
Citation: Szabadi-Fuchs, J.; Meyer, J.;

Dittler, A. Experimental

Investigations of the Detachment of

Different Particle Structures from a

Magnetizable Fiber in the Gas Phase.

Separations 2023, 10, 579.

https://doi.org/10.3390/

separations10120579

Academic Editor: Pavel

Nikolaevich Nesterenko

Received: 21 October 2023

Revised: 17 November 2023

Accepted: 20 November 2023

Published: 22 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

separations

Article

Experimental Investigations of the Detachment of Different
Particle Structures from a Magnetizable Fiber in the Gas Phase
Julia Szabadi-Fuchs *, Jörg Meyer and Achim Dittler

Karlsruhe Institute of Technology, Institute of Mechanical Process Engineering and Mechanics,
Straße am Forum 8, 76131 Karlsruhe, Germany; joerg.meyer@kit.edu (J.M.); achim.dittler@kit.edu (A.D.)
* Correspondence: julia.szabadi@kit.edu

Abstract: A current subject of research is the application of magnetic effects for the detachment of
accumulated particles of fibrous collectors in gas particle separation. Initial studies have already
shown the magnetically induced detachment behavior of a compact particle structure after a single
deflection from a single fiber. In this study, the detachment behavior of particle structures with
different morphologies from a single fiber is investigated as a function of the particle loading stage on
the fiber, the external magnetic flux density, the inflow velocity and the number of regenerations of the
fiber for a certain parameter range. Diffusive and more compact particle structures with non-magnetic
properties are deposited on the magnetizable single fiber. By applying an external magnetic field, the
fiber is magnetized and experiences a torsional moment. The deposited particle structures on the
fiber are detached by the acceleration forces. The detachment of the particle structures is observed
using a high-speed camera and the image sequences are analyzed. By determining the projection area
before and after the fiber deflection, a degree of regeneration is calculated. With magnetic-induced
regeneration, high degrees of regeneration close to 100% can be achieved. Repetitive fiber deflections
improve the detachment of the particle structures. The magnetic-induced regeneration is suitable for
applications where flow reversal is not possible and can be performed either online or offline. Due to
the gentle regeneration, fewer emissions are produced on the clean gas side than, for example, with
jet pulse cleaning. It makes it easier to achieve emission limits and simplifies product recovery.

Keywords: magnetism; detachment; regeneration; morphology; single fiber; particle structure

1. Introduction

Magnetic separation techniques were already applied in the 19th century for the
material preparation of iron ores [1–3]. The magnetic separators of that time were developed
for the separation of high magnetic materials such as iron and magnetite [4]. High gradient
magnetic separators represent a further development [5,6]. These are also able to separate
weak paramagnetic particles [4,7].

In solid–liquid separation, numerous studies on separation and detachment between
particles and collectors by magnetic forces are already known [8–13]. For the separation
of magnetic particles in the liquid phase, magnetizable filters or grids are often used in
industrial applications. Recent investigations show that non-magnetic particles in the
nanoscale can also be separated from the liquid phase by agglomeration with magnetic
particles using high field strength gradients [14,15].

By using magnetic forces, collectors can not only be magnetized but also set in mo-
tion. In solid–liquid separation, this has already been implemented in the field of water
treatment on a membrane filter [16,17]. The membrane is magnetized and vibrated in a
targeted manner.

In contrast to solid–liquid separation, only a few studies are known in the field
of gas–particle separation which have investigated the use of magnetic forces. Zhou
et al. [18] researched the separation of ferromagnetic particles with a diameter < 2.5 µm on

Separations 2023, 10, 579. https://doi.org/10.3390/separations10120579 https://www.mdpi.com/journal/separations

https://doi.org/10.3390/separations10120579
https://doi.org/10.3390/separations10120579
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://orcid.org/0000-0001-6715-2568
https://doi.org/10.3390/separations10120579
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations10120579?type=check_update&version=1


Separations 2023, 10, 579 2 of 19

a magnetized filter medium. So far, the application of magnetic forces for the regeneration
of magnetized filter fibers (particle detachment) has not been considered yet and thus is
the subject of this study. The application of magnetizable filter fibers allows for a targeted
movement of the fibers when an external electromagnetic field is applied. Thus, the particle
layers on the fibers are removed. The advantage of this new regeneration method is the
gentle online regeneration and its use in applications that do not allow flow reversal. Due to
the gentler regeneration compared to pulse jet cleaning, fewer particles reach the clean gas
side [19,20]. This makes it easier to meet emission targets and simplifies product recovery
from solid-carrying air streams.

Several studies are known from the literature which use magnetic forces for a defined
movement of magnetizable materials. The field of application is very wide and ranges from
medical applications [21,22] to the production of composite materials [23,24].

In this study, a single magnetizable fiber is used to perform basic investigations. The
fiber, which is fixed on one side, is loaded with non-magnetic particle material. After
the particle deposition, the ferromagnetic fiber is magnetized by the external magnetic
field of two Helmholtz coils and experiences a torque. To achieve the highest possible
detachment, the loose end of the fiber is deflected against a stop. The deflection and bending
of the fiber results from the fixation at one end of the fiber. With increasing magnetic flux
density, the fiber is accelerated faster, which has a corresponding effect on the detachment
behavior of the particle structures from the fiber. A theoretical description of the deflection
by a homogeneous external magnetic field was presented by Gerbal et al. in [25] for a
ferromagnetic cantilever rod fixed at one end. In the study, the relationship between the
bending and the magnetization M was balanced by the equilibrium between the bending
moment of the magnetizable fiber and the torque T.

As shown in a previous study [26], the particle morphology (structure) and the particle
loading stage (height of the structure) are crucial for the efficiency of particle detachment.
The resulting morphology depends on the prevailing transport mechanism (diffusion,
interception, inertia) of the particles to the fiber during deposition [27,28]. Thus, for
example, the flow resistance, the strength or porosity of the structure can influence the
efficiency of the fiber regeneration. However, these parameters are difficult to determine
for the emerging particle structures and are not part of this study.

In this study, the efficiency of particle detachment from a single fiber for repetitive
regeneration events was investigated as a function of particle material, particle structure,
structure height, flow velocity and number of fiber deflections (number of regenerations).

2. Materials and Methods
2.1. Fiber

The fiber consists of ferritic chromium steel X6Cr17, with a material number of DIN
1.4016 or AISI 430. The fiber has a diameter of df = 95 µm and a length of lf = 3.8 cm. The
steel has a density of ρ = 7700 kg·m−3 and Young’s modulus of E = 2.2 × 1011 Pa. When
the axis of the fiber is oriented perpendicular to the external field, the magnetization of the
fiber increases linearly in the range of the field strengths used (H = 0–30,000 A·m−1) [26,29].
The same fiber material was already applied in previous studies [26,27].

2.2. Particulate Matter

In this study, the detachment behavior of particle structures with different morpholo-
gies from a single fiber was investigated. Diffusive and more compact particle structures
were built up on the fiber. It is known from the literature that diffusive particle struc-
tures can be generated with Carbon Black and more compact particle structures with
Spheriglass [28,30]. The morphology of the particle structure is determined by the transport
mechanism of the particles to the fiber [30].

The transport mechanism (diffusion, interception, inertia) during fiber loading can
be influenced by various parameters such as inflow velocity, particle diameter or fiber
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diameter. In this study, different morphologies were generated by adjusting the inflow
velocity and changing the particle material and size.

Two different particle materials were used to generate particle structures in the diffu-
sion/interception/inertia area.

The particle structures known from the literature are mostly generated from monodis-
perse materials. By using polydisperse instead of monodisperse particle material, more
industry-oriented conditions are created. The generated particle structures of Carbon Black
and Spheriglass have already been characterized in detail in a previous study [27]. In the
previous study, the particle size distribution curves for the two materials are given.

To create dendritic particle structures, Pow Carbon 280 (Carbon Black) from Harold
Scholz & Co. (Recklinghausen, Germany) was applied. Carbon Black has a volume-
weighted diameter of x50.3 = 680 nm [27]. Because of the small particle sizes, the transport
of the particles to the fiber is mainly dominated by diffusion.

Spheriglass® CB 5000 from Potters Industries Inc. (Malvern, PA, USA) was used to
create much more compact structures. Due to a higher volume-weighted particle diameter
of x50.3 = 6540 nm [27], on average, tenfold the size of Carbon Black, the dominating trans-
port mechanisms of the glass spheres to the fiber are the interception effect or inertia. The
material and bulk density of Spheriglass is ρmaterial = 2460 kg·m−3 and ρbulk = 1280 kg·m−3.

The resulting particle structures can be compared with known structures from the liter-
ature using the Péclet number (diffusion) or Stokes number (interception, inertia) [28,30,31].

The Péclet number is defined as follows:

Pé =
u·x f iber

D
(1)

with the flow velocity u, the diameter of the fiber xfiber and the coefficient of diffusion D.
The Stokes number is defined as follows:

St =
ρP·x2·u ·Ψ
18·ηF·x f iber

(2)

with the particle density ρP, the particle diameter x, the flow velocity u, the correction factor
for the non-Stokes area Ψ, the kinematic viscosity of the fluid ηF and the fiber diameter xfiber.

The Péclet and Stokes numbers found in the literature, which are defined for monodis-
perse particle systems, were calculated using the number-related particle diameter x50.0. In
polydisperse systems, the effect of larger particles on the volume of the particle structure
is higher than the effect of smaller particles. Therefore, the Péclet and Stokes numbers
were calculated by using the volume or weighted particle diameter x50.3. In several studies,
the same polydisperse particle material as in this study has already been used to generate
particle structures [27,28]. It has been shown that for a given Péclet or Stokes number,
comparable particle structures can be formed as with monodisperse material.

2.3. Particle Deposition and Magnetic-Induced Detachment

Figure 1 presents the same setup applied in a previous study [26] for the particle
deposition and detachment.

The particle material (Carbon Black or Spheriglass) is dispersed with a feed rate of
vFeed = 5 mm·h−1 (for Carbon Black) and vFeed = 32 mm·h−1 (for Spheriglass) into an air
volume flow of

.
Vdis = 9.73 L·min−1. Both materials were dispersed with a RBG 1000 from

Fa. Palas® at a dispersion pressure of p = 1 bar (1). Before entering a 85Kr-neutralizer (2),
the volume flow is divided into

.
VExcess and

.
Vin. To ensure a constant charge distribution

of the particles, a 85Kr-neutralizer (2) is used. Table 1 shows the volume flow rates set in
the various measurements.
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Figure 1. Fiber holder (a); experimental setup for the particle deposition and detachment (b).
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Table 1. Experimental parameters of the particle deposition.

Carbon Black
A

Carbon Black
B

Spheriglass
C

Spheriglass
D

Péclet number,
Stokes number/- Pe = 2.6 × 104 Pe = 2.6 × 105 St = 0.15 St = 6.5

Loading
heights/mm

h1 = 0.3 ± 0.02
h2 = 0.6 ± 0.05

h1 = 0.25 ± 0.05
h2 = 0.5 ± 0.07

h1 = 0.25 ± 0.03
h2 = 0.5 ± 0.04

h1 = 0.25 ± 0.01
h2 = 0.5 ± 0.02

.
Vin/L·min−1 9.73 9.73 9.73 9.73
.

Vin,2/L·min−1 - - 15.17 15.17
.

VExcess/L·min−1 9.58 8.23 24.41 4.9
.

Vout/L·min−1 0.15 1.5 0.5 20
.

Mout/mg·h−1 2.48 24.8 14 566
vloading/m·s−1 0.012 0.12 0.04 1.66

Before entering the loading chamber (4), where the single fiber is located, an inlet pipe
(3) with a length of l = 26 cm is installed. A flow straightener is placed in the inlet pipe to
achieve a uniform flow profile.

The inlet pipe is mounted horizontally. With a prolonged loading period, wall deposits
can form in the inlet pipe. The horizontal orientation of the pipe is intended to reduce
possible detachment of the wall deposits and subsequent effects on the structure formed on
the fiber. The distance between the inlet and outlet tube to the fiber is 16 mm.

For the deposition of the glass spheres (Spheriglass) via interception and inertia, a
second volume flow

.
Vin,2 at the inlet is fed. This volume flow ensures a constant mixing

ratio between the glass spheres and air in the measurement series of structure C and D.
The loading chamber is surrounded by Helmholtz coils, which are connected in series.

An area with a constant magnetic flux density exists between the coils. The single fiber is
positioned in this area using a fiber holder, which ensures that a constant magnetic flux
density acts along the fiber axis. As shown in Figure 1, the fiber is fixed at one end and its
axis is aligned parallel to the earth’s gravitational field. The inflow is perpendicular from
right to left. If the fiber is magnetized by the external field, the deflection of the fiber occurs
to the right (X-axis), against the inflow, and is perpendicular to gravity.

The magnetizable single fiber has a defined start position and a stop for the fiber end
(see Figure 1). To support the detachment of the particle structures from the fiber, the loose
end of the fiber may collide against the stop. The loose end of the fiber is guided in vertical
direction and the guide width can be varied between w = 0.5 mm and w = 5 mm. In this
experiment, the guide width was always w = 0.5 mm. The impact of the guidance on the
fiber movement is negligible, which was investigated in a previous study [26].

Since the fiber is only fixed on one side and has a loose end, it is not possible to position
it exactly perpendicular to the magnetic field. The initial angle of the fiber to the field lines
varies in the range of α = 87.4–89.5◦, which was determined in [26].

By applying two different current strengths, I = 2 A and I = 3 A, which correlate
with magnetic flux densities of B = 27.7 mT and B = 38.5 mT, the ferromagnetic fiber is
magnetized and experiences a torque. Due to the fixation at one fiber end, a deflection and
bending of the fiber results. With increasing currents, the fiber is accelerated faster, which
has a corresponding effect on the detachment behavior of the particle structures from the
fiber. Investigations on the magnetic properties of the fiber material, the homogeneity of
the generated magnetic field and the motion behavior are explained in detail in [26]. It
was shown that a linear dependence between the magnetization of the fiber material and
the applied external magnetic field strength (H = 0–30,000 Am−1) exists. Furthermore, it
was shown that the field generated by the Helmholtz coils is homogeneous along the fiber
axis. Finally, the efficiency of magnetic-induced regeneration was demonstrated in initial
detachment measurements.
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In this study, the efficiency of particle detachment from a single fiber was investigated
as a function of particle material, particle structure, structure height, flow velocity and
frequency of regenerations.

Different particle structures/morphologies were generated by varying the inflow
velocity and the particle material (Table 1). The structure height was adjusted by the
exposure time. A high-speed camera (X-PRI by AOS Technology lens: NAVITAR 12×) was
used to temporally resolve the detachment behavior of the particle structures from the fiber.
This also allowed us to observe and quantify the structure heights, the emerging particle
structures during loading and the efficiency of regeneration.

The high-speed camera was placed frontal to the sight glass so that the fiber movement
in the x-direction was recorded (see Figure 1). The particles were deposited only in a
certain area along the fiber cross-section corresponding to the diameter of the inlet pipe
(d = 16 mm). Therefore, particle detachment was mainly observed in this section of the fiber.
The field of view (FOV) was 6 mm × 17.4 mm and the frame rate was f = 1654 fps. These
settings were used for all experiments except the particle structures at Pe = 2.6 × 104. To
sufficiently resolve the particle structures at Pe = 2.6 × 104, a field of view of 4 mm × 3 mm
and a frame rate of f = 1000 fps were chosen. In order to achieve high contrast in the
high-speed images, a diffuse backlighting was used.

The general experimental procedure was identical for all measurements.

1. The particle structure was generated on the fiber with a steady-state flow.
2. The external magnetic field was switched on and the fiber was magnetized and

deflected. Regeneration was performed both with and without additional flow.
3. The magnetic field was switched off.
4. The regeneration (step 2–3) was repeated two more times.

In order to investigate the influence of an additional stationary inflow on the de-
tachment, experiments with inflow during regeneration were carried out in addition to
regeneration without inflow. In order to represent the application of online regeneration, the
same inflow velocities were selected for the detachment as for the deposition (deposition). In
addition, a uniform inflow velocity of v = 0.15 m·s−1 was selected for all particle structures
during detachment in order to obtain a better comparison. The velocity v = 0.15 m·s−1 was
determined empirically and corresponds to the lowest inflow velocity at which nothing
detaches from the fiber.

2.4. Investigated Particle Structures on a Single Fiber

Figure 2 shows the investigated particle structures on a single fiber which are formed
by different transport mechanisms during deposition. The structures were chosen
to investigate the efficiency of the magnetic-induced regeneration because of their
varying morphology.

Lower inflow velocities during deposition result in more dendritic particle structures,
while higher inflow velocities lead to more compact particle structures [32].

For example, Carbon Black has a very dendritic structure at an inflow velocity of
v = 0.012 m·s−1 (A). If the inflow velocity is increased to v = 1.2 m·s−1, a more compact
particle structure is formed (B). The structures of Carbon Black appear more porous than
the particle structures of Spheriglass (C, D).

Two particle loading stages (heights of particle structure) were generated for each
structure to investigate the influence of increasing inertia. The determination of an average
height of the dendritic structure (A) in the diffusion is difficult due to the strongly varying
dendrite lengths. Therefore, the height reported here corresponds to the longest dendrites.
The height of these particle structures differs from that of the other structures because a
certain dendrite length must be reached before detachment can be observed.
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Figure 2. Investigated particle structures from the diffusion area (A,B) to the interception and inertia
area (C,D).

2.5. Determination of the Degree of Regeneration

The projection area of the fiber and particle structure is determined by image analysis.
The analysis is based on algorithms of the Image Process Toolbox of MATLAB® R2022b. The
methodology has already been used and explained in detail in previous examinations [26].

The binarization of the images is based on the method of Otsu [33]. Using a scale, the
bright pixels are counted after binarization and converted to the projection area.

Before loading the fiber with particulate material, the projection area of the unloaded
fiber is determined. After loading the fiber with particles, the projection area is determined
again. It is composed of the fiber and the particle deposit.

The projection area is determined before and also after each deflection of the fiber.
Figure 3 illustrates the projection areas of the unloaded fiber, the loaded fiber and the

regenerated fiber after the respective deflection.
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The cumulative detached area is quantified by subtracting the projection area A0+n
after each fiber deflection from the projection area of the initially loaded fiber A0. To
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consider only the projection area of the particle structure, the area of the unloaded fiber is
subtracted from projection areas A0 and A0+n, respectively.

The degree of regeneration rn is calculated by relating the projection area of the
cumulative detached particle structure after n fiber deflections (A0 − A0+n) to the initial
projection area A0 of the particle structure on the fiber before the first deflection.

The degree of regeneration can be calculated for each individual fiber deflection in
accordance with Equation (3). It describes the percentage of the cumulative detached
projection area after each fiber deflection.

rn =
(A0 – A0+n)

(A0 – AFiber,unloaded)
(3)

2.6. Determination of the Projection Area of Detached Agglomerates

Video analysis based on MATLAB’s® Motion-Based Multi-Object Tracking code
(R2022b) [34] detects the projection area of detached particle agglomerates. Figure 4
shows two examples of agglomerate tracking at time t = 25 ms after the onset of fiber
deflection. The detached and detected particle structures are marked by a yellow frame and
an ID number. Agglomerates with a pixel count greater than 20 pixels are assigned an ID
number and the projection area is output as a pixel count in a table. The limit of 20 pixels is
necessary because mainly background noise is detected in lower size classes. Using a scale,
a projection area is calculated from the pixel count. A size of 20 pixels corresponds to an
equivalent sphere diameter of d = 348 µm. Since the ejected agglomerates may rotate out of
the observation plane or disintegrate during the movement process, the maximum released
projection area is evaluated in the first 35 ms after the start of the fiber deflection process.

Separations 2023, 10, x FOR PEER REVIEW 9 of 20 
 

 

 
Figure 4. Two examples for agglomerate tracking of particle structures B (Carbon Black) and D 
(Spheriglass). 

2.7. Determination of the Acceleration for Particle Detachment 
A detailed description of the determination of the velocity and acceleration can be 

found in study [26]. The displacement, velocity and acceleration were tracked at defined 
positions along the fiber axis in the previous study. It was shown that in the area where 
the particle structure is located, the acceleration varies from approximately |a| = 30–70 
ms−2 when a magnetic flux density of B = 38.5 mT is applied. In this study, the center of 
the area where the fiber is loaded is tracked (Figure 5). The temporal deflection y of the 
fiber with the initial position y0 is tracked at the defined position (x = 1.89 cm) with the 
open-source software Tracker 6.1.0 (Physics Java Framework), resulting in a position–time 
graph. The velocity curves result from the raw data of the position–time curve of the fiber 
deflection. Since small deviations during tracking lead to large scattering of the velocity 
data, these values are smoothed using a moving average over ten values. Acceleration is 
calculated by differentiating the smoothed velocity values. 

 

Figure 4. Two examples for agglomerate tracking of particle structures B (Carbon Black) and D
(Spheriglass).

2.7. Determination of the Acceleration for Particle Detachment

A detailed description of the determination of the velocity and acceleration can be
found in study [26]. The displacement, velocity and acceleration were tracked at defined
positions along the fiber axis in the previous study. It was shown that in the area where the
particle structure is located, the acceleration varies from approximately |a| = 30–70 ms−2

when a magnetic flux density of B = 38.5 mT is applied. In this study, the center of the area
where the fiber is loaded is tracked (Figure 5). The temporal deflection y of the fiber with
the initial position y0 is tracked at the defined position (x = 1.89 cm) with the open-source
software Tracker 6.1.0 (Physics Java Framework), resulting in a position-time graph. The
velocity curves result from the raw data of the position-time curve of the fiber deflection.
Since small deviations during tracking lead to large scattering of the velocity data, these
values are smoothed using a moving average over ten values. Acceleration is calculated by
differentiating the smoothed velocity values.
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Figure 5. Tracked position along the fiber axis.

The maximum acceleration that occurs directly at the point x = 1.89 cm on the fiber axis
after the fiber hits the stop (t > tstop) serves as a reference. The maximum acceleration does
not occur at the time of the hit the stop, since the fiber still bends somewhat after the impact.
The acceleration is determined at different magnetic flux densities. A correlation between
the degree of regeneration and the acceleration (x = 1.89 cm) of the particle structure makes
it possible to draw conclusions about the effectiveness of the detachment.

3. Results
3.1. Single Deflection of the Fiber

Figure 6 shows image sequences of the single deflection for the four particle structures
when a current of I = 3 A (B = 38.5 mT) is applied to the Helmholtz coil. On the left, the
particle structures are shown at the lower particle loading stage and on the right at the
higher loading stage. In general, it can be seen that the particle structures do not detach
from the fiber during the deflection process (t < 9 ms) until the fiber hits the stop. As
expected, the detachment behavior of the different particle structures varies.

Image sequence A shows the detachment of the fiber at an inflow velocity of
v = 0.012 m·s−1, which corresponds to the inflow velocity during the deposition pro-
cess (v = deposition). It was not possible to turn off the inflow during regeneration, as this
would cause the dendrites to collapse, resulting in a different structure. This behavior of
the dendrites is discussed in a previous study in [27].

The image sequences B–D show the magnetically induced particle detachment without
an additional inflow.

In the case of the more dendritic particle structure A of Carbon Black, several in-
dividual dendrites detach at the lower particle loading stage on the fiber (low particle
structure—A left). At the higher particle structure, the dendrites become more branched,
denser and slightly longer than at the lower loading stage. In the case of the higher particle
structure, larger dendrites detach sporadically (A—right). The detachment occurs due to
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flow forces rather than inertial forces, since only the outward projecting dendrites and not
the entire particle structure is detached.
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With the more compact and less dendritic particle structure, the particle structure B of
Carbon Black only detaches at the larger particle loading stage (h = 0.5 mm) after the first
deflection of the fiber.

The impact of inertia correlates with the particle loading stage on the fiber. This is
crucial for more efficient particle detachment of the fiber. At a higher particle load on
the fiber, inertia forces are higher, so the higher particle structure is more easily detached
(B—right). For the slightly dendritic (C) and compact (D) particle structures of Spheriglass
(interception/inertia area), the particle structures detach from the fiber at both particle
loading stages. Here, the inertia of the lower particle loading stage of the structures
is sufficient for detachment. In addition to the density, which is 1.4 times higher for
Spheriglass than for Carbon Black, the particle structures of Spheriglass also visually
appear more compact.

The efficiency of particle detachment (degree of regeneration) after repeated fiber
deflections (regenerations) is shown in Section 3.2.
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In the following, the total detached projection area after one regeneration for the
different particle structures and with additional inflow velocities during the regeneration is
presented as a function of the maximum acceleration at fiber position x = 1.89 cm (Figure 7).
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Since the dendrites of the structures (A) attach to the fiber during regeneration and
thus, the strongly changed projection area leads to artifacts in the image evaluation, only
the results for the three remaining particle structures (B–D) are shown here.

In general, the maximum acceleration of a single fiber—measured at position x = 1.89 cm
on the fiber axis—is about |a| = 25 m·s−2 at a magnetic flux density of B = 27.7 mT, while it
is about |a| = 57 m·s−2 at B = 38.5 mT.

With increasing loading stage of the particle structures, the inertia rises and more
particle structures detach, with the exception of structures formed by Carbon Black. At
v = 0 m·s−1 and an acceleration of approx. |a| = 25 m·s−2, both particle loading stages
of Carbon Black detach similarly poorly without additional inflow. Comparing the par-
ticle structures at v = 0 m·s−1 (influence of the inflow on the detachment excluded), the
detachment tends to improve with increasing acceleration. A higher acceleration results in
1.5 times larger detached projection areas (C, D).

An additional inflow during detachment also increases the efficiency to a certain extent.
For example, increasing the inflow velocity (C) from v = 0 m·s−1 to v = 0.04 m·s−1 improves
the detachment by approximately 20%, especially at the lower magnetic flux density. If the
inflow is too high, a deterioration of or, at higher accelerations, a detachment of similar
magnitude is observed (see Figure 7D—v = 1.66 m·s−1). The flow force acts against the
acceleration force of the fiber, causing the particle structure to be pressed back against
the fiber during the detachment process and also reduces the acceleration of the fiber (see
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Figure 7D). These effects rise as the incident velocity increases. Consequently, the detached
projection area (D—red square dots) decreases. If the magnetically induced acceleration of
the fiber is sufficiently higher, the regeneration is hardly improved by increasing the inflow
velocity (D—blue triangular dots). This results in a similarly high detached projection area.

Comparing the different particle materials, Carbon Black shows poorer detachment
than Spheriglass, especially at lower acceleration. It is already known from Figure 6B that
the low particle structures cannot be detached at B = 38.5 mT. As expected, they also do not
detach at the lower acceleration (|a| = 25 m·s−2) at B = 27.7 mT.

In the following, the size of the detached agglomerates and the degree of fragmentation
are examined. Since the image analysis is limited by the pixel size, as mentioned before, it
is not possible to determine the actual minimum particle size (projection area) into which
the agglomerates break down. Therefore, the focus of the evaluation is on the largest
detached agglomerate.

In Figures 8–10, the total detached projection areas of the particle structures are
compared with the area of the largest detached agglomerate after the first regeneration. An
illustration of the detachment process is shown on the left. Only measurements conducted
at the same velocity (v = 0 m·s−1 and v = 0.15 m·s−1) are compared. The determination of
the maximum agglomerate size is always determined in the first 35 ms after the detachment
process for all image evaluations. Further fragmentation is not considered. Each bar in the
diagrams represents the average value from three repeated experiments. The deviations
between the experiments are shown as error bars.
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Figure 8. Exemplary image sequence of the first regeneration of the single fiber (a); comparison of
the total detached projection area with the projection size of the largest detached agglomerate at two
loading heights of the particle structure B of Carbon Black and two inflow velocities (b).

Generally, several behaviors are observed when the structures are detached. In most
cases, the structure detaches as one large agglomerate. Occasionally, small agglomerates
also detach from the structure. In addition, it was observed that after detachment, the
particle structure hits the fiber again during sedimentation and then either a fraction of the
agglomerates reattaches to the fiber or disintegrates into small agglomerates after impact.
It is also possible that the detached structure fragments without coming into contact with
the fiber.



Separations 2023, 10, 579 13 of 19Separations 2023, 10, x FOR PEER REVIEW 14 of 20 
 

 

 
(a) (b) 

Figure 9. Exemplary image sequence of the first regeneration of the single fiber (a); comparison of 
the total detached projection area with the projection size of the largest detached agglomerate at 
two loading heights of the particle structure C of Spheriglass and two inflow velocities (b). 

 
(a) (b) 

Figure 10. Exemplary image sequence of the first regeneration of the single fiber (a); comparison of 
the total detached projection area with the projection size of the largest detached agglomerate at 
two loading heights of the particle structure D of Spheriglass and two inflow velocities (b). 

Generally, several behaviors are observed when the structures are detached. In most 
cases, the structure detaches as one large agglomerate. Occasionally, small agglomerates 
also detach from the structure. In addition, it was observed that after detachment, the 
particle structure hits the fiber again during sedimentation and then either a fraction of 
the agglomerates reattaches to the fiber or disintegrates into small agglomerates after 

Figure 9. Exemplary image sequence of the first regeneration of the single fiber (a); comparison of
the total detached projection area with the projection size of the largest detached agglomerate at two
loading heights of the particle structure C of Spheriglass and two inflow velocities (b).

Separations 2023, 10, x FOR PEER REVIEW 14 of 20 
 

 

 
(a) (b) 

Figure 9. Exemplary image sequence of the first regeneration of the single fiber (a); comparison of 
the total detached projection area with the projection size of the largest detached agglomerate at 
two loading heights of the particle structure C of Spheriglass and two inflow velocities (b). 

 
(a) (b) 

Figure 10. Exemplary image sequence of the first regeneration of the single fiber (a); comparison of 
the total detached projection area with the projection size of the largest detached agglomerate at 
two loading heights of the particle structure D of Spheriglass and two inflow velocities (b). 

Generally, several behaviors are observed when the structures are detached. In most 
cases, the structure detaches as one large agglomerate. Occasionally, small agglomerates 
also detach from the structure. In addition, it was observed that after detachment, the 
particle structure hits the fiber again during sedimentation and then either a fraction of 
the agglomerates reattaches to the fiber or disintegrates into small agglomerates after 

Figure 10. Exemplary image sequence of the first regeneration of the single fiber (a); comparison of
the total detached projection area with the projection size of the largest detached agglomerate at two
loading heights of the particle structure D of Spheriglass and two inflow velocities (b).

The particle structure B of Carbon Black (Figure 8) exhibits hardly any fragmentation
without an additional inflow during regeneration. At the larger loading stage, the particle
structure is thrown off almost as a coherent structure. In addition, small agglomerates
detach from the fiber in a few cases. With additional flow, the structure detaches again at
the time of impact as approximately one large agglomerate. However, it is pressed once
again against the fiber by the flow forces and disintegrates into individual agglomerates. In
some cases, a reattachment of individual fragments is also observed in the experiments.
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For the particle structure C of Spheriglass (Figure 9), a slight fragmentation is observed
at v = 0 m·s−1, especially at the higher particle loading on the fiber. The majority of the
particle structure is detached from the fiber during regeneration as a coherent agglomerate. In
addition, many small agglomerates are formed with a very small fraction of the total detached
area. To a smaller extent, this is also seen in the lower particle structure. The proportion of
small fragments of the total detached particle structure is lower for this structure than for the
larger particle structure. At v = 0.15 m·s−1, the degree of fragmentation is higher than without
an inflow. This applies to both loading stages. Both particle structures are first detached
against the inflow direction and subsequently pressed against the fiber by the flow forces,
comparable to the particle structure B in Figure 8. Due to the renewed impact on the fiber, the
particle structure disintegrates into a few large and a few small agglomerates.

The total detached projection area of the particle structure D of Spheriglass (Figure 10)
is approximately equal to the largest detached agglomerate size at v = 0 m·s−1. This obser-
vation occurs at both the low and high particle loading stages. Thus, little fragmentation
occurs. On the other hand, when the flow is applied during regeneration, a clear fragmen-
tation of the particle structure is determined. Once again, the particle structure is detached
as a coherent structure and is pressed against the fiber by the flow. The impact causes the
structure to break up into smaller fragments. The larger the loading stage, the fewer small
fragments created during detachment with additional flow.

The results indicate that the fiber acts like a kind of agglomerator. During regeneration,
the structures are more likely to detach as a large coherent structure and less likely to detach
as many small agglomerates. The detached structures could, for example, be deposited in a
later process step.

3.2. Repeated Deflections of the Single Fiber

In this section, it will be demonstrated that, by deflecting the fiber repeatedly, the
degree of regeneration can be improved.

Figures 11–13 illustrate the achieved cumulated degrees of regeneration for the previ-
ously considered particle structures concerning the number of regenerations. The black
square symbols represent the experiments without inflow and the blue triangular symbols
signify additional inflow at a velocity of v = 0.15 m·s−1. The red round symbols represent
the experiments with an inflow velocity corresponding to the inflow velocity (v = vdeposition)
during particle deposition on the fiber. In the diagrams on the left, the magnetically induced
deflection of the fiber occurs at B = 27.7 mT and on the right at B = 38.5 mT. As mentioned
above, these magnetic flux densities correspond to accelerations of about |a| = 25 m·s−2

and |a| = 57 m·s−2 after the time of impact at the fiber position x = 1.89 cm. Each point in
the diagrams represents the average value from three repeated experiments.

When structure B of Carbon Black is regenerated (Figure 11), the results of the repe-
tition measurements vary greatly. At a lower acceleration, without inflow, the achieved
degree of regeneration after three deflections for the higher loading stage is about 30%
higher than at the acceleration of |a| = 57 m·s−2. An additional inflow during detachment
(B = 27.7 mT) leads to a regeneration degree that is approximately 66% lower at the low
loading stage than without inflow. At the low particle loading stage, the inertial forces are
not sufficient for complete detachment of the particle structure. In addition, flow forces act
against the inertial forces when additional flow is applied. However, it has been shown that
the degree of regeneration can be improved by regenerating the fiber several times. This is
due to the fact that rearrangement processes occur during regeneration (see Figure 8—low
loading stage for t > 9 ms). In most cases, the resulting particle structures are easier to
remove during subsequent regeneration.

The negative degrees of regeneration at B = 27.7 mT can be explained by the rear-
rangement of deposited structures. The artifact is caused by the enlarged projection surface
(A0+n) as soon as a particle structure rotates out of the plane. This causes the degree of
regeneration calculated according to Equation (3) to become negative.
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At B = 38.5 mT, the additional inflow (v = 0.12 & 0.15 m·s−1) improves the degree of
regeneration by about 30%, especially for the lower particle structure. Since the flow veloci-
ties of the red and blue curves are of a similar order of magnitude (v = 0.12 and 0.15 m·s−1),
the curves are comparable. The measurement fluctuations are due to rearrangements and
the irregular detachment behavior of the particle structures.

Due to rearrangement processes during the first regeneration, similar degrees of
regeneration are achieved by regenerating the fiber several times at B = 38.5 mT, as is the
case of the structures made from Spheriglass (compare Figures 12b and 13b).
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Figure 12 shows the three regenerations for the particle structure C of Spheriglass.
The results scatter less than with the particle structures made of Carbon Black. All curves
show that the degree of regeneration can hardly be increased after one or two regenerations.
The result is an almost horizontal curve. In all measurements, the degree of regeneration
increases with increasing inflow velocity during detachment. Without a stationary inflow
(black squares) at a magnetic flux density of B = 27.7 mT, the degree of regeneration is
approximately 65–70%, depending on the amount of the particles on the fiber. If the inflow
velocity during particle deposition is equal to the regeneration velocity (v = vdeposition),
a regeneration of 88% for the higher loading stage on the fiber (red circles) is reached.
Only a further increase in the inflow velocity to v = 0.15 m·s−1 leads to almost complete
regeneration of the fiber.

At B = 38.5 mT, the degree of regeneration is improved by 12% absolute without inflow
during detachment (black squares). Correspondingly, as the inflow increases, regeneration
degrees close to 100% are achieved.

Figure 13 presents the results for particle structure D of Spheriglass.
This particle structure also achieves higher degrees of regeneration with greater accel-

eration. At B = 27.7 mT with no inflow, cumulative regeneration degrees of approximately
80% are achieved after three deflections. The degree of regeneration at 27.7 mT without
inflow is about 15% higher for the slightly more compact particle structure D than for
the particle structure C. Comparing the inflow velocities, it is obvious that with an inflow
velocity of v = 0.15 m·s−1 the regeneration degree increases to around 99%. Since the same
degree of regeneration is obtained for the low and high particle loading stages with inflow,
the influence of inflow outweighs that of inertia. Even for particle structure D, the degree
of regeneration stays almost constant after 1-2 regenerations (except at v = 1.66 m·s−1).
Accordingly, it would be sufficient to deflect the fiber twice.

As already shown in Figure 10, for an inflow velocity of v = 0.15 m·s−1, the already
detached particle structure is pressed again against the fiber. This behavior increases with
increasing inflow velocity. It explains the lower degree of regeneration, especially at the
lower acceleration value and higher inflow velocity of v = 1.66 m·s−1. An inflow velocity of
v = 1.66 m·s−1 reduces the efficiency of particle detachment if the inertial forces are not high
enough. The inertial forces on the particle structure with the lower height are smaller than
those on the larger particle structure. This is reflected in a lower degree of regeneration of
approximately 39% for the lower loading stage at B = 27.7 mT.
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Increasing the magnetic flux density to B = 38.5 mT improves the regeneration without
an inflow by 10% absolute. At an inflow velocity of v = 0.15 m·s−1, regeneration rates
similar to those at B = 27.7 mT are achieved. Thus, it would not be necessary to increase
the magnetic flux density to B = 38.5 mT to accomplish regeneration degrees of around
95% if the inflow is additionally applied at moderate velocities. The inertial separation is
improved by increasing the magnetic flux density to B = 38.5 mT and applying an inflow
velocity of v = 1.66 m·s−1. As already mentioned, higher particle loading stages (higher
inertia) tend to result in higher degrees of regeneration.

4. Conclusions and Outlook

This study demonstrated the application of magnetic effects for the detachment of
accumulated particles of fibrous collectors in gas particle separation. The detachment
behavior of particle structures with different morphologies from a single fiber was in-
vestigated as a function of the particle loading stage on the fiber, the external magnetic
flux density, the inflow velocity and the number of regenerations of the fiber for a certain
parameter range.

Compared to other solid–liquid separation applications where magnetic forces are
mostly used for deposition, magnetic flux densities are above 1 T. The investigated appli-
cation in this study requires comparatively low magnetic flux densities for the efficient
regeneration of the single fiber.

The main results of this study are as follows:
In most cases, the structure detaches as one large agglomerate. Occasionally, small

agglomerates also detach from the structure. For particle structures with outwardly directed
dendrites, the dendrites are detached even at low fiber acceleration (simultaneous constant
inflow present). This occurs due to flow forces rather than inertial forces, since only the
outward projecting dendrites and not the entire particle structure is detached.

In addition, it was observed that after detachment, the particle structure hits the fiber
again during sedimentation and then either a fraction of the agglomerates reattaches to
the fiber or disintegrates into small agglomerates after impact. It is also possible that the
detached structure fragments without coming into contact with the fiber.

The higher the acceleration of the fiber and the greater the inertia forces, the higher
the cumulative degree of regeneration. The resulting inertial forces are influenced by
the particle material, the particle structure and the height of the structure, as well as the
acceleration. Particle structures made of Spheriglass exhibited more consistent detachment
behavior than the structures made of Carbon Black. The structures of Spheriglass were
significantly easier to detach compared to structures of Carbon Black, despite comparable
particle loading stages, especially after the first regeneration. It can be deduced that slightly
higher inertia forces act during the detachment of the structures of Spheriglass than in the
case of the structures of Carbon Black.

Repeated regenerations improve the degree of regeneration, especially in case of
structures made of Carbon Black where low accelerations of approx. |a| = 25 m·s−2 are
not sufficient for efficient regeneration. Repeated deflection of the fiber/regeneration leads
to rearrangement processes in the particle structure, making it easier to detach them. In
addition, particle agglomerates that have been reattached are usually detached again by
renewed regeneration.

In most cases, an additional inflow during fiber regeneration increases the degree
of regeneration due to the additional flow forces. Since the inflow is directed against the
fiber movement, an excessively high inflow velocity (here: v = 1.6 ms−1) can worsen the
regeneration if the fiber acceleration is too low (here: |a| = 25 m·s−2). The particle structure
is pressed against the fiber by the inflow, and the maximum acceleration of the fiber is
reduced due to the flow resistance.

Additional inflow increases the fragmentation of the particle structure. The greater the
loading height, the less small fragments form during detachment with additional inflow.
In summary, the fiber acts like a kind of agglomerator.
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The potential of magnetically induced regeneration was investigated in this study on
a single fiber and should be further researched on a fiber array. Since each fiber generates a
magnetic field of its own, this can influence the movement behavior of neighboring fibers.
The mutual magnetic and mechanical influence of the fibers will be studied. In addition,
the collision of the fibers could improve regeneration. The formation of particle bridges
could also influence the regeneration.
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