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ABSTRACT
In a fluidized bed of magnetically susceptible particles, the presence of a magnetic field
induces the formation of particle chains due to interparticle magnetic forces. The resulting effect
is a change in the overall spatial distribution of the particles, transitioning from a random,
isotropic distribution to an ordered, anisotropic distribution. For a magnetic field with the same
direction as the superficial fluid velocity, the resulting structures offer less resistance to flow,
resulting in a decrease of the effective drag coefficient. Thus the bed is less expanded and has
lower voidage in the presence of the magnetic field, at a given fluid superficial velocity.
The effect of particle chaining in the particle drag in a liquid-solid fluidized bed is studied
in a laboratory-scale fluidization unit. Experimental data is collected on voidage and pressure
drop for particle Reynolds number between 75 and 190, and for particle chain separation force
to buoyancy force ratio between 0 and 0.58. A two-parameter equation for the reduction in drag
coefficient with respect to the hydrodynamic and magnetic operating conditions in the bed is
obtained. It shows very good agreement with the experimental data.
This equation for correcting the drag coefficient is tested in a 3-D Computational Fluid
Dynamics-Discrete Particle Method (CFD-DPM) simulation code, replicating the conditions as
the experiments performed. Without the use of any correction in the drag coefficient, the
simulation code overestimates the bed expansion by as much as 70%. When the drag
coefficient is corrected using the equation here obtained, this error remains below 10%.
INTRODUCTION
There are two types of magnetic forces that can act on magnetically susceptible
particles. One is the external magnetic force present only if the particle is in a non-uniform
magnetic field. The other force is the interparticle magnetic force (IMF), which is a dipole-dipole
interaction between two particles, and it is present regardless of the field uniformity. The IMF is
responsible for the formation of chains and clusters of the magnetically susceptible particles
(Figure 1). In conventional fluidization, the particles are randomly distributed (isotropic
arrangement). On the other hand, the particles in a MSFB present certain degree of structure
(non-isotropic arrangement). The space in-between chains favors channeling of the fluid
through the bed.
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Figure 1. Left: Particle chain formation in a liquid-solid magnetically assisted
fluidized bed (MAFB) due to interparticle magnetic forces. Right: AZTECA CFDDPM simulation (Pinto-Espinoza, 2002). In both pictures, only the black particles
are magnetically susceptible.

The presence of such structures alters the behavior of the bed, since directly affects the
fluid-particle interaction (Cruz-Fierro, 2005). Simulation based on the continuous fluid dynamics
– discrete particle method (CFD-DPM) is a promising tool for studying these structures.

MATERIALS AND METHODS
Experimental data is obtained using a rectangular fluidized bed. The zone available for
fluidization is 0.10 m wide, 0.05 m thick, and approx. 0.40 m high. The bed is open to the
atmosphere at the top to provide a constant-pressure surface. The uniform magnetic field (up to
15.3 mT) is generated by a single coil made of 6 gauge copper wire. Pressure is measured with
a pressure transducer (± 1.0 PSI) attached to a probe that can be moved vertically to any
desired location within the bed. Fluidized particles are calcium-alginate composite beads with
ferrite powder ( d P = 2.63 mm, ρ = 1181 kg/m³, χ P = 0.261).
The experimental conditions were replicated using Particle-X, a proprietary code for 3D
CFD-DPM (Computational Fluid Dynamics-Discrete Particle Method) and visualized (Figure 2)
using Bolitas 2 (Cruz-Fierro et al., 2005). The simulation domain is discretized in rectangular
fluid cells. Fluid velocity and pressure are solved using Semi-Implicit Method for PressureLinked Equations (SIMPLE), with first-order up-wind differencing scheme, whereas particle
equations of motion are integrated using second-order Adams-Bashforth method (explicit multistep), with time step required for collisions in the order of 10–4 s.
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Figure 2. Particle-X simulation sample, 64,000 particles, case 8 LPM-60 A.
Left: Full column view. Right: Close up at the top of the bed. Particles colored
by their ID number.
RESULTS
Pressure drop data was collected at 7 different flow rates between 4 and 14 LPM
(superficial velocity between 0.013 and 0.048 m/s) and 6 different magnetic field strengths (from
1.3 to 15.3 mT). A macroscopic momentum balance allows calculation of the average voidage
from the slope of the dynamic pressure data. The drag coefficient was then calculated to match
the experimental voidage and particle Reynolds number for each experiment. The drag
correction factor ) is defined as the ratio of the drag coefficient of a sphere C D0 at a given field
strength B0 to the drag coefficient at zero field.

)≡

C D0
C D0

B0

B0 =0

The explanatory variables in this study are the particle Reynolds number Re P and the
chain strength parameter # , which is the ratio of the maximum interparticle attractive force and
the buoyant weight of the particle

Re P =

ρ (u 0 / ε ) d P
µ

#=

FIM ,max

(ρP − ρ F ) gVP

where FIM ,max

6µ 0 m 2
=
4πd P 4

Statistical evidence of the effect of Reynolds number was inconclusive, thus the model
was reduced to include only the effect of magnetic field. The experimental data is successfully
represented by the two-parameter equation

)=1− 0.56#0.62
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The simulations were repeated incorporating the equation for drag correction in the
simulation code. The bed height from simulation, with and without drag correction, is plotted
against experimental bed height in Figure 3.
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Figure 3. Agreement between prediction and experiment. Left: Drag correction
from model versus drag correction from experiment. Right: Simulation bed
height (with and without correction) versus experimental bed height.

DISCUSSION
The hydrodynamic behavior of a liquid-solid magnetofluidized bed has been studied
through measurement of the change in drag coefficient due to particle chaining. The
experimental data has been reduced to a two-parameter equation, which successfully describes
the reduction in drag coefficient within the range 75 < Re P < 190 and 0 < # < 0.58.
Incorporation of the drag coefficient in the newly developed CFD-DPM code “Particle-X”
reduces the error (overestimate) in bed expansion from up to 70% to or below 10%.
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