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1. Introduction 

 

1.1 Fluidization 

 

 Fluidization is a contacting unit operation for where solid particles are 

suspended by an upward stream of fluid (liquid, gas, or both).  From a macroscopic 

point of view, the solid (dispersed) phase behaves as a fluid, hence the name of 

“fluidization”. 

 Fluidized beds usually show lower pressure drop and better fluid-particle 

heat/mass transfer compared to packed beds [8].  Gas-Solid systems can show 

different fluidization regimes, particularly the formation of bubbles (regions of much 

lower particulate content).  Liquid-Solid systems, on the other hand, are 

hydrodynamically more stable. 

 Fluidized beds have been successfully used in variety of applications [7], 

including 

 

• Mechanical classification of particles by size, density, or shape. 

• Washing or leaching of solid particles. 

• Seeded crystallization. 

• Adsorption and ion exchange. 

• Enhancement of electrolysis by fluidized particles. 

• Fluidized bed heat exchangers. 

• Heterogeneous catalytic reactions, especially oil cracking. 

• Fluidized bed bioreactors. 
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 The study of fluidized beds has greatly benefited from computer simulations of 

increasing levels of detail (see Figure 1).  One of the first models, often called “two-

fluid model”, considers the solid phase as a continuum-like fluid, interpenetrating the 

fluidizing continuous media.  It is the least computationally intensive model, requiring 

the simultaneous solution of coupled PDEs of mass and momentum conservation for 

each of the phases.  It does not provide information on the behavior of individual 

particles, although the effect of interaction forces between the particles can be 

included in the form of an elastic modulus [14].  In spite of its limitations, this is still 

the only type of model suitable for 3D simulations of large scale fluidized beds. 

 The next level of detail is continuous-semidiscrete, commonly known as CFD-

DPM model (Computational Fluid Dynamics – Discrete Particle Method).  In this model, 

each solid particle is individually described by equations of motion.  However, the 

effects of the particles over the fluid, represented by voidage and drag force, are 

averaged over each fluid cell, which needs to be large enough to have representative 

averages (usually containing at least 10 particles).  The flow field is then solved as a 

continuous phase, flowing through a porous region of voidage prescribed by the 

particles.  The advantage of accurate particle tracking is somewhat offset by the less-

accurate calculation of the flow field.  Nevertheless, the CFD-DPM model has yielded 

reasonably good results, qualitatively and quantitatively.  Current computational 

power allows for simulations up to ( )410O  or even ( )510O  particles, enough for 

simulating laboratory-scale fluidized beds. 

 A more accurate model is a continuous-discrete approach.  Here, the fluid flow 

is resolved in the actual space in between the particles.  The treatment of the solid 

phase, and its interaction with the fluid, is completely discrete.  The flow field is 

calculated in the void spaces between the particles.  As result, the computational 

mesh for the fluid phase contains many more cells, and needs to be reconstructed at 

each time step to accommodate the movement of the particles.  Due to this high 

computational requirement, it is still restricted to a very low number of particles, 

probably not exceeding ( )100O  or even as low as ( )10O . 
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TWO-CONTINUUM

Two interpenetrating fluids.  
No information on individual 
particles or structures formed.

Fluid 1
(fluid)

Fluid 2
(particles)

CONTINUUM-DISCRETE

Tracking of individual particles.  
Identity and structure lost 
when obtaining average void 
fraction for flow field 
calculation.

CONTINUUM-SEMIDISCRETE

Tracking of individual particles.  
Fluid flow resolved in space 
between particles.  True flow 
field obtained.

ε = 0 ε = 1

 

Figure 1.  Three levels of detail in simulation of particulate-fluid 
systems. 
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1.2 Magnetically stabilized fluidization 

 

 When the solid particles are magnetically susceptible, the behavior of the 

fluidized bed can be altered by means of an external magnetic field.  Some of the first 

studies of magnetically susceptible fluidized systems were related to the prevention 

(stabilization) of bubble formation in gas-solid systems [12, 13].   

 The most important effect of interparticle magnetic forces is the formation of 

chains and clusters of particles (see Figure 2).  The particles, magnetized in the 

direction of the field, attract each other.  There is a dynamic equilibrium between the 

chain-forming effect of interparticle magnetic forces, and the chain-breaking effect of 

collisions and fluid drag.  As result, the solid phase will usually consist of an ensemble 

of individual particles, chains, and even clusters of particles, depending on the local 

conditions of flow and magnetic field strength. 

 

     

Figure 2.  Chain formation in a magnetically stabilized fluidized bed.  In 
the absence of field (left) all particles are free and randomly distributed.  
When the field is applied (right) the magnetically susceptible particles 
form chains.  White, non-magnetic particles were added to enhance 
contrast. 
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 These structures have a tendency to remain aligned with the applied field.  As 

result, the particles in the chain or cluster will experience significantly different flow 

fields than the free, randomly distributed, particles in the absence of the field.  It has 

been observed that, under constant fluid flow, the bed height decreases with 

increasing magnetic field [9, 11, 15].  Within a given chain, the upstream particles 

“protect” the downstream particles from the influence of the incoming fluid.  The drag 

force exerted on these particles is, therefore, reduced.  Additionally, the space in-

between chains provide a path with less resistance for the fluid. The combined effect 

causes the bed to begin collapsing.  This, in turn, decreases the overall void fraction, 

thus increasing the fluid interstitial velocity until a new dynamic equilibrium is 

reached. 

 The CFD-DPM simulation tools currently available do not account for this effect 

of bed structure in the drag over particles.  This has been postulated as explanation 

for the discrepancies observed between experimental measurements of bed expansion 

and the corresponding simulations, under the presence of magnetic fields [11]. 

 

 

1.3. Hypothesis and objectives 

 

 The following working hypothesis is postulated as basis for this research work: 

 

“The effect of the particle structures formed in a magnetically 

stabilized fluidized bed can be accounted for if the drag coefficient of 

the different classes of structures is averaged based on the relative 

abundance of such structures, and further correlated with operating 

conditions such as flow strength (Reynolds number) and magnetic field 

intensity.” 
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 In order to test this hypothesis, the following objectives are proposed 

 

• Collect pressure drop and bed expansion data using a laboratory-scale 

magnetically assisted fluidized bed, under uniform magnetic field aligned with 

the main direction of the flow. 

• Develop a code for 3D simulation of the fluidized bed, using the continuous-

semidiscrete model. 

• Analyze the results of the simulation to obtain the population of structures 

(chains and/or clusters of particles). 

• Combine values of drag coefficient corresponding to the individual structures, 

using the structure population distribution, to obtain an average drag 

coefficient representative of the ensemble. 

• Confirm the validity of the average drag coefficient by comparing macroscopic 

parameters of the simulation with the experimental data. 

• Correlate the average drag coefficient with magnetic field strength and 

Reynolds number. 

 

 Successful completion of these objectives will yield significant insight on fluid-

particle interaction in the non-isotropic conditions of a magnetically assisted fluidized 

bed.  First, the simulation code developed will allow further research in this field, 

especially for conditions not readily available experimentally (such as low- and zero-

gravity applications).   Second, the correlation model obtained can be applied to 

continuum/semi-discrete and two-continuum modeling of fluidized beds. The outcome 

will constitute a substantial contribution to the field of particle-fluid flows. 
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2. Theoretical Background 

 

2.1. Governing equations for the continuous phase 

 

 The liquid phase is governed by conservation of mass and momentum.  For a 

fluid of constant density, the conservation of mass is expressed in the continuity 

equation, 

( ) 0
t

∂ε
+ ∇ ⋅ ε =

∂
u  (1) 

 For a fluid of constant density and Newtonian viscosity, the conservation of 

momentum is dictated by the Navier-Stokes equation, 

( ) ( ) ( )2 0fp
f

f f

P
t

∂ ε ε
+ ∇ ⋅ ε + ∇ − ν ∇ ε − ε + =

∂ ρ ρ

fu
uu u g  (2) 

where fpf  represents the force per unit volume exerted on the fluid by the solid 

phase. 

 

 The boundary conditions used for the solution of these equations are: 

 

• Inlet:  0xu = , ( )yu t = given, 0zu = , 1ε =  

• Outlet:  0xu = , 0yu = , 0yu
y

∂
=

∂
, 0zu = , 1ε = , 0P P=  

• Walls:  0xu = , 0yu = , 0zu = , 1ε = , 0P
x

∂
=

∂
, f
P g
y

∂
= −ρ

∂
, 0P
z

∂
=

∂
 

 

 



8 

2.2. Governing equations for the discrete phase 

 

 Newtonian physics governs the motion of each individual particle, through 

conservation of linear (Equation 3) and angular (Equation 4) momentum.  

Conservation of mass in the particulate phase is implicit in assuming that the particles 

neither gain nor lose mass, and that their count remains constant. 

i
P i
dm
dt

= ∑v F  (3) 

i
P i
dI
dt
ω

= ∑T  (4) 

 The initial conditions for the solution of these equations are: 

 

• ( )0ix  given, ( )0 0i =v . 

• ( )0 0iθ = , ( )0 0iω =  

 

 The forces acting on each particle can be divided in body forces, particle 

interaction forces, and fluid-particle interactions. 

 

2.2.1 Body forces 

 

 These include the gravitational force ,g iF  (Equation 5), the buoyancy force ,b iF  

(Equation 6), and the external magnetic force ,B iF  (Equation 7). 

,g i m=F g  (5) 

,b i P fV= − ρF g  (6) 

, 0B i i= ⋅∇F m B  (7) 

 In the case of uniform field, the external magnetic force is zero. 



9 

 

 

2.2.2. Particle interaction forces 

 

 Included in this category are particle-particle collisions, particle-wall collisions, 

and interparticle magnetic forces.  For collision forces, the particles are modeled with 

a linear soft-sphere model [1].  The force is resolved in a coordinate system with 

origin in the point of contact, a normal unit vector along the direction connecting the 

center of the two particles (or normal to the wall), and two tangential unit vectors. 

 Interparticle magnetic forces (Figure 3), which play a key role in the behavior 

of the bed, are modeled by adding the contributions from neighboring particles to the 

magnetic field and gradient at the location of each particle. 

 

B0

r

x

y

θ

1

2

Fθ

Fr

 

Figure 3.  Components of interparticle magnetic force for two dipoles 
in an external field.  The dipoles are not completely aligned with the 
field due to their interaction. 
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The magnetic field of each particle is approximated as ideal dipole.  In its more 

general form, the interparticle magnetic force is 

, ,IM i i dip j
j i≠

 
= ∇ ⋅ 

 
∑F m B  (8) 

 Since the dipole field and its gradient fall quickly with distance ( 3r−  and 4r− , 

respectively), usually only the neighboring particles within 2~3 pd  are included in the 

summation. 

 The particle dipole moment im  is proportional to the total field at the particle 

position, which is the superposition of the applied external field and the contributions 

of the neighboring particles. 

 

  

 

2.2.3. Fluid-particle interactions 

 

 The most important force exerted between fluid and particles is the drag force.  

It is usually expressed in terms of the dimensionless drag coefficient, defined as 

21
2

D

f A
≡

ρ −

F
u vDC  (10) 

where A  is a characteristic area, usually the particle cross sectional area, normal to 

the flow [5]. 

 For a single sphere in a uniform flow field, the drag coefficient is a function of 

the Reynolds number based on particle diameter, 

f p

f

dρ −
≡

µ

u v
PRe  (11) 
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 In the limiting case of very low Reynolds number (creeping or Stokes flow, 

PRe  < 1), the relation between drag coefficient and Reynolds number is 

24
=D

P

C
Re

 (12) 

 An empirical correlation presented by Dallavalle [4], reasonably accurate in the 

range up to PRe  = 2×105, is 

( )20.50.632 4.8 −= +D PC Re  (13) 

 DiFelice [6] proposed an equation for the drag coefficient applicable to 

fluidized and packed beds over the full practical range of PRe .  The drag coefficient is 

expressed as the product of the drag over a single particle subject to the same fluid 

superficial velocity, and a voidage function −βε , 

0
−β= εD DC C  (14) 

where 

( )21.5 log
3.7 0.65exp

2

 −
β = − − 

  

PRe
 (15) 

 Other fluid-particle interactions include 

 

• Virtual mass:  when the particle is accelerating with respect to the fluid, 

additional momentum is used in accelerate the fluid in front of the particle. 

• Lift forces:  resulting from pressure differentials induced by rotation of the 

particle. 

• Basset force:  produced by lagging boundary layer around accelerating or 

decelerating particles. 
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3. Research Strategy 

 

 A model for the drag force analogous to DiFelice’s will be used as first 

approximation in this research work, by replacing 0DC  with a suitable average value 

representative of the different structures present in the fluidized bed under magnetic 

field.  The drag coefficient of the individual structures can be obtained experimentally 

or from published data. 

 From the simulation results, the spatial arrangement of the particles can be 

statistically analyzed by radial distribution maps (demonstrated for a 2D case in 

Figure 4).  The region around a selected particle is divided in sectors of uniform r∆  

and ∆θ  (with 0 2≤ φ < π  for 3D cases) based on a spherical coordinate system 

centered at the particle and with polar axis aligned with the magnetic field.  For each 

neighboring particle, it is determined on which sector its center lies, and a counter is 

incremented for that sector. 
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Figure 4.  Construction of a radial distribution map.  The process is 
repeated for each particle in the frame (spatial-average) or for he same 
particle at different times (time-average). 
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 The process can be repeated superimposing the results of all the particles at a 

given instant (particle-average) or for the same particle at different time steps (time-

average).  The final counters are normalized to an interval [0,1] after accounting for 

the change in sector area (or volume) with radial distance. 

 If the particles are randomly distributed, there is an equal probability for a 

neighbor to lie in any sector.  The radial distribution map is therefore uniform.  In the 

other extreme, if the particles form well defined structures, there will be a 

characteristic pattern (signature) in the radial map at particular distances.    A mixture 

of such structures would show an intermediate signature. 

 The relative proportions of the basic structures will be determined attempting 

to match the signature observed in the simulation data.  These proportions will be 

used to average the drag coefficient of the structures and get an overall drag 

correction factor that can be applied to the bed.  Simulation is repeated to confirm 

that bed expansion and pressure drop match experimental observations. 
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4. Experimental Apparatus and Procedures 

 

 The schematic representation of the fluidized bed system is shown in Figure 5. 
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Figure 5.  Schematic of the experimental apparatus. 
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 The fluidized bed itself is a rectangular polycarbonate column.  The zone 

available for fluidization is 4 inches (0.102 m) wide and approximately 14 inches 

(0.356 m) high.  The design of the column allows for a choice of bed thickness, 0.5 

inches (0.013 m), 1 inch (0.025 m), 2 inches (0.050 m), and 3.5 inches (0.089 m).  It 

is anticipated that the experiments needed for this research will be performed in 

either the 1-inch or the 2-inch bed. 

 The bed has two calming zones at the bottom to distribute the flow evenly 

throughout the cross section of the bed.  A copper mesh forms the support 

(distributor) plate for the fluidized particles. 

 Water is pumped from the reservoir tank into the bed by a ¼ HP submersible 

centrifugal pump.  Regulation of the flow is accomplished by a recirculation loop, two 

needle valves and two flow meters (for low and high flow rate ranges, respectively). 

 The bed is open to the atmosphere at the top.  This allows free access for the 

pressure probe and a free surface at constant atmospheric pressure.  The outflow of 

the bed is returned to the reservoir tank by an overflow channel and recirculation 

pipe. 

 Alginate-based composite beads are used as fluidized media.  The magnetic 

susceptibility is provided by addition of a ferrite (soft ferromagnetic material, 

ρ  = 5030 kg/m³, χ  = 11.1; [11]) in concentrations up to 30% w/w.  The alginate 

mixture is extruded through a needle and sheared by air flow into individual droplets 

(Figure 6).  The droplets fall into a solution of calcium chloride, where they solidify by 

crosslinking of the alginate chains with Ca2+ ions.  Particle size is controlled by 

regulating the air pressure in the containing chamber and the shear flow rate. 
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Figure 6.  Production of magnetically susceptible beads by extrusion of 
an alginate-ferrite mixture into calcium chloride. 

 The magnetic field will be provided by a set of copper wire rectangular coils 

and powered by three independent DC power supplies (8 volts, 125 amps maximum 

output each).  The final design of the coils has not been completed yet; different 

options are being considered in order to have a field as uniform as possible within the 

fluidization region of interest.  Strength and uniformity of the field will be measured 

using a gaussmeter. 

Air flowmeter

Air out 
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Release 
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Holding
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 The pressure drop at different locations inside the operating bed will be 

measured using a pressure probe built of 1/8 diameter steel tubing.  The sensing 

element is a piezoelectric pressure transducer with a differential range of ± 1.0 PSI 

(6.9 kPa).  The analog signal from the transducer is digitized by a digital-analog data 

acquisition card connected to a PC.   
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5. Simulation 

 

 A 3D CFD-DPM code for fluidization simulations, “Particle-X”, is being 

developed under the supervision of Dr. Goran Jovanovic.  This code will be matched 

with the experimental observations of the fluidized bed and used to gather information 

on the structures formed by interparticle magnetic forces in the fluidized bed. 

 The fluid velocity and pressure are calculated using the SIMPLE method (Semi-

Implicit Model for Pressure Linked Equations, [10]).  The solution domain is 

discretized in a uniform rectangular grid.  A first order upwind scheme is used for the 

convection terms. 

 The equations of motion (translation and rotation) of the particles are 

integrated using the Forward Euler method.  Implementation of a higher order method 

has been planned for the near future. 

 The data generated by the simulation code is stored as binary files using the 

FLU/FLX extensible fluidization data format [2] and visualized using Bolitas 2 [3]. 

 A general flowchart for Particle-X is presented in Figure 7. 
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Figure 7.  Particle-X fluidization simulation code, general flowchart. 
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6. Preliminary results and ongoing work 

 

6.1.  Experimental 

 

 The construction of the experimental apparatus is near completion (Figure 8).  

Piping, valves, and flow meters are installed.  Mounting brackets for the bed and coils 

are installed.  The power supplies are mounted; cables and connections are ready for 

the coils. 

 

 

Holding tank
and pump

Valves and
flow meters

Pressure probe
mounting area

(pending)

DC power
supplies

Coil connection
pannel

2-inch thick
fluidized bed

 

 
 
Figure 8.  Picture of the experimental apparatus (under construction, 
as of mid October 2004). 
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 The 2-inch thick fluidized bed has been constructed and assembled (Figure 9).  

Final design of the magnetic coils and measurement of the field are still to be 

performed. 

 

 

Figure 9.  Picture of the 2-inch thick fluidized bed, with overflow 
channel installed. 

 Preliminary calibration data of the pressure transducer is presented in Figure 9.  

The calibration equation is ( )5157 2.321P V= − , valid from zero to 8 kPa barometric. 
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Figure 9.  Pressure transducer calibration curve. 

6.2. Simulation 

 

 Figure 10 show sample images from preliminary 3D simulations obtained with 

Particle-X, with up to 45,000 particles.  Bed size and particle properties correspond to 

those of previous research work [11].  The module implementing magnetic forces 

(external and interparticle) is still under development. 
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Figure 10.  Representative results of Particle-X simulations.  Top left:  
45,000 particles, colored by their ID number ( t  = 4.8 s).  15 seconds 
total simulation time, 106 hours CPU time.  Top right:  Same case and 
time, showing void fraction in scalar plane, particles shown as dots.  
Bottom:  Close up of another simulation.  Particles colored by their 
Reynolds number. 
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 Figure 11 show the radial distribution analysis of a 2D simulation used in 

previous research work [11], with and without magnetic field.  Note the signature 

marks at 1 and 2 particle diameters when the magnetic field is present.  Also note the 

spread in the angular direction at the same distance, around the values directly above 

and below the particle.  This spread is indication of the chain being rotated by the 

fluid, out of alignment with the field. 

 

0 1

Bz  0≠Bz = 0

 

Figure 11.  Radial maps from 2D simulations of magnetically assisted 
fluidized beds, without and with magnetic field.  Both maps are particle 
averages. 

 

 The analysis tool for obtaining the corresponding radial maps from the 3D 

simulation data is still under development. 
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7. Notation 

 

Unless otherwise specified, vector quantities are denoted by bold typeface or 

arrow overhead (e.g. B , ξ ), unit vectors by a hat (e.g. r̂ ) and tensors by bold block 

typeface (e.g. T ).  Vector components are denoted by subscripts (e.g. u  has 

components ru  and zu ), and the magnitude of a vector is denoted with italic typeface 

(e.g. B= B ). 

 

 

Symbol Description Units 

A  Characteristic area [m²] 

B  Magnetic field [T] 

DC  Drag coefficient [-] 

pd  Particle diameter [m] 

BF  External magnetic force [N] 

bF  Buoyancy force [N] 

DF  Drag force [N] 

IMF  Interparticle magnetic force [N] 

gF  Gravitational force [N] 

fpf  Force by the solid phase on the fluid phase [N/m³] 

g  Gravitational field [m/s²] 

m  Magnetic dipole moment [A·m²] 

pm  Mass of the particle [kg] 
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Symbol Description Units 

P  Pressure [Pa] 

PRe  Particle Reynolds number [-] 

T  Torque on particle [N·m] 

t  Time [s] 

u  Fluid velocity [m/s] 

V  Electric potential [V] 

v  Particle velocity [m/s] 

pV  Volume of the particle [m³] 

β  Voidage function exponent [-] 

ε  Void fraction [-] 

fρ  Fluid density [kg/m³] 

χ  Magnetic susceptibility [-] 

ω Particle angular velocity [rad/s] 

fν  Fluid kinematic viscosity [m2/s] 
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