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Abstract

Contaminated gas flows are encountered in most industrial processes and require efficient removal
of fine dispersed particles of various types and characteristics. Conventional cyclones are widely used
under harsh operating conditions; however, their separation efficiency for fine particulate fractions
remains relatively low. In this study, next-generation cyclones with a multichannel design featuring
cylindrical and spiral casings are investigated, enabling particle collection efficiencies of up to 95%
for particles with a diameter of 2 um. Under harsh microclimatic conditions - particularly at high
humidity levels of 70% and above, as well as elevated temperatures ranging from 50 to 200 °C - such
technology is prone to clogging, necessitating complex regeneration procedures. Recent research has
focused on improved channel geometries incorporating secondary peripheral flows, adapted for gas
cleaning in harsh environments. Experimental results demonstrate effective removal of fine dispersed
particles of glass and clay with sizes up to 20 um at initial concentrations of 0.5-15 g/m®. The
theoretical assessment of the influence of harsh gas flow conditions includes an analysis of critical
flow characteristics and the mechanical forces acting on fine particles under varying temperature and
humidity. The results indicate a maximum purification efficiency of up to 87.3% at an aerodynamic
pressure drop of 440 Pa. The impact of harsh microclimatic conditions is most pronounced in the
magnitudes of centrifugal and drag forces: with every 50 °C increase in temperature, these forces
decrease on average by factors of 16 and 4.5, respectively.

Keywords: multichannel; cyclone-separator; harsh microclimatic conditions; fine particles

1. Introduction

Cyclone separators are widely used to remove particles (dust) from gas flow due to their simple
design, low operating costs, and ability to operate under extreme conditions. Their principle is based
on the creation of a vortex gas flow: centrifugal forces carry the particles toward the chamber walls,
from where they are collected in a hopper. Such devices are suitable for operation at elevated
temperatures and pressures, as well as in harsh environments (acids, abrasive gases). Numerous
studies show that, despite its apparent simplicity, the flow inside a cyclone forms a complex,
unsteady vortex flow that is sensitive to geometry and operating conditions. This necessitates the
integration of experimental data, theoretical models, and numerical simulations when evaluating and
optimizing cyclone performance [1-6].

For modern gas flow purification technologies, particle capture efficiency - including that of fine
particles - is particularly important. Cyclones effectively separate large particles (typically bigger
than 5-10 um), but their efficiency decreases as particle size decreases. As noted in the literature,
cyclones are capable of capturing particles with a diameter greater than 10 pm almost completely,
whereas droplets or particles smaller than this size are difficult to remove using standard methods.
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Special measures are being developed to improve the capture of fine particles. For example, the
introduction of a spray agglomeration system upstream of the cyclone filter increases the effective
particle size due to agglomeration droplets (could be used for dry and wet post-treatment
approaches). Researchers also describe designs with multi-stage separation or built-in filters, which
improve the removal of ultrafine particles. However, the device geometry and flow conditions remain
the primary determining factors: for particles of approximately 5 um or smaller, it is often advisable
to combine cyclones with other methods (electrostatic precipitation, chemical coagulants, etc.) [7-13].

It has been experimentally confirmed that increased particle moisture (i.e., the presence of water
droplets or an adhesive layer) alters the separation characteristics. Thus, a study of an axial cyclone
revealed that as material moisture increases, fine particles tend to agglomerate, increasing the fraction
of large particles, and this enhances both the overall and classification efficiency for large fractions.
In particular, capture efficiency increases with rising humidity for larger particles (>10 um), whereas
for smaller particles the trend may be the opposite. Thus, the humidity of the operating environment
can play a dual role: it accelerates the deposition of droplets and condensed particles, but at the same
time can cause additional pressure losses and unpredictability. Specific experimental results show
that, all other conditions being equal, sequential humidification of the material leads to a significant
increase in the proportion of large particles (due to aggregation). This feature is used in some systems
that inject water or monomers upstream of the cyclone (wet cyclone separation) [14-17].

The traditional design of the cyclone separator has been extensively and thoroughly studied
both experimentally and through theoretical analysis; therefore, most research focuses on
investigating the qualitative properties of the technology with a view to geometrically optimizing the
design. The geometry of the cyclone is a key factor determining separation characteristics and
aerodynamic losses. Numerous studies have been devoted to optimizing the dimensions and shapes
of cyclone components (the inlet nozzle section, the cylindrical section, the inner tube - the “vortex
retainer” - and the cone). Thus, in a hybrid Computational Fluid Dynamics (CFD) - Discrete Element
Method (DEM) - Artificial Neural Network (ANN) study, researchers analyzed the parameters of the
inlet aspect (the ratio of the height to the width of the inlet slot), the diameter of the vortex retainer,
and the height of the cylinder. It has been found that increasing the diameter or length of the vortex
generator intensifies the “double-vortex” flow (Rankine-type vortex) and creates additional
secondary flows, which ultimately reduces separation efficiency. The study also identified the
optimal inlet aspect ratio, at which a balance between pressure and particle removal is achieved. The
authors conclude that optimization requires consideration of the interaction between parameters: for
example, increasing the inlet cross-sectional area without adjusting other dimensions reduces
efficiency due to a decrease in vorticity [18,19].

Many studies applied multi-criteria optimization (ANOVA, MOGA), semi-empirical model and
machine learning prediction to obtain a set of compromise solutions that increase efficiency without
a significant change in pressure drop, energy consumption etc. Such a statistical methodology,
analogous to industrial optimization, allows for the identification of effective geometries without
exhaustive search [20-25].

Optimization studies are also conducted in multistage cyclone systems and designs with
additional obstacles. For example, Ayli and Kocak (2024) modeled a two-stage nested cyclone with
inner and outer housings, equipped with a baffle. Changing the position of this baffle radically alters
the velocity distribution and pressure field: when it is moved closer to the inlet of the inner cyclone,
the low-velocity zone (which aids in particle capture) expands, and the symmetry of the pressure
drop is enhanced. However, the height of the partition has less of an effect—it only slightly increases
the pressure difference as the height increases, and the efficiency first rises and then falls (but only by
about 10%) [1]. Such studies provide practical recommendations: for internal multistage systems, it
is advantageous to position the partition closer to the inlet in order to expand the low-pressure zone
and improve separation [26,27].

Some innovations are also being investigated in specialized designs. For example, insertion
pipes beneath the vortex generator were analyzed. It turned out that divergent and convergent inserts
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affect the flow differently: a longer insert and a larger angle of inclination expand the central low-
pressure zone, while a divergent tube typically increases pressure losses. In particular, the convergent
insert demonstrated better performance for very fine particles (<5 um), while the divergent insert
performed better for larger particles (>5 pm), allowing for a reduction in pressure drop without
compromising efficiency [28-30].

In most cases, technological processes on modern production lines take place under non-
standard operating conditions, which are the most favorable from a technical, energy, and/or
environmental standpoint. Cyclone separators are not only used under standard temperature and
pressure conditions; they are widely employed in harsh, aggressive or extreme environments. As
noted in reviews, their design can be adapted for high temperatures (hundreds of °C and above) and
high pressures through the selection of heat-resistant materials and structural calculations. Examples
include cyclone heat exchangers in the cement industry or gasification plants. CFD capabilities have
been tested in such applications: for example, in the work by Nakhai et al. (2020), studies of cyclones
at different temperatures were systematically reviewed. They emphasized that at high temperatures,
the properties of the gas (viscosity, density) change, which affects the pressure drop and efficiency.
In particular, high temperatures lead to a decrease in gas density, which can reduce particle inertia
and make it more difficult to retain very fine particles [2].

A corrosive environment (acidic or abrasive gases) typically leads to corrosion and wear.
Research example - cleaning of oxygen-regeneration flue gases in metallurgy: Zhang et al. (2016)
demonstrated that a special high-precision cyclone can simultaneously capture hydrochloric acid
(HCI) vapors and iron oxides. At gas velocities of 5-10 m/s, the separation efficiency for HCI and
Fe;O; exceeded 80-90%. This demonstrates that a properly designed cyclone - taking into account the
aggressiveness of the mixture (use of acid-resistant materials and an air-cooled design) - can handle
such tasks. At the same time, the dynamics of the parameters are similar: efficiency first increases
with pressure drop, then decreases (saturation effect) [31].

Another factor is the corrosion and erosion wear of the cyclone walls. Studies show that
separators are particularly susceptible to abrasive wear in the areas of the inlet nozzle and the cone.
Researchers compared a standard cyclone or liquid jet separator from different materials with a
modified device featuring curvilinear elements, demonstrating that the rate of wall wear increases
with particle size. When the average particle diameter exceeds 40 um, erosion increases significantly,
and with very large particles, it reaches the lower part of the housing. Therefore, when designing for
corrosive environments, it is important to consider the need for more durable coatings or
configurations that reduce particle collisions with the walls (for example, special vortex separators
that reduce peak loads) [32-35].

High gas-phase humidity is also an atypical operating condition for dry cyclones. As previously
noted, high relative humidity leads to the formation of water condensate and droplets, which alters
the aerodynamics. One of the latest developments is the use of spray agglomeration: a liquid is
sprayed at the chamber inlet, which “coalesces” fine particles into droplets, after which the now-
coalesced particles are more easily collected by the cyclone. Such technologies make it possible to
improve the capture of particulate matter (PM) with a diameter of up to 10 um (PMuo) and up to 2.5
pm (PM:s) in the moist smoke emitted by industrial facilities [36,37].

Theoretical cyclone models are based on the Navier-Stokes equations under various
approximations. These models are easy to use but do not account for complex flow characteristics.
Therefore, as computational capabilities have grown, numerical methods have been developed.
Three-dimensional gas flow modeling that accounts for solid phase particles allows for detailed
tracking of vortices and trajectories. At the same time, non-conventional operating conditions
necessitate consideration of additional factors, including aggressive environments (chemically active
solutions and mixtures, abrasive particles), as well as elevated temperatures and humidity. Modern
modeling approaches, such as CFD, CFD-DEM, and machine learning techniques, successfully
capture these effects and are widely applied in the design of advanced separators [38,39].
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Thus, contemporary research on cyclone separators encompasses a broad spectrum of methods
and conditions, ranging from classical experimental studies to numerical simulations of complex
unsteady flows and multi-objective optimization. The obtained results enable the development of
designs with enhanced separation performance, including fine particles and humid environments,
while maintaining acceptable energy consumption, ensuring the continued relevance of cyclone
technology in emerging industrial applications.

Particle Separation Under Harsh Microclimatic Operating Conditions

Traditional cyclones have long been used for dust flows of various origins under normal dry-
cleaning conditions, but they are not particularly effective at cleaning gases, especially those
contaminated with low-dispersion pollutants (up to 20 um in diameter) particles. The latter operate
on the widely used principle of separating particles using cyclones-separator, with a cleaning
efficiency of 75-85% and gas flow cleaned of particle larger than 20 microns in diameter. This is not
sufficient to achieve the objectives of the Revised European Union (EU) Ambient Air Quality
Directive (2024) (Directive 2024/2881) and compliance with the concentrations of bigger (PMio) and
smaller (PMas) particles pollutant fractions stronger than earlier regulated by European countries
legislation and worldwide [40-42].

Multi-channel cyclones are widely used in non-harsh operating conditions to capture fine
particles ranging in size from 1 um. Their action is based on the fact that the contaminated dust flow,
passing through the cyclone channel system, is cleaned of contaminating particles not only under the
action of centrifugal forces, but also by additionally trapping part of the particle formed by a “gas
flow curtain” and directing the contaminants into the segmented slots of the separation chamber [43—-
47]. Traditional and multi-channel cyclones are more suitable for cleaning gas flows from sticky
particles, but under certain conditions — high humidity, elevated temperatures, and chemical
compounds in the gas flow — they become clogged, and the cleaning process stops. Their regeneration
is practically impossible. Therefore, operation in such conditions requires additional scientific
evaluation of the cleaning equipment with the introduction of design improvements. In the most
widely used traditional and multi-channel cyclones, the uniformity of gas cleaning from particles is
determined by the interaction of particles with flow-limiting surfaces. The layers of particles sediment
that form on surfaces also have an impact, changing the flow and negatively affecting the particle
deposition mechanism, which reduces the efficiency of particles capture [48,49].

During the movement of moist gas flow in cyclone channels, particles sediment layers are
formed. This phenomenon is analyzed as the elastic rebound of contaminant particles and their
adhesion to the surface, the magnitudes of the forces of these two factors, and a comparison of these
forces with each other. The ratio of these forces is directly proportional to the diameter of the particles
to the third power. Thus, for small particles interacting with the surface, the forces of adhesion and
cohesion are significant. Studies have shown that even in a rectangular channel, intensive particles
sedimentation occurs on the surface. Small particles are considered to be those that are carried along
with the flows due to turbulent pulsations.

At the first stage of particles sediment formation, monolayers consisting of small particles are
formed, which level the surface on which a laminar gas flow is formed, characterized by a small
dispersing effect on the sediments. As sediment accumulates, larger particles can penetrate this layer
and destroy these formations. When contaminated gas flow enters the cyclone separation chamber,
agglomerates of small particles in the outlets of the structure hit the walls and stick to them. In this
case, depending on the mass of these agglomerates and their location in the cyclone cross-section,
adhesion will be uneven, and irregularities will form on the surface.

Despite the theory, large cyclones are capable of depositing even small particles, since additional
inertial forces act near the surface, which arise during turbulent particle transport at large gradients
of particle pulsation velocities directed towards the surface. In large cyclones, due to lower
centrifugal accelerations near the surface of the confining flows, the adhesion of agglomerates
consisting of small particles is less likely [50].
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Concept and Aim of Study

This study presents an analysis of gas flow dynamics under harsh microclimatic operating
conditions in next-generation cyclone separators with varying geometries. The variation of
aerodynamic flow parameters in curvilinear channels was examined as a function of the positioning
of internal structural elements. Fractional deposition of fine particles of different origins was
established through the implementation of secondary peripheral flow modifications, and a
comparative assessment was conducted against configurations employing continuous structural
geometries. A theoretical evaluation was performed to quantify changes in the key mechanical forces
acting on particles—centrifugal, gravitational, and adhesive—as functions of aggressive gas
microclimate parameters, including elevated temperature, increased humidity, and flow turbulence.
The influence of these forces on gas cleaning efficiency was analyzed, revealing particle distribution
patterns and identifying optimal design solutions for enhancing separation performance under
extreme operating conditions.

The aim of the study is to experimentally and theoretically evaluate changes in the operating
parameters of a multi-channel cyclone with different design in the harsh microclimatic conditions
based on characteristic ratios, thereby determining and comparing changes in the aerodynamic
parameters of the gas flow, as well as the acting particle forces and separation efficiency.

2. Materials and Methods

Sketches of the multi-channel cyclone are presented in Fig. 1. The operating principle of this type
of technology can be concisely described as follows. A two-phase (gas-particles) flow enters
tangentially through the inlet and enters the separation chamber, the first channel of the cyclone,
which is bounded by the peripheral wall and the first curvilinear elements (curved quarter ring). The
flow, flowing out of the previous channel, collides with a semi-ring wall (edge) and divides into two
flows — peripheral and transit. Part of the peripheral flow enters the previous channel, thus filtering
the contaminated flow with the reverse flow, and the transit flow enters the next channel in the
direction of the device axis and exits the cyclone. Thus, the gas flow is distributed through channels
of varying curvature and filtered through the gaps between the semi-rings.

Under the action of centrifugal forces created by the vortex flow and under the influence of the
resulting filtration effect in the flow separation zone, particles settle and accumulate in the cyclone
hopper, entering it through segmented ring slots.

I position III position
«—  ——

I position III position

R170

Particle injection —0

— S
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Figure 1. Internal structures of cyclones (at semi-ring position II): I-VI —channels of the cyclone; R1-R5 —
curvilinear semi-rings; 1-44 - cylindrical shell (from the left) and 1-21 (spiral shell (from the right)) - measurement

points of dynamic gas flow pressure.

For both the comparative experimental and theoretical investigations, an even more advanced
version of the multichannel geometry was employed, as shown in Figure 2. The operating principle
remains similar; however, in this prototype, the number of interconnections between channels has
been multiplied through the incorporation of openings in the internal curvilinear quarter-rings
formed elements instead of semi-rings. This design promotes greater recirculation of residual particle
flow from the internal channels to the external ones. Additionally, this configuration is significant for
hydrothermal dilution and for extending filtration time under harsh microclimatic operating
conditions.

60°
—

LA |

Figure 2. Optimized multi-channel’s device topview (a) ir sideview (b): 1 - curvilinear quarter-rings with folded
opening slots, 2 — segment circular spacings, 3 — inlet opening, 4 — cleaned gas flow outlet, 5 — folded opening

slots of quarter-rings, 6 — cyclone separation chamber.

Mechanical Impact of an Harsh Microclimatic Conditions on Particles in a Cyclone Separator Channel

Purified gas flow that has passed through all the cyclone channels exits the system through the
gas flow outlet. Dusty gas flow is filtered in the active zone of the channels and as a result of particles
interaction during coagulation. The effect of humidity on gas flow parameters. Humidity is the
amount of water vapor in the gas phase.

The partial pressure of such water vapor in the gas flow does not exceed the saturated vapor
pressure under certain gas flow conditions. Water vapor formed in the gas flow reduces its density,
since the molar mass of water is lower (18 g/mol) compared to dry gas flow (29 g/mol). A wet
gas/vapor flow can be considered as an ideal mixture of gases, the density of each component of
which corresponds to the required density of the mixture. Thus, the density value can be determined
with an error of less than 0.2% when the temperature changes from -10 to 50 °C. The theoretical
assessment considered cases where the temperature varied from 0 to 200 °C and the humidity from
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0 to 70%, respectively. It is assumed that the temperature of the gas flow is inversely proportional to
its humidity.
The relationship between the density of the wet gas flow and the parameters of the harsh

environment is described by the following Equation 1:

_ _Pag Pwy_,
Pwg RagT = RwyT” 1

here: owg — density of the wet gas flow, kg/m?3; pag — partial pressure of the dry gas flow, Pa; Rdz — gas

constant for the dry gas, equal to 287.058 J/(kg-K); T — temperature, K; pwv — water vapor pressure, Pa;
Rwv — gas constant for water vapor, equal to 461.495 J/(kg'K).
Water vapor pressure can also be calculated based on relative humidity, Equation 2:
Pwy = @ * Dsatwvs (2)
here: pwv—water vapor pressure; ¢ —humidity ratio; psa.wv — partial pressure of saturated water vapor,

which can be calculated using the following Equation 3:
17.08085-t

Psatwy = 6.1078 - ez32175+¢, ®)
here: t —-water vapor temperature, °C.
When the environment changes, the forces acting on particles in a moving gas flow also change.
When gas and particles move through the cyclone channels, a drag force (resistance force) acts on the
particles, causing them to move in a horizontal flow. The drag force on a particle in a gas flow can be

calculated using Equation 4:
2

Fy=cSp u?, 4)
here: ¢ — particle drag coefficient; o — gas flow density, kg/m?; S — cross-sectional area of the moving
particle, m?; # — mean gas flow velocity, m/s.

The change in drag force due to operating parameters under harsh environmental conditions
was estimated in similar cases by calculating the gas flow density.

The force generated by the gas flow acting on a particle is proportional to the square of the gas
flow velocity, i.e., F~v?, so when the gas flow velocity in the cyclone decreases, the force decreases by
a factor of two. For this reason, the separation of particles from the surface decreases significantly
with distance from the cyclone inlet and practically disappears at a distance of 10-15 mm.

The centrifugal force acting on a particle characterizes the magnitude of the force under which
a characteristic particle is subjected to when it moves in the cyclone channel around the axis of the
device. The magnitude of this force is determined by the inertia of the moving particle, since the
direction of its movement in a multi-channel cyclone is constantly changing. The magnitude of this
force is calculated using Equation 5:

4 3.2
=TPATpV
F=3>"2" (5)

Tcs

here: gy — particle density, kg/m3; rp — particle radius, m; v — gas flow velocity, m/s; re — radius of the
cyclone channel, m.
The gas flow moving in a multi-channel cyclone is turbulent, so the drag force Equation 6 is as
follows:
Fy = 0.173d3(u — v)?p, (6)
here: p — dynamic viscosity coefficient; u — gas flow velocity in the cyclone, m/s; v — particle velocity
in the cyclone, m/s; dy - particle diameter, m.
Using the ratio of dynamic and kinematic viscosity coefficients p=vp, Equation 6 for the
resistance force to a turbulent gas flow can be written as follows (Equation 7):
F; =0.173d(u —v)Re y, (7)
When a particle moves through the cyclone channel, it is affected not only by the centrifugal
forces of the gas flow, but also by the gravitational forces of the particles themselves, which have
mass. This force changes the trajectory of the particles, causing them to be separated from the gas
flow and deposited in the cyclone hopper. The standard expression of the force of gravity acting on
the body under consideration was used for the assessment (Equation 8):

«(2)

Fr =4—5="pa" 9, ®)
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It is assumed that the density of the particles is 1000 kg/m? and that the particles are spherical in
shape. The gravitational force acting on particles measuring 1, 2.5, 5, 10, and 20 micrometers was
evaluated.

Adhesion phenomena occur when bodies come into contact and are the result of their molecular
interaction, which manifests itself when a particle comes into direct contact with the surface. The
adhesive force depends on the contact surface area, since molecular interaction is proportional to the
contact area.

The detachment of finely dispersed adhered particles from the surface under the action of a gas
flow occurs in several stages. First, the larger upper particles detach, followed by the smaller ones,
i.e., the adhesive forces of the layer are overcome. The detachment of the upper particles is possible
when Fadh>Feohesion. The detachment of particles under the action of self-adhesion forces is called
erosion. When Fadn<Fcohesion, the layer detaches along the surface — the boundary of the layer. In this
case, the adhesive forces are overcome, and this process is called denudation.

Despite electrical and capillary forces, the true shape of particles, and other factors, the

magnitude of the adhesive force is expressed by the dependence:
hw hw

Foan = 16_7.[ngp = w2 )
here: hw — Lifshitz—van der Waals constant, J; zo — distance between the particle and the plane surface
at which adhesion forces are maximal; rp — particle radius, m.

Studies have shown that at a distance of 4 x 1071 m, the adhesive force is at its maximum and
equals:

Fogp =24-10""r,, (10)

The adhesive force decreases proportionally to the square of the surface area. Therefore, small
particles have a larger surface area compared to large particles, and their adhesive force is greater
than that of large particles. For this reason, less force is required to detach large particles from the
surface than to detach small dispersed particles. Therefore, large particles detach from the surface
more easily and at lower gas flow rates.

Adhesion forces were estimated for particles with sizes of 1, 2.5, 5, 10, and 20 pm, assuming that
the adhesion force is maximum in all cases.

Aerodynamic studies of dynamic pressure resistance were conducted using a single-phase gas
flow. The cyclone gas cleaning efficiency was evaluated by introducing dried glass and clay particles
up to 20 pm in size. Dynamic gas flow pressures were measured using a Pitot-Prandtl tube connected
to a multifunctional Testo-400 meter (Testo, Titisee-Neustadt, Germany) (temperature measurement
range: 20-70 -C, accuracy +0.2 °C, velocity measurement range: 1-30 m/s, accuracy +0.05 m/s, dynamic
pressure measurement range: 1-2000 Pa, accuracy +0.5 Pa). Openings in the covers of the cyclone
separation chambers allowed the insertion of the dynamic pressure measurement tube at critical
locations: in the semicircular and peripheral boundary layers, 2mm from the surface of each
curvilinear semicircle, in the first channel, and in the inter-ring gap (at the midpoint of the distance).
The measured axial dynamic pressure corresponded to the sixth channel. The aerodynamic resistance
of the six-channel cyclone (pressure difference between the inlet and outlet static pressures) indicates
the pressure loss experienced by the gas flow through the multichannel cyclones. Aerodynamic
resistance was investigated using multifunctional meters equipped with differential pressure sensors
(“Testo 440 dP”). Technical data of the Testo 440 dP multimeter: 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.

Dynamic and static pressure tests were repeated at least five times over periods of no less than
30 seconds, during which the measured values varied by no more than +3%, in order to avoid
systematic errors and reduce the uncertainty in the averaged test results.

For the cylindrical cyclone, the maximum flow rate was selected corresponding to an inlet
velocity of 21.9 m/s. In the spiral cyclone, an axial fan was installed, for which gas flow regulation is
not provided; therefore, a nominal performance was chosen, corresponding to an inlet velocity of
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17.8 m/s. Three positions of the curvilinear semicircular elements were investigated (Figurel,
denoted as Positions I, II, and III), and dynamic pressure and aerodynamic resistance measurements
were performed accordingly. This adjustment procedure aimed to determine the optimal semicircle
arrangement to achieve the best aerodynamic characteristics of the device and gas flow purification
efficiency. During the adjustment, the semicircular elements were displaced 10 mm to the left for
PositionI and 10 mm to the right for PositionIII relative to the reference PositionII (Fig.1). The
adjustments involved repositioning the second semicircle to 175 mm radius in the cylindrical cyclone
and 100 mm in the spiral cyclone; the third semicircle to 160 mm and 90 mm, respectively; and the
fourth semicircle to 130 mm and 72 mm.

For experimental determination of the six-channel cyclone’s efficiency in cleaning contaminated
gas flows, the particles typical of the construction and materials processing industries were selected.
To feed particles into the inlet gas flow for the efficiency tests, a Palas RBG 1000 solid particle
disperser (Palas, Germany) was used to generate and inject a polluted gas flow from powders as a
simulated emission source. The concentrations of particles were quantified using the Welas digital
3000 H instrument both upstream and downstream the cyclone-separator installation. The removal
efficiency of the technology was studied based on the concentration of particulate matter. The mass
concentration was only used to determine the dosage, i.e., the number of particles delivered to the
inlet gas duct. Laser sensors were used in the pre- and post-cleaning sections to capture samples and
quantify the particle size composition. A detailed grain composition of the tested particulate matter
is presented in Table 1.

Table 1. Particles dispersion content.

Parameter Glass Clay
; ; 5 ;
Particle diameter at 10% cumulative volume, 266 195
um
. . o .
Particle diameter at 50% cumulative volume, 9.26 759
pum
. . o .
Particle diameter at 90% cumulative volume, 18.58 16.25
pum
Median diameter, um 10.02 8.95

The bulk density of the glass sample was 1650 kg/m?, and the particle density was 2430 kg/m?3.
The bulk density of the clay sample was 1350 kg/m?, and the particle density was 2560 kg/m3.

The openings (window-shaped zones) in the curvilinear elements allow the gas flow to re-enter
the preceding channel section. Each window is cut below the horizontal symmetry line of the
semicircle to ensure that particles specifically enter the adjacent wall-limiting channel, while not
obstructing the passage of clean gas flow further toward the outlet. The window design also allows
for adjustment by varying the curvature width of the cutout. In the experiments, all four quarter-
rings were equipped with windows, with a curvature width of 20 mm. Since the experiments were
conducted with glass and clay dusts of different origins, after tests with the first type of sample, the
entire system —including hoses and the cyclone structure - was cleaned (regenerated) by blowing
through it with a high-velocity gas flow.

3. Results

The dynamic and kinematic viscosities of the gas play a significant role in the flow of harsh gas
flows. Since kinematic viscosity is directly proportional to dynamic viscosity, correlations that
account for temperature and density parameters are applied. According to established principles of
molecular physics and thermodynamics, the dynamic viscosity of an harsh microclimatic conditions
vary primarily with the gas temperature, whereas the kinematic viscosity depends on both the gas
temperature and density (Menter, 1994).
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For the study of gas dynamic viscosity under harsh microclimatic conditions, baseline values
were first calculated under standard conditions, i.e., at 0 °C and 0 % relative humidity, with a pressure
of 101.3 kPa. Under these conditions, the dynamic viscosity is 17.17 uPa-s, and the kinematic viscosity
is 13.28 mm?/s. Additional cases were calculated using thermodynamic-microclimate correlations,
with the results presented in Table 2.

Table 2. The gas flow parameters depending on the characteristics under harsh microclimatic conditions.

Dew
Parameter Us Vug .
point
Dimensions uPa*s  mm?s °C
At normal conditions (0 °C and 0% RH) 17.17 13.28 -
£=50°C, 19.26 16.44 49.0
$=95% RH
t=100°C, 21.25 14.11 98.6
$=95%H
t=150°C, 23.16 8.25 142.0
¢ =80% RH
£=200°C, 24.99 426 184.0
¢ =70% RH

The temperature and relative humidity of gas flow under harsh microclimatic conditions
frequently vary during the operation of a multichannel cyclone. To investigate this, a theoretical
study was conducted for relative humidities of 0%, 50%, and 95%, while the temperature varied
between 20 °C and 200 °C.

As previously noted, the dynamic viscosity depends solely on the gas temperature, so this
parameter was evaluated only at different temperatures. Under standard conditions (20 °C gas flow
temperature) and relative humidity ranging from 0% to 95%, the dynamic viscosity is 18.02 puPa-s.

Theoretical analysis of gas flow under harsh microclimatic conditions showed that at 50 °C and
95% relative humidity, the density of the wet gas flow is 1.172 kg/m3. Under these conditions, the
dynamic viscosity of the gas flow is 19.26 puPa-s, the kinematic viscosity is 16.44 mm?/s, and the dew
point temperature is 49 °C.

Such harsh operating conditions are typical in thermal boiler plants, where flue gases from a
biomass boiler pass through coolers (economizers). In this case, the gas temperature ranges from
50 °C to 100 °C, and the dynamic viscosity of the gas flow under harsh microclimatic conditions is
higher than under standard conditions by 7% and 18%, respectively. At 100 °C, the maximum
possible relative humidity remains 95 %, with a dynamic viscosity of 21.25 uPa-s and a kinematic
viscosity of 13.94 mm?/s. The dew point temperature is close to the gas flow temperature (98.6 °C),
indicating that the gas flow is supersaturated and condensation occurs even on slightly cooled
surfaces.

In the theoretical study, at the highest temperatures considered (150 °C and 200 °C), the dynamic
viscosity reached 23.16 uPa-s and 24.99 uPa-s, respectively, and the kinematic viscosity ranged from
16.53 mm?/s to 19.52 mm?/s. Dew point temperatures in these cases were 100.8 °C and 101.7 °C. For
temperatures of 150 °C and 200 °C, the dew point exceeds 100 °C, which is thermodynamically
impossible, indicating a supersaturated environment; therefore, further variations were not
evaluated. Such gas temperatures are encountered in industrial flue gas flows after combustion
processes (boilers, autoclaves), where the relative humidity may reach up to 10 % after the boiler, or
5-30% after various drying furnaces when wet raw materials or injected reagents/special solutions
are used.

Kinematic viscosity of the gas flow under harsh microclimatic conditions is inversely
proportional to relative humidity in the 50-100 °C temperature range. Exceptions include cases with
0% relative humidity, where kinematic viscosity is directly proportional to the gas temperature.
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Another notable exception is the 50-100 °C gas flow at 50% relative humidity: kinematic viscosity
initially increases with temperature up to 100 °C, then decreases. This behavior is associated with
water evaporation, where water transitions to the gas phase, reducing friction forces between
particles. At 95% relative humidity, the critical temperature is 61 °C, above which kinematic viscosity
decreases with increasing temperature. This indicates that in highly humid gas flows, evaporation
occurs more intensely, reducing friction at temperatures lower than the water boiling point (100 °C).

At 20°C and 0% relative humidity, the kinematic viscosity is 14.96 mm?/s. At 50% and 95%
relative humidity, the values decrease by 0.7% and 1.3%, respectively. At higher temperatures (50 °C
and 100 °C), the viscosity increases significantly (by 1.1-1.2 times), yielding 17.62 mm?/s, 16.98 mm?/s,
and 16.44 mm?/s at 0%, 50%, and 95% humidity. For the exceptional temperature ranges, dry gas
kinematic viscosity reaches 22.45mm?s, and for 50% and 95% humidity, 16.99 mm?/s and
13.94 mm?/s, respectively. At 150 °C and 200 °C, kinematic viscosity at 0% humidity increases on
average by 1.22 times per 50 °C interval, reaching 33.49 mm?/s at 200 °C. At 200 °C and 6.6% relative
humidity, kinematic viscosity increases by 40% compared with the 100 °C case at 95% humidity.

The behavior of gas flow under harsh microclimatic conditions in the improved multichannel
cyclone involves complex aerodynamic and mechanical processes. Peripheral and transitional flow
interactions occur, generating centrifugal, gravitational, and adhesive forces on the particles, as well
as drag, capillary, and electrostatic forces. Evaluating these processes and their impact on the
operation of the improved multichannel cyclone is essential for the theoretical study of particle
removal from gas flow under harsh microclimatic conditions.

Theoretical studies analyzed different effect of harsh microclimatic conditions on particle-laden
gas parameters in the improved multi-channel cyclone, whose schematic is shown in Figure 3. The
particles contacted with the hot-humid gas flow are distributed within the cyclone channels. The
forces acting on the particles are most effectively analyzed in the initial inlet zone of the first channel,
where they are assumed to reach maximum values. Adhesion effects should be evaluated on vertical
surfaces, as the separation chamber channels are composed of curvilinear elements (curved vertical
plates) continuously exposed to the gas flow. Adhesion forces can then be compared with
gravitational and centrifugal forces. This results in several possible outcomes: particles may remain
adhered to the wall, be carried out with the cleaned gas through the outlet, or fall to the bottom of
the separation chamber or into the cyclone collection bin under the action of gravity.

Figure 3. Newly designed multi-channel cyclone: a) top view; b) the forces acting on the particles moving
through peripheral and transitional flows profile; 1 — configured curvilinear elements (curved quarter-ring-
formed) elements; 2 — outer ringed continuous slit; 3 — dusted gas flow inlet duct; 4 — cleaned gas flow removal
outlet duct; 5 — part of the theoretical research; 6 — particle interacting with peripheral and transitional flows; 7,
8 — incoming (transitional) and reciprocal (peripheral) particle; 9 — particle is exposed to adhesion force; 10 —
particle falling through a outer ringed continuous slit, acting on the gravity force; 11 — slight bounce of particles

from the surface; 12 — particle trajectory in the absence of transitional and peripheral interactions.

As particles move through the cyclone channels, they are entrained by the gas flow, which
generates a drag force causing particle motion in the horizontal flow direction. The magnitude of the
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force exerted by the gas flow on a particle is proportional to the square of the gas velocity, i.e., F~i?;
therefore, as the gas velocity decreases within the cyclone, the force decreases quadratically.
Consequently, particle detachment from surfaces significantly diminishes along the cyclone channel
and practically vanishes at distances of 10-15 mm from the inlet. According to the laws of curvilinear
mechanics, the drag force is directly proportional to the particle drag coefficient, its cross-sectional
area, the gas density, and the square of the mean gas velocity.

Applying this relationship to fine particles in the improved multi-channel cyclone under non-
harsh microclimatic conditions, the drag force was found to be 12.07 nN. For particles moving in a
gas flow under harsh microclimatic conditions with temperatures ranging from 0 °C to 200 °C and
relative humidity from 0% to 95%, the force acting on the particle decreases only by 1-1.5%.
Therefore, the effect of harsh microclimatic conditions on this force can be considered negligible.

The centrifugal force acting on a particle describes the force experienced by a characteristic
particle moving around the cyclone axis. Its magnitude is determined by the inertia of the moving
particle, as the particle trajectory continuously changes in the multichannel cyclone. In general, the
centrifugal force is directly proportional to the particle density, the cube of its radius, and the gas
velocity, and inversely proportional to the radius of the cyclone channel through which the particle
moves.

To evaluate the centrifugal force of gas flow in harsh microclimatic conditions, it was assumed
that particle density equals 1000 kg/m3, and particles of 2.5 um and 10 pm diameters were analyzed.
Particles of 1 um diameter experience a negligibly small centrifugal force and are therefore not
considered. According to the theoretical results, for a gas temperature of 20 °C and 50% relative
humidity, 2.5um and 10 um particles experience centrifugal forces of 52pN and 335.1pN,
respectively, with a force ratio of 64.4. Calculations at a constant gas density were also performed for
95% relative humidity and 100 °C. The results reflect the recalculated gas velocities, which vary due
to temperature and humidity: 12 m/s under non-harsh microclimatic conditions, 10.7 m/s at 100 °C,
and 11.7 m/s at 200 °C. At 100 °C, centrifugal forces decrease by approximately 20%, yielding 4.2 pN
for 2.5 um particles and 266.7 pN for 10 um particles. At the maximum gas temperature of 200 °C, the
centrifugal forces increase slightly compared to 100 °C, reaching 5.0 pN and 317.7 pN for 2.5 um and
10 um particles, respectively.

Peripheral-transit flow interactions in the improved multichannel cyclone influence the forces
acting on particles in the gas flow under harsh microclimatic conditions, including centrifugal forces.
Theoretical studies examined the centrifugal-filtration forces acting on 2.5 pm and 10 pm particles.

Consider a case where a particle (II) (Figure 3, No 8) enters the first channel of the improved
cyclone along the main trajectory (transit flow), while another particle (I) (Figure 3, No 7) returns
from the fourth channel along a peripheral trajectory. Both particles collide within the first channel.
Assumptions for this analysis include: the centrifugal force is uniform along the first channel; the
particle trajectories are parallel; particle velocities are equal; and the peripheral particle (I), acted on
by centrifugal force, is deflected 30° toward the outer wall upon entering the first channel. Other
forces are neglected.

According to mechanics phenomena, the centrifugal force of particle I moving in the peripheral
flow is reduced as follows: cosa-F. = 0.866-Fc;2, where a is the trajectory deflection of particle I, and
Fep2 is the centrifugal force acting on particle Il in the transit flow.

The centrifugal-filtration force acting on particle II was determined based on the previously
calculated centrifugal forces. For harsh microclimate conditions, when the gas temperature is 200 °C
and relative humidity is 6.6%, this force decreases by approximately 15%, reaching 4.3 pN and
275.1 pN for 2.5 pm and 10 um particles, respectively. Assuming that the entire centrifugal-filtration
force of particle I contributes to decelerating particle II, the resulting force is: F—cos a-Fe.. This force
will decrease by approximately 7 times, reaching 0.7 pN and 42.6 pN for the particles with diameters
of 2.5 um and 10 pm, respectively.

These results indicate that filtration in the improved multichannel cyclone reduces the
centrifugal force from the incoming gas flow under harsh microclimatic conditions and increases the
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force on particles moving from the previous channel with the peripheral flow. It should be
emphasized that specific assumptions and conditions were applied, idealizing the scenario.

In addition to centrifugal forces from the gas flow, particles moving through the cyclone
channels experience their own mass and gravitational forces. Acting vertically downward, gravity
directs particle trajectories toward the separation chamber bottom. Particles entering the segmented
annular gaps are separated from the gas flow and deposited in the cyclone collection bin. According
to the general expression for gravitational force, this force is directly proportional to the cube of the
particle diameter and its density.

As the dust-laden gas flow moves through the cyclone channels, the particles within it are acted
upon by the flow generated by the centrifugal fan at the specified flow rate. The calculated changes
in the pressure force at an average velocity in the first channel of 12 m/s in the cyclone under various
harsh microclimatic conditions are presented in Table 3.

Table 3. Drag force acting on particles under harsh microclimatic gas flow conditions.

Gas flow characteristics (temperature, humidity) Pressure force,
mN
at normal conditions (0 °C and 0% RH) 1.07
t=50°C, ¢ =95% 1.02
t=100 °C, ¢ =95% 1.16
t=150°C, ¢ =80% 1.58
t=200 °C, ¢ =70% 2.37

In the channels of the multi-channel cyclone, the Reynolds number of the gas flow exceeds 2300,
indicating a turbulent flow regime. Consequently, using Equation 8, the changes in the calculated
pressure force are evaluated under various harsh microclimatic conditions. It is assumed that the
particle is spherical, and the average gas flow velocity in the first cyclone channel is 12 m/s. The
calculated results are presented in Figure 4.
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Figure 4. Logarithmic variation of particle pressure and flow-induced centrifugal forces under harsh

environmental conditions.

In harsh microclimatic conditions, the particles interact with water vapor and other chemical
compounds, leading to an increase in particle mass and, consequently, in gravitational force acting
on them. For this purpose, the gravitational force acting on particles of different diameters (1 um, 2.5
pm, and 10 pum) and densities (500-2000 kg/m?) in gas flow under harsh microclimatic conditions was
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determined. It is assumed that the particles are spherical, and particle saturation in the gas flow is
neglected.

The analysis showed that the smallest selected particle (1 um diameter) is subjected to a
gravitational force of 0.003-0.01 pN, depending on particle density (500-2000 kg/m?3). As density
increases, the gravitational force increases linearly; however, the maximum relative difference was
observed between the 500 kg/m? and 1000 kg/m? cases. For particles with diameters equal to or greater
than 2.5 um, the force increases rapidly, with the average difference between these forces being
approximately 11.7-fold. Particles with a 10 pm diameter experience a gravitational force eight times
greater than that on 2.5 um particles. Specifically, the gravitational force acting on 1 um particles is
0.01 pN, while for 10 um particles it reaches 10.3 pN. Similar to other acting forces, a significant
increase in force magnitude occurs for particles larger than 2.5 um.

Adhesion phenomena arise from contact between bodies and result from molecular interactions
that occur during direct contact between a particle and a surface. Adhesion force depends on the
contact area, as molecular interactions are proportional to this area. In the improved multichannel
cyclone, adhesion force is evaluated between particles moving in the gas flow and vertical internal
surfaces, i.e., the peripheral walls of the separation chamber and quarter-ring elements with bent
plates.

Fine particles have a larger surface area relative to their volume than coarse particles, resulting
in greater adhesion forces. Therefore, detachment of coarse particles from surfaces requires a smaller
force compared to the detachment of fine particles. Consequently, coarse particles are removed from
surfaces more easily and at lower gas flow velocities.

The removal of fine particles adhering to vertical surfaces by the gas flow occurs sequentially:
larger upper particles are detached first, followed by smaller particles, thereby overcoming the
adhesion forces of the particle layer. Detachment of only the upper particles is possible when Fadnesion
> Feonesion. Particle detachment under the action of auto-adhesion forces is referred to as erosion. When
Fadnesion < Feoesion, detachment occurs along the surface layer. In this case, adhesion forces are overcome,
and this process is referred to as denudation.

In this theoretical study, the adhesion force was evaluated based on its maximum magnitude,
i.e,, when the gap between the particle and the planar surface is equal to 4-10-° m.

Based on the results, it can be stated that the adhesion force acting on 1 um and 2.5 um particles
in the gas flow under harsh microclimatic conditions is greater than the gravitational force. The
maximum adhesion force on a 1 um particle is 0.24 pN, and on a 2.5 um particle is equal to 0.6 pN.
However, as particle diameter increases, the force grows proportionally, and compared with other
forces, the relative significance of adhesion decreases. Therefore, it can be concluded that such fine
particles are more prone to accumulate on the vertical internal elements of the enhanced multi-
channel cyclone, since in this case the adhesion force exceeds gravitational force. Conversely,
particles with diameters equal to or greater than 10 pm can be easily detached from surfaces even
under the influence of gravity alone, and the adhesion force is equal to 2.4 pN (Figure 5).
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Figure 5. Gravitational and adhesion forces on different particle sizes under harsh environmental conditions

The theoretical analysis of adhesion can be approached as a comparison of the forces responsible
for particle retention versus detachment from the surface. For this study, particles of 2.5 um and
10 um diameter with a density of 1000 kg/m?® were selected.

A particle with a diameter of 2.5 pm moving under harsh gas flow conditions experiences a
centrifugal filtration force of 0.7 pN, while the adhesion force is 14.3% lower. Therefore, the adhesion
force is insufficient to retain the particle on the vertical surface of the first channel of the cyclone
separation chamber; consequently, the particle rebounds and continues along the cyclone channel. A
similar rebound occurs for a 10 um particle, as the centrifugal-filtration force in this case is 19.3 times
greater than the adhesion force.

It was found theoretically that a 10 um particle can adhere to the surface and remain there only
when the velocity of the harsh gas flow in the first channel does not exceed 2.8 m/s at 200 °C and a
relative humidity of 6.6%, i.e,, when the adhesion force (2.4 pN) exceeds the centrifugal-filtration
force (2.39 pN). For smaller particles, such as a 2.5 um particle, adhesion occurs if the flow velocity
decreases from 11.7m/s to 11.0m/s, at which point the adhesion force (0.6 pN) exceeds the
centrifugal-filtration force (0.59 pN).

The gas flow in the enhanced multi-channel cyclone is turbulent; therefore, the drag force,
according to applied aerodynamic physical expressions, is directly proportional to the particle
diameter squared, the gas density, and the square of the relative velocity between the particle and
the gas in the first channel of the cyclone.

Applying the relationship between dynamic and kinematic viscosity u=v-p, the Reynolds
number of the particle is calculated for evaluating drag in turbulent gas flow under harsh
microclimatic conditions. Assumptions include spherical particle shape and a particle speed 5%
lower than the gas flow velocity. Drag force was calculated for particles of 1 um, 2.5 um, and 10 um,
with the gas velocity in the first channel at 11.7 m/s. The analysis indicates that the influence of harsh
gas flow on the drag force is negligible, with variations of only 0.001 pN arising from temperature
and humidity changes; therefore, this effect can be neglected relative to neutral gas conditions. For a
1 um particle, the drag force is 0.076 pN, and the Reynolds number is 0.030. For a 2.5 pm particle, the
drag increases 6.3 times to 0.47 pN, and the Reynolds number rises 2.5 times to 0.075. For a 10 pm
particle, the drag increases significantly to 7.56 pN, with a Reynolds number of 0.299. It is evident
that particles larger than 2.5 um experience a substantial increase in drag force.

The drag force acting on particles in harsh gas flow conditions is 1.49-fold and 5.63-fold lower
than the centrifugal-filtration force for 2.5 um and 10 pum particles, respectively. These results
indicate that drag cannot be neglected, as it affects particle trajectories in the multi-channel cyclone
by slowing particles in the gas flow. While larger particles experience higher drag, the ratio of drag
to centrifugal-filtration force for 2.5 um and 10 um particles is 16 and 60.9, respectively. Furthermore,
doubling particle diameter approximately quadruples drag force, reflecting its dependence on the
particle cross-sectional area exposed to the flow.

When in contact with a non-wetting flat surface, capillary adhesion is directly proportional to
the surface tension of the liquid layer (here, water on the cyclone’s metal walls), the distance between
the particle and the surface, and the wetting angle. Auto-adhesion, occurring between particles
already adhered to the surface and water droplets on their surface, is approximately half as strong as
adhesion, since it acts only on the external portion of the particle’s surface (Figure 6).

Theoretical investigations evaluated the maximum adhesion and auto-adhesion forces acting on
a particle under harsh microclimatic conditions. It was assumed that the particle enters the primary
gas inlet and moves through the first channel at various angles relative to the cross-sectional
centerline. Water droplets were assumed to be evenly distributed across the peripheral wall, with a
temperature of 200 °C and surface tension of 37.8 mN/m. The wetting angle was determined from the
trajectory of the particle relative to the channel curvature in each case. The particle-surface distance
was 4-10°m, consistent with molecular adhesion analysis, where attractive forces dominate over
repulsive forces.
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Results indicate that the capillary adhesion and auto-adhesion forces act more strongly on
transient particles than on peripheral ones, due to lower wetting angles for particles entering the
cyclone. Maximum auto-adhesion force was 94.5 pN, and adhesion force was 189 pN, acting on
transient particles with wetting angles from 6° to 32°. Peripheral particles experienced forces on
average 4.5 % lower, with adhesion peaking at 185.9 pN at 12°. The analysis shows that capillary
adhesion is strongest in regions of highest curvature along the peripheral wall, increasing as particles
travel further along the channel. Consequently, adhesion due to capillary forces is stronger at the end
of the cyclone channels than at the beginning, assuming uniform flow and characteristics throughout
the channel.

Figure 6. Peripheral and transitional moving particlesotrajectories and irrigation angles for adhesion—capillary
force analysis (disregarding particle sizes) in the 1st newly designed cyclone channel: 1 — the particle moving
through the transitional gas flow entering the primary gas inlet of multi-channel cyclone; 2 — the particle moving
through the peripheral gas flow, returning from the 4th to the 1st channel; 3 and 4 - transitional and peripheral
particle trajectories and corresponding irrigation angles; 5 and 6 — determining the curvature of the 1st channel

for the irrigation angle; 7 — a layer of water droplets on the peripheral multi-channel cyclone wall.

Compared to other forces acting on a particle, the capillary adhesion force is significant in
magnitude, slightly lower than the centrifugal-filtration force, and greater (by more than an order of
magnitude) than the drag or gravitational forces.

Fine particles entering a multi-channel cyclone in harsh gas flow conditions come into contact
with its internal surfaces. The electrical charges present on the particle surfaces attract charges of
opposite sign on the cyclone walls. Based on previous studies (Fletcher, Briggs, Ferguson & Gillen,
2008; Ibrahim, Burk, Etzler & Neuman, 2000), when evaluating the electrical component of the
adhesion force, it is assumed that, upon particle detachment from the cyclone surface, a residual
charge remains on the wall equal in magnitude but opposite in sign to that of the particle. In this case,
the electrical adhesion force is directly proportional to the particle charge squared during detachment
and inversely proportional to the contact surface area (cm?) of the particle with the multi-channel
cyclone wall (Figure 7).
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Figure 7. Interaction of a diameter of charged particle (dy) with surface of varying curvature expressed as 1) a

percentage (5%, 10% and 20%) of the total particle surface in 2) a multi-channel cyclone body.

To standardize the measurement units of particle charge, a multiplier of 27t is applied. A
simplified case is considered, neglecting the surface and subsurface properties of both contact
interfaces. For the theoretical investigations, the fine particles were assumed to be ideally spherical,
resulting in surface areas of 3.14:10-% cm?, 1.96-107 cm?, and 3.14-10-¢ cm? for 1 pm, 2.5 um, and 10 um
particles, respectively. Based on surface curvature, the contact area for each particle was determined.
The particle charges were assumed as follows: 1 pm — 20-107% Cu, 2.5 pm — 40-10-5 Cu, and 10 pm -
100-107*% Cu, corresponding to the measured perpendicular charge of a glass particle detached from
a metallic surface.

Under these conditions, the electrical adhesion force at 5% contact area (i.e., the smallest
considered case) is 1.6-10° pN, 1.02:10¢ pN, and 4-107 pN for fine particles of 1 um, 2.5 um, and 10
pm, respectively. As the contact area increases, the particle charge is proportionally transferred to the
surface, reducing the electrical adhesion force, which ranges between 2-8:10-° pN. When the contact
area reaches 20% of the total particle surface, the adhesion electrical force acting on 1-10 um fine
particles becomes extremely small, not exceeding 4-107 pN. Based on these results, it can be
concluded that, for sufficiently small particle charges, the electrical adhesion force is negligible and
does not significantly influence particle adhesion in the multi-channel cyclone, since other forces are
three to four orders of magnitude greater.

Additional studies considered the peak particle charge, at which the electrical force exceeds the
adhesion or centrifugal-filtration forces. Theoretical analysis indicated that, depending on particle
diameter, the electrical adhesion force could reach 62.5-1000 pN if the particle carries a charge of 0.5~
2.5:10° Cu. In such cases, even 10 um particles carrying a charge of 2.5-10® C may significantly
enhance adhesion in a multi-channel cyclone upon entering the first channel under harsh gas flow
conditions, since the electrical adhesion force (62.5-250 pN) exceeds the centrifugal adhesion force.
However, particles can acquire such high charges only when exposed to a specially created discharge
field, e.g., in an electrostatic filter. For comparison, in a discharge field, quartz particles acquire a
charge of 0.32-1012 Cu, while polymer particles can acquire significantly higher charges of up to
3-10-° Cu. Considering these cases, it can be concluded that electrical adhesion forces acting on fine
particles do not significantly increase adhesion within the multi-channel cyclone. the adhesion of
agglomerates consisting of small particles is less likely [50].

Experimental Research on Gas Flow Dynamics in Different Design Multi-Channel

Table 4. After conducting experimental studies of the aerodynamic characteristics, the average
dynamic pressures in the cyclone channels were determined at the following inlet velocities:
cylindrical - 21.9 m/s and spiral — 17.8 m/s. The results are presented in Table 4.

Table 4. Changes in dynamic pressure in the cyclones of cylindrical and spiral shells depending on the positions

and geometry of curvilinear semi-rings.

Average dynamic pressures at I I I v \Y% VI

p051t.1 O.ns LTI, and T of the channel channel channel channel channel channel Axial
semicircular segments, Pa

60.1 71.5 1019 1251  157.8 176.8 2244
57.7 72.8 100.2 1275 1571 1792 2226
55.9 74.5 100.8 1288 156.8 180.1  220.5
61.0 725 103.5 1255 1585 177.0  225.1
58.7 74.0 101.7  128.0 157.7 1795  223.6
57.5 75.5 101.5 129.0 157.0 180.3 221.8

Cylindrical cyclone with continuous
semicircular segments

Cylindrical cyclone with semicircular
segments containing openings
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57.7 62.2 66.3 78.8 99.8 1773 1870

57.1 60.8 67.5 78.0 101.0 1765 183.8

56.1 59.6 68.6 77.2 1032 1750 181.3
58.4 62.8 67.1 79.2 100.1 1775 187.5
57.6 61.6 68.2 78.5 101.4 176.8 184.5
56.8 60.3 69.3 77.8 103.5 175.1 1823

Spiral cyclone with continuous
semicircular segments

Spiral cyclone with semicircular
segments containing openings

Dynamic pressures were measured at the points indicated in Figure 1, within each channel, in
the spaces between the curvilinear elements (at mid-distance). All data were grouped by the
corresponding channels, and average values of the dynamic pressures were calculated. It was
observed that higher dynamic pressures were recorded in the cylindrical cyclone. Although the
volume of the cylindrical cyclone is more than 7.3 times larger than that of the spiral cyclone, the
installed fan, operated at maximum power, generates a higher flow. The maximum dynamic pressure
was measured at the third semicircular segment position in the sixth channel of the cylindrical
cyclone, reaching 180.3 Pa. In contrast, in the spiral cyclone, the maximum value was recorded at the
first semicircular segment position in the sixth channel, equal to 177.5 Pa. For other semicircular
segment positions, the values measured in the sixth channel were: cylindrical cyclone — 177.0 Pa and
179.5 Pa (first and second positions), and spiral cyclone — 176.8 Pa and 175.1 Pa.

The maximum dynamic pressures inside the cyclone structures were recorded along the device
axes in six channels. The highest values were found in the cylindrical cyclone, with a peak of 225.1
Pa, whereas in the spiral cyclone, the corresponding value was only 187.5 Pa. The results indicate that
as the gas flow moves from one cyclone channel to another, the average dynamic pressure changes
by approximately 1.05-1.45 times, due to the reduction in channel cross-section, which increases both
dynamic pressure and velocity.

The motion of the swirling flow is influenced by the variable spin-inducing design of the spiral
cyclone. This design feature causes noticeable differences in dynamic pressures when the positions
of the curvilinear elements are altered. In the spiral cyclone, the dynamic pressures are highest in the
first and even-numbered channels (II, IV, VI) at the first semicircular segment position, while in the
odd-numbered channels (III, V) the maximum pressures occur at the third position. Conversely, in
the cylindrical cyclone, the highest dynamic pressures in the even-numbered channels are observed
at the third position, and in the odd-numbered channels at the first position.

The aerodynamic resistances of the cleaning devices were measured depending on the internal
arrangement of semicircular segments with the fans operating at nominal power. Based on the
experimental results, it can be concluded that the devices generate low resistance. The maximum
pressure for the cylindrical cyclone, at an inlet velocity of 21.9 m/s, reached only 432 Pa, while for the
spiral cyclone, at an inlet velocity of 17.8 m/s, it was 382 Pa. Changing the positions of the semicircular
segments alters the aerodynamic resistance depending on the flow direction. The highest resistance
in the cylindrical cyclone was observed at the first segment position, i.e.,, when the segments were
shifted 10 mm from the second position toward the tangential inlet deflector (Figure 8).
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Figure 8. The dependence of aerodynamic resistance of cyclones on the types and positions of curvilinear

elements.

As the distance from the inlet deflector wall increases to the right, at the second semicircular
segment position, the maximum aerodynamic resistance is generated — 408 Pa, while at the third
position the minimum is observed — 395 Pa. A similar trend is observed in the spiral cyclone, where
arranging the semicircular segments in the second position produces a maximum resistance of 351
Pa, and in the third position — 336 Pa. The presence of opening slots in the curvilinear elements
(semicircular segments) contributes to resistance, increasing it by an average of approximately 4%.
However, this geometric modification also enhances filtration efficiency and, consequently, the
overall cleaning performance of the device.

Cyclone resistance arises due to flow deceleration, the generation of centrifugal forces, wall
friction, and internal fluid flow friction. Among these, the first two losses are most significant, and
therefore calculations typically consider only their effects.

The study investigated the cleaning efficiency of six-channel cylindrical and spiral cyclones for
gas flow contaminated with the particles. The concentrations of the test glass and clay particles were
determined gravimetrically. During the experiments, particle concentrations before cleaning were
varied from 500 mg/m? to 15 g/m?. The objective was to assess the degree of particle separation at
different concentrations and to compare the performance of the improved six-channel cyclones.

For determining concentrations and efficiency, the maximum inlet velocity was 21.9 m/s for the
cylindrical cyclone and 17.8 m/s for the spiral cyclone. Cleaning efficiency tests were conducted under
optimal conditions, with the curvilinear elements set to the second position. The study examined the
cleaning efficiency of six-channel cyclones for fine particles (up to 20 um) and different internal
geometries, using both continuous curvilinear elements and curvilinear elements featuring opening
slots.

During the tests with curvilinear elements featuring opening slots, the improvement allowed
the contaminated gas flow to re-enter the preceding channel, enabling additional particles to settle
and enter the collection hopper through the segmented ring gaps (Figure 1).

By measuring the concentrations of glass particles in the ducts before and after cleaning, the
maximum cleaning efficiency for the spiral cyclone was 87.3% at a particle concentration of 15 g/m?
using the improved curvilinear elements featuring opening slots. Under the same conditions, the
cylindrical cyclone achieved an efficiency of 78.4%. Across different inlet concentrations, the relative
performance of the cyclones remained fairly consistent. On average, the spiral cyclone’s cleaning
efficiency was 11.3% higher than that of the cylindrical cyclone.

The lowest efficiency was recorded at a 500 mg/m?3 concentration of glass particles: 48.5% for the
cylindrical cyclone and 53.1% for the spiral cyclone. For conventional internal geometry using
continuous curvilinear elements, the maximum cleaning efficiency also occurred at the highest inlet
concentration (15 g/m?3), reaching 81.7% for the spiral cyclone and 74.1% for the cylindrical cyclone.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1464.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 April 2026 d0i:10.20944/preprints2026 vl

20 of 28

The minimum efficiency, as noted, was 48.5% (spiral) and 53.1% (cylindrical) at the 500 mg/m?3 inlet
concentration (Figure 9).

Previous studies by Mothes et al. (1988) demonstrated that cyclone performance improves at
higher particle concentrations due to particle agglomeration.

Comparing experimental results for clay particles, the highest cleaning efficiency was also
observed at the maximum inlet concentration (15 g/m3) but was lower than that for glass particles. In
the cylindrical cyclone, using continuous segments, efficiency reached 64.5%, while with curvilinear
elements featuring opening slots it was 69.3%, corresponding to reductions of 1.16 and 1.13 times
relative to glass particles. In the spiral cyclone, the efficiency difference between cyclones was 20%
with continuous segments (68.1% efficiency) and 18% with curvilinear elements featuring opening
slots (74.1% efficiency) (Figure 10).

Analysis of fine particle capture indicates that, in both cyclones, clay particles are collected less
efficiently than glass particles. However, the separation efficiency across particle types is more
uniform in the cylindrical cyclone than in the spiral cyclone.

Particle separation efficiency, %

3
*

Particle separation efficiency in the cylindrical body with curvilinear elements featuring opening slots

>

Particle separation efficiency in the cylindrical body with curvilinear elements

Particle separation efficiency in the spiral body with curvilinear elements featuring opening slots

Particle separation efficiency in the spiral body with curvilinear elements

0 3 6 9 12 15
Particle concentration upstream, g/m*

Figure 9. Gas cleaning efficiency of six-channel cyclones of cylindrical and spiral shells depending on the

concentration of the glass particles and the internal geometry of the device.

As the uniform in the cylindrical cyclone than in the spiral cyclone.
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Figure 10. Gas cleaning efficiency of six-channel cyclones of cylindrical and spiral shells depending on the

concentration of clay particles and the internal geometry of the device.

When examining cyclones of different housings and internal geometries, the average cleaning
efficiency for gas flow containing glass and clay particles differs by a factor of 1.17.
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The maximum gas cleaning efficiency for clay particles using continuous semicircular segments
in the cylindrical cyclone is 64.5%, which is 9.6% lower than that for glass particles. In the spiral
cyclone, the corresponding efficiency values are 68.1% and 13.6%. The trend of efficiency dependence
on particle concentration remains consistent: separation efficiency increases with increasing
concentration.

Using curvilinear elements featuring opening slots, the cleaning efficiencies for glass and clay
particles in both cyclone designs differ by a factor of 1.07. This segment design provided the greatest
improvement in cleaning efficiency when applied in the cylindrical cyclone, particularly for the
separation of clay particles.

4. Discussion

When cleaning harsh gas flows, high temperature and elevated humidity alter both aerodynamic
(e.g., gas velocity) and physical (e.g., viscosity) parameters, thereby affecting cyclone separation
efficiency. Under these conditions, the gas flow becomes saturated with moisture, enhancing particle
agglomeration, adhesion forces with the internal elements of the multichannel cyclone, and auto-
adhesion forces among the fine particles agglomerates themselves. Collectively, these factors create
a gas—vapor environment that can clog the segmental ring gaps and openings in the curvilinear
elements of the separation chamber, rendering the device inoperable.

In the initial stage of fine particles deposition, monolayers composed of fine particles, which
smooth the surfaces where laminar gas flow develops, exhibiting minimal dispersive effects on the
deposits. As the deposits accumulate, larger particles may embed within this layer, compacting the
formed structures.

Large-scale multichannel cyclones are capable of capturing fine particles due to additional
inertial forces acting near the surfaces. These forces arise during turbulent transport of particles when
high gradients of pulsating particle velocities are directed toward the surfaces. However, in large
cyclones, the adhesion of particle agglomerates composed of fine solids near surfaces is less probable
due to reduced centrifugal accelerations (Gong & Wang, 2004).

As contaminated gas enters the multichannel cyclone’s separation chamber, fine particles
agglomerates adhere to the vertical walls in the cyclone’s curved sections. Depending on the mass
and spatial distribution of these agglomerates across the cyclone’s inlet cross-section, deposition of
fine particles is uneven, resulting in surface irregularities.

In order to account for the characteristics of harsh gas flows, simplified theoretical expressions
were developed to determine gas density and viscosity. These expressions consider parameters such
as partial pressures of dry gas, saturated vapors, and water vapor. Parameter values were selected to
represent extreme operating conditions, i.e.,, maximum possible temperature and humidity of the
incoming gas.

In theoretical analyses, the moist gas/vapor mixture is treated as an ideal gas mixture, where the
total density equals the sum of the individual component densities. Under this assumption, the
density deviation is less than 0.2% over a temperature range of —10 °C to 50 °C. It is also assumed that
the relative humidity of the gas flow is inversely proportional to temperature.

Experimental studies have shown that the density of a moist gas flow under harsh conditions is
directly proportional to the sum of the partial pressures of dry gas and water vapor and inversely
proportional to temperature.

The densities of dry and muoist gas flows under harsh gas flow conditions were calculated over
a temperature range of 0-200 °C with a step of 25 °C. For moist gas calculations, the maximum relative
humidity was assumed to be 95%. For cases where the gas temperature exceeded 100 °C, the relative
humidity was computed based on the ratio of atmospheric to saturated water vapor pressure. It was
assumed that the pressure inside the multichannel cyclone is constant and equal to atmospheric
pressure. Theoretical results are presented in Figure 11.

At lower gas flow temperatures of 25 °C and 50 °C, the density of the dry gas decreases by 9%
and 18%, respectively, relative to the density at standard conditions (0 °C), while the density of moist
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gas decreases by 7% and 11%, respectively. The partial pressure of saturated vapors increased more
than 3.9 times when the temperature changed from 25 °C to 50 °C. At a gas temperature of 100 °C
and 95% relative humidity, the density of the moist gas flow is 1.525 kg/m?, while the density of the

dry gas flow is 0.945 kg/m?3.
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Figure 11. The dependence of the maximum theoretical relative humidity and moist gas flow density (omg) on

gas flow temperature.

As the gas flow temperature rises above 101.7 °C, the maximum achievable relative humidity
drops below 95%. The exponentially increasing saturated water vapor pressure contributes to a
decrease in both the relative humidity and the density of the moist gas flow. At 120 °C, the relative
humidity falls to 51.5%, and at 140°C and 160 °C, it further decreases to 28.3% and 16.6%,
respectively. The saturated water vapor pressure increases 6.1-fold as the temperature rises from
100 °C to 160 °C, reaching 611.7 kPa. The density of dry gas continues to decrease gradually within
the 150-200 °C range, reaching 0.745 kg/m? at 200 °C. For the moist gas, the density within the 160-
180 °C range is 1.376-1.324 kg/m?, while the relative humidity at 180 °Cis 10.2 % and at 190 °C is 8.2%.
At a gas temperature of 200 °C, the relative humidity of the moist gas flow decreases to 6.6%, with a
corresponding density of 1.280 kg/m? while the theoretically determined saturated water vapor
pressure increases to 1529.6 kPa. Achieving such a pressure under practical conditions is possible but
requires multi-stage heating systems and vessels specifically designed to withstand high pressures.
Additionally, a deaerator operating at 1400-1800 kPa must be integrated with the heating system.

When the gas flow temperature exceeds 100 °C, similar trends in density changes for moist and
dry gas flows are observed. For every 10 °C increase in temperature, the density of the moist gas
decreases by approximately 1%, while the dry gas density decreases by about 2%. The partial
pressure of saturated vapor rises sharply with temperature, exhibiting near-exponential growth; for
instance, from 100 °C to 200 °C, the pressure increases by a factor of 15.2.

Based on the studies by Lawrence [51] and Wallace and Hobbs [52], it has been established that
as the temperature of the gas flow increases, relative humidity decreases exponentially. Theoretical
calculations assumed that the critical relative humidity of 95% is maintained at 101.7°C,
corresponding to a saturated water vapor pressure of 106.7 kPa.

Available literature provides data on the variation of relative humidity in gas flows at low
temperatures (up to 50 °C) [53]. However, since multichannel cyclones operate at temperatures above
100 °C, these data are insufficient. Therefore, theoretical analyses were conducted, resulting in an
approximate mathematical expression (Equation 11) describing the variation of relative humidity in
gas flows at temperatures exceeding 100 °C.

Qg = 1285.6 - %9279, O, (11)
here: g — gas flow relative humidity, %, t; — gas flow temperature, °C, e =2.718.
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Special conditions influence the density of the gas flow, which is closely related to its viscosity
and determines the flow behavior within the cyclone channels. For theoretical calculations, a
simplified scenario was selected in which the gas flow consisted of a mixture of gas and water vapor.

Theoretical studies were conducted to derive an expression for the density of the gas flow under
harsh microclimatic conditions. Sensitivity analysis indicated that the smallest average deviation
occurred between the gas flow density and relative humidity parameters at a temperature of 50 °C,
with a value of £0.24 °C. Based on these results, Equation 12 can be specifically created in a simplified
form for calculating the density of gas flows under harsh microclimatic conditions.

Pg =X1 @gt+ Y1, (12)

if tg =20 °C, x1 =0.0002, y1 = 1.2048; if t; = 50 °C, x1 = 0.0008, y1 = 1.093; if t; = 100 °C, x1 = 0.0061, y1 =
0.946; if t; =200 °C, x1=0.0809, y1 = 0.7463;

here: g; — gas flow density, kg/m?; @us. — gas flow relative humidity, %; This expression can be
applied when the gas flow temperature is constant, g = const, °C, x1 — the first variable of density; y1 —
the second variable of density.

The calculation accuracy was determined by applying different values of the gas flow relative
humidity. The deviation for the applied Equation 12 ranged from —0.22% (when g = 95%) to +0.02%
(when ¢g = 0%).
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Figure 12. Dependence of gas density on gas flow relative humidity at 50 °C under harsh conditions.

The maximum deviation of the gas flow density values is 0.22%, which indicates that the
accuracy of using equation 3.2 for calculating the gas density is sufficient.

Analysis of the particle separation efficiency indicates that gas flow contaminated with clay
particles is not as effectively cleaned by the studied device. This is likely due to specific particle
properties such as density, shape, degree of agglomeration, and specific surface area. Studies on
conventional cyclone designs showed that at high particle concentrations, the effectiveness of
centrifugal separation decreases due to the attenuation of the swirling flow and enhanced particle—
particle interactions, leading to reduced separation efficiency in cyclones [54-56].

The arrangement of curvilinear elements within the six-channel cyclone affects the system’s
aerodynamic properties, including dynamic pressure, gas flow velocity, and aerodynamic resistance.
Reducing the gaps between the segments and the peripheral walls increases the acting dynamic
forces, which in turn modifies other flow parameters. Changes in dynamic pressures influence
particle capture efficiency, as particles are transported to the collection hopper through the segmental
ring gaps at the bottom by a continuous flow. The measured distribution of dynamic pressures
confirms the aerodynamic behavior described in the literature and verified experimentally, allowing
for identification of design characteristics, potential defects, and opportunities for further
optimization of the device.

Increasing the inlet particle concentration results in higher cleaning efficiency due to the stronger
action of centrifugal forces. The six-channel cyclone design is particularly effective because a dynamic
gas—dust layer forms in the gaps between the curvilinear elements. As contaminated gas flow passes
through this layer, a portion of the particles is retained, thereby enhancing the overall separation
efficiency.
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5. Conclusions

The present experimental investigation was dedicated to analyzing the aerodynamic
characteristics of gas flow in both cylindrical and spiral cyclone shells, which are specifically designed
for the separation of fine particles from tangentially introduced gas flows. Special emphasis was
placed on examining the distribution of dynamic pressure within the six-channel cyclone
configurations. Furthermore, the study assessed the efficiency of particle removal under varying flow
phase conditions and when different types of fine particles were introduced, providing
comprehensive insight into the performance of these cyclone systems.

1. Harsh environmental factors, such as high temperature in water vapor-saturated flows, have a
significant effect on gas properties. Under these conditions, the density and kinematic viscosity
of dry gas decrease proportionally, while the density and dynamic viscosity of humid gas
increase. At 200 °C and 70% relative humidity, the density of the humid gas flow increases 4.5
times, and its kinematic viscosity rises 3.1 times compared to standard conditions.

2. Analysis of forces acting on particles within the multi-channel cyclone revealed that drag force
are among the most significant. At standard conditions, this force is 1.07 mN, whereas at 200 °C
and 70% relative humidity, it increases approximately 55%, reaching 2.37 mN. The largest
variations were observed at 150 °C and higher temperatures under high humidity conditions
(70-80%). Fouling of the multi-channel cyclone system by fine particles is primarily influenced
by adhesion forces, while particle deposition is dominated by gravity. For fine particles with
diameters below 5 pum, adhesion forces exceed gravitational forces significantly. For 1-2 um
particles, the force ratio is 24-7.5 times, while for 5-10 pm particles, the ratio decreases to 1.8—
2.1. The maximum gravitational force, 41.1 pN, acts on 20 um particles, whereas adhesion
accounts for only 11.68% (4.8 pN) of this value.

3. Experimental measurements of dynamic pressures in cyclones indicated a maximum value of
180.3 Pa in the sixth channel of the cylindrical cyclone, compared to 177.5 Pa in the spiral cyclone.
The maximum aerodynamic resistance of the spiral cyclone reached 382 Pa, while the cylindrical
cyclone exhibited 432 Pa. The arrangement and geometry of curvilinear elements significantly
influence aerodynamic resistance, increasing it near the inlet deflector wall under Position I and
when curvilinear elements featuring opening slots are employed.

4. Gas purification efficiency experiments were conducted using glass and clay particles up to 20
pum, which conventional cyclone designs typically fail to separate. Using glass particles, the
spiral cyclone with curvilinear elements achieved a maximum removal efficiency of 87.3% at an
inlet concentration of 15 g/m3. The cylindrical cyclone under the same conditions showed an
efficiency 11.3% lower, with a maximum of 78.4%. For clay particles, the highest separation
efficiency reached 74.1% in the spiral cyclone using curvilinear elements at 15 g/m?3 inlet
concentration. In the cylindrical cyclone, the maximum efficiency was 69.3%, approximately 13%
lower.

5. Calculations indicated that 10 um particles in gas flow under harsh microclimatic conditions are
predominantly influenced by centrifugal-filtration forces in peripheral flow regions and by
adhesion—capillary forces in transitional flow zones. The centrifugal-filtration force reaches up
to 600 pN, whereas the adhesion—capillary force is roughly 3.2 times weaker. Compared to
standard conditions (0 °C temperature, 50% relative humidity), the density of humid gas
decreases from 1.295 kg/m? to 1.280 kg/m?, the dynamic viscosity increases from 17.17 pPa-s to
24.99 pPa-s, and the kinematic viscosity rises from 13.25 mm?/s to 19.52 mm?/s.

This study is part of the investigation of the fundamental principles and the development of
improved cyclone separator designs. The unique geometry and specific operating conditions should
be investigated in greater detail in future studies, not only experimentally but also through numerical
simulations. It is particularly important to develop models of gas flow dynamics under severe
operating conditions. This involves studying the interaction between particle and gas flows, as well
as with tertiary phases such as condensate droplets of varying chemical composition and physical
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properties in regions where transitional and peripheral flows intersect. The investigation of pressure
variations and pressure balance within the device channels, aimed at improving the efficiency of
polydisperse particle separation, would enable energy-efficient optimization of the distribution of
primary and secondary flows, as well as a reduction in operational losses.
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