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Abstract

Particulate matter (PM) emissions are common in technological processes, and effective
mitigation requires gas pre-treatment before high-efficiency filtration to reduce fine and
ultrafine PM that are particularly dangerous to the human health. This study evaluates a
multichannel electric field manipulator (agglomerator) as a flow pre-treatment stage and
investigates the aerodynamic conditions that govern particle-gas flow distribution and
variation in trajectories and dynamics at different flow rates. These factors provide mean-
ingful assumptions about the possible behavior of particles in the flow, and they are crit-
ical for optimizing an agglomeration and its intensity. Such phenomena can have an im-
pact on the probability of agglomeration in the manipulator channels, i.e., the adherence
of small particles into larger ones, and this allows for improving the design and operating
conditions of the apparatus. Gas flow velocities and pressure were analyzed experimen-
tally at various cross-sectional points in the inlet and outlet ducts at inflow rates of 3.4 L/s
and 50 L/s. The static inlet pressure of the manipulator ranged from 8 Pa to 178 Pa. This
study provides new insights into flow pre-treatment using the electric field mechanism in
a multichannel modular apparatus and provides a reasonable understanding of the nec-
essary characteristics of gas flow distribution to support subsequent improvements tar-
geting higher agglomeration.

Keywords: gas flow; particles; electric field; agglomeration; aerodynamics

1. Introduction

Conventional treatment technologies, based on gravity, centrifugal force, and elec-
trostatics, are widely employed for PM control, but their capture efficiency decreases
markedly for PM smaller than 1 um [1-4]. The upcoming Euro 7 standard (European ve-
hicle-emissions regulation) is expected to tighten particle number (PN) limits by moving
from PN23 (particle number > 23 nm to PN10 (particle number > 10 nm) [5].
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PM, including fine and ultrafine PM (UFPM), poses significant risks to both human
health and the natural environment [6].

PM is a mixture of particles and liquid droplets (aerosols) in the air, which can con-
tain various components such as acids, sulfates, nitrates, organic compounds, metals, soil
particles, dust, soot, etc. The solid particles emitted into the air exhibit significant variation
in their physical and chemical compositions, particle sizes, and sources of emission [7].

The most painful effects are caused by solid particles with a size of 10-0.1 um. Once
inhaled, particles deposit along the respiratory tract—larger particles mainly in the upper
airways, whereas ultrafine particles can reach the alveoli and may enter the bloodstream.
The lung deposited surface area (LDSA) quantifies the particle surface area likely to de-
posit in alveolar and bronchiolar regions, providing a health-relevant metric beyond mass
or PN for UFPM (smaller than 100 nm) [8].

Additionally, many existing filtration-based systems have limited adaptability across
wide PM concentrations and can clog rapidly, often necessitating pre-treatment or spe-
cialized handling of contaminated gas flows [9]. As standalone treatment units, their per-
formance strongly depends on PM type/characteristics and gas flow properties [10,11].

Small PM can agglomerate through several processes. Despite their small diameters,
strong forces such as Van der Waals interactions, electrostatic forces, and capillary forces
act between such PM. Collectively, these forces create an attractive force, allowing the PM
to form larger compounds [12].

The agglomeration of PM can occur due to various interactions, which can be
grouped into solid bridges, mobile liquid binding, intermolecular and electrostatic forces,
and mechanical interlocking. Solid bridges may form through sintering, crystallization, or
with the aid of bonding agents such as resins. The driving forces behind mobile liquid
binding include interfacial forces and capillary suction, with bond strength depending on
the binder’s properties. Intermolecular and electrostatic forces act between PM without
the formation of material bridges. These forces are more prominent in smaller-sized PM,
as gravitational forces tend to dominate in larger-sized PM. Mechanical interlocking oc-
curs due to the geometrical properties of the PM. During mixing processes, PM can be-
come entangled and accumulate into larger agglomerates [13].

The most used methods to apply these mechanisms to PM are chemical agglomera-
tion, ultrasonic agglomeration and, electrostatic agglomeration [7,10].

Chemicals can be used to induce agglomeration in PM. Therefore, chemical agglom-
erants are directly sprayed into the flow of the gas stream to be cleaned [14,15].

An effective method for PM agglomeration is the application of sound waves to PM,
known as ultrasonic agglomeration. In addition to orthokinetic interactions, ultrasonic ag-
glomeration at frequencies ranging from 16 kHz to 1 MHz can also make use of ultrasonic
cavitation. This phenomenon enhances PM collisions and interactions, leading to the
growth of PM size. Furthermore, ultrasonic waves can reduce surface charges to eliminate
electrostatic repulsion and increase surface energy, which improves the adhesion of PM
[16].

Despite extensive research on electrostatic PM charging and agglomeration mecha-
nisms, the aerodynamic behavior of a specifically engineered modular bipolar electric
field manipulator is yet to be systematically characterized. In particular, the influence of
the internal multichannel cassette geometry on flow redistribution, pressure evolution,
and PM transport under varying operating gas flow rates remains insufficiently under-
stood. The present study investigates the aerodynamic performance of the modular bipo-
lar electric field manipulator developed and constructed by the authors. This device in-
corporates a multichannel plate cassette designed to control PM residence time and en-
hance exposure to the electric field. A comprehensive experimental analysis of velocity
distribution, static pressure, and aerodynamic resistance is combined with three-
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dimensional CFD modelling to characterize the internal flow structures of this specific
apparatus. From a practical point of view, the characteristics of the gas flow and its distri-
bution allow for the necessary aerodynamic parameters to be precisely selected in order
to achieve the most effective PM agglomeration performance, taking into account re-
strictions on energy consumption and the operating time of the setup.

Theoretical Foundation

The application of an electric field is important for the study of flow electro-hydro-
dynamics. Zhou et al. [17] deals with devices with electro-convective flow, which is in-
duced by so-called charge spray. Such technology is used for the micro-mixing of liquids,
as well as for their atomization. Unipolar electric fields are mainly applied to alternating
currents with a sinusoidal phase, but changes in alternating and pulsed electric fields and
the transition from DC to AC are also investigated. In the case of a unipolar field, the
charge carriers are usually assumed to be electrons and positive, so the electric potential
is calculated using Poisson’s equation, which takes into account the charge density [18].

Electrostatic agglomerators can be categorized into two main groups [19]. A bipolar
agglomerator typically consists of a charging section and an electric field section. In the
charging section, the gas stream is split into two halves, and a corona discharge is used to
polarize each of these streams with opposite polarities. As the charged gas streams enter
the electric field section, the particles collide due to Coulombic attraction forces. The mo-
tion of these particles can be described by Equation (1) [20]:

mS2 = qE — 6mua, Q)
where g is the charge of the particle, E is the intensity of the electric field, m is the particle
mass, and [ is the gas viscosity. It should be noted that both the electrical parameters as
well as properties of the particles influence the agglomeration process.

Equation (2) describes the time-dependent increase in the particle charge Qp of a
spherical particle with a diameter d,:

dQ, 3 £, Q, & +2\°
—L2 = ZnciebEd? 1-— £ : 2
dt 4Pt & +2 ( 3md2eE &, @

Key influencing factors include the ion concentration in the charging zone c;, the mo-
bility of the gaseous ions b;, the relative permittivity of the particles ¢, the electric field
constant ¢, and the elementary charge e. The only actively controllable parameter is the
electric field strength E.

As the particle charge increases, a Coulombic repulsion force develops, preventing
further charge accumulation. This results in a saturation limit, known as the Pauthenier
limit, with the saturation charge s, which can be determined using the Pauthenier equa-
tion (Equation (3)):

Er

Qs = 3meyd3E s ©)

It follows that the saturation charge depends only on the electric field and is inde-
pendent of the ion concentration.

The second mechanism, diffusion charging, occurs through collisions between ions
and particles due to Brownian motion. Temperature is a crucial factor, as it significantly
influences the mean kinetic energy of the ions. Here, Equation (4) is used to describe the
charge increase over time:

dQ, nevidy] mo eQ,
dt [H 4byq, = geavidiexp 2meod kT ) )
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As previously mentioned, this introduces the root-mean-square velocity i, which
depends on the kinetic energy according to Maxwell-Boltzmann statistics, the Boltzmann
constant k, and the absolute temperature T in K.

Like the bipolar agglomerator, a unipolar agglomerator also consists of a charging
section and an agglomeration section. However, in this case, the gas stream is not sepa-
rated, and the entire stream is charged with the same polarity. In the agglomeration sec-
tion, an alternating electric field is used to induce oscillatory motion, forcing the particles
to collide and agglomerate. The difference in the velocity and amplitude of the oscillatory
movement between larger and smaller particles is the primary cause of collisions [21].

Understanding the motion and velocities of particles in a gas stream is crucial as these
factors determine the probability of particle collisions, the frequency and efficiency of such
a phenomenon, as well as the subsequent agglomeration in both primary and secondary
modes. The application of a forced electric field in air channels can change the trajectories
of charged particles, also called general ion wind flow. The distribution of air flow velocity
from the entrance to the distribution system of channels and available local barriers,
where the flow pressure drop occurs, have a direct impact on the particle dynamics, and
hence on the agglomeration efficiency [22]. Grosshans [23] investigated an electro-vortex
technology to improve particle capture efficiency. The importance of the combination of
mechanisms is to direct the particles in the desired trajectory, to create conditions in which
the particles stay long enough in the electric field for their agglomeration, but also not to
create excessive pressure losses, rather, to stabilize the particle motion and reduce velocity
fluctuations, which leads to a more homogeneous distribution of particles and improved
agglomeration.

Particle charging occurs through two primary mechanisms: field charging and diffu-
sion charging. In corona discharge systems, the surrounding gas becomes ionized, gener-
ating free ions that enable charge transfer. During field charging, electric field lines con-
centrate around particles due to differences in electrical permittivity, directing ions to-
ward the particle surface, where charge transfer occurs. In diffusion charging, ions un-
dergo random motion driven by Brownian motion, leading to collisions with particles and
subsequent charge transfer. These processes continue until the particle reaches its charge
saturation limit [4,24]. In contrast, field charging requires an external electric field that
moves the ions along the field lines, causing them to collide with the particles along their
path. The ion flux is correlated with ion mobility Z and the electric field strength E, which
therefore influences particle charging. Additionally, particle properties such as the dielec-
tric constant K and the saturation charge ng of the particles play a role in this process [25].
The space between the electrodes can be divided into two regions: the ionization region
and the drift region. The ionization region is confined near the discharge electrode, where
an asymmetric geometry produces a very high electric field strength; electrons are rapidly
accelerated toward the grounded electrode and gain enough energy to ionize gas mole-
cules upon collision, creating additional electrons and positive ions. Farther from the dis-
charge electrode, the electric field weakens, and the drift region begins, where electrons
no longer sustain further ionization and instead attach to neutral molecules, forming neg-
ative ions that migrate toward the collecting electrode under electrostatic forces. Corona
discharge also produces a localized luminous glow due to photon emission during elec-
tron transitions, which remain limited to the ionization region, and an ion-driven gas flow
toward the collecting electrode, commonly termed corona wind [26].

Thonglek and Kiatsiriroat [27] examined aerodynamic effects in an electric field and
showed that performance depends strongly on gas velocity and duct conditions. At a peak
voltage of 45 kV and a pulse frequency of 20 kHz, efficiency increased as the velocity in-
creased from 0.5 m/s to 1 m/s, but decreased when the velocity exceeded 1 m/s. Under
these conditions, sub-micron PN reduction exceeded 90% for all particle sizes in a non-
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thermal plasma ESP. A practical mitigation is intentional agglomeration by enlarging par-
ticles; conventional collection methods become more effective and the electric-field-driven
relaxation of particles is central to this mechanism [28].

To maintain air quality, especially in rooms where people spend long periods of time,
itis necessary to rationally solve the problem of dust from both natural and anthropogenic
sources. People are increasingly spending time in enclosed spaces such as administrative
buildings, as well as temporary spaces such as airport waiting rooms, movie theaters, etc.
High-efficiency filters (HEPA or ULPA) are used to precipitate micron-sized PM with suf-
ficient efficiency, but these filters are not effective enough at trapping submicron and na-
noscale particles due to their structure [29]. UFPM is concentrated and thus constitutes
the predominant fraction in the air, and with multiple sources, the probability of it enter-
ing the human respiratory zone increases. The pretreatment of contaminated flow facili-
tates the purification process, makes it more economical, and selectively acts on the small-
est PM for agglomeration, allowing for the use of already-known technologies with the
best flow characteristics. Various scenarios for the volume flow rate of the purified air
flow in this study indicate critical phenomena in the agglomeration process and the dis-
tribution of trajectories in this device, thereby predetermining their potential area of ap-
plication and operating modes. The digital model, built from the physical test bench, re-
produces the main process trends and supports the identification of design improvements
to maximize PM impact and agglomeration effectiveness across operating conditions.

2. Materials and Methods
2.1. Experimental Setup

Physical experiments were performed at VilniusTech laboratories, whereas the sim-
ulations were performed at a National Sun Yat-Sen university. For experimental studies
on the dynamic limits of gas flow and pressure at the laboratory, a specialized research
bench was employed. This bench includes a fan, airflow velocity meters at both the inlet
and outlet, static pressure meters at the inlet and outlet, an agglomeration chamber, and
a fan control unit. The total length of the bench was 2.6 m, with the agglomeration appa-
ratus measuring 340 mm. Figure 1 provides a schematic representation of the research
bench. All measurement guidelines were followed in accordance with the recommended
standardized methodology for the experimental study.

Agglomeration chamber

(b)

Figure 1. Principal scheme of the research bench (a) with a cassette of electric field modules in the

primary zone (1) and a separated secondary zone inside the agglomeration chamber (2), and prin-
cipal scheme of inlet cross-section view, where the gas flow rate was measured at test points A-E in
the inlet duct, and test points A1-E1 in the outlet duct (b).
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The design and electrical circuit of the agglomerator system were tailored to transfer
the necessary critical charge from the electrode plane, as the source of the electric field, to
the PM in each of the channels of the manipulator cassette. To create the necessary charge,
also known as the saturation charge gs#, PM with radius r must be in an electric field with
strength Ecrit. For micro-PM, this value is usually taken to be 3 x 10° V/m, based on which
the necessary distance between the electrode planes can be calculated using Equation (5):

Qsat = 4-1T€07"2Ecn-t, ®)

where ¢o is the electrical constant.

At present, the manipulator technology is in the patenting stage, so information is
partially limited in this work. However, a national patent has already been obtained and
a European patent application is being considered, which describe, in more detail, the
principle of the operation and design characteristics of the manipulator [30,31].

The gas enters from the inlet of the bench and exits from the outlet, establishing a
controlled flow environment. A notable feature of the setup is the equalizing section near
the fan (Same sky CFM-80BF-2130-631), which minimizes turbulence as the gas flows into
the agglomeration chamber, resulting in a stable gas flow. The system is managed via a
control unit that allows for adjustments to the agglomeration chamber’s voltage and the
gas flow rate, expressed as a percentage of the nominal flow. This setup provides precise
control over experimental conditions, facilitating the observation of the effects of flow
rates and electrical charges on PM agglomeration. All elements of the air ducts were
grounded, including the metal elements of the parameter-measurement devices for safety
reasons, as well as all tubes used for collecting PM samples to reduce the accumulation of
PM due to static charge.

Experimental research was carried out under microclimate conditions typically ob-
served inside the apparatus during the study; the temperature was 22.4-22.8 °C and the
relative humidity was 28.2-28.6%.

Gas flow velocity was recorded at five distinct cross-sectional points at both the inlet
(A-E) and outlet (A1-E1) before and after the agglomeration chamber, as illustrated in
Figure 1. The duct features an inner diameter of 148 mm. The height of the agglomeration
module was 190 mm and the length of each module was 280 mm. Velocity measurement
probes were inserted through the center of the duct, aligned with both horizontal and
vertical planes, and positioned 5 mm from the inner wall, as shown in Figure 1b. Gas flow
rate measurements were conducted with a total of 800 data points over 60 s. It was deter-
mined that the speed and pressure sensors altered the flow dynamics by no more than
2%, so we decided to disregard these errors as insignificant.

The fan started spinning once it reaches 6% efficiency. By adjusting the gas flow rate
the measurements were taken at 10%, 50%, and 100%. All test results were recorded using
the “testo 440 dP” and “testo 440” measuring devices. Technical data of the multimeter
(same for both): measuring ranges of 0-50 m/s, -20—+70 °C, 5-95% RH, and 700-1100 hPa;
accuracy * (0.03 m/s + 4% of the measured value (m.v.)) (0 to 20 m/s), +0.5 °C (0 to +70 °C),
+3.0% RH (10 to 35% RH) and +2.0% RH (35 to 65% RH), and +3 hPa; resolution 0.01 m/s,
0.1 °C, 0.1% RH, and 0.1 hPa.

Static pressure measurements were conducted before and after the agglomeration
chamber, specifically at points D and D1, as shown in Figure 1a. The “testo 440 dP” pres-
sure-measuring device was used for these measurements. Static pressure readings were
taken at 10% intervals from 10% to 100%. Each static pressure measurement lasted for 60
s, with data collected every second.

Aerodynamic resistance measurements were subsequently performed between the
inlet point D and the outlet point D1 in the middle of the duct. These measurements also
lasted for 60 s, with data collected every second.

https://doi.org/10.3390/machines14030269
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The agglomeration chamber was segmented into four cross sections, labeled A-A
through D-D, as depicted in Figure 2. Each section contained specific measuring points,
also shown in Figure 2. Cross section A—A was solely used for measuring static pressure.
Cross sections B-B through D-D correspond to the top, middle, and bottom of the multi-
layer plate modular cassette. The distances from the top of the chamber (A-A) to the other
cross sections are indicated in Figure 2a in millimeters. The chamber was designed to di-
rect gas flow through the plates and the electric field before exiting. During these meas-
urements, the gas flow rate was set to 10%, 50%, and 100%. For further distribution of
results, cases and measurement points were numbered in this way, e.g., A50 is the inlet
point at 50% of the gas flow rate, A1 100 is the outlet point at 100% of the gas flow rate,
etc. A total of 800 data points were collected over one minute. No voltage was applied to
the plates during the experiment, so no electric field was generated. Figure 2b shows cross
sections with the location and numbering of flow velocity measurement points in the ag-
glomeration chamber; the cross-section level is indicated in Figure 2a.
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Figure 2. Available measuring planes (a) and points for gas velocity measurements (b).

The gas velocity was measured using an eATVS-8™ automatic temperature and ve-
locity scanner (Advanced Thermal Solutions, Inc., Norwood, MA, USA). This system, in-
tegrated with the setup, enables simultaneous gas velocity measurements at four points.
According to the data sheet, the velocity range is from 0 m/s to 51 m/s with an accuracy of
*2%.

For each measurement location and operating condition, the recorded time series was
post-processed to obtain a single representative value. The flow velocity and static pres-
sure data were reduced using the median of the sampled values to ensure robustness
against short-term fluctuations and occasional outliers. The temporal variability during
each measurement was quantified using the sample standard deviation of the correspond-
ing time series. The standard deviation was calculated according to the following equa-
tion:

s = \/(N_il)x YN (g — )2, o
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The PM agglomeration experiment using the apparatus was carried out at the Insti-
tute of Particle Process Engineering, Technical University Kaiserslautern (Germany). For
the test, a submicron PM generation apparatus was used, with sodium chloride (40 mg/L)
and a Collison atomizer, through filtration of compressed air through a HEPA filter. The
PM stream passed through a diffusive desiccant dryer and neutralized in a radioactive
aerosol neutralizer TSI 3012 A (TSI, Aachen, Germany). The PM distribution before and
after the agglomeration apparatus was measured using SMPS TSI 3934 (TSI, Aachen, Ger-
many) [32].

2.2. Mathematical Model: Governing Equations

A computational model was created based on the experimental setup shown in Fig-
ures 1 and 2. The conservation of mass and momentum [33] must be solved simultane-
ously to obtain the air flow field in the chamber. Assuming steady-state operation, where
all flow and thermal properties are at equilibrium, the conservation of mass is given by
(Equation (7)):

Z—f+V'(p17)=0, @)

where p is air density and v is the velocity vector. The conservation of momentum for
the flow is given by (Equation (8)):

%?+V-(pﬁﬁ)=—Vp+V-r+F‘, (8)
where the pressure gradient force is denoted as —Vp and F is any imposed external body
forces. The viscous stress tensor, 7, is given by (Equation (9)):

T = p[Vi + (VB)" -2 (V)I], )

where u is the dynamic viscosity. The conservation of energy [33] in this case is as follows
(Equation 10):

d(pE R

22D 1+ V- (B(E + 1)) = V- (kegsVT) + Sy, (10)
where E is the total energy, k.rs is the effective thermal conductivity, Sj is the source
term, and T is temperature.

The turbulence in the flow field is described by the realizable k-¢ model [34]. This is

a very efficient and very robust two-equation model for turbulence. One equation is for
the turbulent kinetic energy (k), given as (Equation (11)):

a(pk)
at

+V-(pkv) =V~ (;‘—ZVk) + G, — pe, 11)

where Gy, is the production of turbulence kinetic energy and p, is the turbulent viscosity.
A second transport equation is used to describe the eddy dissipation rate (¢) and it is given
as (Equation 12):

9(pe)
at

2
+ V- (peb) = V- (Z—:Vk)+C1£Gk —GpS, (12)
where g, is turbulent Prandtl number for €, and C; and C, are model constants.

2.3. Numerical Setup

Numerical simulations were performed using ANSYS Fluent 2023r2, which is very a
widely used commercial CFD software package. A full three-dimensional model of the
main agglomeration chamber shown in Figure 2a was created using the Autodesk Auto
CAD 2024 software in the ANSYS package. A computational grid was then imposed on
to the computational domain. All wall boundaries were modeled as adiabatic. Atmos-
pheric air entered the chamber through the inlet and left through the outlet. All
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simulations presented in this study were completed under an assumed steady state. In
ANSYS Fluent, the pressure-based solver with the coupled scheme for pressure-velocity
coupling was used. The presto! scheme was used for the discretization of the pressure
field. Velocity, turbulent kinetic energy, eddy dissipation rate, and temperature were all
discretized by the QUICK scheme.

Atmospheric conditions (101 kPa and 300 K) were specified at the domain outlet to
mimic the experimental conditions. All walls in the model were assumed to be adiabatic.
The flow velocity was specified at the domain inlet, for which the magnitude was equal
to the average velocity on the D-D cross-section in Figure 3 measured during the experi-
ment. Three different flow velocities were considered, 10%, 50%, and 100% of the gas flow
rate, as shown in Table 1, including inlet velocity, pressure at the inlet and outlet, and wall
roughness. The inlet velocity was set to 10%, 50%, and 100% fan speed, as shown in Table
1. Note that the velocity at the inlet was assumed to be uniform. The objective of this mod-
elling approach was to develop an initial digital representation of the experimental appa-
ratus based on its physical model.
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Figure 3. Distribution of the gas velocity at the inlet at the points of the cross-sectional periphery

presented as a scatter diagram relative to the axial velocity at 50% of the nominal flow.
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Table 1. Measuring points and corresponding gas velocity medians at different the part of nominal

gas flow (flow rate).

Measuring Point in Part of Nominal Gas Flow (Flow Rate) —Median Gas Inlet Velocity (m/s)

the Inlet Duct 10% (3.1 L/s) 50% (22.5 L/s) 100% (47.1 L/s)
A 0.27 1.65 2.79
B 0.05 1.15 2.49
C 0.17 1.60 3.25
D! 0.27 0.98 2.32
E 0.12 0.99 247

! The velocity measured on plane D-D is used as the boundary condition at inlet.

3. Results
3.1. Experimental Case Study

The distribution was quite difficult to measure due to the difference in cross-sectional
shape from the circular shape of the supply air duct to the rectangular shape of the sinter-
ing chamber, and then back to the exhaust air duct. Detailed experiments made it possible
to determine the ratio of the axial velocity to the peripheral velocity, and formulas were
derived for calculating values based on linear dependence.

The distribution of gas flow rate was assessed at five distinct cross-sectional locations
at the inlet (A-E) (Figure 3) and at the outlet (A1-E1) (Figure 4). Scatter plots are presented
with a comparison of a middle test point (D and D1) and peripheral points (A, B, C, E)
accordingly. The axis values correspond to the flow velocity in each pair for comparison.
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Figure 4. Distribution of the outlet gas velocity at the points of the cross-sectional periphery pre-

sented as a scatter diagram relative to the axial velocity at 50% of the nominal flow.
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A phenomenon was observed at the outlet location: the gas flow velocities at the ver-
tically positioned measuring points (B1, D1, and E1) increased significantly compared
with those at the inlet duct (Figure 3). Specifically, at these vertically arranged measure-
ment points with a gas flow rate of 50%, the gas flow rate increased by 1.9, 3, and 1.4 times,
respectively, in comparison with that at the inlet points (B, D, and E). Furthermore, at the
maximum gas flow rate of 100%, the gas flow rate increased by 2, 2.6, and 1.6 times, re-
spectively.

The flow velocity (in m/s) at points A—E with a gas flow rate of 10% varied from 0.13—-
0.22 m/s, that at a gas flow rate of 50% varied from 0.96-1.7, and that at a gas flow rate of
100% was 2.35-3.3 m/s. The flow velocity at the outlet (A1-E1 points) varied within the
interval of 0.05-0.43 at a gas flow rate of 10%. The variation in velocity was 0.29-3.37 m/s
at a gas flow rate of 50%, and variation in the range of 0.48-6.3 m/s was observed at a gas
flow rate of 100%.

The distribution on the inlet pipe relative to the axial velocity was symmetrical with
a slight deviation in zones A and E. The overall average velocity was 1.43 m/s, whereas
the deviation in zone A was —0.07 m/s, and at point E, it was +0.11 m/s. The values slightly
exceeded the measurement device errors, but the residual vortex turbulence after the flow
equalizer (perforated mesh insert in the air duct after the fan) and the effect of the transi-
tion to the agglomeration chamber could have had an insignificant impact. The regression
formulas obtained for determining the flow velocity in the peripheral zone had a similar
error range of 1.3 to 1.5, the coefficients of the equation for zones A and E had a positive
(directly proportional) value, whereas for zones B and C, the coefficients were negative.
Given that these results were obtained at 50% volumetric air flow rate, it can be assumed
that this distribution most closely reflected the real situation, when the system does not
experience the operating pressures of a peak gas flow source, and the background values
are tens of times lower than the generated flow.

The apparent higher outlet volumetric flow rate compared with that at the inlet does
not indicate a real mass imbalance. It results from reconstructing the volumetric flow rate
from point-wise velocity measurements under strongly non-uniform outlet profiles.
Downstream of the multichannel cassette, preferential flow pathways lead to locally ac-
celerated regions, such that sampling locations positioned in these high-velocity zones
(e.g., B1, D1, and E1) can bias the cross-sectional mean velocity upward.

The elevated velocities at the vertically arranged outlet points are consistent with a
heterogeneous outlet flow field shaped by the chamber-to-duct transition and the cassette
geometry, which promotes jetting and uneven redistribution before the profile fully de-
velops.

Furthermore, the reduced growth rate of aerodynamic resistance at higher flow rates
indicates that the dominant loss mechanisms are established and the system approaches
a regime in which additional flow-rate increases produce comparatively smaller incre-
mental changes in the pressure-loss scaling. The flow distribution in the outlet air duct
differs from that in the inlet air duct, firstly, because the transition from the rectangular
agglomeration chamber along a longitudinal vertical trajectory is clearly visible (Figure
4). This is noticeable in peripheral zones B and E. The overall average value in all periph-
eral zones is 1.27 m/s, while in zone B, the average velocity is almost 12% higher than this
overall average, and in zone E, it is 18.5% higher. Secondly, the dispersion of values shows
that the velocity fluctuates in zones A and C, with results of +0.33 m/s for zone A and +0.65
m/s for zone C. Such a wide range of values was most likely obtained due to the narrow
cross-section of the multi-module sintering cassette located in the sintering chamber, even
at a distance in accordance with the standards for velocity measurement points to main-
tain uniform flow conditions. The regression equations also include cases for zones C and
E, where there is direct proportionality, and in cases A and B, proportionality is inverse.
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The volumetric flow rate calculated at a gas flow rate of 10% in the inlet duct was 12.4
m3/h, that calculated at 50% was 85.5 m3/h, and that calculated at 100% reached 174.3 m3/h.
In contrast, the volumetric flow rate at 10% in the outlet duct was 14.5 m3/h, that at 50%
was 115.4 m3/h, and that at 100% was 226.9 m3/h. These flow rates were determined using
fundamental equations. When comparing the inlet to the outlet, the outlet volumetric flow
rates at gas flow rates of 10%, 50%, and 100% were 17%, 35%, and 30% higher, respectively.

In the experiments conducted, attention was also paid to the distribution of axial ve-
locity at the inlet (corresponding to zone D) and outlet (corresponding to zone D1) air
ducts, and results were obtained at different volume flow rates —minimum (10%), average
(50%), and nominal (100%) (Figure 5).
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Figure 5. Dependance of gas flow rate distribution in the center point of the inlet (D) and outlet (D1)
on the flow rate with values of (a) 10%, (b) 50%, and (c) 100%.

At minimum flow rates, there were large velocity fluctuations, especially in the inlet
air duct, whereas the velocity in the outlet was more uniform and, due to the free exit from
the high-pressure zone in the agglomeration cassette, was approximately 2.3 times higher
(Figure 5a). With an increase in the volume flow rate to 50%, the distribution in the inlet
air duct evened out and fluctuated during the experiment within the range of —0.18 to 0.22
from the average value, but was directly proportional to the volume flow rate, indicating
that background errors were overcome (Figure 5b). At the outlet air duct, the average
value was 3.2 m/s, and the deviation width did not exceed +0.19 m/s. At the nominal vol-
ume flow rate, which reached up to 45 L/s, the velocity distribution became even more
averaged (Figure 5c). At the inlet air duct, the deviation from the average flow velocity at
the lower boundary was no more than -0.17 m/s and that at the upper boundary was no
more than 0.25 m/s. In the outlet air duct, due to the high volumetric flow rate, the average
velocity increased even more to 4.72 L/s, whereas the deviations remained at the same
absolute values of +0.10 m/s.

Aerodynamic resistance (pressure drop when comparing the static pressure at the
corresponding points of investigation before and after the chamber) was measured. The
aerodynamic resistance increased 8.5 times, that is, from 8 Pa to 68 Pa, when the gas flow
rate was changed from 10% to 50%. Additionally, the aerodynamic resistance increased
2.6 times, that is, from 68 Pa to 175 Pa (see Table 2), when the gas flow rate was changed
from 50% to 100%. Static pressure at high gas flow rates from 80% to 100% in the inlet
differed by ~3 Pa (equal/below to equipment measuring limit) compared with aerody-
namic resistance.
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Table 2. Dependance of system resistance and static pressures on the inlet flow amount.

Aerodynamic Re- Static Pressure in  Static Pressure in

Gas Flow Rate, L/s (%) sistance, Pa Inlet Duct, Pa Outlet Duct, Pa
4.65 (10) 8-9 8 3
9.29 (20) 16 16 3
13.94 (30) 33 33 3
18.58 (40) 49-50 50 3
23.23 (50) 68 68 3-4
27.87 (60) 88 88-89 4
32.52 (70) 109 110 4-5
37.16 (80) 133 135-136 5
41.81 (90) 162 165 5
46.45 (100) 174-175 178 4-8

The static pressure at the outlet was measured to be in the range of 3 to 8 Pa, which
corresponds to a relatively low pressure. Notably, this pressure is 22.5 times lower than
the maximum static pressure at the inlet.

During the study of gas flow velocities and static pressure, irregularities in the duct
cross-section for both supply and exhaust gas flows were observed. Specifically, as the gas
flow rate increased, the non-uniformity of velocities within the ducts became more pro-
nounced.

Based on the results obtained from analyzing the dynamic limits of gas flow in the
connecting channels of the agglomeration apparatus, a recommendation is made to apply
these findings to further investigations into PM agglomeration.

Based on initial tests of PM agglomeration in the apparatus, the PM distribution be-
fore and after treatment was obtained (Figure 6). Agglomeration was assessed as the
change in PN concentration from the upstream to the downstream. At nominal voltage,
including losses in the electric network of 3.5 kV and volume flow rate of 30 L/min corre-
sponded to 1.75 m/s average velocity in the apparatus system.
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5.00%10°
4.00x10°

3.00=10°

Particle number concentration, em*
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Figure 6. Dependance of PN concentration on PM size distribution before and after agglomerator

device at nominal voltage of 3.5 kV and current of 5 mA.

The data show a decrease in PM concentration after the device across the entire size
range. PM of at least 20 nm were intensively aggregated up to a size of 40 nm, when the
maximum difference in the numerical concentration of PM before and after the apparatus
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was reached. The ratio of the numerical concentration before and after agglomeration
reached 2.1 times, but the highest ratio was achieved for PM with a size of 14.1-24.1 nm,
when the average concentration reduction reached 4 times. A detailed change in the PN
concentration from upstream to downstream is presented in Table 3. Here, there are a set
of three test series for PM 15.1-820.5 nm in size.

Table 3. Series of PN concentration changes upstream and downstream of the manipulator depend-

ing on nano PM size.

Change in PN Concentration From Upstream to Downstream

PM Size, nm .
Average of Test 1 Average of Test2 Average of Test 3 Main Average

15.1 —65.5 -79.9 -82.0 -81.7
20.2 -61.7 -73.7 -73.8 -72.4
51.4 -32.8 -46.7 -48.2 -45.4
101.8 -11.3 -15.0 254 -21.3
151.2 -12.3 -6.8 -17.0 -16.1
201.7 -17.8 -14.9 -20.2 214
310.6 -12.1 -24.2 -24.5 -24.3
399.5 -18.3 -29.1 -24.1 -25.6
495.8 -30.9 -26.7 -26.4 -30.5
615.3 -47.3 -32.2 -31.8 -39.8
710.5 -34.9 -29.5 -28.2 -32.1
820.5 5.8 -35.3 -29.8 -24.6

The largest fractional shift was recorded in the range of 41.4-51.4 nm. PM distribution
shifts due to agglomeration in the intervals of 51-98 nm and (less significant) 230-550 nm
were also determined. The maximum value of the numerical concentration at the outlet
of the agglomerator reached 4.43-10° PM, with an average size of 49.6 nm. The most uni-
form distribution of PM before and after exposure to electric field was found in the PM
size range of 79-820 nm.

The higher apparent removal observed for smaller PM sizes is consistent with their
stronger response to electrostatic forcing. Owing to their low inertia and comparatively
high electrical mobility, small PM is more readily deflected from streamlines and driven
into regions with increased interaction probability. In addition, random motion and rapid
charge acquisition support particle-particle encounters once the electric field induces drift
and local concentration gradients.

The observed dependence on both applied voltage and volumetric flow rate reflects
a coupled mechanism. Increasing voltage intensifies PM charging and electrostatic
interaction, whereas the flow rate governs residence time within the active field region
and the degree of mixing and redistribution inside the cassette. Consequently, effective
agglomeration requires a combination of sufficiently strong electrical forcing and
adequate residence time under stable flow conditions.

Aerodynamic performance directly affects PM trajectories and collision probability
by shaping the internal flow field. Non-uniform velocity distributions, recirculation zones,
and flow impingement can increase trajectory crossing and local relative velocities,
thereby promoting collisions. Conversely, at high flow rates, jetting and short flow
pathways may reduce exposure time and limit the achievable interaction intensity, which
can diminish the overall conditioning effect. However, it should also be noted that the
agglomeration process in this technology requires further analysis to allow the investiga-
tion of the decrease in the concentration of PM of certain sizes (corresponding to PM in-
volved in agglomeration) and the corresponding increase in concentration at larger diam-
eters, which reflects the formation of agglomerates. In this study, it can be concluded that
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the shape of the curves (Figure 6) may be due to several phenomena, such as the genera-
tion of unstable PM, the deposition of PM between the inlet and outlet openings, or the
combined effect of agglomeration and deposition. In the case of deposition alone, the ob-
served decrease in concentration, especially for PM smaller than 200 nm, could be ex-
plained by diffusion capture, which is more effective for smaller PM. Based on such rea-
soning, it can be understood that the device not only affects PM agglomeration, but also
contributes to PM capture in the same way as an electrostatic precipitator by charging the
PM and partially depositing it on the surface of the device.

3.2. Numerical Modelling Case Study

Table 4 compares the local static pressure at measurement points V23, V26, V27, V28,
and V31 against the computed pressures at the same locations on plane C-C. Table 5 com-
pares the same, but at measurement points V38, V41, V42, V43, and V46 on plane D-D
instead. For each of the cases, three gas flow rates (10%, 50%, and 100%) were considered.
It appears that the static pressure data between experiment and simulation had rather
large differences at a gas flow rate of 100% compared with those at lower rates. In partic-
ular, the largest deviation appeared to be at V31 and V46, the point right outside the elec-
trode cassette. This is particularly true for plane D-D. Further examination of the flow
field shows that the flow somewhat assembled an impingement flow when exiting the
electrode cassette, as shown in Figure 7. This was the probable cause of the larger discrep-
ancy at that particular location. With an impingement-like flow pattern, the flow coming
out of the electrode spread out and there were strong vortices in that region. Note that the
vortices became stronger as the flow velocity increased. This was most likely the cause of
larger discrepancies causing huge differences between experiment data and simulation
data when the system was operating with 100% gas flow rate.
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Figure 7. Velocity distribution along plane (a) C-C and plane (b) D-D.
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Table 4. Comparison of predicted versus measured pressure at selected measurement points on

plane C-C in Figure 2.

Static Pressure (Pa)

Part of Nominal Gas Flow V23 V26 Va7 V28 V31

(Flow Rate), %
Experiment 10 7 7 7 7 0
Simulation 6.41 6.53 6.53 6.53 3.05
Experiment 50 65 67 67 67 -1
Simulation 654 6694 6693 6693 14
Experiment 100 167 177 176 176 -7
Simulation 22271 2314 231.28 23122 -76.42

Table 5. Comparison of predicted versus measured pressure at selected measurement points on

plane D-D in Figure 3.

Static Pressure (Pa)

A Part of Nominal Gas V38 Va1 Va2 Vi3 Va6

Flow (Flow Rate), %
Experiment 10% 9 9 9 10 2
Simulation 6.43 6.53 6.53 6.53 3.07
Experiment 50% 69 69 70 70 1
Simulation 65.52 6693 6693 6693 14.36
Experiment 100% 177 179 179 178 -3
Simulation 223.22 231.27 231.26 23122 -74.56

Tables 4 and 5 present the experimental and calculated values of static pressure at
characteristic measurement points on planes C-C (V23-V31) and D-D (V38-V46) for three
gas flow rates (10%, 50%, and 100%), which correspond to the volumetric flow rate in the
system. An analysis of the comparison of the results of the experimental studies and mod-
eling determined that, at a 10% volumetric flow rate, in most cases, there was a very high
coincidence in static pressure values (error < 1 Pa). However, a local discrepancy was
identified at point V31, which may indicate the influence of edge effects or incorrect
boundary approximation in the model. In general, the model adequately reproduced the
low-rate mode. For the mode with 50% volumetric flow rate, the discrepancies for points
V23-V28 were within tenths of a Pascal, which indicates very high model accuracy. How-
ever, at point V31, there was a significant systematic deviation (~15 Pa), which sharply
worsened the local correlation. At the nominal volumetric flow rate, the model signifi-
cantly overestimated the absolute pressure level (error of about 30-40%). However, the
correct spatial distribution structure was preserved (homogeneity of V26-V28). At point
V31, an abnormal discrepancy remained, probably associated with recirculation, a turbu-
lent zone, or requiring additional simplifications, or, conversely, detailing with boundary
conditions. For cases with a volumetric flow rate of 10% and 50%, a very high linear agree-
ment between the experiment and the model was obtained. The pressure distribution
shape was virtually identical. The main deterioration in correlation was associated exclu-
sively with point V31. In the case of a nominal volumetric flow rate, the correlation in the
distribution shape was preserved, but there was a systematic shift—the model overesti-
mated the pressure by ~55 Pa. This means that the model correctly described the pressure
gradients, but required large-scale calibration in terms of absolute values at high modes,
which could be caused by the design features of the physical model. The trend was repro-
duced correctly, but the slope of the dependence in the model was higher, which indicates
an overestimated sensitivity of the model to an increase in the gas flow rate.
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An analysis of the comparability of pressure levels based on experimental pressure
values on both planes practically coincided in order of magnitude, for example, at 10%
volumetric flow rate, the difference was 7-10 Pa, at 50%, it was 65-70 Pa, and at 100%, it
was 175-180 Pa. This indicates the similarity of aerodynamic conditions in the sections
under consideration and confirms the representativeness of the selected planes for pres-
sure field analysis. The calculated values also showed similar levels on both planes, in-
cluding a characteristic overestimation at 100% volumetric flow rate (~230 Pa), which in-
dicates the global, rather than local, nature of the systematic error of the model.

Both planes showed high pressure uniformity in groups of points (V26-V28 for C-C
and V41-V43 for D-D), which was correctly reproduced by the model. This indicates the
stability of the main flow and the absence of significant transverse pressure gradients in
the central areas of the channel. Local points V31 (C-C) and V46 (D-D) showed the great-
est deviations between the experiment and the calculation. The similarity in the behavior
of these points on different planes suggests the presence of similar local hydrodynamic
effects, which should be studied in more detail in the turbulence model used or in the
mesh approximation.

Performing such coupled simulations is often complex, especially in such a complex
context. Indeed, the numerical model does not take into account the influence of the
electric field or particle charge, but the integration of electrostatic forces in CFD is
particularly relevant and necessary for studying and gaining a deeper understanding of
this phenomenon and improving models in comparison with physical experiments.

4. Discussion

It appears that the static pressure data between the experiment and simulation had
rather large differences in the case with a gas flow rate of 100% compared with other case
of nominal gas flow (flow rate). In order to elucidate the cause of this phenomenon, we
analyzed the velocity vector in the space without plates. Figure 8 shows the velocity vector
under different gas flow rates.
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Figure 8. Resulting velocity vectors along the symmetry plane at different gas flow rates.
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Discrete phase modelling was activated using carbon particles with a diameter of 1
pum for 200 time-steps. (Each of the attached figures consists of three images from top to
bottom for 0.27, 0.98, and 2.32 m/s air inlet velocities.) Note that the DEM collision and
MHD model have not been enabled. To examine the PM distribution accompanied by air
flow, the discrete particle model in Fluent was activated. The patterns of particle distribu-
tion are shown in Figure 9. Figure 9 shows that, as the inlet velocity increases, the particles
gain more kinetic energy and spread farther from the inlet. Additionally, it seems that for
certain velocities being reached, the particles tend to not accumulate in the chamber and
just directly pass through the chamber, as shown in Figure 9.

m
Uin = 0.27 — =5
m
Uin= 0.98 ? e

m
Uin = 232? —

Figure 9. The resulting particle tracks over 200 time steps for a particle enters from a fixed location
at the inlet.

However, this is not the case when one looks at the aggregate velocity distribution
for all particles entering the chamber, as shown in Figure 10. It is more likely that, as the
velocity reaches a certain value, particles carried by air flow tend to recirculate, as shown
in Figure 10. Note that the resulting velocity vector plot shows a main recirculation zone
in the outlet pipe, as illustrated in Figure 11. The particles are then rotated back into the
chamber and accumulated at the bottom of the chamber due to the effect of gravity.
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Figure 10. Resulting particle tracks over 200 time-steps for all particle entering at the inlet at t =0 s.
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Figure 11. Velocity distribution in the chamber with carbon particles entering the chamber.

The distribution of gas flows in the agglomeration chamber is a key factor in deter-
mining the efficiency of charging, collision, and agglomeration of solid ultrafine particles.
This process depends on various parameters, including flow velocity, turbulence, particle
concentration, and electrostatic field parameters. Particle charging occurs through inter-
action with ions generated during corona discharge [35]. Smaller particles (<0.1 pum) are
charged by diffusion, which is slower than field charging, and therefore require a longer
residence time in the charging zone [36]. If the flow is too fast, the particles do not have
time to acquire sufficient charge, which reduces the probability of their agglomeration.
Particle collisions and agglomeration depend on their relative velocities, which increase
in turbulence [37]. Turbulent flow promotes particle mixing and collisions, but excessive
turbulence can disperse the formed agglomerates. Therefore, it is necessary to optimize
the flow structure to achieve an efficient agglomeration process.

The ion wind generated by the electrohydrodynamic effect can also affect the particle
motion. This phenomenon creates additional air flow, which can increase the probability
of particle collisions, but can also carry particles out of the agglomeration zone if not
properly controlled. The particle concentration also affects the agglomeration efficiency.
Too low a concentration reduces the probability of collisions, while too high a concentra-
tion can lead to the inhibition of ion uptake and space charge effects, reducing the charg-
ing efficiency. Therefore, it is necessary to optimize the particle concentration in the ag-
glomeration chamber. Particles of different sizes behave differently at different flow rates.
Larger particles tend to deviate from the flow path due to inertia and can “catch” finer
particles, whereas fine particles are more affected by Brownian motion and require a
longer time for charging [38]. By optimizing the flow parameters, particle concentration,
and electrostatic field properties, an efficient agglomeration process for UFPM can be
achieved.

In addition to the results presented above, it is important to summarize the
advantages, limitations, and operational boundaries of the investigated apparatus and of
the applied methodology. A clear advantage of this study is the combined experimental
and numerical aerodynamic characterization of a specific modular agglomerator design,
which allows for key flow structures and pressure loss trends to be identified in a
reproducible manner. The experimental data show stable trends at low and moderate flow
rates, where the agreement between measured and simulated quantities is acceptable and
supports the interpretation of the internal flow behaviour.

However, several limitations were also observed. The outlet flow field exhibits
pronounced non uniformity, such that volumetric flow rates reconstructed from point-
wise velocity measurements can be biased by locally accelerated regions, especially
downstream of the cassette. In addition, at the highest flow rate, the deviation between
simulated and measured static pressure indicates increased sensitivity to turbulence, local
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recirculation, and geometric details, which may not be fully represented by the simplified
numerical model and the chosen turbulence closure.

Based on these observations, the operational range that yields the most reliable and
consistent results is given by low to moderate flow rates, where pressure losses remain
moderate and the flow distribution is comparatively stable. At a high flow rate, pressure
losses increase substantially and flow redistribution becomes more pronounced, which
limits the predictive accuracy and should be considered when interpreting the
performance of the device under these conditions.

5. Conclusions

An investigation was conducted into the dynamics of gas flow in the connecting chan-
nels of an agglomeration apparatus. Specifically, the focus was on understanding the limits
and behavior of gas flow under varying conditions. The aim of the analysis was to shed
light on critical aspects related to gas transport within the system. The maximum, average,
and minimum volume flow rates were calculated, the bottom line of application was de-
termined, and the possibility of applying the system from which the PM-gas flow transfer
system of the agglomeration apparatus starts to operate from the minimal gas flow rate
was evaluated. The final remarks are presented in depth and organized point-wise as fol-
lows:

1. The experimentally assessed inlet volumetric flow rates were 12.4/85.5/174.3 m3/h at
10/50/100%, whereas the outlet values were 14.5/115.4/226.9 m3/h, respectively. CFD
matched experiments well at low gas flow rates, but deviations increased at high gas
flow rates due to turbulence and geometric sensitivity; the internal plate structure
stabilized and guided the flow, with the largest static-pressure and velocity-field dif-
ferences at 100%.

2. The experimentally determined average flow velocities at points A-E and A1-E1
were equal to 0.2 m/s and 0.234 m/s at the minimal gas flow rate of 10%. From 10%
to 50%, the average velocity increased by approximately 7-8 times. From 50% to
100%, the increase was approximately 2 times. The total increase in velocity compar-
ing the gas flow rates of 10% and 100% reached about 14-16 times, depending on the
point group. Points A1-E1 exhibited higher mean velocities and slightly higher
growth ratios than points A-E. The measurements demonstrated a systematic verti-
cal pathway acceleration (A1-E1 > A-E), consistent with the development of prefer-
ential high-velocity pathways induced by the cassette’s vertically arranged channel
geometry.

3. Aerodynamic resistance was researched experimentally, increasing the gas flow rate
from 10% to 50% increased the aerodynamic resistance 8.5 times, from 8 Pa to 68 Pa,
and from 50% to 100%, the aerodynamic resistance increased 2.6 times, from 68 Pa to
175 Pa.

4. The change in PN concentration in the experiments showed a pronounced size de-
pendence, with the strongest decrease observed for nano PM up to 51.4 nm, followed
by a progressive recovery up to approximately 310 nm, after which the concentration
change increased, indicating the onset of agglomeration. Using the main average val-
ues, the magnitude of the concentration reduction decreased from 45.4% at 51.4 nm
to 24.3% at 310.6 nm, which corresponded to a 46.5% reduction in the loss magnitude.
A similar trend was observed in the individual tests: in Test 1, the magnitude de-
creased from 32.8% to 12.1%, indicating a 63.1% reduction; in Test 2, it decreased
from 46.7% to 24.2%, corresponding to a 48.2% reduction; and in Test 3, it decreased
from 48.2% to 24.5%, yielding a 49.2% reduction. The results establish a characteristic
transition size of ~300 nm, beyond which agglomeration becomes dominant.
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This systematic weakening of PM loss with increasing size suggests that smaller PM
is more efficiently removed, whereas larger PM increasingly undergoes agglomeration,
reducing is apparent loss between the upstream and downstream sections. Consequently,
both the averaged data and the individual test results consistently confirm that agglomer-
ation becomes significant beyond approximately 300 nm, leading to partial recovery in the
PM number concentration.

In addition to the presented findings, the investigated modular bipolar electric field
agglomerator demonstrated practical relevance as a PM conditioning unit operating
within defined aerodynamic regimes. The experimental results confirm that stable and
predictable flow behavior could be achieved at low and moderate volumetric flow rates,
where the numerical and experimental results showed good agreement.

At higher volumetric rates, increasing pressure losses and deviations between exper-
imental and simulated results indicated the aerodynamic limitations of the current config-
uration. These observations underline the importance of defining optimal operating con-
ditions for reliable device performance.

The measured reduction in PM concentration under the applied voltage further sup-
ports the potential of the developed apparatus as a pre-treatment stage prior to conven-
tional separation technologies. By influencing particle interactions within the electric field
under controlled flow conditions, the system may contribute to enhanced downstream fil-
tration efficiency.

Future investigations should therefore focus on evaluating the device performance
under application-relevant operating ranges and on assessing its integration into existing
PM removal systems.
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