K;, = overall mass transfer coefficient for initial dissolu-
tion

Ki* = overall mass transfer coeflicient for exchange in
saturated solution

K; = equilibrium constant of step i

K»n = combined rate constant Table 1)

[M], [M;], [M;] = concentration of mixed micelles in
the bulk solution, at the interface, and on the
surface, respectively, moles/cm?

n = constant, equal to (d[F1/dt)/(d[M]/dt)
R = radius of rotating disk
Re = Reynolds number
[S] = free sites for micelle adsorption
[5.] = total sites
t = time
Umax = combined rate constant (Takle 1)
= constant, equal to [F(sat)]/[B]
v = kinematic viscosity
® = angular velocity of rotating disk
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'An Analysis of Slow Reactions

in a Porous Particle

A one-parameter volume reaction model is developed by a simplified

analytical approach to describe reaction of a gas and a consumable solid C. Y. WEN
in a porous particle. In this model, a modified Thiele modulus M is in- ©t
troduced to take into account the effect of solid reactant depletion during and

the reaction.

Experimental results of an isothermal carbon-carbon dioxide reaction
in the temperature range from 1130° to 1365°K wunder atmospheric
pressure were analyzed by the working diagrams derived from this model.
A satisfactory agreement between the experimental results and those

NANCY TSAl WU

Department of Chemical Engineering
West Virginia University
Morgantown, West Virginia 26506

predicted by the model indicated the applicability of this model.

SCOPE

A number of models dealing with the reaction between
a gas and a consumable solid in a porous particle have
been reported. Some examples are the unreacted-core
shrinking model, the homogeneous model, the zone-reac-
tion model, and the structural model. However, the ap-
plicability of the models is often limited, either owing

Page 1012 November, 1976

to simplifications or to assumptions made in deriving
the models. This is especially true in reference to the
solid structure. Hence, the objective of this study is to
develop a simple volume reaction model that can be
used to simulate the overall performance of the hetero-
geneous reaction. Experiments were performed to verify
the validity of this model.

AIChE Journal (Vol. 22, No. 6)



CONCLUSIONS AND SIGNIFICANCE

An isothermal carbon-carbon dioxide reaction system
was selected to verify the volume reaction model. The
kinetic reaction rate was found to be first order with
respect to both carbon and carbon dioxide. The activa-
tion energy obtained by fitting the curve with the least-
square method to the experimental data was 69 Kcal/mole
(Figure 6). This value falls within the range of the activa-
tion energies reported in the literature (Table 1).

The working diagrams derived from the volume reac-
tion model were employed to analyze the kinetic data
and to interpret the overall performance of carbon-carbon
dioxide reaction from a macroscopic view point. The
initial Thiele modulus ¢,, evaluated through the working
diagram of this model, agrees with that calculated from
the experimental data.

The initial Thiele modulus ¢,, characterizes the reac-
tion system in this model. Once the initial Thiele modulus
is determined, the entire reaction path can be easily in-
terpreted through this model.

The volume reaction model provides a simplified and
a satisfactory interpretation of the experimental results.
The model takes into account the intraparticle diffusion
for the reactions which are not exceedingly rapid and
on the particles whose porous structure remains essen-
tially unchanged. The model also incorporates the con-
centration dependence of the solid reaction which is a
factor neglected by most investigators.

The model provides a satisfactory simulation for the
carbon-carbon dioxide reaction. Whether this model may
be applied to other systems remains to be investigated.

A number of gas-solid reaction models have been pro-
posed which may be classified according to two distinct
features. Models in which the reaction is considered to
occur only at the reaction interface are called surface-
reaction models. The surface-reaction model is also known
as the unreacted-core-shrinking model, the shell-progress-
ing model, or simply the unreacted-core-model. Those
models in which the reaction occurs uniformly throughout
the interior of the solid phase are known as volume-reac-
tion models.

A number of models representing intermediate condi-
tions have also been proposed. These models are merely
extensions of the surface-reaction model and volume-reac-

tion model, with emphasis being placed on solid structural
effects on the reaction mechanism. Recently, several in-
vestigators (Hashimoto and Silveston, 1973, 1973a; Ishida
and Shirai, 1969, 1969¢; Ishida and Wen, 1971, 1971q;
Park and Levenspiel, 1975; Petersen, 1957; Petersen and
Wright, 1955; Sohn and Szekely, 1972, 1973; Szekely and
Evans, 1970, 1971, 1972, 1972a; Szekely et al, 1973;
Tien and Turkdogan, 1970, 1972; Turkdogan et al., 1968,
1969, 1970, 1970a, 1972; Walker et al.,, 1953, 1959;
Wang and Wen, 1972; Wen, 1968; Wen and Wang, 1970)
have focused their attention on the structure of the solid
reactant and have found that the solid structure plays
an important role in the heterogeneous reaction.

TasBLE 1. SUMMARY OF ACTIVATION ENERGIES OF CARBON-CARBON DioxipE REACTION

Reaction
condition
Investigator (yr) (°C)
Drakeley (1931) 950-1 100
Mayers (1934) 950-1 300
Mayers (1939) 850-1 150
Graham (1947)
Long and Sykes (1950) 700-900
Walker et al. (1953) 900-1 100
900-1 200
1 200-1 400
Walker et al. (1955) 900-1 000
Wicke (1955) 850-1 000
Rossberg and Wicke (1956) <950
Ergun (1956) 1 000-1 400
950-1 150
700-1 050
Walker and Raats (1956) 970-1 130
1.0 atm-0.75 atm
>1 130, (1 392°C)
Armington (1961) 900
Blackwood (1962) 650-870
Austin and Walker (1963) 800-1 300
Gulbransen et al. (1965) 1 000-1 300
0.025 atm CO2
Yoshida and Kunii (1969) 900-1 200
Turkdogan et al. (1968) 900-1 100

AIChE Journal (Vol. 22, No. 6)

Activation
energy

(Kcal/g-mole) Type and shape of carbon

50, 70 Several types of cokes (packed beds)

39 Spectroscopic coke (packed beds)

52 Acheson graphite (packed beds)

61.5

59, 68 Coconut shell, charcoal (packed beds)

47 Gas baked carbon

48 Artificial graphite

26 Artificial graphite (5.1 cm long X 1.3
cm diameter rods)

43 Carbon C

68 Graphite carbon A (5.1 cm long X 1.3
cm diameter rods)

43+15 Activated charcoal (packed beds, rods)

(with diffusion)

84+3

(without diffusion)

93 Spectroscopic carbon

59 Ceylon graphite

Activated carbon
Activated graphite (1.8 mm-0.081 mm

in diam. granules in fluidizing bed)

66 Graphitized carbons (rods)

44 Graphitized carbons (rods)

84 Graphite (packed beds)

60-65 Electrode graphite (1.5 = 0.5 mm in
diam. granule)

54 Electrode carbon (plate)

88 Electrode graphite (1 em diam. X 0.5
cm long cylinders)

54 Graphite (1.5 cm diam. sphere)

73 Graphite (small particles)
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Fig. 1. The effectiveness factor for the volume reaction model show-
ing the change of the reaction rate as the solid reactant depletes.

In this study, the derivation of the proposed model was
based on the volume-reaction model with the considera-
tion of solid reactant depletion from a macroscopic point
of view, that is, a first-order dependence on the solid and
gaseous reactants.

The reaction system selected to test the model was the
carbon-carbon dioxide reaction system. Table 1 summarizes
the previous studies on the carbon-carbon dioxide reaction
system indicating various types and shapes of carbon and
reaction conditions by different investigators. The activa-
tion energies reported by these previous studies are also
listed in Table 1.
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Fig. 2. The effectiveness factor for the volume reaction model in terms
of initial Thiele modulus showing the effect of solid reactant deple-
tion.
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MATHEMATICAL MODEL

The model developed is based on the following assump-
tions and experimental conditions:

1. The pseudo steady state of gaseous components
within the solid particle is applicable.

2. The effective diffusivity is considered a constant.

3. The reaction occurs under such conditions that gas
film resistance is negligible. ,
4. The reaction is first order with respect to the gas

and solid reactants.

5. The bulk flow within the particle due to diffusion is
negligible.

6. An isothermal condition is maintained.

7. The useful surface area for the carbon-carbon dioxide
reaction within the solid particle remains unchanged dur-
ing the reaction.

For a slow reaction, the solid concentration profile and
variation within the solid phase are expected to change
slowly and uniformly when the above conditions prevail
in the system. Although the local rate of reaction within
the solid depends on the local solid concentration, for an
approximation of the reaction rate an average bulk solid
concentration can be used to approximate the local solid
concentration. The average bulk solid concentration which
can be represented by the overall solid conversion X is
expressed in the following equations:

R
J; Cs® (4ur?) dr
Cs® =

=3 f csad (1)

4
3 =R

and
ZTS° =1-X (2)

Thus, a material balance can be derived for a spherical
particle as follows:

d2Cs* + 2 dC,*
ag ¢ dt
Here, a modified Thiele modulus M is introduced to take

into account the effect of solid reactant depletion. M is
defined as

=¢u’(1—-X)Cs®*  (3)

M = $uo(l — X)% (4)

where ¢y, is the initial Thiele modulus and is characteristic
of the reaction system, representing chemical reaction ef-
fect over diffusional effect. This parameter characterizes
the uniqueness of the volume reaction model, since the
effect of solid reactant depletion during the reaction can
be incorporated into the modulus M. Thus, Equation (3)
becomes

d?Cs® 2 dCs®
—_ = M2Cs* (5)
& & & *
with the boundary conditions given as follows:

Cit=1, at ¢=1 (6)

dC,®
=0, at ¢=0 (7

dé

Thus, the reaction system can be described by an ordinary
differential equation [Equation (5)] containing a solid
concentration term which implicitly relates to the overall
solid conversion X.

The solution of Equation (5) is

Ca® = sinh M ¢

T ¢sinh M (8)

AIChE Journal (Vol. 22, No. 6)



The effectiveness factor #, for an overall solid conver-
sion or for any instant during the reaction is defined and
can be derived as follows:

_ actual rate of reaction

Mo —

reaction rate based on the bulk concentration
of gas and the initial solid concentration
(9)

. )

(% B ) (kiCsiCa)

3 )( 1 1 )

1=% ( M tanhM M
A plot of 1, vs. $uo for the various levels of conversion
can be constructed based on Equation (10). The result
is shown in Figure 1. If ¢, is considered a parameter, a
plot of 4, vs. X can be made as shown in Figure 2. Either
Figures 1 or 2 can serve as a working diagram to analyze
the heterogeneous reaction system. These working dia-
grams have been applied in analyzing the experimental re-
sults obtained in this study. It should be noted that z, in
Figure 2 is directly proportional to the conversion rate

dX/dt.

dCa
dr

(4ak2) (- D,

[

(10)

EXPERIMENTAL

Equipment

A schematic diagram of the thermobalance is shown in Fig-
ure 3. The heated section of the reactor is 109 cm long and is
made of 3.8 cm schedule 40, type 310 stainless steel pipe. The
reactor column is heated by three sections of thermos}ilell elec-
tric heating elements. Each section is 30.5 cm long and 4.8 em
in diameter and is rated at 1200 W/section. The bottom sec-
tion is controlled by a proportional controller. The other two
sections are controlled by an on-off set point controller. The
bottom section of the reactor column is packed with 1.3 cm
Intalox saddle packings to a height of 38 cm for better flow and
temperature distribution of the gas. Seven thermocouples are
installed along the reactor column at different positions to con-
trol and measure the reactor temperatures. Thermocouple tem-
peratures are recorded by a Honeywell twelve-point Electronik
Recorder at a rate of 5 cycles/min, or 1 point/s. The weight of
the sample is recorded by a force transducer on a Mosely model
680 recorder. The gas flow rate is controlled by a flowmeter
prior to the inlet of the reactor.

The schematic diagram of the equipment set up is shown in
Figure 4.

Preparation of Solid Particles

Activated charcoal of USP grade manufactured by Merck
and Company, Inc., was used as the solid reactant. Kaiser Re-
fractories specially prepared fire clay was used as an inert ma-
terial in the solid particles. The absolute density measured by
a pycnometer was 1.637 g/cm? for activated charcoal and 2.040
g/cmd for fire clay.

The solid spheres used in the experiment were prepared by
mixing a desired proportion of activated charcoal with fire clay.
The proper amount of water was added to the powder mix-
ture to form a well-mixed homogeneous thick paste which
was then molded into balls of desired size. The balls were al-
lowed to dry at room temperature for about 2 wk. When dry,
the balls were stored in a 316 stainless steel box which served
as an enclosure for a nitrogen blanket. Nitrogen gas was
purged into the box to expel the air; then the box was heated in
the oven to 815°C for at least 30 min as nitrogen gas passed
continuously through the box. This treatment removed the
moisture and other decomposable compounds from the solid
balls. The fire clay is an impure form of Kaolin and gives off
water molecules at about 600°C according to the reaction

AlSiz05(OH )4 - AlOj - 28i0; - HzO(g)
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Fig. 3. Thermobalance proper used in experimentation.

The introduction of nitrogen during the heat treatment pre-
vents a side reaction of carbon with air in the oven. After the
particles had cooled, they were quickly sealed in a bottle con-
taining desiccant.

Three concentrations of activated charcoal, 23.4, 30.0, and
40.0%, were used to prepare the solid particle. The heated solid
particles were further analyzed and their compositions con-
firmed by measurement of the weight loss of prepared carbon
balls which were completely burned at 800°C in a carbon
dioxide gas stream.

Experimental Procedure

The temperatures of the reactor were set at the desired points
by two temperature controllers (on-off and proportional). A
small amount of air was then continuously introduced through
the reactor during the heating period to prevent the reactor
from overheating. One of the seven thermocouples was located
at a point approximately 0.6 cm below the solid particle. This

Force
Transa,

NovEzs:

110V ==

Fig. 4. Schematic diagrom of equipment setup, including the wiring
for electrical components.
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thermocouple measured the apparent temperature at the re-
actor center.

With the ball valve closed, the desired flow rate of air was
established. The solid sample hung from a piece of nickel-
chrome wire attached to a gold chain located in the center line
of the reactor column. A windlass and an additional gold chain
equipped with a chain catch were used to raise and lower the
sample particle into the reactor chamber.

When the steady state condition was reached, nitrogen gas
was used to flush the reactor for at least 20 min to expel the
air in the reactor, The ball valve was then opened, and the
sample was carefully lowered into the heated zone by unwind-
ing the windlass. After the sample reached the desired position,
the gas line was shifted from nitrogen to pure carbon dioxide
gas or a gaseous mixture of carbon dioxide and nitrogen.

The reactor gas samples were simultaneously analyzed by a
gas chromatograph which recorded the composition of reactor
effluent gas either continuously or at 5 min intervals.

To terminate the experiment, the particle was raised to the
upper cold section of the column and the ball valve closed.
Nitrogen gas was used again to quench the reaction and cool
the particle before removal from the reactor.

The solid particle was weighed before and after each run
and was stored in a tightly sealed bottle for subsequent mea-
surement of surface area and effective diffusivity.

Because of the difficulties posed by simultaneously measuring
both particle temperature and weight change, these measure-
ments were carrieg out separately in duplicate runs. During the
reaction, particle temperature was measured by a thermocouple
positioned in the center of the particles. An additional thermo-
couple was also inserted near the surface of the particle during
its construction to secure further measurements on the par-
ticle’s temperature.
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Measurement of Porosity, Surface Area,
and Effective Diffusivity
Porosity

The porosity of the solid particle was calculated from the
absolute densities of the activated charcoal, while that of fire
clay was measured by a pycnometer.

The water wetted method was also applied to determine the
porosity of the solid particle. In this method the weighted solid
particle was placed into a beaker of continuously boiling water,
After the bubbles had ceased to form on the surface of the solid
particle, the water was cooled to room temperature and the par-
ticle removed. The surface of the solid particle was first dried
with a paper tissue and then weighed. Any increase in particle
weight is attributed to the water which now occupies tlge pore
space, and the porosity can then be calculated from the weight
difference.

Surface Area

The commercial NUMEC surface area and density apparatus
model AFA 4 was used to measure the surface area, using the
Brunauer-Emmett-Teller method.

Effective Diffusivity

A diffusivity apparatus, similar to that used by SOCONY
MOBIL OIL COMPANY (Mobil Method 366-59), was set up
to measure the effective diffusivity of the gas within the solid
sample. The binary gas system nitrogen-helium was selected for
the measurement at room temperature and constant atmo-
spheric pressure. For the molecular or Knudsen diffusion, the
diffusion coefficient is inversely proportional to the square root
of the molecular weight of the diffusing gaseous component.
Hence, the result obtained in the nitrogen-helium system was
converted into a carbon-carbon dioxide system (which is the
real reaction system in this study) by muﬁiplying by a molec-
ular weight correction factor. This correction factor was pro-
posed by Walker et al. (1959) in their diffusion coefficient mea-
surement. The above correction factor can be written as
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REACTION KINETICS AND EFFECTIVE DIFFUSIVITY

The rates of carbon-carbon dioxide reaction were ex-
amined in order to obtain the rate constant k, needed to
calculate the initial Thiele modulus ¢y from the experi-
mental data.

The rate expression which is subsequently shown to be
accurate for the present experimental domain has a form

dCs

= KSr Cg Cc02 (11)

where the external shape and total volume of the solid
particle is assumed to remain unchanged. S and T are the
specific surface area for each type of carbon and the num-
ber of active sites per unit surface area, respectively. If S
and T are kept constant during the reaction, then KST is
a function of temperature only and can be combined to
form a single reaction rate constant k. Since only the
overall reaction rate can be measured by experimenta-
tion, the rate of weight loss during the reaction is ex-
pressed in terms of an effectiveness factor 7, as follows:

dw
— E_ =70 KST w, Cao (12)

As is evident from Equation (10) when the reaction tem-
perature is low, the chemical reaction rate dominates the
overall rate, and 7, approaches (1 — X). Thus, under this
condition, Equation (12) can be reduced to

dx
— = (1—X) KST Cyo (13)

Several experimental runs were carried out at low tem-
peratures. The observed fraction rates (dX/dt) are plot-
ted against the overall solid conversion X for each run in
Figure 5. Values of KST for each run were calculated from
Equation (13) and are listed in Table 4. They are also
plotted against 1/T as shown in Figure 6. The straight line
shown in the figure gives an estimated activation energy
of 69 Kcal/g-mole obtained by a least-square fit. The con-
stancy of the KSr value with variation in conversion im-
plies that the reaction is first order on the solid reactant.
Three solid concentrations have been employed for the
low temperature runs. For convenience, KSI' is replaced
by k, in the following discussion.

AIChE Journal (Vol. 22, No. 6)
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Fig. 8. Initial reaction rate is seen to be proportional to CO; concen-
tration indicating C-CO2 reaction is a first order reaction with re-
spect to COs.

In general, a decrease in calculated k, values was ob-
served near the end of the reaction. This probably results
from the change in surface area of the solid phase, espe-
cially during the final stage of the reaction. This phenome-
non has also been reported by Petersen et al. (1955a),
Walker et al. (1959), and Turkdogan et al. (1970a).

Three concentrations of carbon dioxide-nitrogen mix-
tures were used to identify the effect of carbon dioxide
concentration at 1 360°K. During the early stage of reac-
tion, 5, can be treated as a constant because it changes
only slightly. Thus, Equation (12) can be integrated for
the initial stage to give

X= TNo ku Caot (14)

Plotting conversion X vs. time ¢ for each run, one can esti-
mate the slope at the initial stage as shown in Figure 7.
The slopes are seen to be proportional to the bulk concen-
tration of carbon dioxide. A plot of the slope vs. molar
percentage of carbon dioxide in the gaseous mixture is
shown in Figure 8. A straight line through the origin in-
dicates that the reaction is first order with respect to car-
bon dioxide concentration. A first-order dependency on
carbon dioxide concentration in carbon-carbon dioxide re-
action has also been mentioned by Ramachandra Rao and
Petersen (1958) and Turkdogan et al. (1968, 1969). It
can be concluded from the above discussion that the rate
expression for carbon-carbon dioxide reaction represented
by Equation (11) is satisfactory and accurate within the
range of experimental conditions investigated.

At high temperatures, the effect of diffusion becomes sig-
nificant, and therefore an accurate value of effective dif-
fusivity De4 is needed to analyze the overall reaction rate.
As previously discussed, the effective diffusivity was di-
rectly measured, and the corrected values of D,a/D;, are
presented in Table 2. The values of Dea/Dys for different
carbon contents (and for different initial porosities) are
found to vary only slightly. The average value of diffusiv-
ity ratio for the spheres with three different carbon con-
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Fig. 9. Application of the working diagram (Fig. 2) showing how data
are fitted to obtain the initial Thiele modulus, ¢y, at 1 atm. and

100% CO2.

tents (23.4, 30.0, and 40.0% ) and with the corresponding
porosities is 0.045 as listed in Table 2.

In order to assess the significance of the intraparticle
diffusion, the surface area and porosity of the sample were
directly measured. The result of the two methods of poros-
ity measurement (described previously) indicates that the
values are essentially the same.

The mean pore radii were calculated from the pore vol-
ume and surface area by assuming that the pores are uni-
form and cylindrical. The values of mean pore radii, poros-
ity, and surface area are listed in Table 3. The mean pore
radius is less than 100A, while the mean free path of car-
bon-carbon dioxide pair at 1 000°C and 1 atm is about
3 000A. Hence, the measured effective diffusivity appears
too large for the Knudsen diffusion. This inconsistency is
apparently due to the complicated solid structure of the

TaABLE 2. MEASURED EFFECTIVE DIrFusivity (Dea/Dya) wiTH
Dya = 0.149 cM?/s at 27°C For CARBON-CARBON
Di1oXDE SYSTEM

23.4% activated charcoal

Average porosity  0.510 0.556 0.591 0.553 0.663
Dea/Dga 0.039 0041 0044 0.049 0.053
Average Doa/Dsp = 0.045
30.0% activated charcoal
Average porosity  0.553 0.576 0.631 0.683 0.727
Dea/Dya 0.035 0.041 0.044 0.047 0.051
Average Dea/Dys = 0.044
40.0% activated charcoal
Average porosity  0.590 0.641 0.696 0.754 0.793
D¢a/Dya 0.040 0042 0049 0.051 0.053
Average Da/Dyy = 0.047
Overall average Dea/Dsa = 0.045
10 4 B
= T Lo
) o i
X 08 " 0" :3_
: / ;
£ o =328, 0, 10082 cm? sec Q
g e 2
8 / T:1361% ¥ ;%
ot e { 9
y il 2
1 A n 2 300
0 10 20 0 40 50 60 70 &

Reaction Time, t (Min)

Fig. 10. Experimental and calculated time-conversion curve indicoting
close agreement.

sample in which micropores and macropores coexist. In
addition, from the work of Turkdogan et al. (1970), the
pore shape of the various types of carbons cannot be as-
sumed as a uniform cylinder but has an irregular shape.

Moreover, the calculated value of mean pore radius is an

overall average pore size and does not indicate the pore
size distribution within the solid particle. Nevertheless, it
appears that the major part of the diffusion process takes
place in macropores (Satterfield et al.,, 1963, 1970).

DISCUSSION AND COMPARISON OF RESULTS

In Figure 9, observed fractional reaction rates (dX/dt)
were plotted vs. overall solid conversion X. By superim-
posing the experimental data on Figure 2, the value of
¢vo can be estimated from the curve which fitted the data.

TABLE 3. MEASURED SURFACE AREA, CALCULATED PorosiTy, AND CALCULATED MEAN PORE RADIUS OF SOLID PARTIC LE

f

Porosity, e 0.510 0.556
Specific surface area, 8 (m?/g) 395 389
Bulk density of solid particle,

po (g/cm3) 1.060 0.988
Void volume of solid particle,

Vy (cm3/g) 0.481 0.563
Mean pore radius,

r=2V,/S (&) 24.4° 28.9

23.4%C

] 30%C 40%C
0.591 0.635 0.553 0.590
358 169 490 559
0.930 0.857 0.941 0.831
0.635 0.741 0.588 0.710
35.5 87.5 24.0° 25.4°

© These properties are for the unreacted particles. The values marked ‘¢’ show that the initial mean pore sizes, and hence the internal pore struc-

tures, are the same regardless of the carbon content.
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Fig. 11. Arrhenius plot of the observed reaction rate at 20% carbon
conversion showing that at high temperature the intraparticle diffu-
sion tends to affect the overall reaction rate.

The value of ¢y, from the best fitted curve and the value
of ¢y calculated directly from the experimental data are
shown in Table 4. The good agreement between these

TABLE 4. CALCULATED ¢yo AND CALCULATED ky (OR KST')
FROM THE EXPERIMENTAL DATA AND THE ¢y OBTAINED
FROM THE BEstT CURVE FIT

Initial
solid
conc.
Diam. of Cso ky = KST' Calcu- Curve
particle, (g-mole/ (1/g-mole lated fit
Run No. d(cm) cm3) min) $vot Pvo
&) 1* 1.927 0.0207 0.656 1.62 1.0
I3 8* 1.915 0.0207 0.064 0.52 ~0.0
g 9*° 1.873 0.0207 0.157 0.81 1.0
a4 10 1.157 0.0207 5.2 2.55 2.5
o 14 1.285 0.0277 52 3.28 35
x 30 2.532 0.0276 4.6 6.08 6.5
S 18 1913 0.0276 0.251 1.18 1.0
S 19° 1.229 0.0278 0.890 1.38 ~0.0
O g1e 1271 00237 0826 127  ~00
¥ 922° 1142 00234 0235 062  ~00
8' 23 1.849 0.0236 5.2 4.35 4.0

® Runs at Jow temperature, kv calculated from experimental data.
t ¢vo = R(kvCso/Dea)}V/?, with Dea/Dra = 0.045.
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the intrinsic reaction rate at 20% carbon conversion.

values of ¢y is an indication that the proposed model is
applicable in the present reaction system. The values of
ko for high temperatures can be read from Figure 6 by
extrapolation and are also listed in Table 4.

Further evidence to substantiate the model can be found
from the plots of conversion X vs. time ¢ shown in Figure
10. The points represent the experimental data. The curve
passing through the points is calculated from the following
equation with ¢, = 3.8 and k, = 5.2 (I/g-mole - min).
The X — t equation is derived from the definition of the
effectiveness factor based on the model. It is an implicit
equation having the form

In {(cosh ¢vo) (dvo — tanh ¢uo)}
—In {(cosh M) (M — tanh M)} = (3/2)k,Cso *t (15)

As can be seen from Figure 10, the experimental results
agree closely with that predicted by the volume reaction
model. In Figure 10, the broken lines are the temperatures
of the solid particle measured at center and near the sur-
face by two small thermocouples which indicate that an
isothermal condition prevailed.

If the observed fractional rate (dX/dt) is plotted vs.
1/T at 209% conversion from 1160° to 1365°K as shown
in Figure 11, a straight line can be drawn through the
points in the low-temperature region leaving the points at
high-temperature region below the straight line. This is
expected because the intraparticle diffusion significantly
affects the overall reaction rate at high temperature. This
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henomenon has been discussed by many investigators
(Wicke, 1955).

The effectiveness factor », can be used to interpret the
extent of the intraparticle diffusion effect over the true
chemical reaction rate. From Figure 1, the effectiveness
factor can be estimated for each run shown in Figure 11
at 209 conversion based on the calculated value of ¢y
from Table 4. When we use the effectiveness factor, the
observed fractional rate can be converted into the intrinsic
chemical reaction rate. The plot of those intrinsic fractional
rate vs. 1/T is shown in Figure 12, indicating a straight
line passing through all the points. The activation energy
can then be estimated to be about 69 Kcal/g-mole.

NOTATION
Ca

Il

molar concentration of gaseous reactant within the
solid particle, C4o in bulk phase (mole/L?)
Ca/Cao (—)

molar concentration of solid reactant, Cs, initial
concentration (mole/L3)

Cs/Cso (=)

effective diffusivity of gas, De4 for gaseous reac-
tant A (L2/6)

molecular diffusivity of gas, Dys for gaseous reac-
tant A (L2/6)

activation energy of reaction rate constant k, (H/
mole)

volumetric reaction rate constant [L3(m+n—1)/
moletm+r=1 g7

Arrhenius type of rate constant (L3M/mole 4)
¢vo(1 — X)*%, modified Thiele modulus (—)
order of reaction for solid reactant and gaseous
reactant, respectively (—)

distance from the center of the sphere (L)

mean pore radius (L)

characteristic diameter of solid particle, or the
radius of the solid sphere (L)

specific surface area of carbon (L2/M)

time (4)

temperature (T)

weight of carbon in the solid particle (M)

initial weight of carbon in the solid particle (M)
mole fraction of gaseous reactant A (—)

overall fractional conversion of solid reactant (—)
effectiveness factor (—)

/R (—)

R{k,Cqo/D.) ¥, initial Thiele modulus (—)
number of the active sites per unit surface area of
the solid reactant (#/L2)

Ca*
Cs

1!

Cs*

SRS
] | I VR |

il

1l

i
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Through the statement of the vectorial form of the Ergun equation,
combined with a differential component balance, a formulation was de-
veloped describing the velocity fields and reactant concentration profiles
in an isothermal packed-bed reactor in which the gas flow is nonuniform.
This flow maldistribution was caused by both the preferential flow near
the wall, inherent in most systems, and by the deliberate arrangement of
the solid packing in the bed. The numerical solution of the governing
equations showed that a nonuniform flow field had a very strong effect in
distorting the concentration isopleths, particularly at intermediate conver-

sion levels.

SCOPE

The quantitative understanding of the effect of non-
uniform gas flow on the performance of packed-bed reac-
tors is a problem of considerable practical importance in
chemical reaction engineering. It has been suggested that
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Materials Science and Engineering. Massachusetts Institute of Technol-
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hot spot formation and temperature excursions may well
be associated with or are the direct consequence of non-
uniform flow. In recent years, numerous theoretical studies
have been made of nonuniform flow in packed-bed reac-
tors (Radestock and Jeschar, 1969, 1970, 1971a, 1971b;
Stanek and Szekely, 1972, 1973, 1974), and more re-
cently direct experimental proof has been provided con-
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