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Introduction

Intraparticle molecule diffusion and heat transfer should be
involved in gas–solid multi-phase catalytic reactors because
reactions occur at the active sites of catalyst particles [1]. A
multi-scale structure (i.e., single catalyst particles, particle
clusters/bubbles, and reactor scale) and multi-scale phenomenon
(i.e., hydrodynamics, heat and mass transfer, and catalytic reaction
kinetics) exist in this reaction process [2]. Therefore, these factors
should be considered when gas–solid catalytic reaction occurs in a
reactor.

The multi-scale phenomenon in reactors has recently attracted
much attention [1], and various teams have developed multi-scale
reactor models to describe the multi-scale phenomenon in gas–
solid multi-phase catalytic reactors. Li et al. [3] developed the
energy minimization multi-scale (EMMS) model for particle-fluid
flow in gas–solid fluidized bed reactors (FBRs). The EMMS model
was subsequently modified as an analytical multi-scale method to
elucidate its principles [4–6]. Wang et al. [7,8] suggested a multi-
scale CFD model to describe the gas–solid flows in FBRs for FCC.
Yang et al. [9] constructed a multi-scale model that considered the
heat transfer, mass transfer, momentum transfer, and fluid flow

with reactions at different spatiotemporal scales for the riser
reactor of secondary reactions of fluid catalytic cracking gasoline.
Dompazis et al. [10] developed a comprehensive multi-scale,
multi-phase, and multi-compartment dynamic model to analyze
the extent of particle segregation in the catalysis in gas-phase
ethylene-propylene copolymerization FBRs. Andersson et al. [11]
presented a multi-scale simulation method for modeling disper-
sions in a novel multiphase reactor, which is a continuous reactor
that consists of repeated identical small mixing elements. Ghouse
et al. [12] developed a multi-scale, dynamic, two-dimensional, and
heterogeneous model for catalytic methane reforming. Chen et al.
[13] developed a multi-scale CFD model based on a direct
concurrent multi-scale approach. This technique incorporates a
single particle model (SPM) and a two-phase CFD model to predict
the effects of intraparticle transfer in the flow field and main
composition distributions of a catalytic reaction that converts
methanol to olefins in an FBR. Based on a similar approach, Zhu
et al. [14] developed a multi-scale CFD model to describe the flow
behavior and catalytic hydrogenation of dimethyl oxalate in an
FBR. To model fixed-bed thermo-chemical processes of biomass as
a multi-scale problem, Anca-Couce et al. [15] presented a multi-
scale model considering the molecule, particle, and reactor levels.
A framework for a multi-scale model for dynamic fixed-bed/
moving-bed thermo-chemical conversion processes and the
respective numerical solution method were introduced in their
work. However, this model was not built based on the CFD
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A B S T R A C T

Ferrite catalysts with high intraparticle pore volume and surface area are frequently used in the

oxidative dehydrogenation of butylene. Whether the non-inclusion of intraparticle transfer limitation in

fixed-bed reactors for oxidative dehydrogenation over ferrite catalysts in previous studies is appropriate

remains unclear. In this study, we attempt to verify this process using a multi-scale modeling

technology. The multi-scale model consists of a porous medium model and a single particle model under

the oxidative dehydrogenation condition. This model can predict the influences of intraparticle transfer

on the main component distributions in reactors and demonstrate that the intraparticle transfer

limitation is obvious.

� 2015 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

* Corresponding authors. Tel.: +86 25 52090623; fax: +86 21 54745602.

E-mail addresses: huangk@seu.edu.cn (K. Huang), luozh@sjtu.edu.cn (Z. Luo).

Contents lists available at ScienceDirect

Journal of Industrial and Engineering Chemistry

jou r n al h o mep ag e: w ww .e lsev ier . co m / loc ate / j iec

http://dx.doi.org/10.1016/j.jiec.2015.04.001

1226-086X/� 2015 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiec.2015.04.001&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jiec.2015.04.001&domain=pdf
http://dx.doi.org/10.1016/j.jiec.2015.04.001
mailto:huangk@seu.edu.cn
mailto:luozh@sjtu.edu.cn
http://www.sciencedirect.com/science/journal/1226086X
www.elsevier.com/locate/jiec
http://dx.doi.org/10.1016/j.jiec.2015.04.001


approach. Most of the early multi-scale modeling efforts in this
field are practically multi-scale gas–solid two-phase FBRs [16].
Furthermore, to the best knowledge of our knowledge, no open
report has been published regarding the development of a multi-
scale CFD model for catalytic fixed-bed reactors.

Considered a typical example of a multi-scale fixed-bed reactor,
the fixed-bed reactor for the oxidative dehydrogenation of
butylene to butadiene (ODOBTB) is very important in the chemical
industry [17]. Ferrite catalysts with high intraparticle pore volume
and surface area are frequently used in the ODOBTB [18]. However,
the majority of previous studies on ODOBTB over ferrite catalysts
have focused on the oxidative dehydrogenation mechanism and
kinetics. Few studies have examined the oxidative dehydrogena-
tion reactors, particularly the multi-scale flow and reaction
phenomenon in these reactors, which can be used to evaluate
more accurately the reactor performance. Xiang et al. [19]
developed a mathematical model for the dehydrogenation of
butylene into butadiene in an FBR. Elementary and secondary
reactions were incorporated in their model. Borio et al. [20]
established a dynamic mathematical model for the dehydrogena-
tion of butylene to butadiene in a fixed-bed reactor, which was
used to optimize reactor operation conditions and improve the
butadiene production rate. However, the catalyst intraparticle
transfer was ignored in their work.

In this study, a multi-scale model is applied to describe the
impacts of intraparticle transfer on the flow field and main
composition distributions in a fixed-bed reactor for the ODOBTB
over ferrite catalysts. This model uses a porous medium model
coupled with a spherical porous pellet model and reaction kinetic
model. Based on the multi-scale model, this simulation study

Nomenclature

Ai kinetic parameter of the ith step,

mol � kg(catalyst)�1 � h�1 � Pa�1

B permeability factor

Cpcat mass heat capacity of catalyst, kJ � kg�1 � K�1

Cpi mass heat capacity of i component, kJ � kg�1 � K�1

d0 catalyst average diameter, m

Di,eff effective diffusion coefficient of the ith component,

m2 � s�1

Dim Fick diffusion coefficient of the ith component,

m2 � s�1

Dik Knudsen diffusion coefficient of the ith component,

m2 � s�1

Eg total fluid energy, kg � m2 � s�2

Es total solid medium energy, kg � m2 � s�2

f Fanning coefficient

g gravitational acceleration, m2 � s�1

hi,g heat transfer coefficient, W � m�2 � K�1

Hi enthalpy of the ith component, kJ � kg�1

hi species enthalpy of formation, kJ � kg�1

¯̄I identity matrix

Ji,r mass diffusion flux, kg � m2 � s�2

~Ji diffusion flux of species i, kg � m2 � s�2

ki,g mass transfer coefficient, m2 � s�1

ki intrinsic rate constant of the ith step based on species

mass fraction, mol � kg(catalyst)�1 � h�1 � Pa�1

kf fluid phase thermal conductivity, W � s�1 � K�1

ks solid medium thermal conductivity, W � s�1 � K�1

keff effective thermal conductivity of the medium,

W � s�1 � K�1

M mixture fluid molar mass, kg � kmol�1

Mi molar mass of the ith component, kg � kmol�1

M0 mixture fluid molar mass at bulk, kg � kmol�1

Nr number of chemical species

p pressure, kPa

Pr Prandtl number

Qr heat flux, J � m�2 � s�1

r0 catalyst particle radius, m

ri reaction rate of the ith step, mol � kg(catalyst)�1 � h�1

R ideal gas constant, kJ � kmol � K�1

Re Reynolds number

Rei Reynolds number of the ith component

Ri reaction rate, kg � m�3 � s�1

Shi Sherwood number of the ith component

Sc Schmidt number

S̄i mass source of the ith component of single model,

kg � m�3 � s�1

S heat source of single model, J � m�3 � s�1

s surface conditions
~S source term for the momentum equation,

kg � m�3 � s�1

Sh
f fluid enthalpy source term, J � m�3 � s�1

T temperature, K

Ts temperature at particle outer surface, K

u apparent gas velocity, m � s�1

~v gas velocity vector, m � s�1

~vT
transpose of velocity vector, m � s�1

v=i;r stoichiometric coefficient for reactant i in the rth

reaction

v==i;r stoichiometric coefficient for product i in the rth

reaction

h=i;r rate exponent for reactant species j in the rth

reaction

h==i;r rate exponent for product species j in the rth

reaction

vs
r gas velocity at particle outer surface, m � s�1

Yi mass fraction of the ith component

Ys
i mass fraction of the ith component at the particle

outer surface

Yi,0 mass fraction of the ith component at bulk

e catalyst porosity

rg mixture gas density, kg � m�3

r0 mixture fluid density at bulk, kg � m�3

rcat real catalyst density, kg � m�3

ri the ith component density, kg � m�3

m mixture fluid viscosity, Pa � s�1

ð
P

v Þi diffusion volume of the ith component, cm3 � mol�1

l thermal conductivity, W � s�1 � K�1

li thermal conductivity coefficient of the ith compo-

nent, W � s�1 � K�1

h effectiveness factor of the ith step

f medium porosity

t curvature factor
¯̄t shear stress of gas phase, Pa

Nui Nusselt number of the ith component
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