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In this paper, a mathematical model is developed to calculate the con-
version and the residence time reaction for plug flow and mixed flow
in the reactors filled with cylin-drical particles using the shrinking core
model. In this modeling, the size of the particles is un-chamged during
the reaction. Also, the reaction rate is controlled by the gas layer re-
sistance, the ash layer resistance, and the reaction resistance as well
as the combination of them. In addition, it is assumed that the gas dif-
fuses radially from the side, whereas the effect of diffusion in the axial
direction is neglected. Equations are solved by numerical methods. It
can be said that the innovation of this paper is the study of the effect
of combination of resistances on the conversion of the reaction. Model
evaluation shows that the results of modeling have a good consistency
with the experimental data. The results show that at a certain time,
when the rate of reaction is controlled by each of the resistances indi-
vidually, the conversion rate is greater when the reaction is controlled
by the ash layer resistance than when it is controlled by the other two
resistance regimes. Finally, the effect of the combination of different
controlling regimes on the conversion and residence time of reaction
for plug flow and mixed flow of particles is studied and it is found that
the overall results are similar to each other.

1. Introduction

e should clearly understand that every
conceptual picture or model for the
progress of reaction comes with its

mathematical representation, i.e.,, its rate equa-
tion. Consequently, if we choose a model, we must
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accept its rate equation and vice versa. If a model
corresponds closely to what really takes place,
then its rate expression will closely predict and
describe the actual kinetics; if a model differs
widely from reality, then its kinetic expressions
will be useless. We must remember that the most
elegant and high-power mathematical analysis
based on a model which does not match reality is
worthless for the engineer who must make design
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predictions. The requirement for a good engi-
neering model is that it should be the closest rep-
resentation of reality, which can be treated with-
out too many mathematical complexities. For the
non-catalytic reaction of particles with surround-
ing fluid, we consider two simple idealized mod-
els, the progressive-conversionmodel (PCM) and
the shrinking unreacted-core model (SCM) [1-3].
In progressive conversion model, gas enters and
reacts throughout the particle at all times, most
likely at different rates and at different locations
within the particle. Thus, solid reactant is con-
verted continuously and progressively through-
out the particle as shown in Fig. (1).
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Figure 1. Cylindrical particle shape

In the shrinking core model, the reaction occurs
first at the outer skin of the particle. The zone of
reaction then moves into the solid, leaving com-
pletely converted material and inert solid behind.
We refer to these as "ash." Thus, at any time,
there exists an unreacted core of material, which
shrinks in size during the reaction as shown in

Fig. (2).

The shrinking core model is perfectly simple and
more consistent with reality; observations about
parts burning wood and coal confirm the validity
of this model. The solid material is completely
converted to ash, which remains when reaction of
products is not gaseous, during the progress of
the reaction. At this case, film diffusion, ash diffu-
sion, and reaction are controlled. In slicing and
examining the cross section of partly reacted sol-
id particles, we usually find unreacted solid mate-
rial surrounded by a layer of ash. The boundary of
this unreacted core may not always be as sharply
defined as the model pictures it; nevertheless,
evidence from a wide variety of situations indi-
cates that in most cases, the shrinking-core model
(SCM) approximates real particles more closely

than the progressive conversion model (PCM)
does. Observations with burning coal, wood, bri-
quettes, and tightly wrapped newspapers also
favor the shrinking-core model. Since the SCM
seems to reasonably represent reality in a wide
variety of situations, we develop its kinetic equa-
tions in the following section. In doing so, we con-
sider the surrounding fluid to be a gas. However,
this is done only for convenience, since the analy-
sis applies equally well to liquids [4-7].

Initial Partly Completely
unreacted reacted reacted
particle particle particle

Final particle is
hard, firm, and
unchanged in size

A Time

Initial
unreacted
particle

Particle shrinks
g @ —> 0 withtime, finally
disappearing.

Time

Flaking ash or gaseous
products cause
shrinkage in size

Figure 2. Different sorts of behavior of reacting spherical
solid particle using the shrinking core model [1]

In this paper, the conversion and residence time
of reaction for cylindrical particles of unchanging
size during the gas - solid reaction is modeled
using the shrinking core model. There are a few
worKks in literature concerned with mathematical
modeling of gas - solid reaction [1-7]. However,
the following cases are not considered in these
works:

i) The development of a model for the case the
chemical reaction rate is controlled by the combi-
nation of resistances and its effect on conversion
and residence time of reaction.

ii) The effect of plug flow and mixed flow of parti-
cles on the conversion and residence time of reac-
tion.

2. Mathematical Modeling

For a general reaction, involving both solid and
gas phases in both reagents and products, the
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physical steps concerning the gas in the process
are the following [8]:

e Transfer within the external gas to the surface

of the pellet.

Diffusion through the intergranular pores.

Adsorption into the solid reacting phase.

Desorption of the produced gas.

Diffusion of the product gas to the external

particle surface.

o Diffusion of gaseous products through the gas
film back into the main body of fluid.

e Transfer of the produced gas from the particle
surface to the bulk gas.

Each of these steps has its own kinetics and can
limit, also in part, the overall rate of conversion.
In some situations, some of these steps do not
exist. For example, if no gaseous products are
formed, steps 4 and 5 do not contribute directly
to the resistance to the reaction. Also, the re-
sistances of the different steps usually vary great-
ly. In such cases, we may consider the step with
the highest resistance to be rate-controlling. The
process can be successfully described as a chemi-
cal regime, when a surface process controls the
overall kinetics, or as a diffusional regime, when
the rate is determined by diffusion, or as a mixed
regime [1-3].

In the literature, in many cases, some simplifica-
tions are assumed in order to formulate models
that are applicable to the description of full-scale
reactors as much as possible. A very comprehen-
sive, classical treatment of the subject can be
found in the seminal book of Szekely [9]. In spite
of the impact, the quantitative treatment of reac-
tive solids predominantly remains based on an
oversimplification of the actual physics that can
be extremely complicated by the already men-
tioned issues. A more simplified approach as-
sumes non-porous particles [10] or non-porous
shrinking core model (SCM) [11]. According to it,
the reaction is supposed to take place only on a
surface separating the unreacted core by the
product layer in the particle, and moving to the
center as the reaction goes on. This physical de-
scription is not always correct and, in general, it
is not predictable whether or not a gas-solid reac-
tion occurs by forming a core-shell structure as it
depends on the reaction conditions (structure
and size of the particle, temperature, pressure,
composition of the feed gas, etc.). Even with this
limitation, the SCM is still widely used [12-17] as

it provides a simple analytical solution to most
cases, and it can still account for the presence of
mass transfer resistances inside and outside the
reacting solid, even if in a simplified way.

Consider a solid particle, where a single gas-solid
reaction occurs, in the form:

A(Gas) — 3 bB(Solid) Product

One simple way of describing the reaction of a
solid particle with a gas is using the shrinking
core model. The main assumption of this model is
that the reaction develops topochemically only on
a single surface, which separates two zones with-
in the solid. The unreacted core is made of pure
solid reagent, which has not been reached by the
reacting gas yet, and a reacted outer layer is made
of the pure solid product, which is porous and
where the gas diffuses but does not react, because
the solid matrix is completely inert. The core-
shell interface moves inward, as long as the core
is consumed, and the shell becomes thicker. This
concept can be applied to different particle geom-
etries.

For cylindrical pellets, the core-shell interface is a
cylindrical surface concentric with the external
one. In this modeling, according to Fig. (1), for a
cylinder, it is assumed that the gas diffuses radial-
ly from the side, whereas the effect of diffusion in
the axial direction is neglected. This means that
the model is more accurate if the radius of the
particle is much smaller than its height. This as-
sumption allows for considering a one-
dimensional problem. One advantage of assuming
a core-shell type reaction is that the global con-
version of the single particle is simply related to
the position of the core-shell interface [2, 6]. The
conversion is in fact defined as:

ny(0)—ny(0)
n(0)

where 1, is the number of moles of the reagent

Xp (t) = (1)

solid into the particle. If the reagent is present
only in the core, then the amount of reagent in the
particle is linearly related to the volume of the
core via the reagent density:

ch
n,(t)= V.. (2)
5() mw,, = *

Thus, combining Egs. (1) and (2), the particle
conversion is:
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x, =1-Le® 3)
V. (0)

For this particle, the surface area (Sg) and the
volume (Vg) of the particle are obtained using
Egs. (4) and (5) for a particle at initial time and
Egs. (6) and (7) at t (or for unreacted core), re-
spectively:

S g = 27RL 4)
52

Vg =R"L (5)

Sy =27, L (6)

VBc = WBCZL (7)

where L is the length, 7, is the radius of unre-

acted core, and R is the original cylindrical pellet.
Eqg. (3), as a function of the pellet radius, is ob-
tained by the following equation:

X, =1 —(%)2 8)

The system of equations for the gas and solid can
be easily solved by considering a number of pos-
sible simplifications. In this research, we use the
rate-controlling step for analysis, because the re-
sistances of the different steps usually vary great-
ly. In such cases, we may consider the step with
the highest resistance to be rate-controlling.

In this treatment, we develop the conversion
equations for cylindrical particles, for which the
steps:

1. Diffusion of gaseous reactant A through the
film surrounding the particle diffusion;

2. Penetration and diffusion of A through the
blanket of ash to the surface of the unreacted
core; and

3. Reaction of gaseous A with solid at this reac-
tion surface

We then extend the analysis to situations where
the combined effect of these three resistances
must be considered [1, 4-6].

2.1. Diffusion through gas film layer

Whenever the resistance of the gas film is con-
trolled, no gaseous reactant is present on the par-
ticle surface; hence, the concentration driving
force Cyg - Cas, becomes Cug and is constant at all

times during reaction of the particle. Now, since it
is convenient to derive the Kkinetic equations
based on available surface, we focus on the un-
changing exterior surface of aparticle Se. From
the stoichiometry of Eq. (1), we get:

dN, =bdN , (9
14N, 1 dN,
S dr 27RL dt
b dN,
- bk (C, —C (10)
27RL dt «(C = Ca)

=0bk,C,, =costant

where kg is the mass transfer coefficient between
fluid and particle.

Where Cy4 is concentration of A in the gas phase,
C,s is concentration of A on the unreacted core
surface and kg is the mass transfer Lcoefficient
between fluid and particle. et pp be the molar
density of B in the solid and V be the volume of
aparticle; the amount of B present in a particle is:

molesB .
Ny =pgVy =( 3 )(m350hd) (11)
m’solid
then,
_ - - - 25y 12
AN =~bdN | ==pydV p =ppd(mL)=-2mp pr dr. (12)

Replacing Eq. (12) in Eq. (10) gives the rate of
reaction in terms of the shrinking radius of the
unreacted core, or:

1 dN, 1 2mpgLrdr,
'S dt uRL dr
rdr,
~ P R (13)

Rearranging and integrating, we find how the un-
reacted core shrinks with time:

(=21 () (14)
2k,C, R

Let the time for complete conversion of a particle
be 7 . Then, by taking rc=0
in Eq. (14), we find:

R
r, = (15)
2bk C,,

The radius of unreacted core in terms of fraction-
al time for complete conversion is obtained by
combining Egs. (14) and (15):



M.R. Talaghat and E. Zangooei / Journal of Chemical and Petroleum Engineering, 51 (1), June 2017 / 9-19 13

- =1—(%j)2 (16)

Using Eq. (8), this equation can be written in
terms of fractional conversion:

t_ X, (17)
Ty

The contact time or reaction time needed for any
specific conversion of solid in the plug flow is the
same for all particles. Therefore, for a particle or
number of particles, the conversion is the same
and found directly from Eq. (17) for the gas film
diffusion in controlling step [6-9].

Consider a solid feed consisting a mixture of dif-
ferent-size particles. Size distribution of this feed
can be represented either as a continuous distri-
bution or as a discrete distribution.

Let F be the quantity of solid being treated in unit
time. Since the density of solid may change during
the reaction, F is defined as the volumetric feed
rate of solid in the general case. Where density
change of the solid is negligible, F can represent
the mass feed rate of solid as well. In addition, let
F(Ri) be the quantity of material of size about R;
fed to the reactor. If Ry is the largest particle size
in the feed, we have for particles of unchanging
size:

F :%F(R,.) (18)

when in plug flow all solids stay in the reactor for
the same length of time t,. From this and the ki-
netics for whatever resistance controls, the con-
version Xg(Ri) for any size of particle R; can be
found. Then, the mean conversion Xg of the solids
leaving the reactor can be obtained by properly
summing to find the overall contribution to the
conversion of all sizes of particles. Thus:
R,
=X, = Y-, R) T

R(t,=1)

(19)

where R( ,=7) is the radius of the largest par-

ticle completely converted in the reactor.

For the mixed flow of a single particle, conversion
depends on the residence time in bed and resi-
dence time of each particle is different. Thus, the
mean conversion of solid particles must be used:

1-X, =["(1- X ,)Edt (20)

where E is the exit age distribution of the solids in
the reactor. For the mixed flow of solids, the resi-
dence time is calculated as follows:
1 -
E=-e' (2 1)
t

Replacing Eq. (21) in Eq. (20) gives:

- T4 1 ’é
1-X, = (1=X,)=e ‘dr (22)

For gas film controlling step, replacing Eq. (17) in
Eq. (22) gives the mean conversion as the follow-
ing equation [1]:

—;e ¢ (23)

The above conversion-time expressions assume
that single resistance controls throughout reac-
tion of the particle. However, the relative im-
portance of the gas film, ash layer, and reaction
steps will vary as particle conversion progresses.
For example, for a constant-size particle, the gas
film resistance remains unchanged; the resistance
to reaction increases as the surface of unreacted
core decreases; and the ash layer resistance is
nonexistent at the start because no ash is present,
but becomes progressively important as the ash
layer builds up. In general, then, it may not be
reasonable to consider that just one step controls
throughout the reaction. The conversion and res-
idence time for cylindrical-shaped particles of
constant size is calculated for film diffusion con-
trols, ash diffusion controls, chemical reaction
controls, and the combination of them.

3. Results and Discussion

In this paper, the mathematical modeling is de-
veloped to calculate the reaction conversion and
residence time for both plug flow and mixed flow
in the reactors filled with cylindrical particles us-
ing the shrinking core model. In this modeling,
the size of the particles is fixed and will not
change during the reaction. Also, the chemical
reaction rate is controlled by the gas film layer
resistance, the ash layer resistance, and the chem-
ical reaction resistance as well as the combination
of them.
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These results are shown in Tables (1) and (2). For
evaluation of this modeling, the results of the
model are compared with corresponding experi-
mental data. The comparison between the math-
ematical modeling results and experimental data
at various temperatures is shown in Fig. (3). The
experimental data from the reaction of anthra-
quinone and sodium sulfide is obtained in an al-
kaline environment [10].

Table 1. Conversion-time expressions for plug and mixed
flows

Combination _

of film diffu- =ttt

sion, ash

Diffusion, t, = TfXB + 74 [(1 - XB) ln(l — XB) + XB]
and reaction + Tr[l -(1- XB)l/Z]
controls

Combination

of film diffu- L=ttt

sion and

ash diffusion te = TeXp + T4[(1 — Xp) In(1 — Xp) + Xp]
controls

Combination

of film diffu- h=b Tt

sion and

reaction t =1,Xp + Tr[l -(1- XB)l/z]
controls

Combination L=ty +t,

of ash diffu-

sion and te = 1,[(1 = Xp) In(1 — Xp) + X;z]
reaction 1.
controls + Tr[l — A% 2]

Xr

0 10 2 2 © 50 Y
t(min)

Figure 3. Conversion versus time of Anthraqulnone reac-
tion with the radius of 26.5um [10]

[t can be seen in this figure that the results of the
model have a good consistency with the experi-
mental data. In addition, according to this figure,
by increasing the reaction temperature, the con-
version of reaction increases. The result of con-
version versus time for a plug flow in the reactor
filled with cylindrical particles is given in Fig. (4).
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Figure 4. Conversion versus residence time for plug flow
when the chemical reaction rate is controlled by each of
the resistances individually

Table 2. Conversion-time expressions for plug flow and
the combination of resistances

. Ash diffu- . . .
Reaction sion con- Film diffusion
controls controls
trols
t
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2 x. ot =1 t\?
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In this case, the rate of chemical reaction is con-
trolled by each of the resistances (including the
gas film layer resistance, the ash layer resistance,
and the chemical reaction resistance), individual-
ly. As can be seen in this figure, for a specified
time, in the case the chemical reaction rate is con-
trolled by the ash layer resistance, the conversion
is greater than the rates of chemical reaction con-
trolled by the other two regimes.

It has been assumed up to now that a single
resistance controls throughout reaction of the
cylindrical particle. However, the relative im-
portance of the gas film, ash layer, and reaction
steps will vary as particle conversion progresses.
In the following, the effect of the combination of
resistances on the conversion of reaction and the
residence time of reaction is checked.

The effect of the combination of resistances in-
cluding gas film layer resistance and ash layer
resistance for a plug flow in the reactor filled with
cylindrical particles has been studied. The results
of this study are shown in Fig. (5).

In this case, gas film layer resistance and ash lay-
er resistance control the rate of the reaction, sim-
ultaneously. According to this figure, for a specific
conversion, by reducing gas film layer resistance
and by increasing the ash layer resistance, the
reaction time is reduced. It can also be said that
for a specified time, by reducing gas film layer
resistance and by increasing the ash layer re-
sistance, the reaction conversion increases. When
a hard solid ash forms during the reaction, the
resistance of gas-phase reactant through this ash
layer is usually much greater than that through
the gas film surrounding the particle. Hence, in
the presence of a nonflaking ash layer, film re-
sistance can be safely ignored.

Fig. (6) shows the effect of the combination of
resistances including gas film layer resistance and
the chemical reaction resistance for a plug flow in
the reactor filled with cylindrical particles. In this
case, the gas film layer resistance and the chemi-
cal reaction resistance control the rate of the re-
action, simultaneously.

The same situation can be seen in this figure. As
can be seen, for a specific conversion, by reducing
the gas film layer resistance and by increasing the
chemical reaction resistance, the reaction time is
reduced. Furthermore, for a specified time, by
reducing the gas film layer resistance and by in-

creasing the chemical reaction resistance, the re-
action conversion increases.

Ash diffusion controls
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Xp

20% ash, 80% film

40% ash, 60% film
60% ash, 40% film

80% ash, 20% film
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t
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Figure 5. Conversion versus residence time for plug flow
when the chemical reaction rate is controlled by the gas
film layer resistance and the ash layer resistance simulta-
neously

1

Reaction
09f- 20% film, 80% reactio

06 08 1

Figure 6. Conversion versus residence time for plug flow
when the chemical reaction rate is controlled by the gas
film layer resistance and the chemical reaction resistance
simultaneously

The effect of the combination of resistances in-
cluding the ash layer resistance and chemical re-
action resistance for a plug flow in the reactor
filled with cylindrical particles is illustrated in

Fig. (7).

In this case, the ash layer resistance and chemical
reaction resistance control the rate of the reac-
tion, simultaneously.
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As can be seen, for a specific conversion and for
the conversions lower than 0.92, by increasing
the ash layer resistance and by reducing the reac-
tion resistance, the reaction time is reduced. For
the conversions greater than 0.92, this trend is
reversed. Moreover, for a specified time, by in-
creasing the ash layer resistance and by reducing
the chemical reaction resistance, the reaction
conversion increases.

0.9t
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071 Ash diffusion controls

0.6
80% ash, 20% reaction

Xp

60% ash, 40% reaction

40% ash, 60% reaction

20% ash, 80% reaction

Reaction

0 02 04 06 08 K

Y

Figure 7. Conversion versus residence time for plug flow
when the chemical reaction rate is controlled by the ash
layer resistance and the chemical reaction resistance sim-
ultaneously

Fig. (8) shows the effect of three different re-
sistance regimes for a plug flow in the reactor
filled with cylindrical particles. In this case, the
gas film layer resistance, the ash layer resistance,
and the chemical reaction control the rate of the
reaction, simultaneously. As can be observed in
this figure, when the gas film layer resistance is
considered to be fixed, for a specific conversion
and for the conversions lower than 0.92, by in-
creasing the ash layer resistance and by reducing
the chemical reaction resistance, the reaction
time is reduced. For the conversions greater than
0.92, this trend is reversed. Also, for a specified
time, by increasing the ash layer resistance and
by reducing the chemical reaction resistance, the
reaction conversion increases.

Until now, the studies have been based on plug
flow of cylindrical particles. But, from now on, in
the following, the mixed flow of cylindrical parti-
cles is offered. The result of conversion versus
time for a mixed flow in the reactor filled with
cylindrical particles is given in Fig. (9).
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04 20% ash, 60% reaction
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80% reaction
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Yx

Figure 8. Conversion versus residence time for plug flow
when the chemical reaction rate is controlled by the gas
film layer resistance, the ash layer resistance, and chemi-
cal reaction resistance simultaneously

In this situation, the rate of chemical reaction is
controlled by each of the resistances (including
the gas film layer resistance, the ash layer
resistance, and the chemical reaction resistance),
individually. As can be seen in this figure, for a
specified time, in the case the chemical reactions
rate is controlled by the ash layer resistance, the
conversion is greater than the rates of chemical
reactions controlled by the other two regimes. On
the other hand, for a specified reaction conver-
sion, in the case of chemical reactions controlled
by ash layer resistance, the time required for the
rate of chemical reactions is less than that in the
other two regimes.

0 05 1 15 2

Figure 9. Conversion versus residence time for mixed
flow when the chemical reaction rate is controlled by each
of the resistances individually
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The effect of the combination of resistances in-
cluding the gas film layer resistance and ash layer
resistance for a mixed flow in the reactor filled
with cylindrical particles is illustrated in Fig. (10).

In this case, gas film layer resistance and ash lay-
er resistance control the rate of the reaction, sim-
ultaneously. According to this figure, for a specific
conversion, by reducing gas film layer resistance
and by increasing the ash layer resistance, the
reaction time is reduced. In other words, for a
specified time, by reducing gas film layer re-
sistance and by increasing the ash layer re-
sistance, the reaction conversion increases.

091
0.8

07

06 Film diffusion controls
0% ash, 80% film
40% ash, 60% film

60% ash, 40% film

0.5
o 04

03
80% ash, 20% film

Ash diftusion controls

0.2

0 0.5 1 15 2

t
/<
Figure 10. Conversion versus residence time for mixed flow

when the chemical reaction rate is controlled by the gas film
layer resistance and the ash layer resistance simultaneously

The result of conversion versus time for a mixed
flow in the reactor filled with cylindrical particles
is shown as in Fig. (11). In this case, the gas film
layer resistance and the chemical reaction re-
sistance control the rate of the reaction, simulta-
neously.

The same situation can be seen in this figure. As
can be seen, for a specific conversion, by reducing
the gas film layer resistance and by increasing the
chemical reaction resistance, the reaction time is
reduced. Furthermore, for a specified time, by
reducing the gas film layer resistance and by in-
creasing the chemical reaction resistance, the re-
action conversion increases.

The effect of the combination of resistances in-
cluding the ash layer resistance and chemical re-
action resistance for a mixed flow in the reactor
filled with cylindrical particles is illustrated in
Fig. (12). In this situation, the ash layer resistance

and chemical reaction resistance control the rate
of the reaction, simultaneously. As can be ob-
served in this figure, by increasing the ash layer
resistance and by reducing the reaction re-
sistance, the reaction time is reduced. Moreover,
for a specified time, by increasing the ash layer
resistance and by reducing the chemical reaction
resistance, the reaction conversion increases.

0.9
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40% film, 60% reaction

20% film, 80% reaction
Keaction controls
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e

Figure 11. Conversion versus residence time for mixed
flow when the chemical reaction rate is controlled by the
gas film layer resistance and the chemical reaction re-
sistance simultaneously

Finally, the effect of three different resistance re-
gimes on the conversion of reaction and resi-
dence time for a mixed flow in the reactor filled
with cylindrical particles is given in Fig. (13). In
this case, the gas film layer resistance, the ash
layer resistance, and the chemical reaction
control the rate of the reaction, simultaneously.
As can be seen in this figure, when the gas film
layer resistance is considered to be fixed, for a
specific conversion, by increasing the ash layer
resistance and by reducing the chemical reaction
resistance, the reaction time is reduced. Also, for
a specified time, by increasing the ash layer re-
sistance and by reducing the chemical reaction
resistance, the reaction conversion increases.

4. Conclusion

In this paper, a mathematical model was devel-
oped for calculating the conversion and residence
time of the reaction for both plug flow and mixed
flow in the reactors filled with cylindrical parti-
cles using the shrinking core model. The model
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was developed for the case the chemical reaction
rate was controlled by the gas film layer re-
sistance, the ash layer resistance, and the chemi-
cal reaction resistance as well as the combination
of them. The mentioned studies were related to
innovations of this research. For evaluation of
modeling, the results of the model were com-
pared with experimental data. The results indi-
cated that there was consistency between them.
Also, The results showed at a certain time, when
the rate of chemical reaction was controlled by
each of the resistances individually, if the reaction
was controlled by the ash layer resistance, then,
the conversion rate was higher than that when
the chemical reaction was controlled by the other
two resistance regimes.

0.9

0.8

0.7

Ash diffusion controls
0.6

- 80% ash, 20% reaction

60% ash, 40% reaction
40% ash, 60% reaction

20% ash, 80% reaction

Reaction controls

0.5 1 1.5 2

Figure 12. Conversion versus residence time for mixed
flow when the chemical reaction rate is controlled by the
chemical reaction resistance and the ash layer resistance
simultaneously

09r

i i
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80% ash

A 60% ash, 20% reaction

40% ash, 40% reaction
20% ash, 60% reaction

80% reaction

05 . 15 2

Figure 13. Conversion versus residence time for mixed
flow when the chemical reaction rate is controlled by the
gas film layer resistance, the ash layer resistance, and the
chemical reaction resistance simultaneously

In addition, the results showed either resistance
alone or a combination of them was effective on
the conversion and residence time reaction. How-
ever, the relative importance of the gas film, ash
layer, and chemical reaction steps would vary as
particle conversion progressed. For a constant-
size particle, the gas film resistance remained un-
changed; the resistance to reaction increased as
the surface of unreacted core decreased; and the
ash layer resistance was nonexistent at the start
because no ash was present, but became progres-
sively important as the ash layer built up. In gen-
eral, therefore, it may not be reasonable to con-
sider that just one step controls throughout the
reaction.
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Nomenclature
b Stoichiometry coefficient of the compo-
nent B
Ca Concentration of 4 in the gas phase
i (mole/m3)
Concentration of A on the unreacted core
Cas
surface (mole/m3)
E The exit age distribution of the solids in
the reactor
F Total mole of feed
F(Ri) Mole of feed with size Ri
L Length of particle (m)
ke Mass transfer coefficient between fluid

and particle
Mw Molecular weight (g/gmole)
Number of moles of the reagent solid into

B the particle (mole)

Np Number of moles of solid (mole)

pB Molar density of B in the solid (mole/m3)

XB Solid conversion

X, Mean solid conversion

R Radius of particle (m)

r Radius of particle (m)

I'c Radius of the unreacted core, (m)

Rm The largest particle size in the feed (m)

R(t =7) Radius of the largest particle completely
? converted in the reactor

Sex External surface of particle (m?)

Se Surface of particle ( m?)

t Time of reaction (s)

N The time for complete conversion of a

particle (S)
2 Residence time (s)
Vs Volume of particle (m3)
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