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Flow behavior of solid phases is simulated by means of DEM-CFD in a liquid–solid fluidized bed with magne-
tization of preliminarily fluidized bed mode (LAST) along a transverse uniform magnetic field. By changing
the magnetic field strength, the distribution of particles is studied within the bed. The distributions of velocity
and volume fraction of particles are analyzed at the different magnetic field intensities. When the magnetic
field strength is increased to a value at which the fluidization of strings starts, the particles are found to
form straight-chain aggregates along the direction of themagnetic field. At very highmagnetic field strengths,
the densification of particles is observed, and the liquid channels are forming between the magnetic chains.
Simulations indicate that the granular temperature of particles decreases with the increase of magnetic-flux
density. The drag force is determined at each particle at the low magnetic field. With an increase of magnetic
field strength, magnetic force becomes main force among particles.

© 2013 The Authors. Published by Elsevier B.V. All rights reserved.

1. Introduction

The application of an external magnetic field on a ferromagnetic
particle bed significantly changes its fluidization behavior. The appli-
cation of a magnetic field to beds of ferromagnetic particles induces
cohesive forces between them and imposes anisotropy in their ar-
rangement along the field lines [1]. The influence of an external field
depends both on the intensity and on the orientation of the field
lines [2]. Magnetic can be used either as stirring promoter or as stabi-
lization generator. Magnetic fluidized beds (MFB) of magnetically sus-
ceptible particles are considered as one of the technologies developed
to eliminate the drawbacks of fluidized beds. Imposing a magnetic
field on a bed of magnetizable particles could suppress or delay bub-
bling of these particles. The MFB deals with two basic magnetization
modes: Magnetization FIRST (preliminary magnetization of fixed
bed and consequent fluidization) and Magnetization LAST (magneti-
zation of preliminarily fluidized beds). Penchev and Hristov investi-
gated that two main effects can be obtained by applying an external
magnetic field transverse to the gas flow, which are the minimum flu-
idization velocity increasing in proportion to magnetic field intensity
and the bed expanding greatly before the onset of fluidization [1].
Rosensweig postulates that the magnetic stabilization is possible in

an axial field only. This conclusion was derived on the basis of the lin-
ear theory of stability, and corresponds to the experimental results
obtained in axial fields [3]. Hristov obtained results that show that sta-
bilized beds can be created under different orientations of homoge-
neous magnetic fields [2]. Under a transverse magnetic field, the slug
outbreak was postponed, and the outbreak intensity was also reduced
[4]. Thivel presented an investigation of the hydrodynamic behavior of
a gas–solid magnetically stabilized fluidized bed made up with a mix-
ture of ferromagnetic and glass particles and submitted to a uniform
magnetic field transverse to the gas flow. This work established that
it is possible to obtain an effect of magnetic stabilization on a mixture
of particles with a transverse magnetic field [5]. Hamby and Liu indi-
cated that the magnetic stabilization was possible over a wide range
of gas velocities. The minimum fluidization velocity and the pressure
drop at minimum fluidization increase slightly with increasing field
intensity, possibly due to the occurrence of the field-induced particle
agglomeration. The transition velocity is greater in an axial field com-
pared with a transverse field, and it increases with increasing field
intensity [6]. Gros et al. studied liquid–solid fluidization subjected to
an external transverse electromagnetic field. Key parameters of the
bed (superficial velocity, pressure drop, porosity and particle move-
ment) were used to describe the influence of electromagnetic field
and mass fraction on fluidization and bed behavior, while changing
orientation fields do not produce any positive effect [7]. The stability
of the bed can be influenced by several factors, including liquid veloc-
ity, magnetic field strength, solid and liquid density, solid magnetic
susceptibility and solid particle size distributions [8].

Numerical simulation has evolved into a useful tool to obtain de-
tailed information about the flow phenomena in magnetic fluidized
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bed. Computational fluid dynamics (CFD) studies have become pop-
ular in the field of gas–solid two phase flow. The detailed information
about the local values of phase hold-ups and their spatial distribu-
tions, liquid phase flow patterns and the intermixing levels of the
individual phases are either difficult or impossible to obtain from
experiments. Such information can be useful in the understanding
of the transport phenomena in magnetic fluidized beds. However,
to date, the applications of two-fluid gas–solids models, discrete
element method (DEM) and direct numerical simulation are very
popular to predict flow behavior of particles. In the two-fluid model
(TFM) both the gas and solids phase are described as continuous
inter-penetrating fluids. Xiong et al. investigated particle–fluid fluidiza-
tion using TMF, and that numerical schemes and implementation de-
tails were described with emphasis on the drag force and the solids
stress [9]. Wang et al. studied flow behavior of gas and particles in a
2-D riser using improved TMF incorporated particle rotation using a
kinetic theory for rough spheres [10]. Wang et al. proposed revising
the EMMS model based on TMF to simulate fluctuation characteristics
of solid concentration in CFB risers [11]. Direct numerical simulation
(DNS) involves the numerical solution of the equations that govern
fluid flows. It is a research tool that provides us with an extremely
detailed description of the flow field. Xiong et al. observed distinct
particle-rich dense phase and gas-rich dilute phase with direct numer-
ical simulations of gas–solid suspensions [12]. Xiong et al. presented
DNS of gas–solid suspensions to observe multi-scale clustering of
particles, which gave quantitative support to the EMMS model for
heterogeneous multi-phase systems [13].

Eulerian–Lagrangian models describe the fluid flow using the
continuum equations, and the particulate phase flow is described
by tracking the motion of individual particles [14–16]. Discrete par-
ticle models (DPM) have been used for a wide range of applications
[17]. In a hard-sphere system [18], the trajectories of the particles
are determined by momentum-conserving binary collisions. The in-
teractions between particles are assumed to be pair-wise additive
and instantaneous. In the simulation, the collisions are processed
one by one according to the order in which the events occur. Note
that the possible occurrence of multiple collisions at the same in-
stant cannot be accounted for. At high particle number densities,
it will lead to a dramatical increase in collision number of particles.
In that case, like in the present case with agglomeration of particles,
the hard-sphere method becomes useless. The soft-sphere models
or discrete element method (DEM) allow for multiple particle over-
lap although the net contact force is obtained from the addition of
all pair-wise interactions. The coupling of the DEM with a finite vol-
ume description of the gas-phase based on the Navier–Stokes equa-
tions was first reported in the open literature by Tsuji et al. [19]
using soft-sphere model. Renzo et al. [20] predicted the layer inver-
sion by means of DEM-CFD in a liquid–solid fluidized bed. Definitely,
DEM-CFD may allow a more detailed study of the local particle flow
field, comparing with TMF and DNS, which is thought to be the mecha-
nism responsible for mixing of particles in the bed. As for magnetic
fluidized beds, the studies of trajectories of particles and interaction
between the magnetic particles and non-magnetic particles are critical
in predicting the flow behaviors of liquid–solid, therefore DEM-CFD is
the best selection to hydrodynamics simulation of magnetic fluidized
beds. However, detailed investigations of flow characteristics in mag-
netic liquid–solids fluidized bed are still lacking. In the present study,
the flow behavior of solid phases is simulated by means of DEM-CFD
in a liquid–solid fluidized bed with LAST mode along a transverse uni-
form magnetic field. The hydrodynamics of liquid–solid fluidized beds
with uniform magnetic field is simulated. By changing the magnetic
field strength, the distribution of particles is studied within the bed.
The distributions of velocity and volume fraction of particles are ana-
lyzed at the different magnetic field intensities. The distribution of
granular temperature of particles is analyzed with the increase of
magnetic-flux density in MFBs.

2. Eulerian–Lagrangian liquid–solid flow model

The DEM-CFD approach is relatively well documented in the liter-
ature [14–16,21], so here the salient features of the model equations
used will be summarized. Our DEM-CFD implementation uses a rather
standard coupled approach based on the particle-scale Discrete Ele-
ment Method for the solid phase [17] and a local average CFD approach
for the fluid phase [18,21]. To simplify, it is assumed that: (1) solids
phase consists of mono-sized particles with the same diameter and
density; and (2) both liquid phase and particles are assumed to be iso-
thermal without reactions.

2.1. Equation of motion for liquid phase

Generally in numerical simulation of two-fluid flow, the fluid phase
flow is solved by a locally averaged approximation of the continuity and
Navier–Stokes equations with an averaging scale of the order of the
computational cell. The equations of conservation of mass andmomen-
tum for liquid phase are:

∂ ρlεlð Þ
∂t þ∇⋅ ρlεlulð Þ ¼ 0 ð1Þ

∂ ρlεlulð Þ
∂t þ∇⋅ ρlεlululð Þ ¼ −εl∇P þ εl∇⋅τl þ εlρlg−Fpl ð2Þ

where g is the acceleration due to gravity, P is the liquid pressure, εl is
the liquid volume fraction, τl is the viscous stress tensor and ρi is the
density of liquid. The coupling term Fpl between particle phase and liq-
uid phase is estimated as the sumof the drag on each particlewithin the
corresponding fluid control volume. The stress tensor of liquid phase
can be represented as

τl ¼ μ l ∇ul þ ∇ulð ÞT
h i

−2
3
μ l ∇⋅ulð ÞI ð3Þ

where μl is the viscosity of liquid phase, and is equal to 1.0e-03 Pa s.

2.2. Equation of motion for a particle

Spherical particles of uniform size are investigated in the present
work. The particles are tracked individually based on the Newton's
second law of motion. Each particle has two types of motion, transla-
tional and rotational motions. The motion of each individual particle
is governed by the laws of conservation of linear momentum and an-
gular momentum, expressed, for the i-particle, by

mi
dvi
dt

¼ −Vp∇P þmig þ fdi þ fmi þ∑N
j¼1 flj þ fcj þ Fmj

� �
ð4Þ

Ip
dωi

dt
¼ ∑N

j¼1Tpij ð5Þ

where mi and vi are the mass and velocity of a particle, and Vp is the
volume of a particle. Tp is the torque arising from the tangential compo-
nents of the contact force. Ip andω are the moment of inertia and angu-
lar velocity of a particle, respectively. The terms of the right-hand side of
Eq. (4) are the liquid pressure gradients, gravity, drag force exerted
from the fluid, virtual mass force, lubrication force, contact force and
magnetic force by the introducing external magnetic field, respectively.
These inter-particle forces and torques are summed over the N particles
in contactwith particle i. The contact force between particles is calculat-
ed based on the soft-particle method.

The liquid–solid interaction force, or drag force, is determined at
each particle. The drag force depends on not only the relative velocity
between the solid particle andfluid but also the presence of neighboring
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