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INTRODUCTION

Coal pyrolysis is a complex phenomenon and when it is accompanied with
rapid heating conditions, it becomes even more complex. A robust but
mathematically simple approach is needed when such complexities are
encountered. Literature on coal pyrolysis modeling are extensive. Part
of this literature describes empirical approaches(l-2), while others
include phenomenological and/or physico-chemical approaches (3-6) toward
modelling this complex system. Due to these complexities the outcomes
of the models appear to be more of a mathematical correlation than

~mechanistic relations. Accurate knowledge of pyrolysis temperature is

one of the essentials in these studies. This becomes more dominant when
heating rates approach extremely high values. According to Hajaligol et
al. (7,8) and others (2,9,15), at lower heating rates, pyrolysis occurs
volumetrically and there exist conditions where pyrolysis is controlled
by chemical kinetics. With higher heating rates pyrolysis becomes
controlled by heat transfer to the particle that eventually enters an
ablation regime (9). On the other hand there are indications that
pyrolysis kinetics is influenced by heating rate (11). Since pyrolysis
occurs at higher temperatures for higher heating rates, the mechanism of
reaction might have been altered. These.complexities have led some
investigators to believe that pyrolysis has to be explained with a
scheme different than chemical reactions (12).

The focus of this study is to show that for high heating rates (> 10°
K/s), pyrolysis in a particle occurs according to a shrinking core model
rather than a volumetric model in which temperature gradient is the
driving force. Quite simply it is shown that temperature at pyrolysis
front is different than that of particle surface temperature under this
extreme heating condition. This temperature is uniquely dependent upon
the pyrolysis kinetics, but not on the external heating conditions nor
on the thermal properties of the particle. This study provides
information on the primary pyrolysis kinetics of coal which can be
estimated under these heating conditions.

MATHEMATICAL ANALYSIS

Pyrolysis is modelled for a single spherical coal particle which is
pyrolyzed via a single first-order reaction with Arrehenius kinetics
av = (V* V)X EXP (-E/RT
dt 0 )

) (1)
Thermophysical properties of the particle can be constant or variable
and depend on the temperature. Heat is transmitted into the particle by
conduction. Other modes of heat transfer are shown to be less
significant under these heating conditions. A standard heat balance on
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the particle leads to the following governing partial differential
equations

oT 1 9 2,07 oT *
o9 _ - 9 7 - = - - V)k EXP (-E/RT
PCoae 2 ar(r lar) puco— + (=AH) p(V )k, (-E/RT)
r
(2)
op d 2 *
ol L . - XP (-E/RT
. 7 5. (T pw) + p(v V) k EXP (-E/RT)
T (2a)

Equation (2) is solved numerically for the particle temperature field
with following initial and boundary conditions. The initial condition
is a uniform temperature, Ty, throughout the particle

T =T for £t £ 0 and all r
° (3a)
The first boundary condition is the mathematical expression for center-
line symmetry of the particle temperature field

aT

o (3b)
Second boundary condition can be chosen as a heating rate condition
greater than 105 K/s or a heat flux density greater than 100 watt at the
surface to a desired final temperature as follows:

=0 at r = 0 for all t

case a)
T=T + mt at r = Rp , &t < t)
T=T at t =R , t >t
s P 1 (3C)
case b)
oT
— = - <
o at r R,» L =t
T =T, at r =R, € >t
P (3d)

The solution to Equation (2) is prediction of the temperature field
throughout the particle. This information is then used to compute the
instantaneous conversion at any given point to monitor, (i) the
pyrolysis front within the particle (points of > 98% conversion) (ii)
the temperature where 98 % of conversion has been reached at that point,
and (iii) the particle fractional conversion and the total pyrolysis
time for the conversion.

RESULTS AND DISCUSSION

Either boundary condition prescribed by a heat flux density (34) or a
surface heating rate (3c) to provide a surface heating time of 1 ms. is
used in the above analysis to predict pyrolysis behavior under these
thermal conditions. Unless stated, the following numerical values were
used for the analysis: p=1.3g/cm?, A=0.0006 cal/cm-s-K, Cp=0.4cal/g-K,
AH=1000cal/g, k,= 1013 sec-!, and E=50Kcal/mole.

Figure 1 shows the effects of pyrolysis time on the radial position, and

the shape of the pyrolysis front for a 100 Um diameter particle. It
clearly demonstrates that under these heating conditions the region
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where 98 % conversion has occurred is confined in a thin layer which
moves inward with a velocity that depends on the thermo-chemical
properties of the particle and external heating loads imposed on the
particle., Figure 2 presents the effects of different surface
temperatures for a given pyrolysis time on the shape and position of the
pyrolysis front. As expected, the higher the surface temperature, the
larger the driving force (AT), thus the higher the velocity of a
pyrolysis front and the shorter the pyrolysis time. Figure 2 also shows
that the shape of the pyrolysis front (region with 98 % conversion) does
not change with the surface temperature. This is true unless the
surface temperature drops below a threshold value.

Results from Figures 1, 2 as well as results for other particle
diameters (up to 2 mm) show that regardless of the position of pyrolysis
front, particle diameter and surface temperature, the temperature of the
pyrolysis front is constant. As will be discussed further, when thermal
properties of the particle were changed (A, AH, etc.) or variable
thermal properties were assumed or other heating rates (105 K/s) were
applied, the temperature at the pyrolysis front (where 98 % conversion
is reached) did not change. Analysis shows that this temperature (T;)is
a unigue function of pyrolysis kinetics, i.e., if kX, or E were to
change, the temperature would change accordingly. This is what we
called threshold value for temperature.

All the above observations indicate that the pyrolysis under these
circumstances could be approximated by a shrinking unreacted core model.
Following Szekly et al. (13), but exchanging heat for mass diffusion in
their description leads to

-1
2
.2 Rpp[cp(Ti - T) + AH]
£ = x R p(x) + g (x)
o A(T_ - T)
s 1 (4)
where p(x) and g(x) are given elsewhere (13). It can be shown that

under rapid heating conditions, the first term on the right hand side
(which describes the kinetic effects) is insignificant and thus

pyrolysis is controlled by diffusional resistance (second term). 1In
order to observe the validity of this hypothesis, a parametric study was
conducted using Equation (2). The pyrolysis time for complete
conversion was compared with that of Equation (4). Given T,, E, ko, and
AH, when A or Ry, is varied, pyrolysis time will scale with A and
increase with the square of Ry (Figure 3). As can be seen this matches
well with Equation (4). When AH or T, varied, the results from
Eguation (2) did not match well with what predicted from Equation (4),
although they did show the same trend (Figure 4). AH in the range of 0
to 1000 cal/g does not have a significant effect on Egquation (2). This

is due to the fact that under these heating conditions the ratio of heat
transmitted into the particle to the heat consumed by the pyrolysis at
the front is high. When higher values of AH (>10000 cal/g) were
examined (a hypothetical case) the pyrolysis time and AH correlation
would come out the same from both Egquations (2) and (4). Part of the
heat which is transmitted into the particle will also be used to heat up
that part of the particle through which the pyrolysis front will pass,
this, effect becomes less noticeable with increasing T, as predicted by
Equation (4). Again for the very large T; or (T,-T;) where the portion
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of total heat which is needed for sensible heat of particle is very
small in comparison to the total heat transmitted into the particle,
prediction of Equations (2) and (4) are exactly the same.

As presented above when any combination of E and k, according to Nsakala
et al. (14) were chosen, regardless of T;, A, AH, R,, the temperature at
the pyrolysis front (T;) showed a dependency only on k, and E. Results
can be seen in Figure 5 where k, is constant and T; increases as E
increases. When dimensionless time (t=0t/Ry?) was plotted against the
pyrolysis rate constant (koe(-E/RTy)), the results fall on a single line
for any given T, (Figure 6). This indicates a unique correlation
between pyrolysis kinetics and the total pyrolysis time. This is due to
the strong functionality of pyrolysis time with A and R, (embedded in
dimensionless time) and pyrolysis kinetics as discussed above.
Furthermore, the results of pyrolysis time for total conversion are
consistent with Essenhigh (10,14) and others. Effects of T, can be
calculated from Figure 4 and presented with families of curves in Figure
6 using T, as a parameter.

Effects of variable thermal properties were also studied. For instance,
if a variable A(t)=1.226x10"5{1.3+0.96x(V/V*)13-5T1/2 yas assumed instead
of A=0.006 cal/cm-s-k the total pyrolysis time would have changed only
by 10%. This is because the effective thermal conductivity is
controlled by the char thermal conductivity (outer layer of pyrolysis
front) and that is relatively constant for the temperature range studied
(1200 - 1500 K). This effect is even less significant for heat of
pyrolysis, as discussed above where AH was varied from 0 to 1000 cal/g.

The practical implication of these results is that by measuring
pyrolysis time for a given particle diameter and surface temperature,
one could use Figure 6 to estimate T; and k. This T; and k can be used
along with Figure 5 to estimate the kinetic parameters for primary
pyrolysis of coal under severe thermal conditions.

CONCLUSIONS

1. For the rapid heating rates (>105 K/s), pyrolysis is confined to
a thin layer and reaction occurs according to the shrinking core model
rather than a volumetric reaction model.

2. Under these heating conditions pyrolysis occurs totally under
diffusional limitations (in the ablation regime).

3. Activation energy (E) and thermal conductivity (A) are the most
stringent parameters on pyrolysis followed by heat of reaction and the
surface temperature.

4. Temperature at the pyrolysis front is different from the
surface temperature and is uniquely correlated to the pyrolysis
kinetics.

5. Intrinsic pyrolysis kinetics under these heating conditions can
be estimated using results of existing analysis.
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NOMENCLATURES

Cp
£P.
ko

heat capacity, [Cal/g-K]
activation energy, [Cal/gmole]
frequency factor, [1/s]
heating rate, [K/s]

m
g(x),p(x) conversion functions [-]

a heat flux density, [cal/em2-5s]

r radius, [cm]

Re pyrolysis front, [cm]

Rp particle radius, [cm)

T temperature [K]

To initial temperature [K]

T3 temperature at pyrolysis front [K]

Ts surface temperature [K]

t time [s]

u volatiles velocity [cm/sec]

v percent weight loss

v* ultimate weight loss

AH heat of pyrolysis [Cal/g]

A thermal conductivity [Cal/cm-s—~K]

p density [g/cm3]

T dimensionless time [-]
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Figure 3. Effect of thermal conductivity and radius on the total
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Figure 4. Effect of heat of pyrolysis and surface temperature on

Heat of pyrolysis, Cal/g

the total pyrolysis time (Tg=1500 K, Rp=50}m)

1306



" ko=1.0d11,1/sec

ko=1.0d12.1/sec
ko=1.0d13.1/sec
ko=1.0d14,1/sec
ko=1.0d15,1/sec

70000
a
b L]
»
= 60000 1|
; | ]
[8] 4
5 50000 ]
]
[
]
c 40000
2 ]
s
2
s 30000 -1
<L
20000
600

800 1000 1200 1400 1600

Temperature at the pyrolysis tront, K

Figure 5. Correlation between activation energy (E), frequency
factor (ko) and the temperature at the pyrolysis front (Ti)

Temperature at the pyrolysis front, K

800 10p0 12p0 1400

Dimensionless time

20000

Rate, 1/sec
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