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Abstract: A comprehensive single particle model which
includes the mesoscale and microscale models was developed
to study the influence of particle diameter on mass and heat
transfer occurring within a ferrite catalyst during the oxidative
dehydrogenation of butene to butadiene process. The verified
model can be used to investigate the influence of catalyst
diameter on the flow distribution inside the particle. The
simulation results demonstrate that the mass fraction gradients
of all species, temperature gradient and pressure gradient
increase with the increase of the particle diameter. It means
that there is a high intraparticle transfer resistance and strong
diffusion when applying the large catalysts. The external
particle mass transfer resistance is nearly constant under
different particle diameters so that the effect of particle
diameter at external diffusion can be ignored. A large particle
diameter can lead to a high surface temperature, which
indicates the external heat transfer resistance. Moreover, the
selectivity of reaction may be changed with a variety of
particle diameters so that choosing appropriate particle size can
enhance the production of butadiene and optimize the reaction
process.
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oxidative dehydrogenation of butene to

he requirement of butadiene has increased recently

because it is an important raw material for manufac-
turing a large number of chemical products in the petro-
chemical industries'". Although the production of butadi-
ene primarily depends on the extraction of butadiene from
crude C4 stream, establishing as additional cracking unit
of naphtha cannot meet the rising demand due to the fact
that other basic fractions are excessively produced'”. The
oxidative dehydrogenation of butene has attracted much
attention as a promising process to produce butadiene. A
great number of catalysts such as vanadium-containing

Received 2015-01-05.

Biography: Huang Kai (1973—), male, doctor, associate professor,
huangk@ seu. edu. cn.

Foundation items: The National Science Foundation of China ( No.
21576049, 21576050), the Fundamental Research Funds for the Central
Universities (No. 2242014K10025).

Citation: Huang Kai, Lin Sheng, Zhou Jiancheng. Numerical simula-
tion of diffusion process for oxidative dehydrogenation of butene to buta-
diene[ J]. Journal of Southeast University ( English Edition), 2015, 31
(4):572 —576. [doi: 10.3969/j. issn. 1003 —7985.2015. 04.024]

catalyst', ferrite-type catalyst'*’, Bi-Mo based cata-
lyst'"!, and Octahedral Molecular Sieves catalyst'” have
been investigated for this reaction system. As Zinc ferrite
is the most efficient catalyst, it has been widely employed
by researchers'® .

It is well known that diffusion exists within the catalyst
particle. Zinc ferrite and its kinetics have been widely
studied for the oxidative dehydrogenation of butene to bu-
tadiene, but to the best of our knowledge, no paper re-
ports the influence of the catalyst particle diameter on par-
ticle mass and heat transfers'®. Therefore, a model
should be developed to study the effect of the diameter.

In this work, a comprehensive single particle model,
containing the mass, energy, and momentum balances as
well as the gas-state equations, kinetic equations, and
multicomponent diffusion equations, is developed to ana-
lyze the process of ODOBTB. The single particle model
is a multiscale model, which can study the diffusion on
the mesoscale and microscale. In addition, the multiscale
model can compute the distribution of pressure, species
fractions, and temperature so that the influence of particle
size to particle transfer can be achieved.

1 Single Particle Model and Solution Derivation

1.1 Modeling of particle mass and heat transfer

A comprehensive single particle model contains the
energy, and momentum balances as well as the
gas-state equations, kinetic equations, and multicompo-
nent diffusion equations'”’. After modeling, three as-
sumptions have been accepted: 1) The Zinc ferrite cata-
lyst is regarded as a spherical particle; 2) The deforma-
tion of particle can be ignored; and 3) All particle param-
eters vary with the radial position only. Thus, the follow-
ing model equations can be obtained.
Total mass balance in a particle:
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Momentum balance in a particle:
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Component material balance in a particle:
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Heat balance in a particle:
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where ¢ is the catalyst porosity; p, is the mixture gas den-
sity, kg/m’; p,, is the real catalyst density, kg/m’; p, is
the i-th component density, kg/m’; P is the pressure,
kPa; 7 is the curvature factor; d, is the catalyst pore di-
ameter, m; v, is the gas velocity at the particle’s outer
surface, m/s; r is the catalyst particle radial coordinate,
m; Y, is the mass fraction of the i-th component; j, , is the
mass diffusion flux, kg/(m’® - s); S . i1s the mass source
of the i-th component of the single model, kg/(m’ - s);
C, .. is the mass heat capacity of the catalyst, kJ/ (kg -
K); C,, is the mass heat capacity of the i-th component,
kJ/(kg - K); Q, is the heat flux, J/(m’ - s); T is the
temperature, K; S is the heat source of the single model,
J/(m’ - s). The above parameters can be calculated via

the next boundary conditions;

When r=0,
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where k; , is the mass transfer coefficient, W/ (s + K);

h; , is the heat transfer coefficient, W/( m’ - K), and
they can be computed via the next equations;
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where d, is the catalyst average diameter, m; Sk, is the
Sherwood number of the i-th component; Sc is the
Schmidt number; Pr is the Prandtl number; Re is the

Reynolds number; f is the fanning coefficient; w is the
mixture fluid viscosity, Pa/s; u is the apparent gas veloc-
ity, m/s.

1.2 Reaction Kkinetics

A kinetics model derived by Ding et al. "*’ is used to
describe the ODOBTB process based on the Mars-van
Krevelen mechanism. The kinetics equations are shown as
follows :
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r,, r, and r; represent the reaction rates of the chemical
equations for Egs. (14) to (16), respectively. More de-
tails about kinetics parameters are listed in Tab. 1",

Tab.1 Kinetic parameters for kinetic model

Reactions A; E,/(kI-mol™") AH./(kJ-mol™")
1 1.148 6 x 10" 1.398 39 x 10° -128.1
2 2.378 x 10° 8.708 54 x 10* -2552.6
3 2.378 x 10° 8.708 54 x 10* -2394.5

1.3 Solution derivation

The above equations are discretized by the orthogonal
collocation method and then the equations can be conver-
ted into a set of differential equations. The ODE23S
function in the Matlab soft is utilized to compute these
differential equations. The model solution and the rela-
tionship of the sub-model are shown in Fig. 1. All the
simulations are performed on a workstation with four

Kinetic model Single particle model

|
i
: |
i [ :
| - H
:lMass sources and heat source Iﬂ:(>| I Momentum balance equation | :
| | | H
_____________________________ - 3 :
| 5 : H
i | Species balance equation | !
Output i I
— O i
: i
i —— _'

Fig.1 The whole flow-sheet for solving the single model
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4.10 GHz Pentium CPUs and 8 GB memory. Modeling
with 3, 4, 6, 8, and 10 points are first executed to con-
firm whether the results are dependent on the number of
collocation points or not. The result is that four points
can obtain adequately accurate results. Consequently, the
simulations are based on four collocation points. The pa-
rameters of simulation are listed in Tab.2"™"'.

Tab.2 The parameters for the model

Parameters Value
Bulk pressure/kPa 100
Bulk temperature/K 593
Catalyst density/ (kg + m %) 1919
Particle conductivity/ (W - (m - K) 1) 0.251 4
Particle heat capacity 1580
Particle porosity 0.35

Y(C,Hy): ¥(0,): Y(H,0) 0.161:0.080 5:0.758 5

Curvature factor 4
Average pore diameter/nm 16.5
Gas velocity/(m - s ") 0.033

2 Results and Discussion

2.1 Model validation

In order to validate the model, the effectiveness factor
between the simulation and experiment are compared
based on the butene reaction ( reaction steps ( 14) and
(15)). The effectiveness factor 5 can be calculated by

_ Actual rate of reaction
n= Rate of reaction with surface condition

(18)

As shown in Fig.2, the experimental data and simula-
ted data are similar, indicating that the model is valid.
Therefore, the model can effectively predict the effect of
particle diameter to diffusion.

1.0
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Fig.2 The comparison between simulation result and experi-
mental data

2.2 Effect of particle diameter to particle transfer

The single model was validated in the above section.
Thus, it can be used to study the distribution of pressure,
species concentration, and temperature along a radial di-
rection when changing particle diameter.

2.2.1
Fig. 3 depicts that the species concentration gradient in-
creases with the increase of the catalyst diameter. When

Distribution of species concentration
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Fig.3 Effect of the particle diameter on the intraparticle spe-
cies mass fraction along the radial direction
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d, <0.5 mm, the gradient can be ignored, which shows
the intraparticle mass transfer resistance can be considered
to be zero. According to the component material balance
in a particle (see Eq. (3) ), the mass fractions of species
are primarily determined via the mass source term S, and
the mass diffusion flux j, .. It is found that S, and j, , have
negative and positive effects on the C,H; mass fraction.
The mass transfer resistance increases when using a large
catalyst and it is more difficult for butene to transfer into
the particle, which causes a more obvious intraparticle
fraction gradient. The mass fraction of every species at
surface is similar with different catalyst diameters, which
means that the external mass transfer resistance is hardly
related to particle size. A high Re leads to a great k, , on
the basis of Eq. (10). Besides, k, , varies inversely with
the catalyst diameter according to Eq. (7). Therefore,
the catalyst diameter has no effect on k; ,, namely the ex-
ternal mass transfer resistance. Furthermore, the changing
degree of the species gradient is different with the varying
particle size in Fig. 3. For example, when the catalyst di-
ameter increases from 0.5 to 2.5 mm, the mass fraction
of butadiene increases from 6. 65 x 10 *to 1.48 x 1072,
while carbon dioxide increases from 1.93 x 10~ to 4. 51
x 10 7*. The changing of butadiene is larger than that of
carbon dioxide with varying catalyst size. It reveals that
the effect of the particle diameter is also related to the se-
lectivity of ODOBTB reaction.
2.2.2 Distribution of temperature

Fig. 4 describes the changing of the intraparticle tem-
perature with the particle size. Inside the catalyst, a low
Q, and a high § together cause a high temperature, which
implies that the heat transfer resistance increases with the
increase of particle size. In addition, the surface tempera-
ture increases with the increase of diameter because 7,
decreases with the increase of particle size.
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Fig.4 Effect of particle diameter on the intraparticle tempera-
ture along the radial direction

2.2.3 Distribution of pressure

Fig. 5 shows the pressure distribution profiles within the
particle along the radial direction at different particle di-
ameters. Under the steady state condition, an ideal gas
law is derived as
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Fig.5 Effect of particle diameter on the intraparticle pressure
along the radial direction

According to Eq. (19), the trend of pressure, temper-
ature, and species concentration should be coincident be-
cause op is a linear function of both or and M There-

ar ar ar
fore, the pressure distribution profiles are similar to those
profiles in Figs. 3 and 4.

3 Conclusions

Based on the equations of transfer process, the gas-
state equations, kinetic equations and multicomponent
diffusion equations, a comprehensive single particle mod-
el is established to study the effect of particle diameter on
mass and heat transfer occurring within a ferrite catalyst
during the ODOBTB reaction process. The simulation
demonstrates that the mass fraction gradients of all spe-
cies, temperature gradient and pressure gradient increase
with the increase in the particle diameter.
gives new insights into the ODOBTB reaction process.
The advanced model can describe the effect of particle di-
ameter after model validation and the conclusions are lis-
ted as follows:

1) With the increase in the particle diameter, all spe-

This paper

cies mass fractions gradient, temperature gradient, and
pressure gradient increase, which indicates that the trans-
fer resistance increases and an obvious diffusion phenom-
enon exists with a large particle size.

2) Since the mass transfer coefficient k, , is a constant,
the particle diameter hardly affects external mass transfer
resistance. When using a smaller catalyst, the external
surface temperature of the particle decreases, suggesting
the decrease of external heat transfer resistance.

3) The particle diameter is also related to the selectivity
of the ODOBTB reaction. It is of great significance to
choose appropriate particle size for enhancing the produc-
tion of butadiene and optimization of the reaction process.
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