2026. Investigation of effect of acoustic field to
coagulation of particles in air flow

A. Cereska!, I. Tetsman?, R. Maskeliiinas®, I. Grinbergiené?, P. Pagkevicius®
1.2,3,4Vilnius Gediminas Technical University, Basanaviciaus str. 28, LT-03224, Vilnius, Lithuania
SKaunas University of Technology, Kaunas, 44029, Lithuania

!Corresponding author

E-mail: laudrius.cereska@vgtu.lt, *ina.tetsman@vgtu.lt, *rimas.maskeliunas@vgtu.lt,
4irina.grinbergiene@vgtu.lt, Sinfo@vaivorairko.lt

Received 9 December 2015, received in revised form 7 March 2016; accepted 15 March 2016

DOI http://dx.doi.org/10.21595/jve.2016.16983

Abstract. In the paper theoretical and experimental investigations of the effect of acoustic field
to coagulation of particles in air flow are presented. For the conduction of experimental
investigations, a special experimental setup with measurement devices was designed and used.
Principle of operation of the proposed experimental setup is presented and the method of
conduction of experimental investigations is described. Investigations of effectiveness of
coagulation of rigid particles of very small diameter have been performed and dependencies from
the sound pressure of the acoustic field and its frequency were investigated. For excitation of the
acoustic field two sound generators were used: piezoelectric and aeroacoustic. As a result of the
performed investigations it was determined that with the increase of the frequency of acoustic
excitation velocity of coagulation of particles increases when the diameter of the particles does
not exceed 1 um. For the most effective coagulation of the particles having the diameter up to
1 um ultrasonic frequency is required. For the particles with the diameter larger than 1 pm
frequency lower than ultrasonic is required. Dependencies of velocity of coagulation of particles
from the frequency of acoustic signal and from its amplitude were determined. Initial
granulometric constituent parts were compared with the constituent parts obtained after the
experimental investigations.
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1. Introduction

Main problem in environmental protection is the reduction of spreading of various waste
materials. Coagulation is understood as the effect of adhesion of particles to larger units. The main
part of the physical model is the description of mechanisms of coagulation. Coagulation because
of kinetic interaction of air takes place between the particles which move in the media under the
effect of the acoustic field with different velocities and different amplitudes.

In the process of solution of problems of acoustic coagulation, it is possible to determine the
main laws of the physical mechanism when particles perform coagulation in the acoustic field.
Physical model takes the effect of coagulation into account, which arises because of the ortho
kinetic and hydrodynamic mechanisms of acoustic waves [1].

Coagulation because of ortho kinetic interaction takes place between the particles, which move
in the acoustic field with different velocities and different amplitudes [2, 3].

The main effect determining the peculiarities of motion of aerosolic particles in the flow is the
fact that their weight, when compared with the molecules of the surrounding media, is much bigger
(aerosolic particles experience stronger action of the force of inertia than the molecules of the gas)
[4,5].

Reduction of mono- and poly- dispersional aerosolic materials is a very important problem of
environmental protection. Acoustic coagulation is suitable for aerosolic materials, the sizes of
particles in which are up to 10 um. But it is not very effective for aerosolic materials with low
concentration, this is due to the fact that in them, because of large distances between particles,
there is low probability that the hydrodynamic forces will start to act. Equations of motion of the
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particles are obtained on the basis of the well-known laws of classical hydrodynamics.

Acrosolic particles in the gas media experience the action of external forces, they are the forces
of resistance and hydrodynamic forces acting between the particles. External forces include the
forces of gravity, electrostatic forces and others. Forces acting to the particle from the moving or
immovable media are considered as forces of resistance. When the particles oscillate in the
acoustic field forces of resistance may be considered as external forces. In order to determine the
regimes of acoustic excitation it is necessary to know the dependence of time of decay of the
dispersion system of the gas from the quantities describing this effect, that is from the frequency
of acoustic vibrations and from the pressure of sound. Those relationships are determined by the
physical qualities of two phases, such as density and pressure of the gas phase, density of the rigid
phase and the dispersion interaction of the investigated aerosolic material.

Depending on the size of the particles their initial concentration may be 107-10% g/cm?® and
higher. In experimental investigations of the concentration of particles conducted by Parker and
Brandt it was determined, that concentration depends on time and the coefficient of coagulation
exponentially. The same relationship was also determined by Podashevnikov [6].

When creating models of coagulation of particles, it is important to determine the minimum
distance between the particles, starting from which they may coagulate. If it is assumed that the
aerosolic particles are distributed uniformly in 1 cm?, the distance between them is determined as
described in [7].

The scientists Song [8], Hoffman [9], Ezekoye [10] in the process of investigation of the
hydrodynamic component, which is the cause of the probability of collision, determined, that
when the particles are small (up to 10 pm) and when the pressure of sound is up to 137 dB, the
Reynolds number is smaller than 0.4. Relative velocity of the oscillating particles is near to the
relative velocity of motion towards the steady state, then the ortho kinetic collision is not
significant. Gravitation is not effective when calculating the kinetic collision length of the air, but
it has an acoustic effect [11].

Probabilistic collision of particles in the investigations [12] was calculated according to the
interaction mechanisms of two particles: ortho kinetic and hydrodynamic.

It must be noted that the problem of the process of carrying of particles in the gas media
includes more different problems than the equations of aerodynamics describe. Motion of particles
can take place because of the processes of molecular kinetics in gas media, for example because
of the Braun diffusion. At the same time the phenomena of heat and mass exchange may take
place, as well as the effect of phase change. All this makes the description of motion of aerosolic
materials in gas media much more difficult.

Theory of acoustic coagulation is based on the solution of several physical problems:
investigation of the behaviour of a separate particle, of several particles and of a system of smallest
particles in the field of sound. In the process of solution of this problem it is possible to investigate
the main laws of the physical mechanism when the particles coagulate in the acoustic field.

When the relative velocity of particles is near to the relative velocity of the process of reaching
the steady state, the ortho kinetic collision becomes not important.

The purpose of the research is to evaluate the effectiveness of coagulation of aerosolic material
and its dependence on the frequency and amplitude of the action of the acoustic field.

2. Mathematical modelling of coagulation of particles
Modelling is performed on the basis of the method of Monte Carlo. When modelling the

cohesion of particles in the acoustic field the investigation is based on the equation of
Smoluchovsky:
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where k is an integer number from one to infinity, f;; is the kernel of coagulation, which is
independent of time and it is describing the intensity of collisions, n;(t) is the value of ith
concentration at the moment of time t.

The first member of the right side of the equation characterizes the intensity of increase of
concentration of value of k because of collisions of values of i and k, and the second member
describes the decrease of concentration of value of k when there is collision with any particles
[12]. The kernel of coagulation is symmetric when f; j, = By ;.

Modelling indicates that when there are particles of different diameters in the flow (poly
dispersional), the ortho kinetic mechanism dominates. The adhesion of two particles may be
approximately represented as a sum of two components [12]:

Bix = Boik + Buie 2

where f;  is the component of coagulation which characterizes the decrease of distance between
the particles because of the mechanism of orthokinetic interaction, By; ) is the component of
coagulation which characterizes the decrease of distance between the particles because of the
mechanism of hydrodynamic interaction, i and k are values determining the probability of
collision of particles [9].

The collision of particles because of the mechanism of hydrodynamic interaction is determined
by the hydrodynamic forces of fluid or gas, which take place when two particles are approaching
one another. For particles which are in an ideal fluid the function of frequency of collision may
be described by the classical expression of Konig [10]:

g _ V3mp,Ug did3
Konig = 36u, dy +dy

3)

where d; and d, are diameters of the particles, p is density of the media, Uy is amplitude of the
sound wave, U, is viscosity of the media.

When the mechanism of hydrodynamic interaction is acting the viscosity of the fluid is not
significant when particles of large diameter are in it and when there are sound waves of high
intensity. By taking this into account the force of hydrodynamic interaction of a single particle
consists of two parts. The first part is because of attraction of the first and the second particles
with other particles that are in the flow. The attraction interaction takes place because of the
rotation of the first and the second particles. The second part reflects the effect of viscous waves.
Transfer of particles also influences both parts. Then the function of frequency of hydrodynamic
collision is expressed as [13]:

gy \/§ng5 d?d} _ (&)ﬁHy ‘ 4)
song = Taamp, d; + d, 712~ \ag2) Pronig’

where g, is the function of hydrodynamic interaction.

When the mechanism of ortho kinetic interaction is acting collision of particles of different
sizes takes place because of their relative motion, which is excited by sound waves. In the acoustic
field smaller particles oscillate more freely than the larger ones, as a consequence of this particles
of different sizes move differently. The kernel of ortho kinetic collision is expressed as [7]:

or i = 1 (5)
Mednikov 2(d, + dz)ngT]up’

where 7)1, is the relative coefficient of attraction between the first and the second particles:
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Niz2p = \/nfp + Uﬁp — 2M1pM2pc0s(@1 — @2), (6)

where 14y, is the coefficient of attraction of the first particle and 7,,, is the coefficient of attraction
of the second particle, ¢, is the phase of oscillation of the first particle, ¢, is the phase of
oscillation of the second particle.

Relative velocity of vibrations of the amplitude between the two particles has the units of
measurement m/s and is determined as [13]:

Uiz = Uy = Uy = 11240y, @)

where U, is amplitude of velocity of the second particle, U; is amplitude of velocity of the first
particle, 71,4 is the relative coefficient of flow between two different particles, which is
calculated as:

7 _ w(T1 - Tz) )
P A F (0D + (@1)7)

where 7, is the relaxation time of the first particle and 7, is the relaxation time of the second
particle, both relaxation times have the units of measurement s, w is cyclic frequency of oscillation
of the acoustic wave.

Collision of the two particles when acoustic vibrations are acting simultaneously is
investigated. Then the biggest distance of separation of particles is determined by the relative
displacement of the particle between the two particles. This distance is calculated as:

La = |ty — xys] = 12258 ©)
)

where x,,; is the amplitude of displacement of the first particle and x,, is the amplitude of

displacement of the second particle.

Near to the large particle the lines of flow of the fluid bend and small particles which are
located near to the large ones are directed as shown in Fig. 1. Here d; is the diameter of the large
particle, d, is the diameter of the small particle, y, is the critical radial distance of possible
collisions of particles, that is it is a maximum radial distance. The critical distance y,. determines
the effectiveness of collision of particles, which is calculated as:

4y?

=@ T (10

&

If € is homogeneous, then all small particles collide, that is by the area (d; + d,)?/4 collide
with large particles. Some of the small particles avoid collisions because of the directing
trajectories of the particles, which are smaller than homogeneous, so they are controlled by the
Stokes number.

Because of the setting down of the small particles d, the effectiveness of collision of the
constant flow of large particles d, can be expressed by using the Stokes number:

-,

where A and B are constants: A = 0.65 and B = 3.7 (see [14]).
The Stokes number is determined as:
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U,d?
St :ppﬂlzg g 2’ (12)
18uqd,

where p,, is density of the particle, i, is a coefficient of relative attraction between the two
particles.

Fig. 1. a) Structural diagram of the process of aglomeration of particles: 1 — ventilation device,

2 — flux of air, 3 — volume for supply of particles, 4 — unseparated particles, 5 — separator of particles
of cyclone type, 6 — particles the size of which is greater than 10 pm, 7 — particles of the size up
to 10 um, 8 — channell, 9 — piezoelectric generator of acoustic waves, 10 — acoustic wave, 11 — laser
device for registration of size and quiantity of particles, 12 — the aglomerated particles, 13 — volume
of the aglomerated particles; b) Collision of particles of small diameter d, with a large particle
having diameter d, [13], y, is the critical (maximum) radial distance of possible collisions
of particles, bending of lines of flow of fluid is schematically represented in the figure

Length of ortho kinetic collision:

LIt = eLg, (13)

where € is calculated according to the Eq. (11), Ly is calculated according to the Eq. (9) and
reflects general relative effect of displacement and effectiveness of collision of particles.

Velocity of the process of reaching steady state of the particles under the action of the force of
gravity has the units of measurement m/s and is calculated as:

(14)

where p,, is density of the particle, d,, is diameter of the particle, g is the acceleration of gravity
of the earth, C, is the parameter of slippage. When the diameter of the particles is between 0.1 pm
and 10 pm, it is calculated as:
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2,522,

d, ’

C.=1+ (15)

where 4, is the average free path of the molecules of the gas and it has the unit of
measurement m.

Relative velocity of setting down of two particles has the unit of measurement m/s and is
expressed as:

re _ CcPpg

i = g @ —dD) (16)

It was determined that the ortho kinetic mechanism of collision of two particles is not
significant, when the velocity of the vibrating particles is near to the velocity of the process of
reaching the steady state by the flow. Gravitation is not significant when calculating the length of
ortho kinetic collision.

3. Experimental setup and method of investigations

For the conduction of experimental investigations special experimental setup was designed
and produced (see Fig. 2).

Fig. 2. Experimental setup: 1 — fan, 2 — cyclone, 3 — chamber, 4 — amplifier,
5 — sound generator, 6 — Toolbox Type PULSE 3560 — B

Experimental setup consists from four zones: A — the zone of coagulation (aglomeration) of
particles — acoustic camera, B — zone of observation of concentration of particles, C — zone of
supply of particles, D — zone of generation of sound and measurement (see Fig. 3).

For measurement of parameters of the acoustic field the system of measurement of vibrations
Bruel&Kjaer “Type 9727 was used (see Fig. 3 D). It consists from the software “Type 79107,
multi channell block for data accumulation “Type PULSE 3560 — B”, computer and hydrophone
Bruel&Kjar 8104 (sensitivity — 211 dB 1 V/uPa + 2 dB, frequency response from 0.1 Hz up to
100 kHz + 1.5 /— 6.0 dB; from 0.1 Hz up to 180 kHz + 3.5 / — 12.5 dB; in the horizontal direction
(xy plane) + 2 dB frequency 100 kHz; in the vertical direction (xz plane) + 4 dB frequency
100 kHz).

During the process of investigations in the system of supply of aerosolic particles air is taken
by the ventilator and is blown into a cyclone, which delets from the air flow particles larger than
10 um. By using a doser quartz sand processed into small particles is input to the air flow which
is being cleaned, the size of the elements of sand in it is not bigger than 1 um. Further the air flow
with the particles of quartz sand moves through the duct towards the acoustic camera. Before the
acoustic camera the pipe is mounted with the analyzer of concentration of aerosolic particles APC
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ErgoTouch 2 (see Fig. 3) (diameters of particles (6 channells) — 0.3 um, 0.5 um, 1 um, 3 pm,
5 um, 10 pm; time of measurement — seconds; volume — 0.01 + 5 % 1/min precision).

The device inputs air with a velocity of 2.83 1/m (error + 5 %). Before starting the investigation
the time period of input of air and the duration of measurements are set. Data how many particles
there are in 1 m? of air and of what diameter those particles are is obtained. Those results are
calculated by the device automatically.

|

|_ SRS S m— J 1

[ ]
Fig. 3. Schematic representation of the experimental setup: A — zone of aglomeration (coagulation)

of aerosolic particles — acoustic camera, B — zone of observation of concentration of aerosolic particles,

C — zone of supply of aerosolic particles, D — zone of generation of sound and measurement

The size and quantity according to fractions of the particles that are in the air flow is fixed
before the application of the action of the acoustic field. Air flow with the particles of quartz sand
enters into the acoustic camera, in which the flow experiences the action of the acoustic field. This
acoustic field is generated by the piezoelectric generator of sound. Then the change of
concentration of aerosolic particles is estimated as a function of the time period of action of sound
of the acoustic field.

Initial granulometric constituent parts of the particles were determined, as well as
granulometric constituent parts of the particles after their separation in a cyclone, in order to ensure
that the diameter of the remaining particles does not exceed 10 um. The analyser of the
granulometric constituent parts of the particles CILAS 1090DL was used. Measurement interval
was from 0.04 pm up to 500 pm.

For the determination of concentration of the particles optical analyzer of concentration of the
particles APS Ergotouch Pro 2 was used.

By using the specialised software frequencies of vibrations registered by the sensor and
amplitudes of pressure of sound as functions of time are analyzed. As a result of processing of the
results of measurements parameters of the acoustic field were obtained.

Acoustic noise produced by the ventilator is stable in the whole band ~70 dB + 10 dB. Quartz
sand was weighted by using the weighting equipment “BLE — 4”, value of the weighting grade
was 0.001 g.

Main parameters of the system which are necessary for the conduction of the experimental
investigation are presented in Table 1.

Table 1. Main parameters of the system used in the experimental investigation

Parameter Units of measurement | Value
Quantity of air in the system m’/h 6-25
Weight concentration of aerosolic materials in air g/m’ 10-45
Time of exposure of aerosolic material in the acoustic camera s 0.5-3.5
Frequency of sound kHz 8-24
Level of sound pressure in the acoustic camera dB >120
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Acoustic field in the acoustic camera is notstable. During the investigation the hydrophone
must be mounted in parallel to the direction of propagation of sound waves. This is necessary in
order to ensure the highest sensitivity of the hydrophone. Largest pressure of sound was registered
nearest to the source of the acoustic field. When the distance to the source of the acoustic field
increases the pressure of sound decreases.

4. Results of investigations and discussion

By using the developed experimental setup investigations of effectiveness of coagulation of
aerosolic material as functions of pressure of sound and frequency of the acoustic field were
performed. In the process of investigations pressure of sound of the acoustic field in the acoustic
camera by using the piezoelectric generator of sound was 136.6 dB and frequency was 23.98 kHz.
When using the aeroacoustic generator of sound pressure of sound was 138 dB and frequency was
8.08 kHz. Results are presented in Fig. 4 and Fig. 5.

Autospectrum(Signal 1) - Mark 1 (Real) \ FFT Analyzer
[dB/1u Pa]
140

80+

60 T T T T T T
0 4k 8k 12k 16k 20k 24k

[Hz]
Fig. 4. Aeroacoustic generator of sound, pressure of sound 138 dB and frequency 8.08 kHz
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Autospectrum(Signal 1) - Mark 2 (Real) \ FFT
[dB/1u Pa]
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Fig. 5. Piezoelectric generator of sound, pressure of sound 136.6 dB and frequency 23.98 kHz

Results of experimental investigations for the system of poly dispersed particles were obtained:

1) When the pressure of sound is 138 dB and the frequency is 8.08 kHz (see Fig. 4) n/n,,
(where n is the contrentration of particles after the time t and n, is the initial concentration of
particles) it was obtained:

« with the particles of the diameter 0.5 um varied from 0.42689 up to 0.38807,
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« with the particles of the diameter 0.7 um varied from 0.31703 up to 0.30748,

» with the particles of the diameter 1 um varied from 0.17752 up to 0.16420,

» with the particles of the diameter 5 um varied from 0.05664 up to 0.07367,

» with the particles of the diameter 10 pm varied from 0.02193 up to 0.06677;

2) When the pressure of sound is 136.6 dB and the frequency is 23.98 kHz (see Fig. 5) n/no:

+ with the particles of the diameter 0.5 um varied from 0.090440575 up to 0.139182893,

» with the particles of the diameter 0.7 um varied from 0.164726397 up to 0.335110935,

« with the particles of the diameter 1 um varied from 0.702579154 up to 0.518249834,

« with the particles of the diameter 5 um varied from 0.022782394 up to 0.000373265,

« with the particles of the diameter 10 um varied from 0.01947148 up to 0.007829603.

Results of velocity of coagulation of the particles as functions of frequency of sound in time
when the pressure of sound is 138 dB and the frequency is 8.080 kHz (by using the acroacoustic
generator of sound) are graphically presented in Fig. 6. Results when the pressure of sound is
136.6 dB and the frequency is 23.980 kHz (by using the piezoceramic generator of sound) are
graphically presented in Fig. 7.
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Time, s
Fig. 6. Velocity of coagulation of the particles as functions of frequency of sound in time
when the pressure of sound is 138 dB and the frequency is 8.08 kHz
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Fig. 7. Velocity of coagulation of the particles as functions of frequency of sound in time
when the pressure of sound is 136.6 dB and the frequency is 23.98 kHz

Analysis of the results of investigations showed that for aglomeration of the particles of
aerosolic material which are larger than 1 pum, frequency lower than ultrasonic is required. By
investigating aglomeration of the particles of aerosolic material which are smaller than 1 um it
was determined that they experience most effective aglomeration in the band of ultrasonic
frequencies. If localisation of particles is poly dispersional, then it is necessary to use sound in a
wide range of frequencies.
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Granulometric constituent parts of quartz sand which was supplied to the system before the
cyclone are presented in Fig. 8.

Diameters of particles of quartz sand change from 0.04 pm up to 45 pum. In the same way
granulometric constituent parts of the particles which settled in the cyclone were determined in
order to check the value of the exact diameter of the particles which can be settled down in a
cyclone (see Fig. 9).
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Fig. 8. Granulometric constituent parts of quartz sand used for the investigation
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Fig. 9. Granulometric constituent parts of particles which settled down in the cyclone
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Fig. 10. Granulometric constituent parts of the investigated particles
By subtracting the distributions presented in Fig. 8 and Fig. 9 one from another granulometric
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constituent parts of the investigated particles (which remained after separation in the cyclone) are
obtained and shown in Fig. 10.

From the obtained results it was determined that particles which are in the flow and have
diameter larger than 10 um have settled down and thus were separated in the cyclone.

In this work, authors A. Cereska, R. Maskelifinas and P. Paskevi¢ius have done methodical
analysis, data processing and article preparation for printing, I. Tetsman and I. Grinbergiené
conducted experiments and mathematical modelling process.

5. Conclusions

1) With the increase of the frequency of the acoustic field velocity of coagulation of particles
which are smaller than 1 um increases.

2) By numerically investigating coagulation of particles in the acoustic field it was determined,
that the particles of 10 um and of 5 um coagulate with the greatest velocity when the angle of the
acoustic signal is 30 degrees and the action of the force of gravity is taken into account. When the
force of gravity is not taken into account velocity of coagulation was greatest when the acoustic
signal was emitted in the direction of the axis of localisation of particles.

3) For coagulation of particles having the diameter larger than 1 pm frequency lower than the
frequencies of the supersonic band is required. Particles which have the diameter which is smaller
than 1 pm coagulate most effectively in the band of supersonic frequencies.

4) If the localisation of particles is poly dispersional, it is necessary to use the effect of sound
waves in a wide frequency band.

5) In the process of investigation of the interaction of particles of two different diameters (5 pm
and 10 um) under the action of the acoustic field and of the force of gravity, from the relationship
of the horizontal acoustic signal with the force of gravity the decrease of the speed of the process
of aglomeration and the increase of the time of aglomeration were noticed. At the same time when
investigating the aglomeration of two particles of equal diameters such interaction was
not noticed.

6) Variation of the frequency of the acoustic signal when the amplitude of the acoustic wave
remains the same, does not have substantial influence to the time of aglomeration of the particles.
At the same time the time of aglomeration of the particles becomes substantially smaller when the
amplitude of the sound waves increases, while the frequency of the acoustic signal remains the
same.
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