interface A remains un- 
known, but will be determined by the interfacial condi- 
tions (28) and (29). In the next two sections we solve 
these equations, first for slow devolatilization with hydro- 
gen permeating the entire particle, that is, A = 0, and 
then for fast devolatilization with h > 0. 

- 
critical value of (Y follows from (32), with xw2 = I = 0, as 

SLOW DEVOLATILIZATION 

For sufficiently slow rates of devolatilization, hydrogen 
can diffuse into the particle fast enough to overcome the 
bulk flow and stabilize all reactive volatiles. Indeed, this 
occurs whenever the parameter (Y, characterizing the ratio 
of the devolatilization rate to diffusion, falls below a 
certain critical value (determined below). For the present, 
we will ignore direct hydrogenation on the assumption 
that f i  is small. 

The fluxes are obtained by integrating the conservation 
equations for the sheath (24) and applying the regularity 
conditions (27) : 

- 1 -  N , = T r  

- 1 -  
N H Z  = - - V T  

These solutions, the flux relations (25),  and the boundary 
conditions at the outer surface (30) then determine the 
concentration profiles 

(31) 

3 

Even without reactive volatiles, gradients exist because of 
the competition between bulk flow and diffusion. Their 
presence, that is, v > 0, sharpens the concentration gradi- 
ents through the consumption of hydrogen by the stabil- 
ization reaction. 

The fractional rate of volatile evolution, the yield, is 

= 1  (33) 
which is no surprise, since instantaneous stabilization by 
hydrogen throughout the particle prevents any deposition 
of reactive volatiles. 

From (19) and (32),  it is evident that an increase in 
the devolatilization rate relative to diffusion increases a 
and reduces the hydrogen concentration in the interior of 
the particle. When the minimum concentration at 1- = 0 
falls below zero, this solution becomes invalid owing to 
the formation of a hydrogen free core, The corresponding 
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Under pyrolysis conditions, xoII2 = 0 and aCrit = 0, so a 
core always exists. Without reactive volatiles u = 0, 
acrit + 00 and there is, of course, no core. Whenever 
X O H ~  - 0(1 ) ,  aZCrit will be considerably greater than one, 
a fact which will be exploited in the next section when we 
analyze the case of OL > rrcrit. 

RAPID DEVOLATILIZATION 

When (Y > acrit, the slow diffusion of hydrogen into the 
particle limits the yield of volatiles. In this section, the 
precise reduction in yield is calculated by integrating the 
conservation equations for the core and sheath, subject to 
the boundary conditions mentioned earlier, to determine 
the concentration profiles and the position of the reaction 
interface. In the process, we must assume that ( Y ~  >> 1. 

Equations (21) and (22) together with the boundary 
conditions at the origin (27) and at the reaction interface 
(28) and (29) determine the volatiles concentration in 
the core. A single integration of (21) produces 

(35) 

but for the reactive volatiles (21), (22), and (35) com- 
bine into a nonlinear differential equation without an obvi- 
ous anaIytical solution. For slow diffusion (a2  >> l) ,  
however. an asymptotic solution can be derived by divid- 
ing the core into two regions: an interior dominated by 
bulk flow md a thin diffusion boundary layer at the reac- 
tion interface. Analytical solutions for these regions can 
then be matched asymptotically as shown below. 

First, dlrf~sion can be neglected in the interior of the 
core so 

%* - 
(36) 

- 
Nu+ = - N" 

and from the conservation equation for reactive volatiles 

1 - xu* 

1 -  d x,* xu* 
--I ( 1  - V )  - - -I- ( 1 - u ) -  -t flu* = v 
3 & 1 1 - x,* 

(37) 
Fortunately, the constant solution 

4m >"I (38) 1 - I -7  
XCW' = - [ 1 - (1 - 

257 ( 1  + T I 2  

matches with the boundary-layer solution. Note that at 
low pressures, that is, R << 1, deposition is negligible, 
and xcv8 - V ;  when T >> 1 

XCV* - - (39) 
V 

97 

indicating almost complete deposition in the core. 
Transition from the finite interior concentration of re- 

active volatiles to zero at the reaction interface occurs 
through a boundary layer of thickness Within this 
region the total fiux remains constant, but the large 
gradients make diffusion competitive with bulk flow. The 
rescaled distance 

y = a 2 ( h  - r )  - O(1) (40) 
transforms (24) and (25) into 
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and where 

with xu8 = 0 at y = 0. In addition to satisfying these equa- 
tions, the boundary-layer solutions must match asymp- 
totically as y + w, with the limits of the interior solutions 
a s 7  + h. Thus, with negligible devolatilization or deposi- 
tion in the thin layer, the fluxes remain constant 

(43) 

and the mole fractions must satisfy 

&* = - 
3 

- 
(44) 

dxu* A 1 - v  
dy 3 1 - xCu* 

+-  
dxu A 1 - v A -+- 
du 3 1 - zc,,* xu = j- (1 - v) 

The fin2 sohtions are 

XCu* 
2%. = v ( 1 - ?r - ) 

l-xcu* [ ( A 1 - v  y)]  1 - e x p  -- 
1 - V  3 1 - xcu* 

where xiu ,  the unknown fraction of volatiles at the inter- 
face, remains to be determined by matching with the 
sheath solution, 

Solution of the sheath equations without direct hydro- 
genation is also straightforward. One integration of (24) 
and application of the flux conditions (29) at 7 = A pro- 
duces 

- 1- 1 AJ 
N u = - r - -  ?rXC,*-- 

3 3 1 2  

(46) 

The two terms in vu correspond to the total devolatiliza- 
tion minus the deposition in the core. The hydrogen flux 
balances the outward flux of reactive volatiles escaping 
the core, X3 ( v - ?rxCu*) /3, plus those evolved in the sheath, 

Substitution of (46) into the flux relations ( 2 5 )  pro- 
vides two differential equations for x,, and X H ~  with soh- 
tions 

(1 - h3)v/3. 

1 

l - V  

x, = c1 eaZ1-v)>/6 

(47) 

(48) 
where n = 3.14159 . . . . These expressions are generally 
valid, unlike the approximate core solutions which were 
restricted to cz >> 1. From the boundary conditions at 
the outer surface (30) 

while from the continuity condition at the reaction inter- 
face 

xxu = %I;=*+ 
= { g [  ( '>K -1 .} @9(1-v)(M-1)/8 

+ - 1 - g[ ($)'" ah] (50) 
1 - V  

Now all constants have been determined except h, the posi- 
tion of the reaction interface. 

The final step is to require that 
- 

xH2=0 at r = A (51) 
and thereby fix h. The resulting nonlinear equation for A 

must, in general, be solved numerically. In several limits, 
however, analytical solutions serve as checks on the nu- 
merical work and also demonstrate the physics clearly. 

First, consider the large and small particle asymptotes. 
For the former with a2(1 - V) >> 1, the error functions 
can be expanded as 

e d  x = 1 - z( 1 - 1 + - - ...) (53) dm 4x4 

reducing (52) to 

1 - v  
1 + y  xoH2 

The exponential dominates unless A EJ 1, so that 

1-V X",. 
1 +-X0Hz-?r-  

v 
( 5 5 )  

XCU* 
1 -V-  

1 - 1 -  3 1 n  
aZ(1 - v )  

v 

showing that hydrogen barely intrudes into large particles. 
With decreasing particle size, the relative penetration in- 
creases until the core disappears (that is, h = 0) at 

012 = - l n ( l + -  1 - v  X'HZ ) (56 )  
l - V  
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Fig. 2. Instantaneous yield of volatiles as function of dimensionless 
pressure x with a2 (temperature ond particle size) constant: v = 

0.5. 

TT 

Fig. 3. Instantaneous yield of volotiles as function of dimensionless 
pressure x with a2 (temperature and particle size) constant: v = 

1 .o. 

which agrees with acrit (34) determined from slow de- 
volatilization. W'ith (54) we can also demonstrate the 
effect of pressure, For P << 1 and a2(1 - v )  >> 1, 
(54) becomes 

1 + y  - Y X ~ H a  - &(l--u)(l--h2)/6 = 0 (57) 

with the asymptotic solution 

Recall that pressure affects only the deposition reaction. 
In this limit hydrogen must, therefore, diffuse against the 
maximum flux of volatiles, creating a core of maximum size 
corresponding to (58). Higher pressures increase deposi- 
tion, thereby reducing the flux and allowing the core to 
shrink. For s >> 1, A eventually asymptotes to a con- 
stant dependent only on a, XOH~, and V. 

When the volatiles are all reactive, that is, v = xcv* = 
1, expansion of (54) for 2( 1 - V )  << 1 yields 

for 2 >> 1. When exceeds 1, however, the solution 
(38) breaks down because all reactive volatiles in the core 
have deposited, and further pressure increases have no 
effect. Then the reaction interface is determined by 

(61) 
~X'H,  

a 2  
2k3 - 3A2 + 1 - - = 0 

When d >> 1 

again indicating a smaller core in the high pressure limit. 
Finally, under pyrolysis conditions with xOH2 = 0, (52) 

can be satisfied only with = 1. Thus, reactive volatiles 
are preserved only by dilution in the external gas phase. 

Next, the instantaneous yield of volatiles will be derived 
from these solutions and numerical results presented for 
a range of a, T, x0H2, and v. 

10 0 10' 102 
TT 

Fig. 4. Instantaneous yield of volotiles as function of dimensionless 
temperature sc with m 2  (pressure ond particle size) constant: v = 

0.5. 

rl 

1 + 2 w  1 - 6 ( X0H2/a2) TI 

Fig. 5. Instantaneous yield of volatiles as function of dimensionless 
temperature sc with sca2 (pressure and particle size) constant: v = 

= 0 (59) 
27T 

A2 + A3 - - 
2R 

At low pressures 1 .o. 
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INSTANTANEOUS YIELD OF VOLATILES 
VS. DIMENSIONLESS PARTICLE SIZE 

0 2  

Fig. 6. Instantaneous yield of volatiles as function of dimensionless 
particle size a2 with n (pressure and temperature) constant (v = 

1 .O). 

CALCULATION OF INSTANTANEOUS DEVOLATILIZATION 
YIELD 

With the solutions developed in the preceding two sec- 
tions, we can now calculate the instantaneous rate of 
evolution of volatiles, the yield. First the yield will be 
expressed in terms of the position of the reactive interface. 
Then the asymptotic limits for large and small particles 
and high and low pressures will be presented, followed 
by more complete numerical solutions. The additional yield 
due to direct hydrogenation will be discussed in the next 
section, 

The rate of production of volatiles is simply the flux of 
unreactive, or reacted, volatiles out of the particle; that is 

(63) 
1 
3 

Nu] ,= ,  = - ak,C (1 - ? r ~ ~ , , t ~ ~ )  

which can also be expressed as a fraction of the volatiles 
released as 

Now the two causes of reduced yield can be identified: 
high pressures which increase the deposition rate and 
large particles which have a significant core depleted of 
hydrogen. The asymptotic limits of the previous section 
further illustrate this point. 

For sufficiently small particles, CY < acrit, and the yield 
will be unity, independent of pressure since = 0. If, 
however, CY > aCrit, the existence of a core introduces a 
strong pressure dependence, When n << 1, then xcv* - v, 
and 

or for d ( l  - V) >> 1 
7 N 1 - vnk3 (65) 

1-v x"i19) ]  
9 ( 1 -  v) 

a2 
In( I+- 

(66) 
Even with the core occupying almost the entire particle, 
the yield is only slightly affected because of the slow 
deposition rate. The precise reduction in yield depends on 
the dimensionless particle size, the fraction of volatiles, 
and the hydrogen partial pressure. In the high pressure 
limit, s >> 1, xcu% = v/n, and 

r) - 1 - vA3 (67) 

where X and, therefore, the yield asymptote to constants 
independent of pressure but dependent on the other pa- 
rameters. The numerical solutions presented below illus- 
trate the smooth transition between these limits in the in- 
termediate pressure range, 

The full dependence of instantaneous yield on the pres- 
sure, particle size, and the fraction of reactive volatiles 
is illustrated in Figures 2 and 3. The yield is plotted as a 
function of S, the dimensionless pressure, with C Y ~ ,  that is, 
the temperature and particle size, held constant. Only Y 
differs between the two graphs. In each case, the transition 
from mass transfer limited situations to kinetically limited 
ones occurs within a range of four orders of magnitude 
in T and less than three in a2. The minimum hydropyrolysis 
yield at a given T 

obtains in the large particle limit C Y ~  3 co and coincides 
with the pyrolysis yield. 

Figures 4 and 5 depict qualitatively the temperature 
dependence of the yield. Both reaction rates no doubt de- 
pend on temperature as does the diffusivity, but devolatil- 
ization might be expected to have a higher activation 
energy than the deposition rate and thus be more sensi- 
tive. Then, at constant pressure and particle size 

7 )  = 1 - -cur (68) 

a &/RT 

is inversely related to temperature, and 

remains approximately constant. Thus the yield is high 
for s >> 1, corresponding to low temperatures and low 
devolatilization rates at which hydrogen easily permeates 
the particle to stabilize all reactive volatiles. As the tem- 
perature increases, a core forms, and deposition in the 
core reduces the yield as shown. With further increases in 
temperature, the rate of devolatilization at constant pres- 
sure increases faster than the deposition rate and so the 
yield recovers, even though the pal tide remains largely 
depleted of hydrogen. Thus, a minimum appears with its 
depth depending on a%, a combination of pressure and 
particle size. As before, the pyrolysis yield provides a 
lower bound since there the core always occupies the en- 
tire particle. 

The effect of particle size, mentioned repeatedly above, 
is isolated in Figure 6. With hydrogen the most dramatic 
effects appear at high pressures when the deposition reac- 
tion is relatively fast. The instantaneous pyrolysis yield, 
on the other hand, is predicted to be independent of parti- 
cle size. 

These trends in the instantaneous yield with pressure, 
particle size, and to some extent, temperature are in quali- 
tative accord with the experimental results of Anthony 
and Howard at MIT and Graff et al. at CUNY. A quan- 
titative comparison, however, requires two further steps 
which will be accomplished in the next section. These 
involve the direct hydrogenation yield and the transient 
nature of the devolatilization process which we recognized 
at the outset but temporarily set aside through the pseudo- 
steady state assumption. 

RESULTS FOR OVERALL YIELD 

To obtain the complete yield for devolatilization or hy- 
dropyrolysis, the instantaneous yield must be integrated 
over the time-temperature history of the particle and then 
added to the contribution from direct hydrogenation. 

We can anticipate the qualitative effect of the time in- 
tegration with the aid of Figure 5 depicting the yield vs. 
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INTEGRATED YIELD OF VOLATILES 

VS. DIMENSIONLESS PRESSURE 

"0 

Fig. 7. Integrated yield of volatiles as function of dimensionless 
pressure JTQ with a02 (temperature and particle size) constant (Y = 

0.40): Single first-order decomposition. 

T at constant pressure and particle size. Initially, the parti- 
cle is cold and devolatilization slow; thus, rn >> 1, and 
the few reactive volatiles which are generated escape. 
With heatup, the rate increases, ?i decreases at constant 
m2, and a core forms with the deposition therein reducing 
the fractional yield. If the temperature becomes suffi- 
ciently high, the yield passes through the minimum and 
recovers, indicating that deposition in the core becomes 
slow relative to devolatilization. Eventually though, the 
reactive coal is depleted (C  + O ) ,  again reducing the rate 
and driving the yield back through the minimum as T + 
w. The ultimate yield thus depends on the time spent in 
the unfavorable reaction of 7" space during these two 
traverses. 

This interpretation indicates two separate transients 
which affect the ultimate yield: the thermal relaxation of 
the particle and the kinetics of devolatilization. The initial 
sweep through the minimum is primarily governed by the 
heatup rate coupled with the temperature dependence of 
devolatilization. The second depends solely on the kinetics 
and the reaction time. Here we analyze only a portion of 
the problem, assuming instantaneous heatup and infinite 
reaction time. 

Our motivation for initially ignoring the thermal transi- 
ents derives from the experimental results of Anthony 
et al. (1976) with which our numerical predictions will 

INTEGRATED YlEtD OF VOLATILES VS. DIMENSIONLESS PRESSURE 

To 

Fig. 8. Integrated yield of volatiles as function of dimensionless 
pressure xo with ao2 (temperoture ond particle size) constant (V = 
0.401: Spectrum of parallel first-order decompositions with Gausiian 

distribution of activation energies ( d % / R T  = 10). 
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be compared. They usually employed long reaction times 
and observed little effect of heating rate above 6OO0C/s. 
The consequences of these assumptions will be discussed 
further in the last section. 

Under isothermal conditions, the ultimate yield, nor- 
malized with the initial reactive coal C,, is 

with the reactive coal remaining at time t determined by 
- dC = - koC 
dt 

with C = Co at t = 0. The fractional yield 1) must also be 
calculated at each time step from (52 )  and (64) because 
both x and a2 depend on time through the amount of re- 
active coal C; that is 

CO 
r=*°C 

(72) 
C 

,a2 = 2, - 
C O  

where 

a2k,C,RT 
a02 = 

poDeff 

INTEGRATED YIELD OF VOLATILES 
VS. DIMENSIONLESS PRESSURE 

1 0  
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Fig. 9. Integrated yield of volatiles for single first-order decomposi- 
tion with Y = 1.0, instantaneous heat up, and infinite reaction time: 

pressure effect. 

Although written for a single devolatilization rate con- 
stant, these equations can easily be adapted to a set of 
parallel first-order reactions. The results discussed below 
were obtained by integrating (71) analytically, then nu- 
merically solving ( 5 2 )  for A by Newton's method and 
integrating (70) using the trapezoidal rule. The asymp- 
totic solutions presented earlier circumvented most numeri- 
cal problems caused by the wide range of values en- 
countered for both B and 2. Step sizes and error limits 
were adjusted to achieve better than 1% accuracy in the 
yields. 

Now we must consider the transient effects produced 
by the two kinetic models for devolatilization described 
earlier. Figure 7 depicts Tvs. rno at constant aO2 for a single 
first-order decomposition with v = 0.40. The curves closely 
resemble the instantaneous yields of Figures 2 and 3 ex- 
cept that the transition now stretches over a slightly 
wider range of n02 and aO2. The analogous results for a 
set of parallel reactions with a Gaussian distribution of 
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INTEGRATED YIELD OF VOLATILES 
VS. DIMENSIONLESS TEMPERATURE 

n0 

Fig. 10. Integrated yield of volatiles for single first-order decomposi- 
tion with Y = 1.0, instantaneous heat up, and infinite reaction time: 

temperature effect. 

activation energies are graphed Figure 8. The dimen- 
sionless variance, d%/RT = 10, corresponds to Anthony 
and Howard's distribution for bituminous coal at 1 OOO'C, 
with the reactive volatiles assigned to the upper end of 
the spectrum. This causes the total devolatilization rate 
at a particular temperature to vary many orders of magni- 
tude during the release of reactive volatiles; therefore, p 
must change by a comparable amount to complete the 
transition from kinetic to mass transfer control. The re- 
sulting weaker pressure dependence contrasts with their 
experiments in which the transition occurred within four 
decades in pressure. Thus, it appears that the single rate 
constant model predicts a more reasonable pressure de- 
pendence under isothermal reaction conditions. 

With the single-reaction model, the parameters T~ and 
ao2 fully determine the integrated yield. Figures 9 to 11 
display the numerical results for; as a function of T~ and 
a O Z  or "0 and T O C Y O ~ .  Comparison with the corresponding 
Figures 2 through 6 for the instantaneous yield illustrates 
that the pressure, temperature, and particle size depen- 
dences remain qualitatively similar with some quantitative 
differences arising from the variation in devolatilization 
rate over the lifetime of the reaction. We now need only 
the direct hydrogenation yield to complete the theory. 

INTEGRATED YIELD OF VOLATILES 
VS. DIMENSIONLESS PARTICLE SIZE 

1 10 102 l o3  10 

00 

Fig. 11. Integrated yield of volatiles for single first-order decomposi- 
tion with Y = 1.0, instontoneous heat up, and infinite reaction time: 

particle size effect. 

Our application of the Moseley and Paterson (1965) 
model for direct hydrogenation assumes the process to be 
much slower than devolatilization. The two reactions then 
proceed in series, with the latter essentially completed be- 
fore the occurrence of appreciable direct hydrogenation. 
Diffusional limitations on hydrogen entering the particle 
can thus be ignored and (8) taken as the final yield at 
long residence times. When normalized by the molar den- 
sity of potential volatiles in the original coal C ,  this be- 
comes 

t d  = %&%2 

where (73) 
k0k3c00 a=- 
klk4 

- The total yield 
+ ?d (74) 

with; from Figures 9 to 11 and t d  from (73) depends 
on five independent parameters (TO, (yoZ, 8, X O H ~ ,  and Y )  

determined by the process conditions and the particular 
coal properties. In the next section we illustrate how one 
can estimate these from experimental data and then com- 
pare the theoretical predictions to observed trends in yield. 

TOTAL PRESSURE DEPENDENCE 

PRESSURE (ATM) 

Fig. 12. Comparison of theoretical predictions (solid and dashed liner) 
with weight loss data of Anthony et al. (1976): pressure dependence. 

COMPARISON WITH EXPERIMENTAL DATA 

Evaluation of the theory requires a complete set of ex- 
perimental data in which process conditions have been 
varied systematically over a wide range. In this initial 
study, we focus on the weight loss data of Anthony et  a]. 
(1976) at MIT. Extensions to other experimental systems 
and more detailed predictions of product distributions re- 
main for future work. 

First the parameters in the model must be determined 
in a straightforward manner. Process variables such as 
pressure, temperature, particle size, and hydrogen par- 
tial pressure cause no difficulty because they are mea- 
sured directly. The preexponential factor and activation 
energy for the devolatilization step were determined at 
MIT from kinetic data as 

4 = 1800 s-l 
(75) 

Eo = 5.57 x lo7 J/kg.mole 

The relevant fraction of reactive volatiles, however, is not 
quite so clear. 
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HYDROGEN PARTIAL PRESSURE DEPENDENCE 
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HYDROGEN PRESSURE (ATM) 

Fig. 13. Comparison of  theoretical predictions (solid and dashed lines) 
with weight loss data of Anthony et al. (1976): hydrogen partial pres- 

sure dependence. 

The MIT pyrolysis data in Figure 12 indicate that re- 
active volatiles form about 32% of the potential volatiles 
yield, but weight loss vs. time and temperature curves 
strongly suggest that these species are liberated at longer 
times and higher temperatures than the unreactive vola- 
tiles. We, therefore, treat these as two separate first-order 
reactions with quite different rates so that unreactive 
volatiles essentially disappear before the release of reac- 
tive volatiles begins. Thus u = 1.0, rather than - .32, 
during the latter process. We still apply the above kinetic 
parameters, but this only affects the temperature depen- 
dence of our predictions. 

There still remain three combinations of unknown pa- 
rameters in the dimensionless groups no, 6, and ao2, that is 

kl 
CO 
- 

lnertgas 1 atm 

1 \ *  I 

These can be estimated from the pressure dependence of 
the pyrolysis yield, the hydropyrolysis yield for large 
particles, and the high pressure asymptote of the hydro- 
pyrolysis yield for small particles. 

First, for pyrolysis (Figure 12) an increase in pressure 
from 10-3 to 1.0 atm reduces the fraction of reactive vola- 
tiles escaping from 1.00 to 0.66. Comparison with Figure 
9 discloses that 

or 

- kl = 1.45 x a m - '  
koCoRT 

(77) 
ki m3 - = 9.5 x 10' 
c o  kg amole -s 

Next we note that in Figure 13 the hydropyrolysis yield 
for large particles at 69 atm lies about 8 to 10 wt % car- 
bon above the pyrolysis yield at the same conditions. Since 
no reactive volatiles escape in either case, this must re- 
flect direct hydrogenation, indicating from (73)  that 

or 
- k3C0° = 1.45 X lo-' -- m3 

k4Co kg .mole 

Finally we turn to the hydropyrolysis yield for small 
particles in Figure 12. Subtraction of the direct hydrogena- 
tion contribution must leave a constant high pressure 

I I c-li I 1 
.6 

v) v) 

2 .5 

P .4 
i 
I- I 

U 

200 400 600 800 1000 1200 

Fig. 15. Comparison of theoretical predictions (solid and dashed lined 
with weight loss data of Anthony e t  al. (1976): temperature de- 

pendence. 

asymptote as predicted by Figure 9. The value obtained 
from the data, 50 wt % carbon, determines 

TEMP OC 

or 
PoDeff atm-m5 - = 8.6 X lo-* 

kg emole * s c o  

ing to ethane) 

and 

Since the detailed predictions are fairly sensitive to the 
magnitudes of these three adjustable parameters, it is re- 
assuring to note the agreement with independent esti- 
mates for similar systems. First, by coupling a reasonable 
density of 1.5 x lo3 kg/m3 for the original coal with a 
mean molecular weight of - 30 kg/kg mole (correspond- 

for the volatile products, one can obtain 

kg mole 
C 0 E 5  x 10-1- 

m3 
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Comparison with the values presented earlier for the 
pressure-d8usivity product indicates a geometrical fac- 
tor for the pore structure of the coal particle of 

K 1 -  10-2 

a somewhat low but not unreasonable value. For the direct 
hydrogenation of char at 1000°C and 500 atm, Moseley 
and Paterson (1965) found 70% carbon conversion which 
translates into 

m3 
(81) 

k3 

k4 kg mole 
- = 1.5 X 10-1 - 

If Coo = C,, the agreement with (78) is almost exact. 
The solid curves in Figures 12 to 15 represent our theo- 

retical predictions based on the preceding values for the 
model parameters. Figures 12 and 13 display the pres- 
sure dependence. The upper curve in the latter graph 
pertains to hydrogen at the pressure shown and the 
lower to hydrogen-helium mixtures at 69 atm total pres- 
sure. The theory somewhat overestimates the yield at 
ambient and moderately subambient pressures, but the 
overall agreement is as good or better than with Anthony 
and Howard's theory. 

A significant achievement is the successful explanation 
of the particle size effect in Figure 14. Indeed, extrapola- 
tion to zero radius indicates a potential carbon conversion 
of 64% at 69 atm and 1 OOO"C, provided the direct hy- 
drogenation yield remains independent of particle size. 
The discrepancy between the theory and the data with 
large particles cannot be removed by adjusting the pa- 
rameters but could be the result of slqwer heating due 
to longer thermal response times. 

The temperature dependence of the yield illustrated in 
Figure 15 prompted Anthony and Howard to use the 
parallel reaction model with the higher activation ener- 
gies ascribed to those decompositions producing reactive 
volatiles. Then the increased yield with higher tempera- 
tures but fixed residence times can be rationalized as a 
kinetic effect. Our theory, based on instantaneous heatup 
and infinite reaction times with only a single first-order 
decomposition, predicts the correct pyrolysis trends as 
mass transfer effects but fails for hydropyrolysis. The rea- 
son is clear from the curves in Figure 10. At 69 atm and 
1 OOO'C, TO = 6.9, and yields from pyrolysis and hydro- 
pyrolysis lie near a minimum. With decreasing tempera- 
ture mo increases, raising the hydropyrolysis yield while 
that for pyrolysis remains constant. Consistent accommo- 
dation of both the temperature and pressure trends will 
require a more sophisticated treatment of both the time- 
temperature history and the devolatilization kinetics. 

The present theory provides a fundamental description 
of mass transfer processes within an individual coal parti- 
cle which were implicit in the earlier model of Anthony 
et al. (1976). In essence, their transfer coefficients (em- 
pirical constants in their analysis) are related explicitly 
to the devolatilization rate and the physical properties of 
the coal. As a result, the particle size dependence is pre- 
dicted for the first time. Temperature effects for hydro- 
pyrolysis are handled less satisfactorily with the idealized 
time-temperature history and rate expression. Clearly, fur- 
ther work should incorporate finite heating rates and reac- 
tion times with more realistic devolatilization kinetics, for 
example, a statistical distribution of activation energies 
or production rates for individual species from Suuberg 
( 1977). 
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NOTATION 

a 
A, 
B,  = Darcy permeability 
C, C, = instantaneous and totaI molar densities of reactive 

coal in particle 
C', Coo = instantaneous and total molar densities of acti- 

vated coal in particle 
c1, c2 = integration constants 
Dij 
Deij, Deff = effective diffusion coefficients within porous 

E,, E = activation energy for devolatilization reaction 
f (  E )  = distribution function for activation energies of 

g (x) = dimensionless function defined by Equation (48) 
h 
k,  = devolatilization rate constant 
kl = deposition rate constant 
kz = stabilization rate constant 
k3 
k4 = polymerization rate constant 
K1 
Mi 
Nj 

fixed coordinates 
p = total pressure 
p ,  = bulk gas pressure 
Pr 
r 
R = gas constant 
Rj  

t = time 
T = temperature 
xi, xjO = local and external mole fractions of jth species 

Greek Letters 
01 = thermal diffusivity 
A = dimensionless position of reaction interface 
?I, 7 = instantaneous and total fractions of volatiles es- 

caping from particle 
Ta = dlrecl: nydrogenarion yield normalized by volatiles 

yield 
4 = porosity of particle 
7 

p = viscosity of gas 
pc, = volumetric thermal capacity 

= radius of coal particle 
= preexponential factor for devolatilization reaction 

= binary gas phase diffusion coefficient 

particle 

multiple parallel reactions 

= particle-to-gas heat transfer coefticient 

= direct hydrogenation rate constant 

= geometrical factor for pore structure (= 4 / ~ )  
= molecular weight of jth species 
= radial molar flux of j th  species with respect to 

= Prandtl number for gas 
= radial position within particle 

= rate of production of /th species by chemical re- 
action 

- 

= Lortuoslty ot pores within particle 

= fraction of volatiles which are reactive 

Dimensionless Groups 

k,po - co 
T o  =--- 

k,C RT C 

a2uk,,C RT . -  
€ =  

po2Bo 
k3i=o'po 

P =  k,C RT 

- P - P o  
P -- 
- 

€ P O  
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- Ni Nc - 
ak,C 

Su brsriptr 
s = solid coal 
g = gas 
Hz = hydrogen 
I = inert gas 
u = stable volatiles 
u’ = reactive volatiles 

Superrcriph 
c = value in core 
A = value at reaction interface 
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Continuous Phase Mass Transfer During 
Formation of Drops from Jets 

A. H. P. SKELLAND 
and 

This study enables the extension of a recent design procedure for per- 
forated plate extraction columns to include operation under jetting condi- 
tions. Correlations of experimental data are given for jet length, jet contrac- 
tion, drop size, and mass transfer rates in continuous phase controlled liquid- 
liquid systems. Systems exhibiting very low mass transfer rates were used, 
and this gave significantly different results from those obtained earlier with 
moderate rates of mass transfer. 
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SCOPE 
A method for the design of perforated plate extraction 

columns was published recently by Skelland and Conger 
(1973). The procedure is in terms of rate equations and 

relevant hydrodynamics and, after machine computation 
using Fortran IV language, yields the number of real 
plates required for a given separation, the column diame- 
ier, the n;mber of hoyes per plate, and the cross-sectional 
area of the downcomers. In  view of Mayfield and Church‘s 
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