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Using the discrete element method, we simulate numerically the cake formation and growth in magnetic field enhanced cake
filtration to give further insight on the mechanisms of the structuring of the filter cake due to the interaction of magnetic,
hydrodynamic, and mass forces. The motion of the discrete particles is obtained by applying the three-dimensional
Newton’s equations to individual particles, allowing for both external forces (gravity, applied magnetic field) and particle—
particle interactions calculated using the modified DLVO-theory. Continuous liquid phase flow is assumed as
one-dimensional. The simulation results compare favorably with reported experimental data,’ and can be used to
delineate the regimes associated with different liquid flow and magnetic field effects that are observed experimentally.
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Introduction

Cake filtration is a classic unit operation applied widely to
the separation and processing of particulate systems.” Exten-
sive investigations, both experimental and theoretical, have
led to a detailed understanding of the filtration process, in
which the particles are retained by a filter medium while the
liquid phase passes through the filter due to a differential pres-
sure drop across the filter. In the early stages of the process,
the particles are held back by the filter medium itself, but as
the filter cake builds up with time, it becomes the dominant
particle retention matrix. The filter cake provides a resistance
to the filtrate flow that increases with increasing filtration time
and cake height, and results in a decrease in filtration rate with
time. This is especially true for fine grained or compressible
materials, where this resistance can limit the application range
of filtration processes. Clearly, significant enhancements in
processing rates could accrue if the rate of cake formation and
the structure of the cake itself were to be optimized.

Magnetic field enhanced cake filtration, which combines
the advantages of classical cake filtration and magnetic field
driven separations, has been proposed as an effective means
for the boosting of filtration process rates.” This operation
exploits the forces experienced by magnetic particles
subjected to an inhomogeneous magnetic field when in a
direction opposite that of the differential pressure drop driv-
ing the fluid phase through the filter, effectively providing a
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partial decoupling of the solid and liquid phase motions.
This partial decoupling of movement leads to slower cake
formation, and thus a smaller filtration resistance to the lig-
uid permeating through the filter cake. At high field
strengths, the cake build-up can even be prevented, as the
filter medium can be kept free of particles and the filtrate
can drain through the filter medium almost without resist-
ance. The magnetic forces not only influence the rate of
cake built-up but also have an impact on the structure of the
filter cake. When exposed to a magnetic field, the particles
become magnetized and act as microscopic magnets them-
selves. The resulting interparticle forces lead to an alignment
of the particles and formation of agglomerates in the direc-
tion of the external magnetic field.*” The permeability of
a cake with this channeled structure is higher than that of a
filter cake in conventional filtration operations.

Experimental results prove that these different magnetic
field effects influence the filtration process positively, espe-
cially for ferro- and superparamagnetic materials. Magnetic
field enhanced cake filtration is not restricted to a single
procedural principle in cake filtration, and has, to date, been
implemented successfully in a filter press6 and a nutsche
filter," and this separation concept has more recently been
demonstrated to be effective also in continuous processing
using a magnetic drum filter.”

Further insights into these processes are needed to guide
the development of new configurations and the scale-up of
the existing concepts. These insights can be gained through
appropriate modeling of the particle—particle interactions, as
mediated by the flow and magnetic fields, using the discrete
element method (DEM) first developed by Cundall and
Strack.® This approach for the description of granular
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materials has many features in common with the molecular
dynamic methods used to describe time-dependent physical
processes on the atomic or molecular scale, e.g., in chemis-
try or thermodynamics.g The basic principle of DEM is to
solve Newton’s laws of motion for all discrete elements in
the system, allowing for all degrees of freedom and consid-
ering all forces acting on the particles, to describe the
motion of each particle individually. The original work of
Cundall and Strack considered the stress on the granular
media generated by external forces, and friction or elastic
impacts between two spheres, but did not account for inter-
molecular or interparticle forces. More recently, particle
interactions have also been included for fine particulate sys-
tems on the micrometer scale.'®™'? Dong especially worked
on the cake build-up mechanisms in filtration and sedimenta-
tion."? They could demonstrate the influence of material
properties on the cake structure and the contact force net-
work inside the filter cake or sediment.

In general, the forces acting on the particles can be cate-
gorized as either primary or secondary forces. Primary forces
are those due to external effects and interparticle interactions
occurring in the system (compare Section Forces on
Particles), while secondary, contact forces are those associ-
ated with the actual strains within the interparticle contact
regions (compare section Contact Forces).

Focusing on the comparison of experimental and simu-
lated results we have used the DEM method in this article to
probe the effects of applied magnetic fields on cake forma-
tion and growth in magnetic field enhanced cake filtration
processes. The results, which compare favorably with
experimentally observed behavior, emphasize structure de-
velopment within the cakes, as reflected in the cake height,
porosity, and tortuosity, and their influence on the filter cake
resistance and filtration rates with time.

Magnetic Field Enhanced Cake Filtration
Basic principles

As noted above, magnetic field enhanced cake filtration
exploits the combination of classical cake filtration and mag-
netic separation to decouple partially the solid and liquid
phase motions. When the magnetic and hydrodynamic forces
on the particles act in opposite directions, the rate at which
the particles are swept toward the filter is reduced, and hence
so is the rate of deposition of these particles on or within the
cake, and the cake formation proceeds at a much slower
rate. Consequently, the packed bed through which the liquid
phase must drain is of lower height, and offers a smaller
filtration resistance than it would in the absence of the mag-
netic field. If the magnetic field is sufficiently strong, above
a critical magnetic flux density B, it iS even possible to
prevent the formation of the cake at the beginning of the
filtration process such that the filter medium is kept free of
particles, and the filtrate can pass through the filter medium
almost without resistance. In batch processes, only after the
removal of the excess water fed to the filter do the particles
deposit on the filter medium.

In addition to its effect on the rate of cake build-up, the
magnetic force can also impact the structure of the filter
cake, depending on the magnetic field strength. When
exposed to the magnetic field, the particles become magne-
tized and align with the external field. The resulting interpar-
ticle forces between approaching particles lead to the
formation of chainlike agglomerates in the direction of the
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external magnetic field, while particles orientated perpendic-
ular to the field direction experience a repulsive force.*> The
permeability of a cake with this channeled structure is higher
than that of a filter cake obtained in classical filtration runs.
Together, these two effects result in a reduction of the filtra-
tion resistance and thus in a strong improvement of filtration
kinetics. Experimental results prove that these different mag-
netic field effects influence the filtration process positively,
especially for ferro- and superparamagnetic materials.'~%”

The modeling work presented here is complementary to
the experimental investigations of magnetic field enhanced
cake filtration using superparamagnetic particles in a lab-
scale Nutsche filter.! The filter cell itself was placed in the
bore of a solenoid, and constructed of nonmagnetic materi-
als not to influence the applied magnetic field. The electro
magnet had a maximum field strength of 0.4T, and an iron
frame distorted the magnetic field inside the bore to
increase the magnetic flux density gradient. The filter cell
was located below the horizontal center of the solenoid
such that the highest magnetic force density B-\/B occurred
in the region of the filter medium. In this position, the
magnetic and hydrodynamic drag forces acted in opposite
directions.

Forces on particles

The primary forces acting on the particles can be divided
into (i) external forces, which act on individual particles
depending on their absolute position in the apparatus or sim-
ulation area, and (ii) interaction forces between neighboring
particles.

External forces

In the processes considered here, the external forces acting
on a particle with diameter d are due to gravity, buoyancy,
hydrodynamic, and external magnetic field effects. The grav-
ity and buoyancy forces F\, s, captured by the equation

T

5 d*Apgyg, (1

Fop =
with the density difference Apg between the solid and the
liquid phase and the gravitational acceleration g, play only a
minor role in the processes of interest because generally they
are much smaller than the other forces in the system.

A detailed analysis of the hydrodynamic conditions and
hydrodynamic particle interactions is complexn’14 and beyond
the scope of this work. In this study, the hydrodynamic force
Flya was assumed to be proportional to the relative velocity
between the filtrate (v,,) and the particles (v) and the dynamic
viscosity 1 in accord with Stokes’ law, given by

Frya = 3mnd (Voo — 7) )

In filtration processes this assumption is valid for low
filtration velocities, i.e., low Reynolds numbers, and low solid
concentrations in the suspension.

The magnetic force F,.x 1 a function of the gradient of
the magnetic flux density /B, which itself depends on the
position in the external magnetic field, and the magnetization
of the particles themselves, and is given by the equation

—

T
Frex = gd%sM - VB 3)
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Material properties are reflected in the particle density pg
and the magnetization M; the latter is a function of the
atomic magnetic moments and the applied magnetic field
strength.

Interparticle forces

Usually, the forces between particles in a liquid phase are
described by the DLVO-theory,'>'® which accounts for the
effects of electrostatic repulsion, van der Waals attraction
and Born repulsion. This analysis has recently been extended
to magnetized systems by accounting also for magnetic
particle interactions.>”'® The principle concept of the
DLVO-theory—the reduction of a system to consider only
binary particle interactions—makes it suitable for describing
the interparticulate forces in DEM-simulations.

In the liquid phase, electrostatic repulsion is due to the
surface charge on dispersed particles that can arise due
to, e.g., proteolysis, ionic adsorption, or dissociation. For
particles of the same material, Gregory'® suggested the
approximation to the repulsive interaction force Fgj
between unequal sized spheres given by

7 128N 4 CronkT (d,-dj) . 1«
elij =5 Wil =——
i K2 4 [ax4] 72 ry

ij
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1 kT exp{ gz} -1
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“
with the the Avogadro number N,, the elementary charge e,
the Boltzmann constant k, the temperature 7, the ion
concentration ¢y, the valence number zj,,, the reciprocal
Debye length x, the center-to-center distance rj; of the two
particles and the center vector 77 between the two particles.

The Debye length Ap depends strongly on the ionic
strength of the liquid phase and is the distance from the par-
ticle surface over which the electrostatic potential decreases
by a factor of 1/e. The surface charge itself is approximated
by the zeta potential {, which depends on the pH of the sus-
pension.

The attractive van der Waals force originates from the
movement of the electrons in the atomic shell causing a shift
in the atomic charge distribution to give instantaneous elec-
tronic dipoles that interact with each other.”® The resulting
force Fqwi between two spherical particles with different
diameters can be calculated from

_ H, d|+d 29 -1
deWA,ij = ?Ol‘ijdidj{ |:r§ — (Tj) :|

where H,, the Hamaker constant, accounts for the material
properties of both the particles and the intervening solvent phase,
and can be calculated from the values for the pure components.
Available data indicate that H, can vary over the range
0.3 x 10 to 1.4 x 10~ J for polymer materials in water.”!
Short range or Born repulsion is represented by defining a
theoretical minimum distance a, between the two surfaces at
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which the repulsive forces overcome completely any attrac-
tive forces that might exist at that position. This approach
also circumvents the singularity problem of the van der
Waals force that arises on direct particle—particle contact.
This minimum distance differs tremendously from case to
case, by as much as two decades in magnitude.'>'>*
Clearly, the two parameters H, and ao must be determined
carefully since the entire force balance over the interacting
particles is very sensitive to the absolute value of the van
der Waals force. For our simulation, the parameters adopted
are those used in Refs. 21 and 12.

The magnetic dipole force Fp, 4y acts over a relatively
large distance compared to the ranges of the other interparticle
forces. It depends on the magnitudes and directions of the
magnetic moments of both particles,” each of which is gener-
ally taken to be the average over all magnetic domains within
the individual particle volumes, and assumed to align with the
external field. The particles attract and align in the field direc-
tion but experience a repulsive force perpendicular to this
direction, as captured in the equation given in Refs. 24 and 25:

7

= 3npepidid; (MM
ij

Fm,dip.,i_i = 144 4 > |:_ <I’;i1 : n_/il>ﬁ1J + 5<I’711 ' ﬁll>
x o - ity )y — o - 7ty )ity — (o - 7t oty (6)

The norm of the magnetic dipole force depends on the size of
the particles, their actual magnetizations M; and M; (which
depend on the magnetic field strength), the magnetic perme-
ability constant i and the center distance 7y;. The direction of the
force is determined by the relative orientations of the magnetic
moments 7i; and rﬁj, which we assume to be aligned with the
strong external magnetic fields considered in this work.

This equation for the magnetic dipole force describes the
interaction between two homogeneous magnetized particles.
This approach overestimates the influence of the dipole inter-
actions in composite particles simulated in this work.
Mainly, this is due to the low range of influence of a single
magnetic seed within the composite particles. Therefore, an
effective magnetization is introduced to account for the
reduced field deformation or reduced local field gradient
within the beads. Investigations with a new magnetic analyz-
ing centrifuge show an effective magnetization M. = 0.39 M
for the present PVAc particle system.” M accounts for the
averaged magnetization of the PVAc particle, which is consid-
ered for calculating the external magnetic force (Eq. 3).

Permeation of a packed bed in the magnetic field
enhanced cake filtration

The filtrate velocity v, is proportional to the applied dif-
ferential pressure Ap, and decreases with time because of the
increasing resistance offered by the filter cake comprised of
the deposited particles. This velocity can be calculated using
Ruth’s law?® coupled with the Karman—Cozeny relation for
the permeability P, of filter cakes®":

L . ™)
1(Rn+)
1 d? &
Pe= = e (—(1 - 8)2) ®)
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The change in the permeability of the filter cake (Eq. 8) or
its specific filtration resistance r. due to the superposed
magnetic field is reflected in changes in both the porosity ¢ and
tortuosity t (Eq. 9). Further, the constant &y accounts for the
influence of the pore geometry. The tortuosity, calculated as
the ratio of the effective capillary length through the filter cake
heg to its height A, is an indicator of the geometry of the
capillary system; the smaller is T the more direct is the channel
through the cake. For a 7 value of unity, the pores pass straight
through the bed with no bends.

Ruth’s law reflects the dependency of the ratio of filtration
time ¢ to filtrate volume V on the process parameters and
material properties. It has been shown that Ruth’s law can
be extended to magnetic field enhanced cake filtration'* in
which changes in the cake structure due to the magnetic field
are reflected in changes to the filter cake resistance. The
impact of the external magnetic field gradient on the rate of
cake build-up is described by the magnetophoretic coeffi-
cient, which is a measure of the relative approach of the
actual magnetic force to the critical force (index in eq.10:
crit), or equivalent magnetic flux density, at which no cake
build-up occurs, because the external magnetic force exceeds
the remaining forces. These effects can be accounted for by
an extension of Ruth’s law in which the filtration time to fil-
trate volume ratio can be captured by the equation

|VBerit|[Merie—| VB|M
LT NBalw o MRm (10)
Vo 2A2Ap AAp

with the filtration area A.

To quantify the structure of a filter cake formed in the
magnetic field an energy ratio Eg can be defined' similar to
the energy ratio for magnetically stabilized fluidized beds
suggested in Ref. 28.

3nnd? 432
and’v nv an

Emdip 153 THop2M?d® — pop?M2d

E
ES _ hyd

The hydrodynamic drag potential Eyyq defines the energy that
is needed to lift one particle against the drag force F,yq by one
particle diameter (Eq. 2). This potential describes the hindrance
to the formation of the magnetically induced particle config-
uration due to the flow of the liquid phase. The magnetic dipole
energy Ey, 4ip is the repulsive energy between two particles in
contact perpendicular to the external field direction (Eq. 6). For
Egs < 1 the structure is strongly ordered, for 1 < E5 <10 a partly
structured and for E5 > 10 an unstructured bed can be assumed.
This parameter serves as a convenient metric to compare the
regimes of experimental and calculated results.

DEM-Simulation
DEM

The DEM is an approach for solving Newton’s laws of
motion for all N discrete elements allowing for all degrees
of freedom to describe the motion of each particle individu-
ally in the system depending on time #:

dv;

mi—=F; (12)
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da; =
I Y7 T; (13)
where v;, w;, m;, I; are, respectively, the transitional velocity,
rotational velocity, mass, and moment of inertia of particle i.
The force vector F; is composed of the different external and
interaction forces explained earlier and contact forces in
normal (Fy, ;;) and tangential (F;;) direction acting on sphere i:

—

Fi = Z(ﬁel,ij + ﬁvdW.ij + ﬁm,dip,ij + ﬁn,ij + ﬁt,ij)
+ﬁg.b+ﬁhyd+ﬁm,ext (14)

Rotation phenomena (T}) were not considered since the
oriented magnetic field reduces the tendency of the particles to
rotate. Consistent with the experimentally used particle
systems, all elements were assumed to be regular spheres.1

Very stable and effective integration predictor-corrector
methods®’*° were implemented in the integration of Eqs. 12
and 13 to simulate granular particle systems, with the time
step selected such that constant forces could be assumed
within each iteration step.

Contact forces

Particle—particle contacts can be accounted for using either
a hard-sphere approximation or the soft-sphere approach.lo’11
The hard-sphere assumption allows for fast simulations, and
is suitable for dilute systems as it only considers binary col-
lisions in a chronological order, with post-impact conditions
calculated according to the Hertz contact theory.*' In this
work, however, the more useful soft-sphere approach was
used in which multibody collisions are described in terms of
a virtual overlapping of the spheres. These collisions were
not calculated integrally but tracked differentially over the
entire time step, enabling several contacts of one particle to
be treated at the same time. The deformation of the spheres
during collisions was replaced by a virtual overlap or defor-
mation distance A for the particles (Figure 1). This necessi-
tates a set of reset forces in the normal and tangential direc-
tions from which follow different kinds of contact mod-
els.'"'*3 The overlap was calculated from the particle
diameters and the center-to-center distance between the par-
ticles according to

d; -I-dj

4= — |7 as)

The contact forces during such collisions were modeled in
terms of a series of spring elements, dampers, and sliders, as
shown in Figure 2. The normal contact force

Foij = k2205 — M ij Vel n i (16)

results from the parallel connection of a spring and a damping
element characterizing the storage and dissipation of kinetic
energy, respectively.33 The normal vector connecting the
center of particle i to that of particle j is given by 7j;.

The spring force, usually calculated by applying the Hertz
contact theory for spheres, is a function of the spring stiff-
ness and the virtual deformation of the spheres, which can
be estimated using Young’s modulus and Poisson’s ratio.
Often, the value of the spring stiffness calculated in this way
does not reflect the true behavior adequately or the material
properties are not known, and thus we used a different
approach in which the stiffness was determined by an
equilibrium between the maximum occurring force and the
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Figure 1. 2D description of the soft-sphere approach
for the determination of force balances on
particle—particle collision.

spring force allowed at a defined penetration A".''*** Thus,
the spring constant was calculated as

|ﬁmax|
ky =—"—"—= 17
[d(l _ ;L*)]LS ( )

The damping constant 7, was calculated from the particle
mass m, the depth of overlap and the spring stiffness.®® The
damping coefficient is set to ¢, = 0.3.

9 ([ mym;
o= Cot | = | ——— )V ky 18
i = €\ [ <mi + mj) Vi (18)

In the tangential direction, the modus was similar with the
only difference being that the static or dynamic friction
coefficient pigayn Was also incorporated in the spring constant:

Hstar/d =t
kl,slat/dyn = d(;lL_/;’;) |Fmax| (19)
2 [ mimj
L=12,/= "V ke dgen 20
77t.1] 7 (mi + mj) t,dy ( )

In each iteration cycle, the Coulomb friction
|Ft~,ij‘ < :uslatan,ij| (21)

was assessed to determine whether it must be allowed for or
whether the particles slided over each other.

A relative tangential displacement Ax;; of two particles in
contact without the particles starting to slide results in an
increase in the spring force via

Ft,ij = —ksuAxuij — Ny ijVeel i (22)

If the static friction is exceeded and the particles begin to
move, the position and tangential forces are changed
accordingly using the relations

ﬁt,ij = _ﬂdyn‘ﬁn,ijmijt.ij (23)
Foi

Avjj = — 24)
t,dyn
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The efficiency of the numerical procedures was enhanced
by calculating particle interactions only when particles were
within a distance of three particle diameters of each other,
assuming that particles do not interact beyond this distance.
The determination of interacting particles was managed with
a Verlet list.*®

Cake build-up

Calculation of the filtrate velocity or the filtration
resistance requires estimates of the height /., porosity ¢ and
tortuosity t of the filter cake. For this purpose, the simula-
tion domain was divided into small cubic volume elements
each with the feed size /, which was chosen arbitrarily, sub-
ject to the constraint that it should be larger than the particle
diameter to avoid cells falling within a particle, which would
lead to numerical instabilities. Each particle was prorated to
one or more cells by geometric considerations. This
approach enabled the full three-dimensional porosity profile
of the entire simulation domain to be constructed, as well as
the one-dimensional cross-sectional averaged profile with
height. The cake height was defined in terms of a threshold
value of the calculated porosity, since a distinct step in the
lateral-averaged porosity exists between the free suspension
and the filter cake.

The effective capillary length /. required for the estima-
tion of the tortuosity (see Eq. 9) was estimated by determin-
ing a path through the filter cake following the highest
porosity in each volume element of the cake, assuming this
to be the main path of liquid flow with the lowest flow
resistance. Allowing flow to the directly adjacent (number of
cells: @) and diagonally conjunct cells (\/zb,\/gc), but sup-
pressing a backward flow against the filtration resistance, we
calculated the effective cake height using

her = {.Z(a +V2b +V3c) (25)

'3
where i is the number of permeated cells. Finally, the filtration
resistance was determined using Eq. 8 and the resulting liquid
flow velocity calculated as a function of the cake height
using Eq. 7.

Integration method

The third-order Adams-Bashforth-Moulton predictor-
corrector integration algorithm? was used to calculate the par-
ticle positions and velocities at each time step while avoiding

H

1
=
k,

normal direction tangential direction

Figure 2. Particle contact model: spring and damper in

normal direction; spring, damper and slider in
tangential direction.
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the implicit calculations of the Adams-Moulton approach.
Although the approach for one-time step is implicit, due to the
additional predictor step all calculations were executed explic-
itly using this method. The particle position x at any given
time step Az was determined using a weighted average of the
results of the velocity v of the last two time steps, i.e.,

At
Xn+1,predictor = Xn + E (23Vn - 16Vn71 + Svn72) (26)

After calculating the new load case with the predicted
particle coordinates and the new acceleration

6
a, = @ Z F, @27

the velocity Vniicorrector and POSItioN Xpiicorrector WETE
updated in the corrector step within the same time step of
the integration®’:

At
Vi+1,corrector = Vn + ﬁ (San + 8an71 - an72) (28)

At
A (Svn+l,corrector + 8v, — Vn—l) (29)

Vit 1,corrector = Xn +
12

Different time scales were used to reduce the computational
effort in our studies. The time step in the integration of the
equation of motion was chosen to be small to fulfill the
requirement for constant forces during a given time step
interval. The maximum time step was limited by the maximal
force, i.e., the spring force during particle collision, which, in
turn, depended on the penetration length 2" and the mobility of
the particle. Therefore, the time step was determined via

At = Ki“—"d a (30)

where the weighting factor was selected to be K = 0.2.38

Parameters that are less time and particle position sensi-
tive, such as the Verlet list, the direction of the magnetic
moments, and the filter cake properties (e, h., T) were
updated less frequently using a larger time step.

Boundary Conditions and Material Parameters

Before the start of the simulation, particles were posi-
tioned randomly inside the simulation domain until the
required solid volume fraction was reached. The same arbi-
trary initial orientation of the particles was used in all simu-
lations. Gravity and hydrodynamic drag were assumed to act
in the negative axial z-direction, while the magnetic field
was taken to be uniform in the lateral x- and y-directions,
but varied axially to establish a gradient in the magnetic flux
density in z-direction that was responsible for the magnetic
force opposing gravity and hydrodynamic drag forces.

The lower boundary of the simulation domain was con-
fined by the filter medium with a defined permeability for
the aqueous phase only. The contact between the filter me-
dium and a particle was treated as a particle-wall collision
using the same spring constant as used for particle—particle
collisions with the filter medium mass set to infinity. A high
tangential spring constant inhibited particle sliding on the fil-
ter medium. The upper limit to the simulation domain was
defined by the liquid surface, which decreased with time as
the liquid volume diminished during filtration. All sides par-
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Table 1. Physical Conditions and Numerical Parameter

Values
Name Value Reference
Particle diameter d,/m 5 x 10°%  Particle properties

Solid density py/kg/m® 1400
Zeta potential {/V —5x%x 1073
Saturation magn. Ms/A m*/kg 22.6

of PVAc
magnetic beads'

Remanent magn. Mg/A mZ/kg 0

Static friction coeff. pig./— 0.075 Experiments with

Sliding friction coeff. pgyn/— 0.025 magnetic analyzing
centrifuge’

Hamaker constant H,/J 1072 Ref. 21

Contact distance a,/m 107° Ref. 12

Liquid density p/kg/m> 1000 Physical properties

Viscosity n/Pa-s 1073 of water

Ton concentration ¢/mol/l 1077

Filter cloth resistance Rm/m71 10° Estimation based on
experimental data'

Temperature 7/°C 25 Experiments with

Solid concentration ¢,/— 0.095 Nutsche filter!

Differential pressure Ap/Pa 60,000

Magnetic flux density B/T 0...0.1

Gradient \/B/T/m 0...3.82

Number of particles N/— 700

Width of simulation area x/m 4 x 107>

Depth of simulation area y/m 4 x 107°

Height of simulation area z/m 10

Penetration length 2/m 0.985-d,

Time step Afpanicie contact/S 107 Estimation based
on Eq. 30

Time step 1074

At(illralion. agglomemlion/s

allel to the z-axis of the simulation domain were treated as
periodic boundaries. Initial values for filtration pressure, fil-
ter medium resistance, magnetic field strength and material
properties were chosen to be consistent with experimental
parameters used in previous studies.' Only the magnetic flux
density B was varied between simulation runs. The parame-
ters are summarized in Table 1.

Results and Discussion
Particle agglomeration in the suspension

With increasing field strength the range and magnitude of
the magnetic dipole interactions increase, inducing the for-
mation of larger stable agglomerates. The formation of the
agglomerates is evident in the snapshots in Figure 3, which
shows the state of the particles in the free suspension after
t = 0.1s. In the absence of the magnetic field, and hence of
long-range interactions, the particles retained their initial
positions relative to each other (Figure 3a), but with even
weak magnetic fields (e.g., B = 0.01T) the particles moved
relative to each other and began to orient in the field direc-
tion (Figure 3b). With increasing field strength the particles
interacted more strongly and formed chains in the direction
of the magnetic field (Figure 3c, d). In addition to increasing
in size, the agglomerates also adopted a less tortuous config-
uration in the magnetic field direction.

The length of (i.e., the number of particles in) the particle
chains was determined for each of the conditions studied,
and the distribution in the normalized agglomerate or
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Figure 3. Snapshots of the upper half of the simulation
area after t = 0.1s for different magnetic flux
densities (B = 0...0.07T) showing agglomer-
ate formation in the free suspension due to
magnetic dipole interactions.

(a) B = 0T (b) B = 0.01T, (¢) B = 0.05T, and (d)
B = 0.07T. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

particle chain size is given as a function of the applied mag-
netic flux density in Figure 4. At each field strength, a wide
distribution in agglomerate sizes was observed. The average
chain length approached an upper limit with increasing mag-
netic field strength as the particles became saturated magnet-
ically and no further increase in dipole-dipole interactions
was possible with increasing field strength. Following the
initial growth of chains or agglomerates the size distribution
attained a steady, unchanging value. Thus, the porosity, tor-
tuosity and cake resistance could be assumed to be constant
during the subsequent simulations.

The external magnetic force should also be taken into
account since it acts in a direction opposite to the gravitational
and hydrodynamic drag forces and hence retards the particle
movement in the axial direction. According to Equation 3, the
external magnetic force increases with increasing field strength
and agglomerate size such that even for a flux density of B =
0.1T the external magnetic force is sufficiently strong to initi-
ate particle movement in the direction of the magnetic field
gradient. In the beginning of the simulation, single particles
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and smaller agglomerates still followed the liquid flow until
they were trapped by or appended to larger agglomerates.
Under these conditions, the particles accumulated at the liquid
surface as shown in Figure 5, which is represented by the thin
grid in the snapshots. Since surface effects were not imple-
mented in the simulation, this state cannot be analyzed in
detail, but it is important to note that this state of an avoided
cake build-up and an open or free filtration area is consistent
with experimental observations.'

Structuring effects in the filter cake

The chains observed in the suspension were also found in
the filter cake, with structure development as shown in the
snapshots of the filter cake at the end of the cake build-up
period for different magnetic field strengths given in
Figure 6. Without the magnetic field, the particles formed an
irregular packed bed on top of the filter medium (z = Om)
(Figure 6a). Because of hydrodynamic forces and the frame-
work pressure inside the filter cake this compacting was also
observed at low flux densities (Figure 6b). Only at the cake
surface where the load on the particles is lower than inside
could some particles stabilized by the magnetic dipole forces
be detected. Finally, with higher flux densities the structure
became stable. For a flux density of B = 0.05T, for instance,
two different regimes could be identified in the filter cake
(Figure 6c), with the lower portions of the filter cake still
compacted due to the higher framework pressure, although
some retention of the original needle-like structure not seen
under lower field strengths was evident. In the upper por-
tions, the chained structure was even more stable, and the
cake possessed a higher porosity and lower tortuosity than
observed for lower magnetic field strengths. In addition,
agglomerates of several chains occured, since due to the
lower distances the attractive forces between the chains
sufficed to initiate further aggregation. For B = 0.07T, the
magnetically-induced chain structure was maintained over
the whole cake height (Figure 6d). It can be inferred from
the change in the structure of the packed bed that the appli-
cation of the magnetic field will have an effect on both the
porosity and the tortuosity of the flow channels, as discussed
in more detail given below.
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Figure 4. Normalized agglomerate size as a function of
the magnetic flux density after t = 0.1s.

norm. agglomerate size l/d_/ -

Striped bar: size range; solid square: average size.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary. com.]
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Figure 5. Snapshot of the upper half of the simulation
area after t = 0.1s for B = 0.1T showing the
accumulation of the particles at the liquid
surface.

The filtration velocity is a common and usually a practical
parameter for charactering any given filtration process, and
generally decreases strongly with increasing filtration time
and/or cake height. In our simulations, the low simulated
cake heights did not provide a significant resistance to flow,
and thus filtration velocity was not a sensitive enough mea-
sure of the progress of the filtration process. Instead, we
characterized the effects of magnetic fields on the filtration
process by reporting their influence on other, more sensitive
parameters such as bed height, porosity and tortuosity.
Figure 7, for instance, presents the increase in cake height
with filtration time for different magnetic flux densities. At
low flux densities, the trend is very much the same as for
classical cake filtration processes, where, although the cake
height increased with time due to an increasing cake poros-
ity, the lower layer of the filter cake was still compacted and
the overall filtration resistance was changed only slightly. In
general, the results for B < 0.01T correspond to the classical
curve for cake build-up, where the filtration, and hence
change in cake height, is rapid in the early stages of the pro-
cess, but slows down as the resistance builds up. Deviations
from this behavior occurred for B = 0.03T and higher. Ini-
tially, the cake height was lower in the presence of a mag-
netic field than in its absence, because the hydrodynamic
drag forces were counteracted by the magnetic forces, and
hence the particle migration to the filter medium was
reduced; this is the reason for the apparent lag in the start of
the cake formation, particularly at high magnetic flux den-
sities. Once the build-up began, however, it grew at a faster
pace than in the nonmagnetic system owing to the lower
resistance to flow afforded by the cake. At some point, how-
ever, the cake height became larger than in the nonmagnetic
system because the filtration ran more quickly due to the
reduced resistance offered by the more structured cake. This
behavior intensified with increasing flux density. Thus, the
cake height increased more rapidly with B = 0.07T than at
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Figure 6. Snapshots of the filter cakes at the end of
the cake building period for different mag-
netic flux densities (B = 0...0.07T) showing
the change in the cake structure due to the
superposed magnetic field.

(@) B = 0T (b) B = 0.01T, (c) B = 0.05T, and (d)
B = 0.07T. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

lower magnetic field strengths. The critical flux density was
reached at B = 0.1T where the upward magnetic forces on
the particles just balanced the downward forces due to
hydrodynamic drag and gravity, so that the particles were
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Figure 7. Cake height as function of filtration time for dif-
ferent magnetic flux densities (B = 0...0.01T).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

December 2012 Vol. 58, No. 12 AIChE Journal



1.00

0.75

0.50 - B

porosity e/ -
m

o
N
o
1

0.00 ———— 71—
0.00 0.03 0.06 0.09 0.12
magnetic flux density B/ T
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[Color figure can be viewed in the online issue, which is
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unable to reach the filter medium and no cake build-up
occurred.

As is evident from the snapshots in Figure 6, changes in
magnetic field strength resulted in structural changes in the
filter cake itself, and thus strongly influenced the magnitude
and position-dependence of the porosity and the tortuosity
within the cake. Figures 8 and 9 show the variations of these
parameters averaged over the cake height with increasing
magnetic flux density the porosity of the cake obtained in
classical filtration was ¢ = 0.33 and lay in a realistic range
for cake porosities of such particle systems (Figure 8).
Because of the magnetic dipole forces the porosity increased
strongly under applied magnetic fields, in the present case
up to ¢ = 0.72 for B = 0.07T. For simulations with more
particles, i.e., higher cake heights, the average porosity
would reach a limit, or at least not increase as rapidly, due
to increases in the framework pressure with a consequent
compaction of the structure. This consolidation occurred
especially on the lower part of the filter cake. To identify
the gradient of the particle load over the filter cake height a
contact force network, such as applied in Ref. 12 could be

2.00

tortuosity t/ -

-

)

o
1

1.00 4—— : —
000 003 006 009 0.2

magnetic flux density B/ T

Figure 9. Tortuosity as function of the magnetic flux
density B.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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drawn. It is expected that the change from the horizontally
isotropic cake structure in classical filtration to the aniso-
tropic, needlelike structure could visualized. To reflect accu-
rately the contact force gradient over the cake height the
simulation must consist of a larger number of particles.
Thus, this method of display will be adopted in future work.

Figure 9 shows that tortuosity decreases with increasing
magnetic flux density. The range of tortuosity values (bars
showing distribution) was due to the small cake heights; it
would be narrower for larger cake heights. Without the mag-
netic field the values were in the region T = 1.5, consistent
with the theoretical value predicted by Carman and Kozeny
of T = /2.*” At higher magnetic flux densities, the tortuosity
decreased as the pore geometry became straighter, and
approached t = 1 at very high field strengths. This porosity
value of unity corresponds to a parallel capillary system
with totally straight pores, comparable with the model of an
ideal columnar structure derived from the experimental
results. Practically, however, the critical field strength was
exceeded, preventing the cake build-up before this columnar
state was reached.

Finally, with the porosities and tortuosities determined
above, the cake resistance was calculated using Eq. 8 and
reported in Figure 10. As in the experiments, the value
re = 10" m~? indicates poor filtration performance in the
absence of a superposed magnetic field. This performance
was improved with increasing field strength as indicated by
the continuing reduction in cake resistance until the critical
flux density is reached. Two different regions can be indi-
cated. For low magnetic flux densities, the external magnetic
force is relatively weak, although a strong dependency on
the magnetic flux density was observed. Since external mag-
netic forces are weak for these low flux densities, the change
in the cake resistance can be attributed to the change in the
cake structure. Once the maximum structuring had been
reached, the external magnetic force led to an additional
lowering of the resistance. This additional reduction was less
than the structuring contribution, however, as reflected in its
lower dependency on the actual field strength.

Comparison with experimental results

Comparisons can be drawn between the modeling results
presented here and the experimental results published earlier.’
The simulated filter cake resistance of r. = 1.04 x 10" m—2
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Figure 10. Filter cake resistance as a function of the

magnetic flux density B.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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compared favorably with the value of r. = 0.82 x 10" m™2

determined experimentally for the classical filtration case, and
the predicted and experimental critical flux densities B, also
agreed well (Beit sim = 0.1T; Byig exp = 0.098T). For intermedi-
ate flux densities, good qualitative agreement was obtained,
with similar distinction between the two regions of magnetic
field influence, as shown in Figure 11. The filtrate curves were
calculated using Eq. 10, incorporating the simulated cake resist-
ance and the critical magnetic flux density. Since the simula-
tions only covered a small operating region of a real filtration
process, the curves were extrapolated to reflect the same filtrate
mass and filtration area conditions as used in the experiments.
Although the parameters for the simulation were chosen to
be similar to those used in the experiments, there are some
major differences that led to deviations between the two sets
of results. The number of particles in the experiments can be
estimated to be N ~ 10'°, while the simulations only
allowed for N = 700 particles. This immense scale-up factor
could have led to significant discrepancies between the filtra-
tion curves, but the differences over the actual simulated
region are small. The reasons for these anticipated discrepan-
cies are that the simulated filter cake was incorrectly taken
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Figure 12. Phase diagram of different structural

regions as function of filtrate velocity v and
magnetic flux density B.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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to be incompressible over the scale-up range, and that the
particles were monodisperse; both assumptions are unrealis-
tic. Thus, the simulated filtration rate was too fast compared
to the experiments, although good qualitative agreement
between the two was achieved.

Figure 12 provides a phase diagram of the cake structure
based on the structuring parameter Eg, which enables a quali-
tative comparison between the simulated and experimental
results to be made. The magnetic flux density and the filtrate
velocity ranges shown span an operational range over which
the filter cake structure varies, partitioned by several curves
of constant structuring parameter (according to Eq. 11). The
region without cake build-up (lower right-hand corner, below
the solid black curve) allows the critical flux density to be
identified. The trajectory of a given filtration run can be
followed along a vertical line at a constant magnetic flux den-
sity starting at a high filtrate velocity in the region of high
structuring parameters, i.e., low structuring effects in the
packed bed. With increasing cake height, the velocity reduces
and the hydrodynamic stress on the particles is lower. As a
consequence, the state moves to a region of lower values for
Es, i.e., higher structuring, until the end velocity (at #.,q) is
reached beyond which the liquid flow diminishes.

With higher field strength it is observed, that Eg is
reduced further even with increasing filtrate velocity. This
indicates that the higher magnetic interactions are able to
stabilize the structure against the hydrodynamic stress. Both
the experimental and the simulated results indicate that with
increasing magnetic flux density Eg decreases while the final
filtration velocity increases. This seems to be more promi-
nent for the simulated system, attributed to the fact that the
filter cake was assumed not to be compressible and the
structuring effect was slightly overestimated.

Conclusions

The DEM-simulations of magnetically-enhanced cake fil-
tration presented capture the overall experimentally-observed
trends on filtration velocity variations with time under differ-
ent applied magnetic fields. The results provide strong
insight into the mechanisms of the magnetic field enhanced
filter cake structuring and confirm the hypothesis derived
from experiments that, especially at low field strengths, the
change in permeability of the filter cake due to magnetic
dipole-dipole interactions improves filtration performance.
To study the particle load in detail contact force networks
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over the filter cake height will be adopted. The qualitative
agreement between the simulations and reported experimen-
tal results on the dependency of the cake properties and
filtration performance on the applied magnetic field strength
provides conformation of the basic assumptions inherent in
the model. In future work, the effect of the resistance of par-
ticles against rolling and sliding should be incorporated in
the model. Further enhancements to the model, such as a
material properties depending spring constant, inclusion of
hydrodynamic interactions and particle or agglomerate
rotation coupled with a larger number of particles, should
provide more quantitative predictions of the performance of
magnetically-enhanced cake performance, which in turn
could be useful for the evaluation and design of new mag-
netically-enhanced separation strategies.
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Notation
Symbols

= direction vector of magnetic moment
= normal vector

= tangential vector

= acceleration (m-s2)

= counting number in Eq. 25

= distance (m)

= filtration area (m?)

= counting number in Eq. 25

= magnetic flux density, scalar (T)
= concentration (mol-1~")

= counting number in Eq. 25

= damping coefficient in Eq. 18

= diameter (m)

= energy (J)

= elementary charge = 1.6021-10°" C
= structure parameter

= force (N)

= gravitational acceleration = 9.81 m-s™
= height (m)

= Hamaker constant (J)

= counting number in Eq. 25

= Boltzmann constant = 1.3806:10° 2 J.K '
weighing factor in Eq. 30

= form factor in Eq. 8§ = 2.5

= length (m)

= magnetization (Am>s™h

= particle number

= Avogadro number = 6.02214-10** mol ™

= permeability (m?)

= pressure (Pa)

= distance (m)

= specific resistance (m™?)

= filter media resistance (m™ ")

= temperature (K)

= time (s)

= velocity (m-s™ )

= background velocity (m-s ")

= volume (m3)

= position (m)

= position (m)

= position (m)

= valence number

= factor in Eq. 14

= permittivity (A-s-V_'-m™")

= porosity

= permittivity of vacuum = 8.8542-107'% A-s-V ™ 'm~
= zeta potential (V)
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=
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# = damping coefficient (s~ ')

n = dynamic viscosity (Pa-s)
K = concentration parameter
« = reciprocal Debye length (m™')
/A = penetration length (m)
Jlo = magnetic permeability of vacuum = 4-7:1077 V.s:A~':m !
p = density (kg-m )
T = tortuosity
7 = magnetic susceptibility
Indices
oo = background
b = buoyancy
¢ = cake
crit = critical
dip = dipole

eff = effective
el = electrostatic
end = end of the experiment/ simulation
exp = experimental
ext = external
g = gravity
hyd = hydrodynamic
i = counting index
J = counting index
[ = liquid
m = magnetic
max = maximum
n = counting index in Eqs. 26-29
n = normal
r = relative
rel = relative
s = solid
sim = simulated
t = tangential
vdW = van der Waals
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