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Abstract

Gas emissions containing particulate matter are the most prevalent in technological processes. To
reduce emissions into the atmosphere, it is necessary to apply gas pre-treatment before high-
efficiency filters, which in interaction helps to achieve a favorable result for reducing the level of fine
and ultrafine particles particularly dangerous to the human health. Electric field manipulator
(agglomerator) can influence these fine particulate matter and results in an increase in their size.
Comprehensive aerodynamic study aim to elucidate the gas flow distribution, variation of trajectories
and dynamics at different flow rates, specifically the trajectories and velocities of particles within the
gas flow. These factors provide meaningful assumptions about the possible behavior of particles in
the flow and there are critical for optimizing an agglomeration and its intensity. Such phenomena
can have an impact on the probability of agglomeration in the manipulator channels, i.e., the sticking
of small particles into larger ones, and this allows improving the design and operating conditions of
the apparatus. Gas flow velocities and pressure were analyzed experimentally at various cross-
sectional points in the inlet and outlet ducts at the inflow rate of 3.4-50 1/s. Pressure-based solver with
the coupled scheme for pressure-velocity coupling was used. The static pressure at the inlet of
manipulator varied from 8 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 necessary characteristics of the gas flow distribution for its subsequent
improvement for highest agglomeration.

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

1. Introduction

Conventional treatment technologies, which utilize principles such as gravity, centrifugal force,
and electrostatics, are widely employed for the elimination of particulate matter (PM). While these
methods effectively remove particles larger than 1 pum, their efficiency in capturing finer particles
from the gas flow is limited, particularly considering proposed emission limits and the urgent need
to reduce future pollution. The Euro 7 standard is the upcoming European regulation on vehicle
emissions, expected to apply stricter limits on exhaust emission including the number of exhaust
particles at the level of PN10, instead of PN23, i.e., particle number of 23 pum.
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Particulate matter, including fine and ultrafine particles (UFPM), poses significant risks to both
human health and the natural environment [1-3].

Particulate matter (PM) is a mixture of particles and liquid droplets (aerosols) in the air, which
can contain various components such as acids, sulfates, nitrates, organic compounds, metals, soil
particles, dust, soot and etc. The solid particles emitted into the air exhibit significant variation in
their physical and chemical composition, particle sizes, and sources of emission [4].

The most painful effects are caused by solid particles from 10-0.1 um. Once inhaled, these
particles can settle in various parts of the respiratory system. Larger particles tend to deposit in the
upper airways, while ultrafine particles can reach the peripheral regions of the lungs, including the
alveoli. From there, they can even enter the bloodstream and circulate throughout the body,
potentially causing various health issues. Lung-deposited surface area (LDSA) refers to the total
surface area of airborne particles that can be deposited onto the lung’s respiratory tract, particularly
in the alveolar and bronchiolar regions. Unlike measuring particle concentration based on mass or
number, LDSA considers the effective surface area of particles that come into contact with lung tissue,
which is a crucial factor in assessing health risks related to ultrafine particles (particles smaller than
100 nm) [5].

Additionally, current technologies struggle with adaptability and effectiveness when managing
a wide range of particulate matter (PM) concentrations within the flow. Furthermore, these filtration
systems tend to clog quickly [6]. This often necessitates pre-treatment or specialized handling of
contaminated gas flows. Moreover, current technologies are inadequate or inefficient when dealing
with a broad spectrum or elevated levels of particulate matter (PM) flow. Consequently, pre-
treatment or specialized treatment of the contaminated flow becomes essential. The use of these
technologies as standalone treatment units is also limited, requiring careful consideration of PM type
and characteristics, as well as gas flow properties [7,8].

Small particles can agglomerate through several processes. Despite their small diameters, strong
forces such as Van der Waals interactions, electrostatic forces, and capillary forces act between these
particles. Collectively, these forces create an attractive force, allowing the particles to form larger
compounds [9].

Agglomeration of particulate matter can occur due to various forms of particle 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 like resins. The driving forces behind mobile liquid binding include
interfacial forces and capillary suction, with the bond strength depending on the binder’s properties.
Intermolecular and electrostatic forces act between particulate matter without the formation of
material bridges. These forces are more prominent in smaller particles, as gravitational forces tend to
dominate in larger particles. Mechanical interlocking occurs due to the geometrical properties of the
particles. During mixing processes, particles can become entangled and accumulate into larger
agglomerates [10].

The most used methods to apply these mechanisms to particulate matter are chemical
agglomeration, ultrasonic agglomeration and electrostatic agglomeration.

Chemicals can be used to induce agglomeration in PM. Therefore, chemical agglomerants are
directly sprayed into the flow to be cleaned gas stream [11,12].

An effective method for particle agglomeration is the application of sound waves on PM, known
as ultrasonic agglomeration. In addition to orthokinetic interactions, ultrasonic agglomeration at
frequencies ranging from 16 kHz to 1 MHz can also make use of ultrasonic cavitation. This
phenomenon enhances particle collisions and interactions, leading to the growth of particle size.
Furthermore, ultrasonic waves can reduce surface charges to eliminate electrostatic repulsion and
increase surface energy which improves adhesion of particles [13].

The application of an electric field is important for the study of flow electro hydrodynamics. The
work [14] deals with devices with electro convective flow, which is induced by so-called charge spray.
Such technology is used for the micro-mixing of liquids as well as for their atomization. Unipolar
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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
[15].

Electrostatic agglomerators can be categorized into two main groups [16]. 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 Coulomb attraction forces. The motion of these particles can be described by
the Equation (1) [17]:

m— = qE — 6mua, 1)

0w
at
here, g is the charge of the particle, E is the intensity of the electric field, m is the particle mass, and p
is the gas viscosity. It should be noted that both electrical parameters as well as properties of the
particles influence the agglomeration process.

Equation 2 describes the time-dependent increase in the particle charge gy of a spherical particle
with a diameter dp:
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Key influencing factors include the ion concentration in the charging zone c;, the mobility of the
gaseous ions b, the relative permittivity of the particles er, 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 Coulomb 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 equation (Equation 3):

Er

qs = 3megdyE p ©)

It follows that the saturation charge depends only on the electric field and is independent 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, too, an Equation 4 is used to describe the charge increase over time:
dq, [ nsoﬁidf,]

dt 4b;q
it (4)
ap )

— T = dZ
4 ecividiexp 2megd, kT

As previously mentioned, this introduces the root mean square velocity ~ vi, 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 separated, and the entire stream
is charged with the same polarity. In the agglomeration section, an alternating electric field is used to
induce oscillatory motion, forcing the particles to collide and agglomerate. The difference in velocity
and amplitude of the oscillatory movement between larger and smaller particles is the primary cause
of collisions [18].

Understanding the motion and velocities of particles in a gas stream is crucial as these factors
determine the probability of particle collisions, at the same time the frequency and efficiency of such
a phenomenon, as well as the subsequent agglomeration of both primary and secondary
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agglomeration. 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, available local barriers, where the flow pressure drop
occurs, have a direct impact on the particle dynamics, and hence on the agglomeration efficiency [19].
In the study [20], electro-vortex technology was investigated 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, but on the contrary to stabilize the
particle motion and reduce velocity fluctuations, which leads to a more homogeneous distribution of
particles and improved agglomeration.

Particle charging occurs according to two mechanisms, i.e. field charging and diffusion
charging. Similar to agglomeration, electrostatic precipitation utilizes the corona effect, which ionizes
surrounding gas molecules near the discharge electrode. Due to the electrical permittivity of the
particles, the electric field lines concentrate around the particles. Ions following these field lines
collide with the particles, leading to a process known as field charging. Another mechanism
contributing to particle charging is diffusion charging, where Brownian motion causes collisions
between particles and ions in the surrounding gas. These charging effects facilitate the transfer of
charge from the ions to the particles until a saturation limit is reached [21]. Diffusion charging occurs
when ions collide with airborne particles due to Brownian motion [22]. 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
dielectric constant K and the saturation charge ng of the particles also play a role in this process [23].
The space between the electrodes can be divided into two regions: the ionization region and the drift
region. The ionization region is relatively small, with high electric field strengths prevailing due to
the asymmetric field geometry. In this region, free electrons are strongly accelerated by the high field
strength and move toward the ground electrode. Their acceleration is sufficient to ionize atoms and
molecules upon collision, resulting in the release of additional electrons and the formation of positive
ions. In the drift region, the energy of the electrons is no longer sufficient to ionize additional atoms,
as the electric field strength has decreased significantly. Instead, free electrons attach to gas molecules,
forming negatively charged ions. These ions migrate toward the collecting electrode due to
electrostatic attraction. Two additional effects occur during corona discharge. First, when electrons
are released from their atomic orbitals, photons are emitted, which are visible as a glow. However,
this glow does not extend from one electrode to the other but terminates within the ionization region.
Second, the movement of negatively charged gas ions toward the collecting electrode generates an
airflow, known as the corona wind [24].

Research [25] was presented some aerodynamic phenomena into the electric field. One of the
findings is that processes are less intensive at low flow velocities or in high-volume ducts, the electric
field and its various properties significantly impact the flow state. At a peak voltage of 45 kV and a
pulse frequency of 20 kHz, the efficiency increased when the gas velocity was raised from 0.5 m/s to
1 m/s. However, a lower efficiency was observed when the velocity exceeded 1 m/s. Under these
conditions, the sub-micron particle number reduction efficiency for all particle sizes exceeded 90% in
the non-thermal plasma ESP. To tackle these challenges, one effective strategy is the agglomeration
method. By deliberately enlarging particle size through forced means, the modified quantitative and
qualitative properties of the particles allow for the use of standard cleaning techniques or achieve a
higher level of cleaning. Importantly, the relaxation movements of particles caused by the generated
electric field are essential to this agglomeration process [26].

To maintain air quality, especially in rooms where people spend long periods of time, it is
necessary to rationally solve the problem of dust from both natural and man-made 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,
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ULPA) are used to precipitate micron particles with sufficient efficiency, but these filters are not
effective enough at trapping submicron and nanoscale particles due to their structure [27]. Ultra-fine
particles are concentrated and thus constitute the predominant fraction in the entire air content, and
with multiple sources, the probability of them entering the human respiratory zone increases.
Pretreatment of the contaminated flow facilitates the purification process, makes it more economical,
and selectively acts on the smallest particles for agglomeration, allowing 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
distribution of trajectories in this device, thereby predetermining their potential area of application
and operating modes. The digital model created on the basis of the physical test bench reflects the
main trends of the processes. It also allows identifying possible areas for design improvement to
achieve the best impact on particles and subject them to effective agglomeration under various
conditions.

The objective of this research is to perform an analytical analysis using physical and simulation
experiments results, as well as identify a flow distribution within the agglomerator chamber and
influence of airflow rate on flow trajectory changes. A comparative analysis of gas flow dynamics in
different sections of the bipolar electric field manipulator chamber was carried out to select the
qualitative characteristics of the apparatus for ultrafine particle agglomeration.

2. Materials and Methods

2.1. Experimental Setup

Physical experiments were performed in VilniusTech laboratories, the simulations were
performed at a National Sun Yat-sen university. For experimental studies on the dynamic limits of
gas flow and pressure at 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 is 2.6 meters, with
the agglomeration apparatus 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.

Figure 1. Electrical agglomeration research bench with ducts system (D is a duct diameter), 1) control unit, 2)
cassette of electric field modules in primary zone and separated 3) secondary zone inside the agglomeration

chamber.

The design and electrical circuit of the agglomerator system were created to transfer the
necessary critical charge from the electrode plane, as the source of the electric field, to the particle in
each of the channels of the manipulator cassette. To create the necessary charge, also known as the
saturation charge gsat, a particle with a radius r must be in an electric field with a strength Ecrit. For
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microparticles, this value is usually taken to be 3x106 V/m, based on which the necessary distance
between the electrode planes can be calculated using Equation 5:

Qsat = 47T£0r2Ecritr ®)

here, €0 — 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 operation and design
characteristics of the manipulator [28,29].

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 particle agglomeration Figure 1. 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 particle samples to reduce the
accumulation of particles due to static charge.

Experimental research was carried out at microclimate conditions typically observed inside the
apparatus during the study, temperature was 22.4-22.8 °C and 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 Figures 1 and Figure 2.
The duct features an inner diameter of 148 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 2b. Gas flow rate measurements were conducted over a 60-second
period, with data collected every second. It was determined that the speed and pressure sensors alter
the flow dynamics by no more than 2%, so it was decided to disregard these errors as insignificant.

The fan starts spinning once it reaches 6% efficiency. By adjusting the gas load 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 (are the same for both): measuring range
0-50 m/s, -20—- +70 °C, 5-95%RH, 700-1100 hPa; accuracy +(0.03 m/s + 4% of the measuring 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), +3
hPa; resolution 0.01 m/s, 0.1 °C, 0.1%RH, 0.1 hPa.

Agglomeration chamber

__Aggdlomeration modules

(a) (b)

Figure 2. Principal scheme of the research bench a) and a principal scheme of inlet cross-section view where gas

flow rate was measured b), A-E test points in the inlet duct, A1-E1 test points in the outlet duct.

Static pressure measurements were conducted before and after the agglomeration chamber,
specifically at points D and D1 as shown in Figure 2a. The “testo 440 dP” pressure measuring device
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was used for these measurements. Static pressure readings were taken at 10% intervals from 10% to
100%. Each static pressure measurement lasted 60 seconds, 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 60 seconds, with
data collected every second.

The agglomeration chamber is segmented into four cross sections, labeled A-A through D-D, as
depicted in Figure 3. Each section contains specific measuring points, also shown in Figure 3. Cross
section A-A is 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 3a in millimeters. The chamber
is designed to direct gas flow through the plates and the electric field before exiting. During these
measurements, the gas flow load was set to 10%, 50%, and 100%. For further distribution of results,
cases and measurement points were numbered in this way, e.g., A50, it is inlet point at 50% of the gas
flow load, A1 100, it is outlet point at 100% of etc. A total of 800 data points were collected just over
one minute. No voltage was applied to the plates during the experiment, so no electric field was
generated. Figure 3a shows cross sections with the location and numbering of flow velocity
measurement points in the agglomeration chamber; the cross-section level is indicated in part of
Figure 3a. The physical location of the samples is shown in Figure 3c.

A-A
P
G u G
A A
i L |
" oz
o™ ? I? Gz wa b G
wn
n i
N C \ C
: 1 i
P P % % {n,ns
|
vi6; P24 i
W V24; P32 A W
N2
V23 P3) Y22;P30  W21; P29
(a) (b) (c)

Figure 3. Available measuring planes (a) and points for gas velocity measurements (b) and four probes to

measure the gas velocity in the agglomeration chamber (c).

The gas velocity was measured using the eATVS-8™ automatic temperature and velocity
scanner (Advanced Thermal Solutions, Inc., USA). This system, integrated 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%.

The particle agglomeration experiment in the apparatus was carried out at the Institute of
Particle Process Engineering, Technical University Kaiserslautern (Germany). For the test a
submicron particle generation apparatus was used, sodium chloride (40 mg/L) and a Collison
atomizer were used, through filtration of compressed air through a HEPA filter. The particulate
stream passed through a diffusive desiccant dryer and neutralized in a radioactive aerosol neutralizer
TSI 3012 A (Germany). The particle distribution before and after the agglomeration apparatus is
measured using SMPS TSI 3934 (Germany) [30].
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2.2. Mathematical Model: Governing Equations

A computational model is created based on the experimental setup shown in Figure 2 and Figure
3. The conservation of mass and momentum must be solved simultaneously 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 6):

ZHV (D) =0, (6)
here, p is air density and v is velocity vector. The conservation of momentum for the flow is given
by (Equation 7):

XD Ly (piv) = —Vp + V-7 +F, @)

here, pressure gradient force is denoted as —Vp and F is any imposed external body forces. The
viscous stress tensor, T, is given by (Equation 8):

T = p[Vi + (V)T - (Vi)], 8)
here, p is the dynamic viscosity. The conservation of energy in this case is as follows (Equation 9):
? -
28D 1 V- (B(oE + 1)) = V- (kegsVT) + Sy, )

here E is total energy, k. is effective thermal conductivity, S, is source term and T is
temperature.

Turbulence in the flow field is described by the realizable k — ¢ model. 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 10):

a(pk)
at

+V- (pkd) = V- (KVk) + Gy - pe, (10)

here Gy is production of turbulence kinetic energy and u, is turbulent viscosity. A second transport
equation is used to describe the eddy dissipation rate (¢) and it is given as (Equation 11):

00 | . ooy . (e G —CpE
P+ V- (pe) =V (JEVk)+Clka Cp<, (11)

here o, is turbulent Prandtl number for € and C;, C, are model constants.

2.3. Numerical Setup

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

Atmospheric condition (101 kPa and 300 K) is specified at the domain outlet to mimic the
experimental condition. All walls in the model are assumed to be adiabatic. A flow velocity is
specified at the domain inlet, for which the magnitude is equal to the averaged velocity on the D-D
cross-section in Figure 3 measured during experiment. Three different flow velocities were
considered, at 10%, 50% and 100% of the gas flow load, as shown in Table 1, including inlet velocity,
pressure in inlet and outlet, and wall roughness. The inlet velocity is set as 10%, 50% and 100% fan
speed shown in Table 1. Note that the velocity at the inlet is assumed to be uniform.
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Table 1. Measuring points, corresponding gas velocity medians at different the gas flow load.

Gas flow load (%) — Median gas velocity

Location Measuring point in the inlet duct (m/s)
10 50 100
A 0.27 1.65 2.79
B 0.05 1.15 2.49
Inlet
C 0.17 1.60 3.25
velocity
D! 0.27 0.98 2.32
E 0.12 0.99 2.47

The velocity measured on plane D-D are used as the boundary condition at inlet.
3. Results

3.1. Experimental Case Study

The distribution is 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 sintering 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 4) and at the outlet (A1-E1) (Figure 5). Scatter plots were 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. The distribution of the gas velocity at the inlet at the points of the cross-sectional periphery is presented

as a scatter diagram relative to the axial velocity at 50% of the nominal flow.
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Figure 5. The distribution of the gas velocity at the outlet at the points of the cross-sectional periphery is

presented as a scatter diagram relative to the axial velocity at 50% of the nominal flow.

A phenomenon was observed at the outlet location: the gas flow velocities at the vertically
positioned measuring points (B1, D1, E1) increased significantly compared to the inlet duct (Figure
4). Specifically, at these vertically arranged measurement points with the gas flow load of 50%, the
gas flow rate increased by 1.9, 3, and 1.4 times, respectively, in comparison to the inlet points (B, D,
E). Furthermore, at the maximum gas flow load of 100%, the gas flow rate increased by 2, 2.6, and 1.6
times, respectively.

The flow velocity (in m/s) in point A-E at the gas flow load of 10% was varied 0.13-0.22 m/s, at
the gas flow load of 50% was 0.96-1.7 and at the gas flow load of 100% was 2.35-3.3 m/s. The flow
velocity in the outlet (A1-E1 points) was varied in the interval of 0.05-0.43 at the gas flow load of 10%.
The variation of velocity was 0.29-3.37 m/s at the gas flow load of 50% and the variation in the range
of 0.48-6.3 m/s was observed at the gas flow load 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, while the deviation in zone A
was -0.07 m/s and at point E it was +0.11 m/s. The values slightly exceed 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 transition to the agglomeration chamber could have had an
insignificant impact. The regression formulas obtained for determining the flow velocity in the
peripheral zone have a similar error range of 1.3 to 1.5, and the coefficients of the equation for zones
A and E have a positive (directly proportional) value, while for zones B and C the coefficients are
negative. Given that these results were obtained at 50% volumetric air flow rate, it can be assumed
that this distribution most closely reflects the real situation, when the system does not experience the
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operating pressures peak of gas flow source, and the background values are tens of times lower than
the generated flow.

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 5). This is noticeable in peripheral zones B and E. The overall average value in
all peripheral 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 maintain 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, inverse proportionality.

The volumetric flow rates were calculated at the gas flow load of 10% in the inlet duct is 12.4
m3/h, at 50% is 85.5 m3/h, and at 100% reach 174.3 m3/h. In contrast, the volumetric flow rates at 10%
in the outlet duct is 14.5 m3/h, at 50% is 115.4 m3/h, and at 100% is 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 the gas flow load of 10%, 50%, and 100% are 17%, 35%, and 30% higher,
respectively.

In the experiments conducted, attention was also paid to the distribution of axial velocity 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
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Figure 6. A dependance of gas flow rate distribution in the center point of inlet (D) and outlet (D1) on the flow
rate of a) 10%, b) 50% and c) 100%.

At minimum flow rates, there are large velocity fluctuations, especially in the inlet air duct, while
the velocity in the outlet is more uniform and, due to the free exit from the high-pressure zone in the
agglomeration cassette, is approximately 2.3 times higher (Figure 6a). With an increase in the volume
flow rate to 50% of the level, the distribution in the inlet air duct evened out and fluctuated during
the experiment in the range of -0.18 to 0.22 from the average value, but was directly proportional to
the volume flow rate, which indicates that background errors were overcome (Figure 6b). 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 volume flow rate, which reached up to 45 I/s, the velocity distribution became even more
averaged (Figure 6c). 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 at the upper boundary 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 I/s,
while the deviations remained 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 load was changed from
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10% to 50%. Also, the aerodynamic resistance increased 2.6 times that is from 68 Pa to 175 Pa (see
Table 2), when the gas flow load was changed from 50% to 100%. Static pressure at high gas flow
rates from 80% to 100% in inlet results differ by ~3 Pa (equal/below to equipment measuring limit)
compared to aerodynamic resistance.

Table 2. A dependance of system resistance and static pressures on the inlet flow amount.

. ) Static pressure in Static pressure in
Gas flow rate, 1/s (%) Aerodynamic resistance, 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 pronounced.

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 of solid particle agglomeration.

Based on initial tests of particle agglomeration in the apparatus, the particle distribution before
and after treatment was obtained (Figure 7). At nominal voltage including losses in the electric
network of 3.5 kV and volume flow rate of 30 l/min, which corresponds to 1.75 m/s average velocity
in the apparatus system.
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Figure 7. A dependance of particle number concentration on particle size distribution before and after

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

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

Table 3. Series of particle number concentration changes in the upstream and downstream of manipulator

depending of nanoparticles size.

Particle  size, Change of particle number concentration from upstream to downstream

nm Average of tests1 ~ Average of tests2  Average of tests3 ~ 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 -25.4 -21.3
151.2 -12.3 -6.8 -17.0 -16.1
201.7 -17.8 -14.9 -20.2 -21.4
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. Particle distribution shifts
due to agglomeration in the intervals 51-98 nm and less significant in 230-550 nm was also
determined. The maximum value of the numerical concentration at the outlet of the agglomerator
reached 4.43-105 particles with an average size of 49.6 nm. The most uniform distribution of particles
before and after exposure to electric field was found in the particle size range of 79-820 nm.

However, it should also be noted that the agglomeration process in this technology requires
further analysis to investigate the decrease in the concentration of particles of certain sizes
(corresponding to particles involved in agglomeration) and the corresponding increase in
concentration at larger diameters, which reflects the formation of agglomerates. In this study, it can
be concluded that the shape of the curves (Figure 7) may be due to several phenomena, such as the
generation of unstable particles, the deposition of particles between the inlet and outlet openings, or
the combined effect of agglomeration and deposition. In the case of deposition alone, the observed
decrease in concentration, especially for particles smaller than 200 nm, could be explained by
diffusion capture, which is more effective for smaller particles. Based on such reasoning, it can be
understood that the device not only affects particle agglomeration but also contributes to particle
capture in the same way as an electrostatic precipitator by charging the particles and partially
depositing them on the surface of the device. constants.
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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 compares 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 loads (10%, 50% and 100%) are considered. It appears that the static pressure data between
experiment and simulation have rather huge differences at the gas flow load of 100% compared to
lower load. In particular, the largest deviation appears to be at V31 and V46, the point right outside
the electrode cassette. This is particularly true for plane D-D. Further examination of the flow field
shows that the flow somewhat assembles an impingement flow when coming out of the electrode
cassette, as shown in Figure 8. This is the probable cause of the larger discrepancy at that particular
location. With an impingement like flow pattern, the flow coming out of the electrode spread out and
there are strong vortices in that region. Note that the vortices become stronger as the flow velocity
increases. This is most likely the cause of larger discrepancies causing huge differences between
experiment data and simulation data when the system is operating with 100% gas flow rate.
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Figure 8. Velocity distribution along plane a) C-C and plane b) D-D.

Table 4. Comparison of predicted versus measured pressure at selected measurement points on plane C-C in

Figure 3.
Static pressure [Pa]

Gas flow load, % V23 V26 V27 V28 V31
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 65.4 66.94 | 66.93 66.93 14
Experiment 100 167 177 176 176 -7
Simulation 222,71 | 2314 | 231.28 | 231.22 | -76.42
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Table 5. Comparison of predicted versus measured pressure at selected measurement points on plane D-D in

Figure 3.
Static pressure [Pa]

Gas flow load, % V38 V41 V42 V43 V46
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 66.93 66.93 66.93 14.36
Experiment 100% 177 179 179 178 -3
Simulation 223.22 | 231.27 | 231.26 | 231.22 | -74.56

Tables 4 and 5 present 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 loads (10%,
50%, and 100%), which corresponds to the volumetric flow rate in the system. Analysis of the
comparison of the results of experimental studies and modeling has determined that at 10%
volumetric flow rate, in most cases, there is 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
reproduces the low-load mode. For the mode with 50% volumetric flow rate, the discrepancies for
points V23-V28 are within tenths of a Pascal, which indicates very high model accuracy. However,
at point V31, there is a significant systematic deviation (~15 Pa), which sharply worsens the local
correlation. At the nominal volumetric flow rate, the model significantly overestimates the absolute
pressure level (error of about 30-40%). However, the correct spatial distribution structure is
preserved (homogeneity of V26-V28). At point V31, an abnormal discrepancy remains, probably
associated with recirculation, a turbulent 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 agreement between the experiment and the model was obtained. The pressure
distribution shape is virtually identical. The main deterioration in correlation is associated
exclusively with point V31. In the case of nominal volumetric flow rate, the correlation in the
distribution shape is preserved, but there is a systematic shift—the model overestimates the pressure
by ~55 Pa. This means that the model correctly describes the pressure gradients, but requires 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 is reproduced correctly, but the slope of the dependence in
the model is higher, which indicates an overestimated sensitivity of the model to an increase in gas
flow rate/load.

Analysis of the comparability of pressure levels based on experimental pressure values on both
planes practically coincides in order of magnitude, for example, at 10% volumetric flow rate, the
difference is 7-10 Pa, at 50% — 65-70 Pa, at 100% — 175-180 Pa. This indicates the similarity of
aerodynamic conditions in the sections under consideration and confirms the representativeness of
the selected planes for pressure field analysis. The calculated values also show similar levels on both
planes, including a characteristic overestimation at 100% volumetric flow rate (~230 Pa), which
indicates the global rather than local nature of the systematic error of the model.

Both planes show high pressure uniformity in groups of points (V26-V28 for C-C and V41-V43
for D-D), which is 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) show the greatest 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.
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The complexity of performing such coupled simulations is often applied, 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 experiment and simulation have rather huge
differences in the case when with the gas flow load of 100% compared to other load. In order to find
out the cause of this phenomenon, we analyze the velocity vector in the space without plates. Figure
9 shows the velocity vector in different gas flow load.

10 % fan speed

50 % fan speed
oy Vogr nim TSR

BN N S S L Y/
100 % fan speed

........... = e

Figure 9. The resulting velocity vectors along the symmetry plane at different gas flow loads.

Discrete phase modelling was activated using carbon particles with diameter of 1 um for 200
time-steps. (Each of the attached figures consists of three images from top to bottom for velocity 0.27,
0.98, and 2.32 m/s air inlet velocity). Note that the DEM collision and MHD model are not enabled.
To examine the particle distribution accompanied by air flow, the discrete particle model in Fluent
was activated. The patterns of particle distribution are shown in Figure 10. Figure 10 shows that as
the inlet velocity increases the particles gain more kinetic energy and spread farther from the inlet.
Also, it seems that for certain velocity being reached, the particles tend to not accumulate in the
chamber and just directly pass through the chamber as shown in the Figure 10.
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Figure 10. 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 11. It is more like that as the velocity reaches to
certain value, particles carried by air flow tend to recirculate as shown in Figure 11. Note that the
resulting velocity vector plot somehow shows a main recirculation zone in the outlet pipe, as
illustrated in Figure 12. The particles are then roasted back into the chamber and accumulated at the
bottom of the chamber due to the effect of gravity.
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Figure 11. The resulting particle tracks over 200 time-steps for all particle enters at the inletat =0 s.
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Figure 12. The 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 determining 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 interaction with ions generated during corona
discharge [31]. Smaller particles (<0.1 um) are charged by diffusion, which is slower than field
charging, and therefore require a longer residence time in the charging zone [32]. If the flow is too
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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 [33]. 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 additionally 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 concentration reduces the
probability of collisions, while too high concentration can lead to inhibition of ion uptake and space
charge effects, reducing the charging efficiency. Therefore, it is necessary to optimize the particle
concentration in the agglomeration 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, while fine particles are more affected by Brownian motion and require a longer time for
charging [34]. By optimizing the flow parameters, particle concentration and electrostatic field
properties, an efficient agglomeration process of solid fine particles can be achieved.

5. Conclusions

The investigation was conducted into the dynamics of gas flow in the connecting channels of an
agglomeration apparatus. Specifically, the focus was on understanding the limits and behavior of gas
flow under varying conditions. The analysis aimed 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 determined, the possibility of applying to the system
from which the solid particles gas flow transfer system of the agglomeration apparatus starts to
operate from the minimal gas flow load. The final remarks are presented in depth and organized
point-wise as follows:

1. The volumetric flow rates at the gas flow load of 10% in the inlet duct is 12.4 m3/h, at 50% is
85.5 m3/h, and at 100% reach 174.3 m3/h. In contrast, the volumetric flow rates at 10% in the outlet
duct is 14.5 m3/h, at 50% is 115.4 m3/h, and at 100% is 226.9 m3/h. The simulation results closely
approximated experimental results for the lower gas flow load, with deviations increasing at the
higher gas flow load, likely due to turbulence effects and geometric discrepancies. The airflow
through the chamber was stabilized by the internal plate structure, effectively guiding air between
plates and promoting particulate collection. The significant differences in static pressure and velocity
contours were observed at the gas flow load of 100%, suggesting the need for refined turbulence
modelling or improved experimental setups;

2. The average flow velocity in points A-E and A1-E1 were equal to 0.2 m/s and 0.234 m/s at the
minimal gas flow load of 10%. From 10% to 50%, the average velocity increases by approximately 7—-
8 times. From 50% to 100%, the increase factor is approximately 2 times. The total increase of velocity
comparing the gas flow load of 10% and 100% reaches about 14-16 times, depending on the point
group. The A1-E1 points exhibit higher mean velocities and slightly higher growth ratios than points
A-E.

3. Aerodynamic resistance was measured, increasing the gas flow load from 10% to 50%
aerodynamic resistance increased 8.5 times, that is from 8 Pa to 68 Pa, and from 50% to 100%
aerodynamic resistance increased 2.6 times that is from 68 Pa to 175 Pa;

4. The change in particle number concentration shows a pronounced size dependence, with the
strongest decrease observed for nanoparticles up to 51.4 nm, followed by a progressive recovery up
to approximately 310 nm, after which the concentration change increases, indicating the onset of
agglomeration. Using the main average values, the magnitude of concentration reduction decreases
from 45.4% at 51.4 nm to 24.3% at 310.6 nm, which corresponds to a 46.5% reduction in the loss
magnitude. A similar trend is observed in the individual tests: in Test 1, the magnitude decreases
from 32.8% to 12.1%, giving a 63.1% reduction; in Test 2, it decreases from 46.7% to 24.2%,
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corresponding to a 48.2% reduction; and in Test 3, it decreases from 48.2% to 24.5%, yielding a 49.2%
reduction.

This systematic weakening of particle loss with increasing size suggests that smaller particles
are more efficiently removed, whereas larger particles increasingly undergo agglomeration, reducing
their apparent loss between the upstream and downstream sections. Consequently, both the
averaged data and the individual test results consistently confirm that agglomeration becomes
significant beyond approximately 300 nm, leading to a partial recovery in particle number
concentration.
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