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Abstract: The article is devoted to the study of ultrasonic agglomeration of PM2.5 in uniform and non-uniform
ultrasonic fields. The possibility of increasing the efficiency of ultrasonic agglomeration by initiating acoustic
streams in a resonant non-uniform ultrasonic field is shown. A non-uniform ultrasonic field with zones of
high and low sound pressure levels formed using a bending-oscillating disk transmitter made it possible to
initiate acoustic vortex-type streaming that promote the movement of particles into the nodal areas of a
standing wave and between them. The efficiency of ultrasonic treatment was determined indirectly by the
degree of inertial trapping of agglomerates. It has been established that the impact of an non-uniform ultrasonic
field in comparison with the impact of a uniform ultrasonic field makes it possible to increase the efficiency of
inertial capture of agglomerates PM2.5 from 89% to 95%, PM1.5 from 85% to 92%, PM0.5 from 76% to 85%. The
results obtained made it possible to propose a design for an agglomeration chamber, which allows for a
multiple increase in the productivity of ultrasonic processing of a gas-dispersed flow.
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1. Introduction

The main efforts of environmental services are aimed at ensuring high-quality purification of
ambient air polluted by industrial production and man-made natural phenomena. This is due to the
fact that the presence and uncontrolled distribution of aerosols of various substances in the air has a
negative impact on humans, flora and fauna [1,2]. It is generally accepted that the most dangerous
particles are those measuring 2.5 microns or less, since the respiratory system introduces such
particles into the bloodstream and accumulates toxic material in human organs [3,4]. The extremely
dangerous nature of fine aerosols has been confirmed by numerous studies, in particular those
conducted by L. Calderon-Garciduenas, A. Solt, C. Enriquez-Roldan and others. As a result of these
studies, a connection has been established between long-term exposure to fine aerosols and sudden
deaths of healthy children and young people [5]. The proof of such a correlation explains the
exceptional importance of finding ways to protect people and developing systems for purifying air
from fine aerosols.

All existing cleaning systems (separators) based on the inertial collection method practically do
not capture particles smaller than 2.5 microns [6-9], and systems capable of capturing such particles
(filters and electric precipitators) are characterized by low dust capacity or operate with the formation
of very harmful particles. environment and human health nitrogen oxides and ozone.

The most effective way to solve the problem is the use of high-intensity ultrasonic vibrations,
the effect of which on aerosols causes processes of convergence and agglomeration of small particles
into large ones. This process is called ultrasonic agglomeration [10,11]. Fine particles combined due
to ultrasonic action can subsequently be easily captured by conventional gas cleaning devices [12,13].

However, as follows from results of studies by various authors (J.A. Gallego-Juarez, R.R. Andres,
C. Sheng), ultrasonic agglomeration loses its advantages when aggregating particles smaller than 2.5
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pm for their subsequent removal, while providing a significant increase in efficiency (up to 99%) in
the removal of particles larger than 2.5 pm, as per [14-16].

The reason for this lies in the very physical principles underlying the sonic agglomeration
process. It is known that the impact of ultrasonic vibrations on gas media generates two types of
nonlinear effects [17] affecting dispersed particles in gases:

1) Effects arising due to the phenomena of momentum transfer of the gas phase between
particles;

2. Effects arising due to oscillatory motions of solid particles of different sizes relative to each
other.

The first group of effects contributes to the hydrodynamic mechanism (first described by W.
Koenig in 1891) of particle agglomeration, when equivalent forces of hydrodynamic interaction
(arising as a result of mutual distortion of flow fields around particles) bring particles closer to each
other and promote their agglomeration. In this case, the probability of collision of particles is
proportional not only to the interaction force of particles, but to their concentration, primarily (and,
in fact, to the distance between particles).

The second group of effects is realized in orthokinetic mechanism (first described by O. Brandt,
H. Freund, E. Hiedemann), which consists in the fact that the particle doesn’t oscillate with the gas
phase synchronously, while it slides relative to the gas phase and oscillates with a smaller amplitude
of displacement than the gas itself. The sweep effect is related to the inertia of the particle [18]. The
ratio of the particle oscillation amplitude to the gas oscillation amplitude is called the drag coefficient.
The drag coefficient depends on the particle size, and particle collision occurs due to the fact that
particles of different sizes oscillate with different amplitude (with non-zero amplitude relative to each
other) and randomly collide and aggregate.

For fine particles smaller than 2.5 um, the drag coefficient modulus is close to 1, i.e., all particles
oscillate almost in-phase with approximately equal amplitude, regardless of the sound pressure
value. Accordingly, the orthokinetic interaction is weakly realized particle [18]. In addition, for
particles to aggregate, the distance between them should not exceed the displacement amplitude of
gas molecules in the sound field.

For these reasons, the low probability of particle collision, especially at low concentrations (large
distances between particles) leads to the fact that, even at the maximum permissible sound pressure
level (before the destruction of the formed agglomerates), increasing the efficiency of agglomeration
of particles smaller than 2.5 um due to ultrasonic vibrations becomes virtually impossible [19].

For example, in [19] it was shown that studies of ultrasonic agglomeration were carried out
under conditions of detection of high particles in concentrations from 0.2 to 5 g/m?. Such conditions
are typical during the production of any product and its capture in the form of highly dispersed
particles. At the same time, due to ultrasonic exposure, the cleaning efficiency increased from 30-50%
to only 40-85%.

However, research results indicate that at relatively low concentrations (less than 0.2 g/m3, which
is typical for industrial emissions, for example at thermal power plants), the efficiency of
agglomeration will be very low, the degree of agglomeration will not exceed 2-3.

Various agglomeration systems utilizing standing wave aerosol impacts are proposed to address
this problem.

It is known that Gallego-Judrez et al. developed a semi-industrial pilot-scale system combining
an electrostatic precipitator and an acoustic agglomeration chamber to remove submicron particles
(average particle size 0.8 um) from a flue gas flow [20]. In this system, four ultrasonic transducers
were arranged at the bottom of the agglomeration chamber, and the standing wave sound field was
generated perpendicular to the gas flow to ensure agglomeration. The disadvantage of this design
is low efficiency at low concentration. This is due to the fact that during generation of the standing
wave the particles almost do not interact with each other even within the node areas.

Miura et al. developed several types of airborne ultrasonic transducers that generate powerful
sound waves in the air [21,22]. Among them is an ultrasonic radiator in which a rigid wall was
attached around the circumference of a circular transversely vibrating plate. This ultrasonic radiator
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shapes an intense standing wave sound field into a cylindrical sealed space perpendicular to the
plane of the circular transversely vibrating plate. Therefore, the fine particles can be retained in
enclosed space in which the powerful sound field is formed. Using this sound wave agglomeration
equipment, the effect of fine particle concentration on agglomeration was studied, and the
agglomeration effect was higher at higher particle concentrations. However, ultrasonic wave
agglomeration for PM2.5 achieved an agglomeration efficiency of no more than 63%. This is due to
large distances between particles, at which the ultrasonic interaction processes do not take place.

This determines the urgent need to find new ways to further increase the efficiency of ultrasonic
agglomeration of particles smaller than 2.5 pm.

Understanding the actual mechanisms of ultrasonic agglomeration suggests that, if it is
impossible to further increase the sound pressure level (the value of direct impact on the particles),
the probability of collision of small particles can be increased by giving them additional movements
that contribute to their collision and aggregation. Such an additional impact on small particles in the
ultrasonic field can be provided only through utilization of secondary effects arising under certain
conditions of generation of high-intensity ultrasound impact.

One of such secondary intensifying effects is the so-called "ultrasonic wind". This is a second
order effect due to momentum transfer, represented by the Reynolds voltage. Theoretical studies of
acoustic flows are well developed [23,24] and carefully modeled [25,26].

However, when ultrasonic (US) impact is implemented in an open space or a long gas duct, the
radiation pressure generated enables the particles to be moved only in one direction without
significant increase in efficiency of interaction between particles [27].

For this reason, in order to increase the efficiency of small particles interaction in the maximum
ultrasonic field in terms of sound pressure level, it is essential to generate the motion of particles in
different directions, so that their mutual movement and interaction is realized.

In addition, it is required to increase the concentration of particles in certain areas by moving
them to significantly increase the efficiency of particle agglomeration, especially at their low
concentration [8,11,20,28]. This can be provided by generation of vortex flows, because only vortex
flows will increase the efficiency of interaction (aggregation) of particles due to the following factors:

1. Increasing the speed of mutual movement of particles of different sizes.

2. Increasing duration of interaction of particles due to their confinement in vortex areas;

3. Generating zones with increased concentration of particles.

Therefore, the research results presented below are focused on identification of conditions for
generation of vortex flows in ultrasonic fields with the maximum sound pressure level of ultrasonic
impact. Comparative studies of the process of agglomeration of particles with a size of 2.5 um in the
presence of vortex flows and without them allows to establish the actual values of increasing the
efficiency of ultrasonic agglomeration due to vortex formation of gas-dispersion flow by acoustic
streaming.

2. Materials and Methods

2.1. Test bench

To study the agglomeration process of 2.5 um particles and to conduct comparative studies in
the presence of vortex flows and without them, a bench implementing ultrasonic agglomeration and
subsequent capture of aggregated particles was used. The test bench consists of agglomeration
chamber (Figure 1) and sequentially installed cyclone based on the design of VNIIOGAZ CN-15 with
a capacity of 10 m%hour. The cyclone outlet tube is connected to the air handling unit.
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Figure 1. Schematic diagram of the ultrasonic agglomeration chamber: 1 —ultrasonic vibrating system;
2 — piezoelectric transducer; 3 - concentrator; 4 — disk radiator; 5 - reflector;6 — inlet tube; 7 — polluted
gas; 8 — outgoing gas-dispersion flow (to cyclone); 9 — aggregated particles; 10 — outlet tubes; 11 —
amplitude distribution; 12 — vortex flows; 13 — housing; 14 — radiator flange; Ac — distance between
radiator and reflector.

The developed and manufactured agglomeration chamber of the bench (RF Patent No. 2759506)
is suitable for implementation of various conditions and modes of exposure to high-intensity
ultrasonic vibrations due to application of different types of ultrasonic transducers, and owing to
possible resonance amplification of vibrations by changing the distance between radiator and
reflector [28].

Two ultrasonic oscillating systems (No. 1, Figure 1) with disk radiators (No. 4, Figure 1) of two
different types creating uneven or uniform distribution of vibrations for ultrasonic impact with and
without flow generation were used as a source of ultrasonic impact in the agglomeration chamber. A
reflector (No. 5, Figure 1) with centrally placed inlet tube (No. 6, Figure 1) is installed across the disk
radiator.

The process of particle aggregation in the agglomeration chamber takes the following course.
The gas flow enters the tube (No. 6, Figure 1) installed in the center of the reflector (No. 5, Figure 1).
After that, the gas-dispersion flow spreads uniformly from the central area to the periphery. In the
process of propagation, the flow is affected by ultrasonic vibrations generated between the surfaces
of radiator (No. 4, Figure 1) and the reflector (No. 5, Figure 1). The gas flow (No. 8, Figure 1) and
aggregated particles (No. 9, Figure 1) are discharged through outlet tubes (No. 10, Figure 1).

The design of the agglomeration chamber allows adjusting height of the reflector position to
achieve fine tuning of the resonance mode (standing wave mode in a gas medium). When the distance
between the radiator and the reflector ensures generation of standing wave, the effectiveness of the
treatment is increased by means of increasing the sound pressure level.

The test bench was equipped with measuring and auxiliary equipment. A noise meter Ecofizika-
110A was used to measure the main parameter (i.e. sound pressure level). The TIPAS-1 aerosol
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dispersion characteristics measuring instrument, which enables monitoring the aerosol parameters,
was used to measure the dispersion properties of the aerosol. TIPAS-1 consists of two units:

1. The first unit implements the optical method of small-angle scattering (radiator, reflector) and
is designed to measure micron aerosol particle sizes and concentrations in the range of 1-100 um and
0.009-8.0 g/m3;

2. The second unit implements the optical spectral transparency method (radiator and reflector)
and is designed to measure submicron aerosol particle sizes and concentrations in the range of 0.1 —
2 um and 0.009-8.0 g/m?3.

Sampling to determine the mass concentration of particles was carried out at the inlet of the
agglomeration chamber and at the outlet of the cyclone. The dispersed particles were supplied by
pneumatic atomizer of ejection type installed in front of the inlet of the agglomeration chamber.

A laser plane plotter is installed in the chamber to track particle trajectories. The laser plane
passes through the axis of symmetry of the radiator. The camera is focused on the laser plane and
enables video recording of the particles travelling between the radiator and the reflector. The
directions of gas flows are determined indirectly by trajectories of light-scattering (tracer) particles.

2.2. Ultrasonic transducers

Two ultrasonic radiators consisting of a piezoelectric Langevin transducer and a disk-shaped
bending and oscillating radiator were used for the research. At the same time, due to excitation of
oscillations on the non-basic mode, oscillation maxima and minima are generated on the frontal
surface of the radiator, interchanging at a distance from each other corresponding to half the
wavelength of bending oscillations in the radiator material [29,30]. To generate an inhomogeneous
ultrasonic field and its impact on the gas-dispersion flow, a bending-oscillating disk radiator with a
flat frontal surface (hereinafter referred to as the flat radiator) was used. In turn, to generate a
homogeneous ultrasonic field, a radiator with phase-equalizing collars with a height equal to half of
the wavelength in the gas (hereinafter referred to as a step-function radiator) was used.

Figure 2 shows diagrams explaining the principle of operation of the two types of disk radiators
used for comparative studies. The radiators were made with equal-sized radiation surfaces and with
the test frequencies as close to each other as possible.

As follow from Figure 2(a), the neighboring annular domains of the disk generate equal-
amplitude oscillations in antiphase. Such a radiator enables generation of inhomogeneous ultrasonic
field, in which vortex flows between the regions oscillating in counter-phase can be formed. In this
version of the radiator, the characteristic dimensions of the vortices generated will be determined by
the wavelength of ultrasonic vibrations in the gas medium, and their number — by the number of
neighboring areas of the ultrasonic field oscillating in counterphase and the distance between the
radiator and the reflector [28,29].
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(a) (b)

Figure 2. Diagrams of generation of ultrasonic radiation using bending and oscillating ultrasonic disk
radiators: (a) radiator with a flat frontal surface (flat radiator). (b) radiator with phase-aligning collars
(step-function radiator).
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To ensure phase synchronism (generation of homogeneous ultrasonic field) of vibrations
emitted into the gas medium from each annular domain, the front surface of this type of radiators
has a stepwise profile (Figure 2(b)). The arrangement and size of the projections on the front surface
determine the key parameters of the ultrasonic field generated by the radiator. Therefore, to generate
a uniform ultrasonic field, step-type transitions are made in the node circle zones with a height equal
to half of the wavelength of ultrasonic vibrations in the gas medium. Thus, generation of a uniform
ultrasonic field is ensured both when the reflector is installed at a resonant distance from the
oscillating surface of the radiator and when it’s not available.

Figure 3 shows the vibration distributions and pictures of the fabricated radiators of both types.

25,569 Max

|

Ll

‘ 4,6538
0,5277
-0,7923
-9,6323
-18472
-27,312 Min

27,317 Max

! 11,136
8,0788

—‘ 50217
19646
-1,0925
-4,1495
-7,2066
-10,264
-25,733 Min

(b)

Figure 3. Shape of vibrations and photo of ultrasonic disk radiators: (a) flat radiator. (b) step-function
radiator.

Each piezoelectric transducer connected to the radiator is equipped with an electronic generator

for its power supply, which maintains constant amplitude of oscillations. Technical specifications of
ultrasonic transducers are presented in Table 1.

Table 1. Specifications of ultrasonic transducers.

Disk transducer type Flat radiator  Step-function radiator
Diameter of the radiator, mm 320 320
Power consumption, W 245 240
Oscillation frequency, kHz 22.1 222

Surface oscillation amplitude max/min 51/45 51/47
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3. Results

3.1. Calculation of sound pressure distribution in coagulation chamber

The ultrasonic field parameters were estimated in order to establish conditions of the most
effective impact and comparative analysis of sound pressure level distributions generated by means
of different radiators, provided the distance from the radiator to the reflector (for both flat surface
and step-function type radiators) at which the standing wave occurs is ensured.

Modeling of vibration distribution was carried out by means of finite element analysis using
‘Harmonic Acoustics’ harmonic acoustic analysis module. During modeling, the boundary
conditions were set on the basis of obtained experimental data regarding parameters of developed
and manufactured ultrasonic radiators (frequency of vibrations and vibration amplitudes
distribution of the radiating surface). The surfaces of the internal walls of the chamber are specified
as reflecting boundaries with a certain absorption level. By comparing the results of modeling with
the values of sound pressure level measured experimentally, the level of absorption of ultrasonic
vibrations by the walls of agglomeration chamber was determined, which amounted to 11%. This
value is accepted in further calculations.

3.2. Analysis of sound pressure distribution

The sound pressure level distributions for both radiators are shown in Figure 4. It follows from
presented results that there is a sound pressure level between the radiator and the reflector (160-172
dB) sufficient for particle agglomeration. The distance (wavelength Ac = 15 mm) at which the
maximum sound pressure level is reached is also determined.

171,64 Ma>
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158,19
147,93
137,67
127,41
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1069

96,64
86,382 Min

. 172,38 Max

| 168,32

15867
149,02
13937
129,72
120,07

(b)

Figure 4. Sound pressure level distribution inside the agglomeration chamber: (a) flat radiator; (b)

step-function radiator.

It established that the sound pressure level between the reflector and the radiator when using
the step function radiator is 168-171 dB, a uniform ultrasonic field is generated therewith, and when
aflat radiator is used it is 168-172 dB, the generated field is inhomogeneous, the areas of the minimum
sound pressure level, which are located near the zeros of vibrations of the disk radiator are clearly
pronounced.

As follows from the presented results, for a step radiator, the sound pressure amplitude gradient
has a non-zero component only along the acoustic axis. This means that the equivalent force that can
initiate the “sonic wind” is also directed along the acoustic axis. However, since the reflector located
opposite the radiator serves as an obstacle to the “sound wind,” no acoustic flows are actually formed
in the air gap with a step radiator. In this case, the equivalent force leads to the formation of a static
pressure gradient in the gas, counteracting the force (a single vortex flow may occur due to the
inhomogeneity of the field along the perimeter of the radiator).


https://doi.org/10.20944/preprints202311.0791.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 November 2023 doi:10.20944/preprints202311.0791.v1

It follows that the step radiator is not capable of creating conditions that further increase the
efficiency of particle agglomeration. Choosing a certain distance between the radiator and the
reflector can lead to an increase in the sound pressure level due to the phenomenon of resonance.
However, even with a resonant layer thickness (15 mm), the created sound field will not ensure
effective agglomeration of particles due to their short residence time in the gas gap.

For a flat radiator, the sound pressure amplitude gradient (and since there is absorption of
vibrations, there will also be a phase gradient) has non-zero components along all coordinate axes.
In this case, depending on the position of the observed point in space, the amplitude gradient can be
directed at different angles (from 0 to 2) to the surface of the radiator. This means that the equivalent
volume force capable of initiating the “sonic wind” has similar directions, creating a vortex motion.
In this case, the surface of the radiator and reflectors do not interfere with the movement of the gas
flow and, therefore, the occurrence of acoustic flows with a flat radiator is possible.

3.3. Particle path analysis

At the first stage, the paths of particles in the agglomeration chamber were analyzed using the
developed test bench. Particle paths were tracked on the basis of frame-by-frame tracking of tracer
particles filmed with a camera. The output power of the generator was set so that the sound pressure
level for both types of disks used was at least 165 dB. The resulting frame images are shown in Figure
5.

(a) (b)

Figure 5. Particle distribution in the agglomeration chamber: (a) flat radiator; (b) step-function

radiator.

Based on the analysis of the obtained particle path data, diagrams of paths travelled by particles
in the agglomeration chamber using both types of radiators were plotted (Figure 6 and Figure 7).
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Figure 6. Diagram of particle paths in the agglomeration chamber when using a flat radiator: 1 —
chamber body; 2 — radiator; 3 — reflector; 4 — inlet tube; 5 — annular domain for emission of the sounded
gas-disperse flow; 6 — areas of agglomerates formation; 7 — gas-dispersion flow; 8 — distribution of
amplitudes of vibrations of the disk radiator; 9 — zeros of vibrations of the radiator; 10 — areas of
maximum vibration amplitudes; 11 — vortex areas.

When using a flat radiator (at distances of 7.5 and 15 mm), a standing wave is generated with
two and three nodal planes of particle velocity, respectively, into which solid particles move,
agglomerate and where they are contained. Herewith, intense vortex flows generated due to adjacent
regions of the ultrasonic field oscillating in counter-phase originate. As a result, the particles are
captured by the vortex motion both within one node areas and between them through the low sound
pressure level zones located in the vicinity of (opposite to) the zeros of oscillations of the disk radiator.
In this case, in addition to the agglomeration of particles in the node areas of vibrational velocity their
additional reciprocal vortex movement and interaction with each other take place, which further
results in increase in the efficiency of agglomeration

Changing the distance to a greater or lesser extent, relative to the resonance distance, results in
origination of a traveling wave and disappearance of node areas. At the same time, vortex flows are
practically not generated, reducing the efficiency of agglomeration. It is also established that at a
distance equal to A, the intensity of vortex flows is higher than at a distance equal to Ac/2. At the
distances equal to ¥4 Ac and % Ac, conditions at which the sound pressure level reaches its minimum
value become effective.

For comparison, Figure 7 shows a flow diagram for a radiator generating a uniform ultrasonic
field.
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Figure 7. Diagram of particle paths in the agglomeration chamber when using a step-function
radiator: 1 — chamber body; 2 — radiator; 3 — reflector; 4 — inlet tube; 5 — annular domain for emission
of the sounded gas-disperse flow; 6 — areas of agglomerates formation; 7 — gas-dispersion flow; 8 —
distribution of amplitudes of vibrations of the disk radiator; 9 — zeros of vibrations of the radiator; 10
— areas of maximum vibration amplitudes.

As in the previous case, when a step-function radiator is used, a standing wave with two and
three nodal planes of vibrational velocity into which the solid particles travel, agglomerate and are
retained, respectively, is generated when the distance between the radiator and the reflector is 7.5
mm, as well as when the distance is 15 mm.

Further particle agglomeration does not occur due to containment of already formed particles
in the standing wave nodes. At the same time, there is no mutual movement of particles within the
nodal zone without any additional forced gas flow. Continuous supply of aerosol results in additional
increase in the size of particles retained by the ultrasonic field in the node areas. At the same time the
vortex flows are not observed.

3.4. Estimation of particle capture efficiency based on gas-dispersion flow and ultrasonic impact parameters

To identify the possibility of increasing the capture efficiency using the developed stand,
experimental studies were carried out. Research has made it possible to determine the influence of
various factors (flow rate of gas-dispersed flow, sound pressure level, mass concentration) on the
efficiency of agglomeration of dispersed particles. The efficiency of agglomeration was assessed by
comparing the sizes of the initial particles entering the inlet of the agglomeration chamber with the
sizes of particles entering the inlet of the cyclone (sampling was carried out in the pipe that connects
the cyclone and the agglomeration chamber).

To assess the contribution of ultrasonic agglomeration to the efficiency of the process of
collecting dispersed particles, during research, the efficiency of collecting particles entering the inlet
of the agglomeration chamber was determined.

The capture efficiency was calculated using the following equation: n

n= (1 - M) -100% 1)
inlet
where Noutet — is a particle concentration at the cyclone outlet, g/m?3, Niue is a particle concentration at
the agglomeration chamber inlet, g/m3.
In order to determine the contribution of effects arising from ultrasonic exposure to the process
of particle agglomeration, a control experiment was conducted without ultrasonic exposure. In all
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experiments, the hydrodynamic parameters of the gas-dispersed flow and the characteristics of the
particles were the same. This made it possible to exclude the influence of factors related to the
properties of particles (adhesion, extrusion, etc.) and flow parameters (hydrodynamic turbolization,
etc.).

To exclude the influence of other effects arising in the sound field on the agglomeration
efficiency (for example, the appearance of higher and lower harmonics, distortion of the waveform
at high sound pressure levels), the parameters of ultrasonic exposure for both types of radiators
within the same experiment were the same.

3.5. Determining the optimum gas flow rate

At the next stage, the gas-dispersion flow rate, at which the maximum efficiency of particle
capture is ensured, both with and without acoustic impact was determined. The studies were
conducted under the following conditions: sound pressure level was 165 dB; initial mass
concentration Ninet = 2:102 g/m3. The gas flow rate varied from 2.5 to 10 m3/hour. Microtalc Jetfine T1
CA with particle diameter dso =1 pm, des =3 um was used as a dispersed material in the research.

The bulk density of microtalc is 0.9 g/cm?, the true density is 2.8 g/cm3. The studies were carried
out at an air temperature of 22 degrees and a relative humidity of 35%. Figure 8 shows the
dependence of particle capture efficiency on gas flow rate and the dependence of the particle size at
the outlet of the agglomeration chamber on the flow rate.
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Figure 8. Dependences of particle capture efficiency on gas flow rate (A) and the dependence of the
particle size at the outlet of the agglomeration chamber on the flow rate (B): 1 - flat radiator; 2 — step
radiator; 3 — without ultrasonic influence.

The dependence of the efficiency of particle collection on the velocity of the gas-dispersed flow
is extreme. The presence of the extremum is due to the mutually opposite dependence of the size of
the formed particle agglomerates and the efficiency of particle collection in the cyclone on the air flow
speed. As the flow speed increases, the efficiency of the cyclone increases due to an increase in the
centrifugal force acting on the particles in the cyclone (Figure 8A). However, at the same time, the
size of the aggregates formed in the agglomeration chamber decreases due to a decrease in the
residence time of the particles in the ultrasonic field (Figure 8B). This leads to a limitation in the
growth of the efficiency of the agglomeration chamber — cyclone system.

It follow form the obtained curves that the best gas flow rate, at which the maximum capture
efficiency is provided, is 6.2 m3/hour both when using flat and step disk radiator.

However, without ultrasonic impact, the optimum flow rate was 8-10 m3hour, which
corresponds to the optimum flow rate for a cyclone.

With a further increase in gas flow (above 6.2 m3/hour), in the presence of ultrasonic influence,
the capture efficiency begins to decrease. This is due to the fact that reducing the size of the formed
agglomerates (due to a further reduction in the residence time of particles in the agglomeration
chamber) becomes a determining factor affecting efficiency.

When the flow rate exceeds 8-10 m3/hour, the decrease in efficiency increases. This can be
explained by the additional influence of the cyclone itself, the effectiveness of which is reduced due
to increased turbulization of the flow, which leads to mixing of the flow in the cyclone, reducing
stratification

This indicates that the efficiency of particle agglomeration has a greater influence on the capture
efficiency than establishing the optimum gas flow rate.

Thus, the efficiency of particle agglomeration under the impact of ultrasonic vibrations depends
on the gas flow rate (on duration of ultrasonic exposure). It is obvious that the longer the period of
ultrasonic exposure, the higher the efficiency of agglomeration.
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In addition, analysis of the relationships presented in Figure 8B showed that there is a
nonlinearity in agglomeration efficiency versus flow rate. In the case of using a stepped radiator,
nonlinearity is associated with an increase in the probability of collision of large particles held at the
nodes of a standing wave with newly arrived particles.

An increase in flow speed leads to the separation of large particles from the nodal areas and their
entrainment into the cyclone.

When using a flat radiator, nonlinearity is associated both with the factor described above and
with a decrease in the intensification of agglomeration due to acoustic flows. In this case, the
movement of particles between nodal regions by acoustic flows is reduced. As a result, with
increasing gas flow, the agglomeration efficiency curves for both types of radiators approach each
other.

Further studies were conducted with an optimum flow rate of 6.2 m3/hour.

3.6. Effect of sound pressure level on particle capture efficiency

To determine the influence of the sound pressure level on the capture efficiency and particle size
at the outlet of the agglomeration chamber, dedicated experimental studies were carried out at a
concentration of Ninet = 2-102 g/m3. Figure 9 shows the obtained dependencies.
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Figure 9. Dependence of the capture efficiency on the sound pressure level (A) and the dependence
of the particle size at the outlet of the agglomeration chamber on the sound pressure level (B): 1 —flat

radiator; 2 — step radiator.

It follows form analysis of the obtained curves that at the initial sound pressure level L =130 dB
the capture efficiency practically does not depend on the used radiator type, there is almost no
efficiency gain due to vortex flows, which indicates their insufficient development and influence.

As the sound pressure level increases, an increase in particle capture efficiency is observed. At
the same time, the increase in efficiency is more significant when exposed to inhomogeneous field.
This is due to the intensification of vortex flows with increasing sound pressure level.

The growth of the capture efficiency continues until the sound pressure level reaches the values
of 165 dB, herewith for the step radiator the efficiency is less than 90%. In turn, the vortex acoustic
flows generated by the flat radiator at the sound pressure level of 165 dB allow increasing the capture
efficiency by 6%.

It is known that when exposed to gas flows or in a non-uniform ultrasonic field, large
agglomerates begin to disintegrate due to the influence of acoustic flows [31]. It can be seen from
Figure 9B that particle size does not increase significantly above 160 dB SPL. Therefore, we can
conclude that no further increase in particle size is observed due to the destruction of agglomerates.

3.7. Effect of mass concentration on particle capture efficiency

To determine the influence of particle mass concentration on the capture efficiency and particle
size at the outlet of the agglomeration chamber, experimental studies were carried out at a sound
pressure level of 165 dB. The curves below (Figure 10) were obtained as a result of these studies.
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Figure 10. Dependence of capture efficiency on particle mass concentration (A) and the dependence
of the particle size at the outlet of the agglomeration chamber on the mass concentration of particles
(B): 1 - flat radiator; 2 — step radiator.

As follow from the presented curves, at concentrations up to Nimet = 2:102 g/m?3 the particle
capture efficiency increases significantly. At the same time, the capture efficiency is higher when
using a flat radiator, due to increased efficiency of particle agglomeration. At concentrations of Nintet
=3-102 g/m3and above, the increase in efficiency slows down, and at concentrations above Niue: = 4-10-
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2 g/m3 the capture efficiency becomes almost the same with both types of radiators. This happens
because at the specified concentrations the distances between particles appear sufficient for
realization of orthokinetic and hydrodynamic mechanisms of particle agglomeration, and the
influence of vortex flows has little effect on increasing the particle collision probability.

Analysis of the dependencies presented in Figurel0B shows that the impact of a flat radiator on
particles leads to a significant increase in particles already at a concentration of Ninlet = 0.2 10-2 g/m3,
while particles with a size of 2.5 um increase to a size of 7.4 um. At the same time, due to the impact
of a stepped radiator on the particles, the agglomerates at the exit from the agglomeration chamber
increase to only 4.2 microns. Such a significant difference in the sizes of agglomerates is due to an
additional intensifying factor: acoustic flows arising in a non-uniform ultrasonic field generated by a
flat radiator. This allows particles to interact not only within the nodal regions, as happens when
exposed to a uniform field generated by a stepped radiator, but also to interact with particles moving
from one nodal region to another.

As the concentration increases, the difference between the sizes of the formed agglomerates
decreases and at a concentration of Ninlet = 5-10-2 g/m? it is less than 10%.

3.8. Determination of fractional efficiency

To confirm the efficiency of capturing particles of different sizes, experimental studies were
carried out using a mixture of microtalc of different grades (Jetfine T1 CA dso =1 um, Luzenac 5t30
dso =6 pm, Luzenac H50 dso =9 um) which had polydisperse composition. Comparative experiments
were carried out at initial particle concentration Nimet = 2-102 g/m?3, at three different modes of
agglomeration chamber operation: exposure with a flat radiator; exposure with a step-function
radiator; without ultrasonic exposure. As a result, the fractional efficiency data shown in Figure 11A
were obtained. Figure 11 B shows the dependence of the particle size at the outlet of the
agglomeration chamber on the particle size at the inlet of the coagulation chamber.
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Figure 11. Fractional efficiency (A) and the dependence of the particle size at the outlet of the
agglomeration chamber on the particle size at the inlet of coagulation chamber (B): 1 - flat radiator; 2
— step radiator; 3 — without ultrasonic influence.

The analysis of the obtained curves shows that:

1. Particle capture efficiency without ultrasonic impact (curve 3, Figure 11A) is significantly
lower than with exposure to it.

2. When using a step-function radiator (curve 2, Figure 11A), when a standing wave is
generated, the particles hardly interact with each other within the node areas, and at very low
concentration the agglomeration efficiency is reduced to zero.

3. The use of a flat radiator (curve 1, Figure 11A) enables generation of vortex flows between
adjacent regions oscillating in counter-phase, which significantly increases the interaction of particles
located in nodal zones.

4. The dependences presented in FigurellB allow us to conclude that when exposed to a flat
radiator, the maximum increase in agglomeration efficiency is achieved on the smallest particles

Thus, the results of experimental studies have confirmed that increasing the efficiency of
ultrasonic agglomeration can be reached owing to generation of acoustic streaming in the form of
vortex flows. In this case, the efficiency of capturing particles of 2.5 um in size increases by 6% - from
89% to 95%, particles of 1.5 um in size by 7% - from 85% to 92%, and particles of 0.5 um in size by 9%
- from 76% to 85 %.

3.9. Increasing the productivity of gas-dispersed flow processing

The considered design of the agglomeration chamber can significantly increase the efficiency of
coagulation, which subsequently increases the efficiency of capturing dispersed particles.

However, the processing capacity of the gas-dispersed flow of such a chamber (with a disk
diameter of 320 mm) is no more than 10 m3/hour. To increase productivity, the authors proposed the
design of an agglomeration chamber with several parallel oscillating plates, which are installed at a
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resonant distance from each other and implement the identified optimal conditions and modes of
ultrasonic exposure. A sketch of the proposed sintering chamber is shown in Figure 12.

s W ey

500
N

N2

Figure 12. — Design of the ultrasonic agglomeration chamber: 1 — housing; 2 — inlet pipe; 3 — outlet
pipe; 4 — radiator; 5 — ultrasonic piezoelectric transducer; 6 — reflector; 7 — flow distributors; N =1...3;
A —wavelength.

The module is based on an ultrasonic oscillatory system (No 5, Figure 12) with a plate radiator
(No 4, Figure 12), which are installed in the housing (No 1, Figure 12). A reflector is installed opposite
the emitter (No 6, Figure 12). The sketch and vibration shape of the plate radiator are shown in Figure
13.

The radiator of the oscillatory system is made in the form of parallel plates (No 1, Figure 13). The
plates undergo bending vibrations (Figure 13 B). When installing an oscillating system and a reflector
in the agglomeration chamber, the distance between the plates of the radiator and reflector is equal
to the wavelength of ultrasonic vibrations in the air.
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Figure 13. - Ultrasonic oscillatory system: A — Sketch of an ultrasonic oscillatory system; B — vibration
mode of the radiating element; 1 — radiating element; 2 — piezoelectric transducer; 3 — housing; 4 — fan;
5 — flange; 6 — power cable.

With a resonant distance between the plates of the emitter and reflector in the air gap, conditions
are created for the emergence of intense acoustic flows and vortices that promote the coagulation of
dispersed particles and the deposition of their aggregates.

In general, the module works as follows. A gas flow containing highly dispersed particles enters
the inlet pipe (No 2, Figure 12). Further, along the direction of gas movement, flow distributors are
installed (No 7, Figure 12), which evenly distribute the gas-dispersed flow throughout the chamber
volume.

Next, highly dispersed particles enter the area of ultrasonic influence - the gaps between the
plates of the ultrasonic emitter (No 4, Figure 12) and reflector (No 6, Figure 12). In this area, high-
intensity ultrasonic action occurs on particles and liquid droplets in a thin gas gap.

This design of the agglomeration chamber makes it possible to increase the productivity of
processing a gas-dispersed flow in proportion to the area of the radiator.

4. Conclusions

The studies of agglomeration process of particles of 2.5 um and less in ultrasonic field generated
by oscillating disk radiators in resonant gaps were carried out in terms of this paper. The conducted
studies and presented results of agglomeration of particles of 2.5 um and less in a uniform field of
ultrasonic vibrations confirmed that there is no technical possibility to implement the process with
an efficiency of more than 89% for particles smaller than 2.5 um.

To solve this problem, a new concept of increasing the efficiency of agglomeration through
generation of alternating zones in the resonance gaps, in which particles oscillate in counter-phase
through the use of bending oscillating ultrasonic disk radiators was proposed. Fabrication and
application of such radiators ensured generation of vortex type acoustic streaming capable of moving
particles within the node areas of the standing wave and between them, which increased the
probability of their collision.

The conducted studies and obtained experimental results allowed us to identify conditions and
modes of increasing the efficiency of ultrasonic agglomeration owing to generation of acoustic
streaming capable of moving particles within and between the node areas of the standing wave.

It is shown that the new approach to ultrasonic agglomeration and its practical implementation
provide an increase in the rate of inertial capture for particles of 2.5 pm size by 6% - from 89% to 95%,
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for particles of 1.5 pm size by 7% - from 85% to 92%, and for particles of 0.5 pm size by 9% - from
76% to 85%.

The obtained research results made it possible to propose a design for an agglomeration
chamber, which allows for a multiple increase in the productivity of ultrasonic processing of a gas-
dispersed flow.
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