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In this paper, the topic of separation of sinking particles in
a stationary liquid column based on magnetophoresis is studied
in depth. For this purpose, the fundamentals of magnetophoresis
are presented at the beginning. Subsequently, the modeling of the
stationary liquid column is discussed in detail. The simulation
results illustrate the vertical separation due to gravity and show
the field-assisted transient horizontal deflection of the particles.
Thus, a flexible method for magnetic particle separation was
verified by simulations.
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I. INTRODUCTION

Manipulation, including the separation and sorting of parti-
cles, is of great relevance in the field of medical diagnostics
or biological/chemical analysis. Nowadays, there is a whole
range of processes that can essentially be divided into active
and passive techniques. Fig. [I] shows an overview.

The works of Pamme [1|] and Sajeesh et al. [2||] provide a
review of the various state of the art techniques. The present
paper refers exclusively to the active separation and sorting
process using magnetic fields, known as magnetophoresis.
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Fig. 1: Overview of separation techniques (adapted from [2]).

II. MAGNETOPHORESIS

Magnetophoresis is a phenomenon wherein charged or
magnetically susceptible particles are selectively influenced by
a magnetic field, resulting in their movement within a fluid
medium. This process has garnered significant interest due
to its potential applications in biomedical engineering, drug
delivery, and environmental remediation.

The elementary work of Rosensweig [3] provided early
insights into the behavior of magnetic fluids and the principles
governing magnetophoresis.

This phenomenon exploits the magnetophoretic force, which
is derived from the interaction between the magnetic moments
of particles and the external magnetic field [4]. The magne-
tophoretic force F),, acting on a particle can be expressed as:

Fo= 7@ o - K - V| HP? 1)
where d is the diameter of the particle, p is the vacuum mag-
netic permeability, ., is the relative magnetic permeability of
the medium, K is the Clausius-Mossotti factor and H is the
applied magnetic field strength.

On the one hand, a distinction is made between posi-
tive magnetophoresis (pM). Here, paramagnetic particles in
a diamagnetic fluidic medium are forced in the direction of
high magnetic field strengths under the influence of a non-
uniform magnetic field. On the other hand, there is negative
magnetophoresis (nM), in which diamagnetic particles in a
paramagnetic fluid are moved towards the minimum of an
inhomogeneous magnetic field due to the different magnetic
permeabilities. In this paper, reference is only made to the
aspect of positive magnetophoresis.

The so-called Clausius-Mossotti factor K is the decisive
variable that expresses the relationship between the particle
and the surrounding liquid medium. In the case of pM, the
corresponding value is positive; in the case of nM, it is
negative. The Clausius-Mossotti factor is defined as:

Hp — Hm

= 2
Pp + 2 i,

with the relative magnetic permeability p,, of the particle and
L, Of the fluidic medium.
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For the sake of completeness, it should be noted that the
magnetic permeability p is a physical quantity that can be
represented as a complex number [5]]:

B=p —Jp (3)
with u/ as the real part and /// as imaginary part. u/ represents
the ability of the material to store magnetic energy, while u”
counts for the energy dissipation (e.g. core losses including
hysteresis and eddy current losses). Consequently, the real part
of the complex permeability can be related to inductance and
the imaginary part to resistance.

Especially at high frequencies, the complex character of the
magnetic permeability and thus also of the Clausius-Mossotti
factor must not be neglected. In this paper, however, only
DC magnetic fields are used, so that the frequency-dependent
complex material behavior will not be taken into account.

III. FERRITE POWDER

In this study, particles based on the manganese-zinc (MnZn)
ferrite powder 2077 from TRIDELTA Weichferrite GmbH,
Germany are examined in more detail [6]. First, the powder
was examined in terms of particle size distribution. In a further
step, the magnetic permeability was examined.

A. Particle Size Distribution

The processing of powders strongly depends on the particle
size distribution (PSD). Ferrite powders, such as the present
type 2077 are often a waste product in certain recycling
processes and therefore usually have a wide range of particle
sizes. Fig. 2] shows a first qualitative impression of the particle
shape and size distribution.
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Fig. 2: SEM image of MnZn ferrite powder (TRIDELTA, type
2077).

At first glance, a rather sharp-edged, uneven particle shape
and a broad size distribution can be observed. The PSD was
created quantitatively on the basis of a scanning electronic
micorscopic (SEM) analysis of the powder. Fig. 3] presents a

SEM image of the powder and the measurement of the particle
diameters.
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Fig. 3: Particle size evaluation: @) SEM evaluation of the
particle diameter, and @ detailed view of image analysis.

An image analysis using a Matlab script was used to
calculate a histogram for the particle size distribution. Fig. [
shows the PSD of the present ferrite powder.
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Fig. 4: Histogram of MnZn ferrite particle size distribution.

Important parameters for quantifying this statistical distri-
bution are the 10%, 50% and 90% percentiles of the particle
diameters (dig, dso and dgg) of the cumulative distribution.
The span, respectively the distribution width, can be calcu-
lated from these values as follows:

dgo — d1o
4
= 4

Tab. [ shows an overview of the statistical PSD values
obtained.

span =

TABLE I: Particle size distribution statistics.

dio [pm] dso [um]  doo [nm] span
TRIDELTA [|§|] 2.0+0.5 8.0£2.0 30+5 3.6+0.3
SEM-measured 0.8 3.3 8.6 2.4
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In comparison, it can be seen that the SEM-based measure-
ment results in a narrower distribution with a smaller average
particle diameter dsy than the manufacturer’s specifications
would suggest. This is most likely due to the powder prepa-
ration for the SEM examination, in which larger particles
are less likely to adhere to the sample plate. However, our
own measurements confirmed that powders exhibit a wide
particle size distribution. This leads to problems during further
processing, such as the clogging of printing nozzles or, as
a result, to strongly fluctuating component properties (e.g.
permeability of inductors).

It is therefore often necessary to design the particle sizes
within a narrow range or to limit them to a maximum
particle diameter. This is traditionally achieved by mechanical
sieving, which is accompanied by several disadvantages, such
as clogging of the sieves due to electrostatic charging.

For this reason, this paper presents an alternative ferromag-
netic particle separation or rather sorting process based on
the utilization of gravity and DC magnetic fields within a
diamagnetic fluidic medium.

B. Magnetic Permeability

This MnZn ferrite powder of type 2077 is the base material
for a wide range of inductive components, which are also used
at higher frequencies. Therefore, the manufacturer provides
extensive typical measured values for the frequency-dependent
complex magnetic permeability (cf. Fig. [5).
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Fig. 5: Frequency-dependent relative magnetic permeability.

The expected Clausius-Mossotti factor can be easily cal-
culated from these characteristic permeability values. Fig. [6]
presents the frequency-dependent curve of the Clausius-
Mossotti factor assuming that the diamagnetic liquid medium
is water (cf. Tab. [II).

It is easy to see that in this specific case and in this
frequency range, the dominant real part of the Clausius-
Mossotti factor is just under 1 and is almost independent of
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Fig. 6: Frequency-dependent Clausius-Mossotti factor.

the frequency. The imaginary part of the Clausius-Mossotti
factor is almost four orders of magnitude smaller and therefore
negligible.

Since this paper works with pure DC magnetic fields
anyway, both the magnetic permeabilities and thus also the
Clausius-Mossotti factor can be assumed to be constant.

IV. COMSOL MODELING

Using COMSOL, a geometric 2D model of a stationary
separation column filled with a liquid was built up. In the
upper section (surface of the liquid) is the inlet, where a
certain amount of particles of different sizes are centrally and
simultaneously fed to the separation column. The separation
column itself consists of two sections. The upper section is
used for vertical separation of particles of different sizes due
to gravity. The lower section contains inductive coil arrays
generating the DC magnetic field and is used for horizontal
deflection of the particles based on magnetophoresis. At the
bottom of the separation column are a left, middle and right
separation zone to hold a respective size range of particles.
Since only positive magnetophoresis is investigated here, i.e.
the particles can only be deflected horizontally in the direction
of the coil arrays. So, the right-hand separation zone is not
relevant here. The separation zones could alternatively be
designed as individual outlets.

The goal of the separation column is the defined reduction
of the PSD span of the MnZn ferrite powder with the help
of gravity and a time-dependent DC magnetic field. Fig.
illustrates the design of the separation column.

For this purpose, the simulation requires the physical COM-
SOL interfaces: Magnetic Fields, Laminar Flow and Particle
Tracing for Fluid Flow. In a first study, the DC magnetic
field distribution is investigated by means of a Time-Domain
analysis. The time-dependent field consideration is necessary
because the magnetic field is switched off after a defined pe-
riod of time. The obtained results are the basis for a subsequent
Time-Domain study for calculating the particle trajectories,



which is controlled by a time-dependent DC current I applied
to the inductive coil arrays.
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Fig. 7: Stationary liquid column with radius-dependent verti-
cally separated particles (size scaled up for visibility) during
a sink time of ¢ = 100s.

All simulation results are based on the material properties of
the present ferromagnetic MnZn particles of type 2077 sinking
in pure water. Tab. [II] presents the material properties used in
the simulation models.

TABLE II: Material properties.

quantity symbol  value unit
density om 1,000 kg/m?3
fluidic medium . .
(water) dyn. viscosity Nm 1 mPas
rel. permeability Lm 1 -
particle (MnZn  density op 4800  kg/m®
powder 2077) rel. permeabilit)El fp 2,000 -

“Frequency-dependent complex function, see Fig. .

V. SIMULATION RESULTS
A. Vertical Separation
In the upper section, the particles are essentially subject to

the balance of forces from gravitational force F, buoyancy
F4, and Stokes friction F'z in the fluid:

Fo=F,+ Fg )

The force balance can easily be resolved analytically ac-
cording to the sink velocity:

_9-(ep—om)
v= d (6)

with g as acceleration of gravity, g, as particle density,
Om as medium density and 7,, as medium dynamic viscosity.
The COMSOL-based simulation results visualized in Fig.
confirm the quadratic relationship between sink velocity and
particle diameter.
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Fig. 8: Diameter-dependent particle velocity.

The sinking velocity of the particles has a decisive influence
on the duration of a potential experiment. Particles with a
diameter of 8um, for example, already take a time of 1000s
to fall through the entire separation column. It is therefore



obvious that experiments with very small particles (d < 1um)
require a lot of experiment time (¢t > 17h).

B. Horizontal Deflection

Eq. [T] shows that the magnetophoretic force respectively the
corresponding horizontal acceleration acting on the particles
depends on the diameter. Consequently, larger particles expe-
rience higher horizontal accelerations and vice versa. Eq. [0]
reveals that the larger the particles, the greater the sinking
velocity. These superimposed movements in the horizontal and
vertical directions mean that the resulting particle trajectories
are independent of particle size. Fig.[TTa] presents this not very
intuitive behavior very nicely.

Fig.[9] shows the horizontal deflection z to be expected for a
given coil current I at the level of the entry into the separation
zone.
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Fig. 9: Magnetic field-dependent horizontal particle deflection.

The second x-axis shows the magnetic flux density B asso-
ciated with the specified coil current at a selected probe point
(PP, cf. Fig. []). With a design-related horizontal deflection
of Zep > 6.25mm the particles end up in the left separation
zone, with x4, < 6.25mm they end up in the middle zone.
The simulations have shown that a current of I;., > 5.41A4 is
necessary for a deflection into the left zone.

Consequently, a constant DC magnetic field or fixed coil
current over the entire experimental period would result in all
particles being deflected identically, which would contradict
the desired separation. In order to enable a successful particle
separation, the coil current I, set at the beginning of the
simulation (f = 0s) must be set to zero exactly when the
desired maximum permissible particle diameter has reached
the separation zone. As a result, all larger particles that have

reached the separation zone by this time end up in the left-
hand zone, while all smaller particles arriving after this time
are sorted into the middle zone. Fig. [I0] presents the separation
time ¢4, to be selected depending on the particle diameter, at
which the current must be switched off.
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Fig. 10: Diameter-dependent separation time.

In the exemplary simulation case with all particles larger
than dg., > 12um are to be separated from the present MnZn
ferrite powder, the coil current and thus the magnetic field
must be switched off after ¢,., = 419s (cf. Fig. .

Fig. [[T]illustrates the time course of the separation process.
At the beginning of the simulation, the current I, is applied
to the coil arrays and generates the magnetic field. At the
same time, the particles begin to sink in the separation column
and are deflected horizontally in the area of the coil arrays.
After t = 235s, the particle with a diameter of 16um reaches
the left separation zone (cf. Fig. [ITa). This also applies to
all subsequent smaller particles up to the specified diameter
of dsep = 12um (cf. Fig. [TTb). Now the coil current or the
magnetic field is switched off at the specified separation time
tsep = 419s (cf. Fig. [T1c). From this point onwards, there is
no further deflection of all subsequent smaller particles due to
the disappearance of the magnetic field, so that there is only
a purely vertical movement, which then ends in the middle
separation zone (cf. Fig. [ITd). Finally, it is only necessary to
wait until the smallest particles have sunk into the middle zone
(cf. Fig. [TTe).

The procedure presented here is a very simple type of
separation scheme. A finer time-dependent control of the coil
current and a variable control of the individual coil arrays
can further improve the separation. In addition, it would also
be conceivable to realize significantly more compartments in
the separation zone in order to achieve a couple of narrower
particle size distributions, than merely separating particles that
limit the PSD to a specific maximum particle diameter d.p.

The use of AC current control signals and thus the utiliza-
tion of the frequency-dependent magnetic permeability offer



6 T T T T 6 T T T T 6 T T T T 6 T T T T 6 T T T T
Lsep Lsep Ly Lsep Lsep 8
~ ~ ~ ~ ~
2 3 2 3 2 3 2 3 2 3f 1
E E E £ £
2 21 2 21 2 21 221 321 B
1 1 1} i 1 E
| | | \ 0 | .
OU 200 tsp 600 800 1,000 0U 200 tsp 600 800 1,000 OU 200 tsp 600 800 1,000 O(J 200 tsp 600 800 1,000 0 200 typ 600 800 1,000
time ¢ [s] time ¢ [s] time ¢ [s] time ¢ [s] time 7 [s]
8 ) g 8 9 g
é ] é E g
5 I g .
i i v © ©
: l : 8 8 8
8 / 3 g g
5} | . 8 8 8
h \ o o o
L &/ g \ S g
S, S, S, $ S
S S g g g
5/ v/ \ $ 8 &
o o )
L/ \ 7/ \ $ g g
il s/ I 7 74l
o fe) o) o o
S \ g * [\ o 9 [ g ¢ f
9 / ‘ I 9 I Il o I Il S Ji I 9 J I

(a) (b)

(©

(d ©)

Fig. 11: Particle deflection trajectories of particle diameters ranging from d = 8pm —16um (for dgsep = 12um — tgep = 4195):
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further degrees of freedom. In the field of dielectrophoresis,
the previous work by Kuehne et al. [7] provides an insight
into the frequency-controlled manipulation of particles.

VI. CONCLUSIONS AND OUTLOOK

The present work demonstrated the fundamentals of mag-
netophoretic particle separation in a stationary liquid column.
First, the particle size distribution of a MnZn ferrite powder
and its magnetic permeability were investigated in detail.
Simulation results show that in the vertical separation section,
particles are successfully separated due to their different sizes.
This allows the particles to be deflected horizontally in the
magnetic field in time according to a specified size, by the
action of the magnetophoretic force.

Further investigations will include, on the one hand, a
detailed understanding of efficient control of the coil current.
In a second step, the modeling should take into account that

1s, at t = tgep + 1s, @ at t = 600s, and @ at ¢t = 1000s.

hand, an experimental setup will be realized to validate the
simulation results.
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