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Abstract: In this study, a two-dimensional separation of microparticles based on their settling velocity
and triboelectric charge ability is achieved using an air classifier for size fractionation and simultane-
ous charging, followed by an electrostatic separator. In the first part, considerations for enhancing
particle classification with high sharpness and low-pressure drops are discussed through improve-
ments in blade design investigated with CFD simulations and validated experimentally. Blades with
extended lengths towards the center of the classifier prevent the formation of high-velocity vortices,
thereby minimizing the back-mixing of particles and enhancing separation sharpness. This approach
also reduces pressure drops associated with these flow vortices. In the second part of the study, the
modified blades within the classifier are utilized for two-dimensional separation. Powders from
two different materials are fed into the classification system, where particles become triboelectrically
charged, mainly through collisions with the walls of the classification system components. Coarse
particles are rejected at the wheel and exit the classifier, while differently charged fine particles of
the two materials are directed into an electrostatic separator for material sorting. An enrichment of
approximately 25–35% for both materials has been achieved on the electrodes of the separator.

Keywords: deflector wheel classifier; fine powders; CFD; cut size; separation sharpness; triboelectric
charging; electrostatic separation

1. Introduction

The German Science Foundation funded the priority program SPP 2045, entitled
“MehrDimPart—highly specific multidimensional fractionation of technical fine particle
systems”, in 2016. The program’s objective is to develop processes for the multidimensional
fractionation of particles smaller than 10 µm, enabling the precise control over particle
properties while significantly increasing production throughput. As a part of the SPP
2045 program, this study represents a process for the two-dimensional separation of fine
particles based on their size with simultaneous material sorting.

Particulate intermediate products form the basis for the vast majority of high-quality
industrial products, including ceramic and powder metallurgical components, coatings,
porous functional structures, printed electronics, etc. [1,2]. There is enormous potential
for highly specified particle systems, especially in the size range < 10 µm. In order to fully
leverage this potential, it is often necessary to fractionate the powders according to several
particle characteristics [3].

In many technically relevant fields, separating particles smaller than 10 µm based
on size or other properties is a persistent challenge [4]. In particular, the separation and
sorting of micron-sized particles is crucial for environmental assessment, food and chemical
processing, biological and chemical analyses, and diagnostics [5].
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In contrast to wet processes, dry sorting processes are characterized by a high through-
put, continuous processes, and the complete elimination of chemical additives and complex
drying steps [6]. While simple dry sorting processes based on triboelectric charging have
been implemented in the size range of several 10 µm [7,8], dry material-specific separation
in the range of a few micrometers down to the submicron size range is still pending.

The deflector wheel classifier has established itself industrially in dry powder classifi-
cation in the ultra-fine range (refer to Section 2 for the working principle of the classifier).
Air classifiers are widely recognized for their efficacy in segregating dry powders into
distinct size categories [9,10]. Industrially, they are used in combination with mills or as
classifier mills [11]. Moreover, classifiers can be integrated with material sorting techniques
to achieve multi-dimensional separation.

Spötter [12] conducted Faraday cup electrometer measurements after a deflector wheel
classifier to assess the charge acquired by particles following classification. The tests showed
that material-specific charging also occurs when ultrafine powders pass through. Spötter
also investigated the charging behavior of various materials with particle sizes in the range
of several micrometers using a dry disperser (RODOS® from Sympatec Inc., Clausthal-
Zellerfeld, Germany). The RODOS® system operates based on the injector concept, where
material in the form of particle agglomerates is introduced into the system, mixed with
air, and accelerated through a free jet [13]. The study revealed that different materials can
exhibit different polarities and magnitudes of charge. The charging of fine particles in
the micron to submicron size range has been studied in [13], where particles have been
charged through collisions with the walls of a RODOS-disperser (RODOS® from Sympatec
Inc., Clausthal-Zellerfeld - Germany) under varying operating conditions. The tests in [13]
have shown that particles in this size range also acquire charges with different polarities
through contact with the disperser walls. In the current study, the RODOS-disperser used
in [13] is coupled with an air classifier and an electrostatic separator, as shown in Figure 1.
Therefore, the study aims to clarify whether this charging is sufficient for sorting ultra-fine
powders by material in a downstream electrostatic separator in addition to aerodynamic
classification, thus realizing a two-dimensional separation of particles in this size range
with applications in powder recycling.
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Figure 1. Overview of the whole classification system coupled with the material sorting system. The
wheel classifier in (2.) is equipped with 12 airflow and 4 particle inlet nozzles evenly distributed
around the circumference (wheel diameter: 200 mm, gap between wheel and casing: 25 mm, wheel
height: 40 mm). The Figure of the wheel classifier is adapted from [14].

The collisions of particles with the high-speed rotating blades of the classifier are
utilized to induce tribocharging, which is crucial for the material sorting process. When
applying condenser or charge relaxation models [15] or a Hertzian contact model [16],
tribocharging can be influenced by various factors and parameters, which may, in turn, be
affected by the classifier’s operational parameters. These factors include the frequency and
number of particle–wall collisions, the speed of collision, the duration of contact, and the
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contact area. Additionally, particle–particle collisions may also impact the tribocharging
process, which can be influenced by changes in the classifier’s operating parameters.
Variations in the classifier’s operating parameters, such as the blades’ rotational speed or
the volume flow rate, can significantly impact the separation cut size. Consequently, the
mass-loading of non-separated particles that reach the blades’ region (fine material) may
vary. In [17] by Watano, it was observed that an increase in particle mass loading led to a
reduced net charge during pneumatic conveying for the mass-specific charging of PMMA
particles. Numerical simulations of particle movement in [17] suggested that as loading
increases, the frequency of interparticle collisions rises more sharply than particle–wall
collisions. Additionally, the study noted that an increase in particle velocity contributed to
a higher net charge on the particles.

In addition to the direct effect of particle velocity on the acquired charge, velocity
can also influence the contact area, which is another critical factor in charge acquisition.
Studies [18,19] observed a linear relationship between the vertical impact velocity and
the contact area for PMMA and Nylon particles, respectively [14]. The contact area can
further affect the contact angle, and together with contact speed, these parameters influence
the duration of contact [14,16]. Regarding the number of collisions, it was concluded
in [15] that the charge acquired by a single particle can be increased by raising the number
of collisions or extending the length of the contact surface. Therefore, variations in the
classifier operating parameters are conducted to gain an understanding of the particle
tribocharging in air classifiers during a two-dimensional separation process.

For efficient two-dimensional separation, optimizing the aerodynamic separation
process is paramount. This optimization entails enhancing separation sharpness to obtain
fine materials with a narrow particle size distribution while excluding undesired coarse
materials. Additionally, reducing the loss of fine materials misclassified as coarse further
refines the process by increasing the amount of material to be sorted. As two-dimensional
separation involves an additional apparatus (electrostatic separator, Figure 1), minimizing
pressure losses is also essential to maintain flow and energy efficiency. These optimizations
collectively ensure that the overall process is effective, sustainable, and realizable. Classi-
fying fine powders presents challenges and limitations that can compromise separation
sharpness. In [20], these limitations were discussed, highlighting instances where high
rotational speeds of the classifier and low flow rates may unexpectedly fail to reduce the
cut size of separation (x50). Instead, they may lead to a reduction in separation sharpness,
contrary to theoretical expectations. Therefore, the first part of this study involved con-
ducting CFD simulations and experimental investigations conducted by the same authors,
focusing on enhancing the sharpness of the cut and reducing pressure drops. This was
achieved through modifications in blade geometry, with a particular focus on extending
the blade length toward the center of the classifier.

As shown schematically in Figures 1 and 2, a deflection wheel classifier can be seg-
mented into three distinct regions [11,21]. Notably, one of these regions encompasses the
space between the outlet of the classifier blades and the center of the classifier (region from
ri to the center in Figure 2a,b. This particular region has not received significant attention
in air classifier research. Instead, the focus has predominantly been on optimizing the sepa-
ration process through adjustments to the operating parameters [22–25] or modifications
of the classifier’s stationary blades (guide vanes) [9,26–28] or the rotating blades [29–31].
Liu et al. [27] coupled guide blades into the classifier and discovered that inclined guide
blades effectively stabilized the flow field, resulting in improved classification efficiency
compared to the original non-inclined guide blades. Yu et al. [28] presented a guide vane
design method based on particular airflow trajectories under specified operating conditions.
Their logarithmic spiral guide blades achieved similar separation results for particles of
the same size as the original blades, effectively altering the non-uniform circumferential
flow field distribution in the annular region. Zeng et al. [9] proposed the following three
new configurations for turbo air classifier guide vanes: direct-type, L-type, and logarithmic
spiral type, as well as a setup without guide vanes. Guide vanes improved flow field
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stability compared to those without them. Logarithmic guide vanes outperformed other
designs by improving separation sharpness and reducing cut size. Mou et al. [32] compared
the effectiveness of streamlined (curved) blades, designed using the single arc method, to
conventional straight blades. The study found that curved blades improved flow distri-
bution, resulting in a 5% reduction in cut size, while maintaining separation sharpness.
Ren et al. [30] used non-radial arc blades in a rotor cage to reduce vortex formation and
improve flow distribution. This modification improved separation efficiency, resulting
in a fine powder with a controlled particle size distribution, compared to straight blades.
Zhao et al. [31] investigated the effects of blade geometry on air classifier performance. The
researchers found that using positively bowed blades with a low impact angle effectively
eliminated the flow vortex in the classifier. Furthermore, these positively bowed blades
improved the classification process, generating fine powders with a narrow particle size
distribution, compared to straight blades.
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Figure 2. Blades with different inner radii.

The inner annular region garnered interest in [10], where flow baffles were incorpo-
rated to reduce the pressure drop throughout the classifier by disrupting vortex formation
within that space. Additionally, ref. [33] delved into examining the impact of the blades’
inner and outer diameters on the flow field and the classification process. By adjusting
the two diameters while maintaining consistent blade length, alterations in the size of the
two annular regions before and after the blades can be achieved. The closer placement of
the blades to the center of the classifier has been observed to result in a slight increase in
separation sharpness.

While previous studies, such as [10,33], focused on geometric modifications to the
annular region surrounding the center of the classifier, the impact of this region on the
classification process was overlooked. In these studies, classification was assumed to
occur primarily in the outer annular region, before the blades or between the classifier
blades. However, the current study reveals a significant effect of this central region on
the classification process. The formation of flow vortices with higher flow tangential
velocities in the inner annular region may induce an additional classification zone, which
could become dominant at higher rotational speeds or low flow rates, as demonstrated
in [20]. In that study, the cut size at high rotational speeds and low flow rates was closer
to the theoretical cut size calculated at the inner radius of the blades using Equation (1),
refs. [10,34]. This equation results from the equilibrium of the two forces that act on the
particles, namely drag and centrifugal forces, with the assumption that the particle motion
falls within the Stokes range [35]. In Equation (1), vr represents the radial velocity of the
flow, vϕ denotes the circumferential velocity of the flow, η stands for the dynamic viscosity
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of the air, ρp is the density of the particle, and r is the radius of the classifier, typically where
the theoretical cut size is calculated and the classification is expected to occur.

x50,th =

√
18·vr·r·η

v2
ϕ·ρp

(1)

Extending the blades’ length toward the center would mitigate the effect of the flow
vortices, formed in the inner annular region, on the classification process, maintaining
relatively high separation sharpness even at high rotational speeds.

To evaluate the classification process, the separation efficiency, T(x), is plotted against
the particle diameter in the separation curve, also known as the tromp curve. The separation
efficiency, T(x), is derived from Equation (2) and denotes the proportion of feed material that
remains in the coarse material fraction following the separation process. In Equation (2),
the masses of the coarse and feed materials are denoted by mc and mfeed, respectively.
The particle density distributions of the coarse and feed materials are denoted by qc and
qfeed, respectively.

T(x) =
mc

mfeed
·

qc(x)
qfeed(x)

·100% (2)

As in [20], the experimental separation efficiency is corrected using Equation (3) [36,37].
This correction is intended to eliminate the division ratio, τ, present in the experimental
separation curves, which results from the adhesion and incomplete dispersion of ultra-fine
particles rather than the classifier’s performance. Consequently, agglomerated fine particles
behave as coarse material and may exist in the coarse material fraction after the separation
process. Therefore, T(x) does not drop to zero for the finest particles, resulting in a division
ratio, τ, (distance from zero line). This correction also facilitates a comparison with the CFD
results, where the particles are fully dispersed, and no division ratio exists. In Equation (3),
T*(x) and T(x) represent the separation efficiency before and after correction, respectively.

T(x) =
T*(x)− τ

1 − τ
(3)

The separation sharpness, denoted as k (Equation (4)), is typically characterized as the
ratio between particle sizes at two distinct separation efficiencies as follows: 25% (x25) and
75% (x75), obtained from the corrected separation curves.

k =
x25

x75
(4)

2. Considerations of the Experimental Setup and Simulation
2.1. Experimental System Setup

This study utilized a homemade horizontal deflector wheel classifier with a vertical
axis of rotation. The classifier has 16 airflow inlet nozzles distributed around the perimeter,
arranged tangentially to the circumference at the tip of the blades. Four of the sixteen
inlets are used to feed airborne particles (aerosol inlets), while the remaining twelve are for
particle dispersion. The rotating wheel has 24 blades with a height of 40 mm. However, in
contrast to other classifier designs, no stationary blades were used here.

In this investigation, two different blade designs of the deflector wheel were used
(Figure 2), each with a different length, resulting in distinct sizes of the inner annular region
due to their varying inner radii. The classifier casing has a radius of 125 mm. Both blade
designs share an outer radius of 100 mm but possess different inner radii of 60 mm (case
labeled as 60–100) and 35 mm (case labeled as 35–100), respectively.

In the second part of the study, the extended blades are integrated into experiments
with an electrostatic separator to enable a two-dimensional separation process. Particles
from two distinct materials are introduced into the classifier system. These particles
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undergo triboelectric charging upon colliding with the walls of the classification system, as
well as the dispersion system (RODOS).

This dispersion system operates on an injector concept, resulting in intense collisions
between particles and the disperser wall. The same disperser system was previously em-
ployed in [13] as a particle triboelectric charger, where the mechanism of particle charging
was explored through adjustments in parameters such as mass loading and flow rates. In
the current study, different parameters are also varied to explore the interplay between
particle classification, triboelectric charging, and material sorting. For all experiments, a
mass loading below 1%, i.e., powder mass per air mass, is maintained.

The entire classification system, coupled with the material sorting apparatus, is de-
picted in Figure 1. The experimental setup comprises a feeder that delivers material to a
disperser, where the particles are dispersed and precharged through collisions with the
disperser walls. The particles then enter the classifier. Deflector wheel classifiers primarily
consist of rotating blades that produce a circumferential motion of the flow in the surround-
ings. This circumferential motion results in centrifugal forces on the particles that direct
them to the outer space. Additionally, the air entering the classifier and sucked from the
center of the classifier produces drag forces on the particles that direct them to the center
of the classifier. Theoretically, centrifugal forces acting on the coarse particles (typically
bigger than the separation cut size) are greater than the drag forces, while the drag forces
acting on the fine particles (typically smaller than the separation cut size) are greater than
the centrifugal forces. Therefore, coarse particles exit the classifier at the bottom of the
outer space due to the relatively high centrifugal forces acting on them. Conversely, fine
materials are drawn towards the center of the classifier by the relatively high drag forces
acting on them. Further details about the classifier design can be found in [14,20], where
the same classifier has been investigated.

During classification, particles are triboelectrically charged through collisions with
classifier walls. The charged fine materials are then directed into an electrostatic precipitator
(ESP), where the two differently triboelectrically charged materials are separated and
collected on both separator electrodes. From the fraction of deposited powder on each
electrode and the operating conditions of the ESP, the mass-specific particle charge can be
deduced by applying the Deutsch equation [14], which is as follows:

E+/−(x) = α+/−(1 − exp(−D)) (5)

where E+/− is a dimensionless quantity and describes the degree of deposition of each
particle of size x on an electrode. This indicates which fraction of a specific particle size
class is deposited on each electrode, and D is the Deutsch number, defined as follows [38]:

D =
wL
sv

=
∆UqL

3πηx
.

V
(6)

where L is the electrode length, ∆U is the applied voltage, w is the particle migration
velocity towards the electrodes, s is the side length of the quadratic channel, v is the
average axial gas velocity, η is the dynamic gas viscosity, x is the particle diameter,

.
V is the

volumetric gas flow rate, and q is the particle charge.
From the measured density size distribution, q3, of the powders deposited on the

anode and cathode, the separation curves can also be calculated by Equation (7) using the
feed density size distribution q3, f eed(x), as follows [14]:

E+/−(x) = α+/−
q3+/−(x)

q3,feed(x)
(7)

where α+/− is the asymptotic mass fraction (obtained for either infinitely long electrodes
or infinitely high voltage). The values of α+/− can be obtained by fitting Equation (5) to the
data measured at different applied voltages ∆U [14] (refer to Section 3.2).
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Unseparated particles exit the ESP and are collected in a cyclone separator. In cases
where material sorting is not performed, the electrostatic separator is omitted from the
configuration, and the fine materials are collected in the cyclone separator directly after
the classifier.

The materials used in this study are Saxolith 2 (limestone), primarily composed of
calcium carbonate, and talcum, which is composed of magnesium silicate. For the particle
classifications in the first part of the study, Saxolith 2 is used. In the experiments for material
sorting, a mixture comprising 50% by mass of each of Saxolith 2 and talcum powders is
used. These two materials were selected due to their similar size and density characteristics.
Saxolith 2 and talcum exhibit densities of 2.7 g/cm3 and 2.75 g/cm3, respectively. This
choice aims to minimize the influence of particle size on electrostatic separation, ensuring
that any observed separation effects are primarily due to differences in triboelectric charging
rather than variations in particle size.

The cumulative particle size distributions of both materials were measured with laser
diffraction using a HELOS device (Sympatec Inc., Clausthal-Zellerfeld - Germany). The
size distributions of the raw materials, shown in Figure 3, confirm that most of the particles
are smaller than 10 µm.
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2.2. Simulation Settings

As in [20], the computational fluid dynamics (CFD) analyses performed in this research
utilized the ANSYS CFX 19.2 software, a commercial CFD solver specifically engineered
for solving the Reynolds-Averaged Navier–Stokes (RANS) Equations. The simulations em-
ployed the Menter shear-stress transport (SST) turbulence model [39], which incorporates
both the (k − ε and k − ω) two-equation turbulence models. This choice was made due to
its effectiveness in predicting flow characteristics, particularly in boundary regions and
throughout the bulk flow [11].

For the analysis of the dispersed phase, the discrete phase model (DPM) is employed,
providing a comprehensive understanding of particle dynamics through both Lagrangian
and discrete viewpoints [40]. The interaction between rotating blades and stationary com-
ponents was managed using the multiple reference frame model (MRF), also known as the
frozen rotor Generalized Grid Interface (GGI) approach, which is robust and offers compu-
tational efficiency compared to alternative approaches like the mixing plane approach [11].
Experimentally determined mass flow rates are used to define the boundary conditions for
the aerosol inlet, and the fine and coarse material outlets. To ensure simulation robustness,
the static pressure at the inlet of the dispersion flow is set to 1 bar, balancing the total inlet
and outlet mass flow rates.

The flow rates in the simulations match those used in the experiments. Simulations use
a discrete diameter distribution for particles at the classifier’s inlet based on HELOS data.

This study employed a hybrid mesh, with tetrahedral elements in more complex
regions and hexahedral elements in areas with simpler geometries. This method ensured



Powders 2024, 3 557

adequate accuracy in crucial areas while maximizing computational efficiency. Three differ-
ent meshes were produced with a refinement ratio of about 2 to study grid independence.
The refinement ratio is defined as the ratio between the grid spacing of the coarse and
medium meshes, as well as between the medium and fine meshes. The total number of
mesh elements is 10,243,185 for the coarse mesh, 19,387,890 for the medium mesh, and
37,655,375 for the fine mesh. Figure 4 provides an example of the grid independence
achieved in the study. Figure 4a shows the distribution of the circumferential velocity
of the air (Vϕa) relative to the rotational speed of the blades (Vϕr) from the blades’ inlet
to outlet, for the blades with the (60–100) configuration. The quantity (Vϕa − Vϕr) is a
crucial parameter that defines the performance of the classifier and the flow uniformity in
the blades region as discussed in [20]. The distributions of (Vϕa − Vϕr) within the blade
channels, as shown in Figure 4a, were calculated using the three prespecified different
meshes under the same operating conditions. Another crucial parameter for the classifier’s
performance is the pressure drop. Figure 4b shows the distribution of the total pressure
across the classifier relative to that at the inlet of the classifier (P/Pinlet ). Figure 4a,b show
minor deviations between the calculations performed with the three different meshes, with
all meshes producing the same flow pattern. These minor deviations observed in the distri-
butions of Vϕa − Vϕr and P/Pinlet, calculated across different mesh refinements, confirm
grid independence. The finest mesh was used for further investigations in this study.
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3. Results and Discussion

In this section, we first explore the impact of blade length and the size of the annular
inner region on the classification process, focusing particularly on enhancing the separation
sharpness (k) (Equation (4)) and reducing the pressure losses. To achieve this, CFD simula-
tions with integrated particle tracking are employed for thorough analysis. The obtained
CFD results are then meticulously compared with corresponding experimental findings
aimed at validating the accuracy of the CFD method.

Subsequently, we explore the interplay between particle classification and material
sorting, and meticulously analyze the experimental results in this context.

3.1. Effects of Blade Length on Particles Classification Process and Pressure Drops

In Figure 5, the separation curves for two blade designs, namely (35–100) and (60–100),
are presented at two different rotational speeds but with identical flow rates. Both the
CFD separation curves (Figure 5a,b) and the corrected separation curves obtained from
experimental data (corrected for the division ratio according to Equation (3), Figure 5c,d)
exhibit consistent trends, showcasing the impact of blade length on separation sharpness.
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Specifically, the longer blades (35–100) demonstrate higher separation sharpness compared
to the shorter blades (60–100) across both operating parameters.
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It is noteworthy that the separation sharpness of the shorter blades (60–100) dra-
matically reduces at higher rotational speeds and also at low flow rates, a phenomenon
observed consistently in [20]. Conversely, the longer (35–100) blades maintain relatively
high separation sharpness even at elevated rotational speeds. This indicates the robust-
ness of longer blades in preserving separation efficiency, which is characterized by high
separation sharpness (k) under varying operational conditions.

It is noteworthy that at 10,000 rpm, the fishhook effect, i.e., the increase in the sepa-
ration efficiency with decreasing particle size [41–43], is almost eliminated compared to
5000 rpm for both case designs. This reduction in the fishhook effect can be attributed to
the shift in the cut size toward finer particles at the higher rotational speed of 10,000 rpm.
However, particle agglomeration at 10,000 rpm is indicated by the higher division ratio, τ,
which is corrected using Equation (3).

Examining the flow characteristics for both cases is essential to understand the effect
of the blade’s length on the separation sharpness. Figure 6 illustrates velocity streamlines
for both blade designs. In the (35–100) blades, flow vortices between the blades only occupy
the outer part of the blade channel and extend to some point along the flow path, while for
the (60–100) blades, these vortices persist throughout the blades’ channels and occupy the
whole length of the inter-blade channels. Additionally, the (60–100) blades exhibit larger
regions of dead zone flow compared to the (35–100) blades.
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Non-uniform flow distribution between the blades, as observed in the (60–100) case,
can contribute to the deterioration of the classification process. Previous studies [20,30,31,33]
have shown that this non-uniformity can cause the back-mixing of fine and coarse particles.
However, it is not the only factor responsible for the low separation sharpness observed
with the (60–100) blades.

The inner space of the classifier plays a significant role in this reduction in separation
sharpness, as depicted in Figure 6. For the (60–100) blades, a higher circumferential velocity
is generated within this region compared to the (35–100) blades. As noted in [10,11], the
circumferential velocity in this region increases as the flow progresses toward the center of
the classifier.

An additional classification zone may exist in this region, particularly prominent
at higher rotational speeds. The emergence of this additional classification zone could
diminish separation sharpness by increasing the randomness of particle movement within
the classifier.

This effect is further illustrated in Figure 6a,b. As noted in [20], concepts elucidated
in [23,44,45] suggest that a more uniform flow and, consequently, higher separation sharp-
ness can be achieved when the disparity between the circumferential velocity of the flow
and the rotor blades approaches zero.

The term (Vϕa − Vϕr) represents this difference and is depicted for both blade designs
from the blades’ inlet (outer radius) to the blades’ outlet (inner radius) at two different
rotational speeds, as shown in Figure 7a. In Figure 7b, the absolute circumferential velocity
(Vϕa) (circumferential velocity relative to a stationary frame of reference) for the same cases
is represented from the classifier inlet to the center. It can be observed from the two figures
that both blade designs exhibit almost the same profile of (Vϕa − Vϕr) and (Vϕa), for as
long as the flow exists within the blades channels; however, as the flow exits the blade
channels, there is a significant disparity in circumferential velocity.

In Figure 7b, it is evident that the circumferential velocity of the flow within the blade
channels experiences deceleration. As the flow exits the channels and enters the inner
annular region, an increase in circumferential velocity occurs. In the case of (60–100), the
flow exits the channels before undergoing sufficient deceleration, resulting in a relatively
high circumferential velocity as it enters the annular region. Subsequently, it is further
accelerated within that region.
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Due to the very high circumferential velocity in that region, an additional classification
zone is created, which becomes dominant at higher rotational speeds. This phenomenon
may elucidate the observed shift in the cut size to be closer to the theoretical cut size
calculated at the inner radius at higher rotational speeds in [20]. Extending the blades
toward the center, as in the case of (35–100), would therefore provide more deceleration
for the flow and reduce the size of the inner annular region. This, in turn, would prevent
the flow from becoming highly accelerated again, thereby inhibiting the formation of a
classification zone in this area and thus maintaining high separation sharpness.

This phenomenon is evident in the particle trajectories depicted in Figure 8, where
trajectories from both case designs are shown for a sample of particles around the (x50)
that ultimately leave the classifier as coarse material. While these trajectories represent
particles ultimately rejected to the outer space of the classifier, in the case of (60–100), the
particles traverse through the outer annular region and the blade channels before reaching
the inner annular region. Here, due to the high rotational speeds, the particles experience
significant centrifugal forces, causing them to be rejected back into the outer space of
the classifier. This phenomenon is not present for the (35–100) blades, indicating that no
dominant classification zone is formed in the inner annular region in this case.

Table 1 presents the total pressure drops across the classifier in [Pa]. The pressure
drop across the classifier is computed by subtracting the total pressure at the outlet from
the total pressure at the inlet of the classifier. The (35–100) blades exhibit a reduction in
pressure drop of up to 50% compared to the (60–100) blades. This reduction is attributed to
the deceleration of the flow in the inner annular region, as illustrated in Figures 6 and 7.
Elevated rotational speeds in this region lead to increased wall and viscous (internal)
friction losses, resulting in higher pressure losses. Figure 4b shows that most of the pressure
drop occurs in this region (from 0.06 m to the center). This increase in pressure drop is
mitigated by extending the blades towards the interior of the classifier.

Table 1. Total pressure drops inside the classifier were determined from CFD simulations for different
RPM designs.

Blades 5000 rpm 10,000 rpm
60–100 7045 [Pa] 23,207 [Pa]
35–100 3908 [Pa] 11,187 [Pa]
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3.2. Triboelectric Particle Charging and Powder Separation in the ESP

The principle behind material sorting is rooted in the fact that different powders
typically possess varying chemical compositions and, consequently, different work func-
tions. This discrepancy in work function between particles and metal surfaces, or between
different particles upon contact, facilitates charge transfer [7,13,46]. When various powders
interact with a metal surface, they may either gain or lose electrons, resulting in a negative
or positive charge. Moreover, the magnitude of charge acquisition post-contact can vary
depending on the properties and work functions of the materials involved [47]. Leveraging
this concept enables effective particle separation.

The powders investigated in this study are Saxolith 2 (calcite) and talcum (magnesium
silicate), which exhibited distinct triboelectric charging behaviors upon contact with a steel
wall (RODOS-disperser) in [13], where talcum demonstrated a negative charge while calcite
exhibited a positive charge. In the current study, the two materials are introduced into the
classification system as a 50% mixture, which includes the RODOS-disperser—the same
one used in [13]—and the wheel classifier, where they are charged through collisions with
the walls of these components.

Subsequently, material sorting can occur by introducing the charged materials into the
electrostatic separator, where one electrode is positively charged and the other is grounded
(cf. Figure 1, Part. 3). Based on the findings reported in reference [5], it is expected that
the talcum particles tend to gather mostly at the positive electrode, while the Saxolith 2
particles predominantly collect at the grounded electrode.

The RODOS dispersing pressure, as well as the rotational speed and airflow rate of
the classifier, are adjusted to examine particles’ separation and charging behavior. The
parameter combinations that were investigated are represented graphically in Appendix A.

Modifying the operating parameters of the classifier may result in a change in the cut
size, which is determined by the radial and tangential airflow velocity at the blades. This,
in turn, affects the size distribution of the particles introduced into the ESP. Figure 9a–c
illustrates the impact of the modified parameter on the cut size.
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Figure 9. Separation curves (corrected) of the deflection wheel separator by varying (a) RODOS
pressure at 5000 rpm, 72 m3h −1, (b) the rotational speed at 3 bar, 72 m3h −1, and (c) the air volume
flow at 3 bar, 5000 rpm.

As the rotational speed remains constant, any changes in the flow rate or dispersion
pressure have a minimal effect on the cut size of the separation (Figure 9a,c). However, as
the rotational speed increases, the cut size noticeably shifts towards smaller particle sizes
(Figure 9b).

Laser diffraction analysis is used to determine the particle size distribution of the
collected material at the electrodes of the ESP. However, this distribution is based on
an unknown mixture of both components. The proportions of Saxolith 2 and Talcum in
the collected samples were determined using a chemical method based on the different
reactions of the materials with hydrochloric acid [14]; Saxolith 2 (CaCO3) reacts with acid
while talcum does not. Known binary mixtures were dissolved in 0.50 M hydrochloric acid.
After filtering and drying, the residue on the weighed filters was used to determine the
Saxolith 2 and talcum contents to build a calibration curve (cf. Appendix B). The material
contents in experimental samples are then calculated. To ascertain the size distributions of
the individual components from the overall distribution, separation curves of the mixture
at the electrodes (E+, EGND) were computed and then merged with the mass fractions
obtained from the dissolution tests.

Changing the voltage at the ESP allowed the calculation of the highest achievable
positive and negative mass fractions of the individual materials, as shown in Figure 10, for
Saxolith 2 and talcum. This demonstrates that talcum is more negatively charged (60.8%),
whereas Saxolith 2 contains 59.7% positively charged particles. The percentages of the
respective counter electrodes are also similar for both materials at approx. 19% for talcum
and 17% for Saxolith 2.
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3.2.1. Effect of the Operational Parameters on the Particle Charge for Saxolith 2 and Talcum

Calculating the particle charge can be achieved by combining Equations (5)–(7) and the
obtained mass fractions α+/– at the electrodes for Saxolith 2 and talcum (cf. Figure 10a,b).
However, it is essential to note that only the average particle charge may be inferred, given
the quantities and size distribution of the deposited materials are measured across the
whole length of the 0.75 m electrodes (cf. Figure 1 No. 3).

Figure 11 compares the mean particle charge for talcum when the RODOS disperser is
used alone or in conjunction with the deflector wheel classifier.
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Figure 11. Mean particle charge for talcum using the RODOS disperser without the classifier periphery
(half-filled asterisks) and in conjunction with the classifier (half-filled diamonds) for positively (a)
and negatively charged (b) particles and the same mass particle loading. The dashed-dotted lines
are linear fit-functions; RODOS pressure: 3 bar; classifier flow rate: 72 m3h −1; rotational speed:
5000 rpm.

When the RODOS is combined with the classifier, it greatly enhances the average
charge of, e.g., 1 µm talcum particles—approximately 3.3 times more for positively charged
particles and 5.5 times more for negatively charged particles. Smaller particles show identi-
cal charge behavior to larger ones if solely using the RODOS disperser. Still, when used
in conjunction with the classifier, different charging characteristics for smaller and larger
particles are exhibited, leading to a significantly reduced charge for particles up to 0.5 µm.
In the RODOS, the material is mostly conveyed into the system as particle agglomerates,
where it is mixed with air and accelerated utilizing a free jet. The particles’ impact on
the walls of the rectangular dispersing section disintegrates existing agglomerates. As
agglomerates, even small particles may overcome the viscous boundary layer and collect
charge due to intensive particle–wall contact. This leads to the consistent particle charging
in the RODOS, showing a particle charge proportional to the particle size from the smallest
(0.3 µm) to the largest (6 µm) observed size. Only for even larger particles (above 6 µm)
does the particle charge become size-independent. However, in this size range, the number
of particles is already greatly reduced, and the apparent results suffer from poor statistics.

The dispersed particles are fed into the wheel classifier by the particle inlet nozzle,
which is made of brass, and exhibit an internal diameter of 6 mm and a length of 13.5 cm
(cf. Figure A3, insert). The effect of the brass nozzle on the charging of talcum particles was
investigated using an external experimental setup in the laboratory. In order to avoid the
precharging of the particles during dispersion, talcum particles were dispersed by a small
gas stream, then mixed with a larger gas stream and transported through the nozzle. The
result in Appendix C shows that the small particles are slightly positively charged while
the large particles are negatively charged, which correlates well with the findings in [13].
However, the charge per particle is at a low level, so the passage through the inlet nozzle can
be regarded as negligible. In addition, the particle concentration in the brass nozzle during
the laboratory investigation was lower by a factor of about 300 compared to the particle
concentration in the inlet nozzle of the classifier. According to the literature [13,17,48], the
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particle charge may be affected by particle mass loading, and this relationship follows a
scaling law of approximately one divided by mass loading, i.e., at high mass loadings,
the mass-specific charge of the powder is strongly reduced. The mass-specific charge is
defined as the electric charge that particles carry per unit mass. Therefore, the particle
charge acquired in the inlet nozzle of the classifier is substantially lower than the values
shown in Figure A3. In summary, particle charging within the RODOS and in the inlet
nozzle is relatively minor compared to the charging that occurs in the classifier itself.

The effects of the different operational parameters on the particle charge are discussed
in the next step.

Figure 12 displays the mean particle charge when the pressure of the RODOS disperser
is altered between 1.5 bar and 4.5 bar.
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Figure 12. Mean particle charge of positively charged (a) and negatively charged (b) Saxolith 2 (filled
triangles) and talcum (half-filled diamonds) particles for each size class at different RODOS pressures
for a constant rotational speed of 5000 rpm and a constant flow rate of 72 m3h −1.

The impact of the RODOS pressure alone is minor since the charging process, as
depicted in Figure 11, is mainly influenced by the classifier. During these experiments, the
classifier was run at a constant rotational speed and flow rate, ensuring no particle charge
alteration was expected.

Figure 13 illustrates the calculated mean particle charges for each size class of Saxolith 2
and talcum as the volume flow rates increase at a constant rotational speed of 5000 rpm
(Figure 13a,b) and when the rotational speed increases at a constant flow rate of 72 m3 h −1

(Figure 13c,d).
A 1.67-fold increase in the volume flow rate, from 54 to 90 m3h −1, results in approxi-

mately doubling the average particle charge within the size range of 0.5 µm to the cut size
for both materials and polarities. Since charge transfer mainly occurs during particle–wall
collisions, this behavior appears to be caused by the increased or more intensive collisions
of the particles with the blades of the classifier wheel, resulting in a higher particle charge.

Although an increase in volume flow rate minimally affects the cut size, it is reduced
from 7 µm to approximately 3 µm when the rotational speed is tripled from 2500 rpm
to 7500 rpm (cf. Figure 9b,c). However, it is impossible to establish a clear relationship
between the average particle charge and the rotational speed. Figure 7a demonstrates that
as the rotational speed increases, the flow field between the blades becomes more non-
uniform, which may result in a more complex turbulence level and unpredictable effects
on the impacts of particles on the wall. This is further underlined by the illustration of the
averaged eddy viscosity in Appendix D, which demonstrates that the intensity of turbulence
in the classifier’s gap, i.e., the ring between the deflection wheel and the enclosing device
wall and between the blades, may significantly fluctuate depending on the operational
condition. The turbulent viscosity is responsible for the turbulent diffusion transport and,
therefore, influences the trajectory of the particles, especially near the boundary layer, and
thus the impact of the particles on the wall. Increasing the rotational speed results in more
intense particle–wall collisions, even for smaller particles, which, in turn, reduces the cut
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size. The remaining particles in the classifier may be carried away from the wall by the
energy of the vortex, reducing the frequency of collisions. Grosshans [49] describes the
particle charging process during the turbulent, pneumatic transport of particles in pipes.
It is shown that particles with low Stokes numbers (0.2) accumulate in the central region
of the pipe flow (away from the boundary layer). In contrast, particles with higher Stokes
numbers exhibit a displacement of the highest particle concentration towards the wall of
the pipe.
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Figure 13. Mean particle charge of positively charged (a,c) and negatively charged (b,d) Saxolith 2
(filled triangles) and talcum (half-filled diamonds) particles for each size class. Top line: different
flow rates at a constant rotational speed of 5000 rpm; bottom line: different rotational speed at a
constant flow rate of 72 m3h −1; the dashed vertical lines represent the corresponding cut sizes for
the different flow rates and rotational speed (cf. Figure 9).

On the other hand, the cut size shifts toward smaller particle sizes, resulting in a
higher volume concentration of particles in the classifier gap as more particles are deflected.
This may result in a higher likelihood of particle–particle contact upon their entry into the
classifier, which may contribute to charge transfer or charge equalization.

The complex flow field parameters may affect the particle charging process in such
a way as to explain the nearly linear behavior of the mean particle charge with respect to
particle size. However, to capture the exact behavior of the particles, a detailed model for
the particle movement in the boundary layer flow would be necessary, which is beyond
the scope of this investigation. Therefore, the experimental finding that the particle charge
increases slightly more than linearly with the particle diameter in the classifier system
under consideration is noted.

3.2.2. Effect of the Operational Parameters on the Specific Charge of Saxolith 2 and Talcum

As mentioned in Section 2, the Deutsch number may be used to calculate the specific
charge. The calculated mean particle charge is combined with the corresponding masses
deposited on the positive and negative electrodes, whereby the mass in the cyclone is
also considered. With this calculation procedure, the particle charge in response to the
variations in the classifier operating parameters is determined as shown in Figure 14.
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Figure 14. Corresponding specific powder charge for variations in dispersion pressure, flow rate, and
rotational speed. (a) Dispersion pressure variations at constant 5000 rpm and 72 m3h−1. (b) Flow
rate variations at constant 5000 rpm and 3 bar of RODOS pressure. (c) Rotational speed variations at
constant 72 m3h−1 and 3 bar of RODOS pressure.

Figure 14a demonstrates the impact of the deflector wheel classifier on the specific
charge of both materials relative to the RODOS disperser alone [13,14]. In turn, the de-
flection wheel separator significantly increases the overall powder charge. For Saxolith 2,
the specific charge rises 8- to 10-fold, whereas for talcum particles, it rises 6-fold after the
separating process. Additionally, varying the dispersion pressure did not significantly
increase the specific charge, and consequently, the dispersion pressure was kept constant at
3 bar for all experiments, shown in Figure 14b,c.

The specific particle charge for Saxolith 2 increases a lot with engine speed and flow
rate (flow speed) (see Figure 14b,c). With increasing flow rate, the mean particle charge
also increases, even though the cut size shifted slightly towards a larger particle size (cf.
Figure 9). As the rotational speed increases, the mean particle charge slightly decreases.
However, this specific charge operates in the opposite direction, as reducing cut size
results in a lower mass of individual fine particles and, consequently, an increase in the
charge-to-mass ratio.

Figure 14 shows that the measured charge of Saxolith 2 exceeds that of talcum. Since
the particles of both materials exhibit a similar collision behavior in the classifier (similar
density and shape), this discrepancy in measured charge can be attributed solely to the
work functions of the two materials and the contact material (the classifier blades) when
using the so-called condenser model for the particle–wall contact [50].

This phenomenon can be further explained by considering the work functions of the
elemental materials involved in the triboelectrification process. According to [51], the work
function of Al2O3, representing the contact material of the classifier blades, is 4.7 eV. The
same value of 4.7 eV is also obtained for MgO, representing a main component of the talcum
powder. In contrast, Saxolith 2 powder (mainly composed of calcite) can exhibit a lower
work function, ranging between 4.26 and 4.55 eV [52,53]. Based on these work function
values, Saxolith 2 is expected to acquire a positive charge in contact with Al2O3, while
talcum would exhibit a minimal charge transfer. The charge obtained by talcum seems to
be attributed to contact with the classifier’s stainless-steel walls rather than the blades.

Therefore, the deflector wheel classifier in the present setup appears to be a suitable
device for simultaneous classification and particle charging. Finally, it remains to be
shown that the size-classified and triboelectrically charged particles can be sorted by
material in the subsequent ESP. This is shown in the next section for separating talcum and
Saxolith 2 powder.

3.3. Sorting of the Two Materials in the ESP

As outlined in Section 2, materials are collected at four distinct positions as follows: the
coarse material outlet and three positions for the fine materials—specifically, the electrode
where high voltage is applied (E+, HV, deposition of negatively charged particles), the
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grounded electrode (EGND, deposition of positively charged particles), and the remaining
material collected in the cyclone (mostly neutral particles). The enrichments of the two
materials at these positions are depicted in Figure 15 for the operating condition with
7500 rpm, 72 m3/h, and 3 bar. At other operating conditions, similar enrichments of the
two materials are obtained with slight deviations of the maximum of approximately 5–10%.
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outlet, both electrodes, and the cyclone.

Figure 15 indicates that both materials contain almost 50% of the total mass in the
coarse material. As expected, fine material is effectively separated onto both electrodes;
talcum is collected on the electrode with an applied positive voltage, while Saxolith 2
accumulates on the grounded electrode, with both materials exhibiting an enrichment
of approximately 25–35%. Unseparated materials from both groups are collected in the
cyclone, each accounting for almost 50% of the total mass. The nearly identical material
composition of the cyclone compared to the coarse material may be attributed to the fact
that talcum and Saxolith 2 have nearly the same α+/– value, albeit with opposite polarities
(cf. Figure 10).

Adjusting the electrical field strength in the ESP may achieve further enrichment.
Figure 16 illustrates the calculated electrical mobility from the mean particle charge for
one operating condition and three iso-mobility lines (increasing field strength from 1 to 3).
The electrical mobility is determined by the migration velocity of a charged particle (size x,
charge q) in an electric field E, according to Equation (8) [14].

Z =
q

3πηx
(8)

Particles exhibiting identical mobility within the same electric field will achieve the
same migration velocity, resulting in an equivalent degree of deposition.

By adjusting the field strength in the ESP to align with iso-mobility line 1 or 2, efficient
separation of positively charged Saxolith 2 particles from talcum particles may be achieved.
A lower field strength above line 1 results in the deposition of Saxolith 2 with high purity
at the negative electrode. However, losses occur in the outer areas of the distribution
(x < 0.5 µm or x > 2 µm), as the particles are not mobile enough to be separated and instead
enter the downstream cyclone. A higher field strength, demonstrated by line 3, minimizes
the mass losses of Saxolith 2 and talcum, respectively. But this also leads to decreasing
selectivity, as the less mobile talcum particles may now be deposited on the electrodes.

The migration velocity is determined by the product of electrical mobility, electrical
field strength, and geometric channel dimensions, such as the length and width of the ESP.
Adjusting the channel dimensions may be necessary to reduce the mass lost when a high
level of enrichment is required.
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Figure 16. Electrical mobility for negative (half-filled symbols) and positive (filled symbols) charged
Saxolith 2 (triangles) and talcum (diamonds) particles; lines 1 to 3: artificial iso-mobility lines
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The charge and the sorting of material obtained in this study are due to natural
triboelectrification, where no voltage is applied to the contact material. By applying a high
voltage on the contact material (forced triboelectrification), the charge and the separation
behavior of the material may be changed, as represented in previous works [7,53]. Thus,
the deflector wheel classifier seems to be a good tool for material sorting and simultaneous
size-based particle classification.

Concerning the efficient material separation, it may be concluded that an increased
flow rate in the classifier combined with a reduced electric field strength in the electrostatic
precipitator can lead to a significant accumulation of Saxolith 2 on the EGND electrode.
This effect is attributed to the higher positive charge of the Saxolith 2 particles. A similar
conclusion may also be formulated for the negative particles deposited on the E+ electrode.

4. Conclusions

In this study, we explore a method for two-dimensional particle separation based
on size and material sorting using an integrated air classifier and electrostatic separator.
The first part of the study focuses on optimizing the classifier for particle classification by
adjusting blade length. In the second part, we present the results of the two-dimensional
separation. Below are the main conclusions:

1. Longer blades, extending towards the classifier’s center, enhance separation sharpness
compared to shorter blades.

2. Blade extension reduces the inner annular region size, minimizing high-velocity
vortex formation.

3. Vortex formation in this region creates an additional classification zone, reducing
sharpness, especially at high rotational speeds and increasing pressure drop.

4. The classifier can significantly contribute to particle charging and can be successfully
utilized for material sorting.

5. If the difference in the work function between the particles and the contact walls is
significant, variations in the rotational speed and flow rate can lead to changes in the
specific charge of the particles.

6. Increasing the volume flow rate increases the acquired mean particle charge and the
specific charge in the classifier.

7. Increasing the blade’s rotational speed increases the acquired specific charge.
8. Adjusting the electric field strength in the ESP can achieve material sorting of different

powder materials.
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Appendix A

The fractional factor design, shown in Figure A1, was used to investigate the impact
of various operational parameters and the effect of the dispersion on the cut size, particle
charging, and material sorting.
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Appendix B

The calibration curve used to determine the contents of Saxolith 2 and talcum after the
sorting process is shown in Figure A2.
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Appendix C

The Electrical Low-Pressure Impactor ELPI+® (DEKATI) [54] measurement of talcum
particles in Figure A3 reveals, by turning on and off the corona charger, the net charge per
particle. According to the studies conducted by Ose [48], Hansen et al. [13], and Watano [17],
it is observed that the charge magnitude increases as the particle mass loading decreases,
and it follows a scaling relationship of approximately 1/mass loading. In this particular
case, the particle mass loading per nozzle is 1/300 of the mass loading in the actual classifier
inlet. Consequently, the measured net charge might be higher in this scenario compared to
Figure 11.
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Appendix D

The distribution of the eddy viscosity within the flow through the classifier reveals that
the classifier’s operating parameters can significantly influence the intensity of turbulence.
This, in turn, affects the trajectories of the particles, leading to variations in particle impact
behavior on the walls. Eddy viscosity is an effective viscosity in turbulent flow that
quantifies the increased momentum transfer caused by the chaotic motion of eddies. The
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eddy viscosity µT is given by Equation (A1) [55], where Sij is the Reynolds-averaged
strain-rate tensor, k is the turbulent kinetic energy, and δij is the Kronecker delta.

−ρv‘
iv

‘
j = 2µTSij −

2
3

ρkδij (A1)
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