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Abstract—This study is devoted to theoretical research on two-stage fine spraying of liquids that consists of
the primary formation of large drops under the effect of ultrasound on a thin liquid film and the secondary
breakup of generated drops under the influence of a high-frequency acoustic field in an air-drop medium. A
physical mechanism is revealed and a physicomathematical model is proposed for the breakup of drops,
which makes it possible to determine the threshold levels of acoustic pressure for various drop sizes, properties
of a sprayed liquid, and types of action. It is found that the most effective method of acoustic action is the
sequence of different-frequency pulses at a high aerosol concentration (greater than 10 vol %), which creates
conditions for intermode dispersion. It is shown that, under the effect of continuous single-frequency vibra-
tions, the radiator power necessary for drop disintegration can exceed 550 kW. Under pulsed action, the
required power decreases to 2 kW at a radiating surface area of 800 cm2.
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INTRODUCTION
The application of heterogeneous systems with a

finely dispersed liquid phase is promising in the decon-
tamination of housings, neutralization of hazardous
aerosols, creation of new and increasing energy indica-
tors for existing fuels, drying various materials, etc.

The effectiveness of using heterogeneous systems
with a finely dispersed liquid phase for solving various
problems is mainly due to a large specific interfacial
area per unit mass as compared to that in systems hav-
ing a film or foamy structure [1–4].

Spraying 2 mL of detergent aerosol containing
0.16 vol % of polyhexamethyleneguanidine hydro-
chloride and 0.03 vol % of didecyldimethylammo-
nium chloride (“Aeron”) can decontaminate 1 m3 of
air. Dispersion of 1% water [3] in hydrocarbon fuel
(gasoline, diesel oil, residual fuel, etc.) can increase effi-
ciency in internal combustion engines and nozzle burn-
ers by more than 5% (for emulsion drops of 2–3 μm).

The main applied methods in creating the disperse
phase in liquids or gases are based either on injection
of surface-active agents (SAAs) or emulsifiers, or
hydrodynamic phenomena: mechanical, hydrody-
namic (nozzles), rotor-impulse [4], etc., which have
already been elaborated at the turn of the 19th and
20th centuries. However, the most widespread con-
temporary methods allow effective creation of only
coarsely dispersed systems with drop sizes greater than
100 μm. Attempts to create finely dispersed systems

(with drop sizes smaller than 10 μm) using traditional
methods led to nonproportional growth of energy con-
sumption (the efficiency of the dispersion process was
less than 0.1%) or secondary coagulation of drops.

One of the most promising approaches to the for-
mation of the liquid disperse phase is low-frequency
ultrasonic (US) impact (at 22–250 kHz), which allows
dispersing liquid in either the carrying gas phase
(spraying) or in another liquid (emulsification).

US dispersion has advantages such as eliminating the
use of auxiliary substances (emulsifiers, SAA or spraying
agents), the possibility of dispersing highly viscous liq-
uids, small variation of sizes of formed drops with refer-
ence to average value, and high efficiency.

The mentioned method of forming liquid disperse
drops is supported by numerous studies [5–17]
devoted to establishing dependences of the disperse
characteristics of formed drops in the liquid (emul-
sion) and gas phase (aerosol) via ultrasonic impact.

Despite the advantages and considerable attention
of researchers [1–3, 5–17], ultrasonic dispersion has
not been widespread in industry. This is connected
with solving two mutually exclusive problems: simul-
taneously providing high productivity and the high
dispersity of the formed dropping liquid. According to
theoretical and experimental results in [5–17], pro-
ductivity is inversely proportional to the size of the
drops and is insufficient for industrial application
when forming finely dispersed drops.
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 At present, the maximum productivity achieved
for drops of 60–100 μm is 1 t/h due to the use of ultra-
sonic radiators with an increased surface area (up to
800 cm2) [18, 19], and, for drops smaller than 10 μm,
it is not greater than 4 L/h.

 This low productivity of the formation of finely
dispersed drops is mainly attributed to US irradiation
via cavitation, when the effect of cavitation causes the
detachment of drops from the surface of a free liquid
adjacent to the gas phase (spraying) or another liquid
(emulsification).

Little oscillation energy (less than 1%) is used when
transitioning from a liquid to a disperse state during
the appearance of cavitation in the liquid phase. Most
of the energy is spent on heating the liquid due to local
temperature growth up to 5000 K (at the moment of
collapse) in microscopic nuclei of cavitation bubbles
[2, 3].

Finding and scientifically substantiating new ways
of forming a finely dispersed liquid phase with
increased performance in US fields is tangible.

The aim of this work is to develop a high-capacity
method for producing fine liquid-drop systems based
on theoretical studies of drop formation in high-inten-
sity ultrasonic fields.

THE METHOD OF FORMING
FINELY DISPERSED LIQUID PHASE

IN ULTRASONIC FIELDS
Insufficient performance of US dispersing during

formation of finely dispersed drops is connected to
dispersing consisting of a single stage, which is the
detachment of a drop from the phase boundary of a
layer of the dispersed liquid phase and carrying
medium.

Known approaches to formation of finely dispersed
liquid drops require oscillation frequencies up to 5 MHz
[5, 7, 8, 20]. However, high-frequency oscillations
restrict the area of radiating surface, rapidly attenuate
in dispersible liquid, and are intensively absorbed in
the ultrasonic radiator material. High dispersing per-
formance in case of high dispersiveness is principally
unreachable using US impact within a single stage.

Therefore, the multistage method of ultrasonic dis-
persion of liquids is suggested. At the first stage large
drops are formed from the interphase surface of the dis-
persed liquid layer and carrying phase under the influ-
ence of low-frequency US oscillations (20–30 kHz).
Diameter of formed drops is defined via the profile of
capillary waves formed in the surface of a liquid layer
under the impact of cavitation created via low-fre-
quency US influence. The influence of US impact on
the profile of capillary waves and, consequently, on
the diameter of drops is thoroughly studied by
R.J. Lange, Yu.Ya. Boguslavskii, and O.K. Eknadio-
syants [21, 22]. These authors formulated the follow-
ing expression for diameter of drop formed from the
THEORETICAL FOUNDATIONS OF
surface of a liquid layer and dispersion performance
via mass of liquid detached from a unit surface per unit
time:

(1)

(2)

where λ is the length of a capillary wave, m; f is the fre-
quency of US oscillations, Hz; σ is the surface tension
of dispersed liquid at the interface with the gas phase
or another liquid, N/m; ρ is the density of liquid,
kg/m3; D1 is the diameter of drops, m; Π1 is the spe-
cific capacity of dispersion, m3/(m s).

The disperse phase formed during the first stage
and in a suspended state during the carrying phase is
subjected to the influence of US field from the carry-
ing phase. Thus, drops are deformed and broken up,
and the dispersity of drops undergoes further evolu-
tion. The process is multiply repeated for each newly
formed drop (Fig. 1).

During deformation of a drop under the impact of
a carrying medium, the shape of a drop wall is sub-
jected to cylindrically symmetrical change with
respect to the axis, the direction of which coincides
with that of US oscillations. In turn, the changing of a
drop shape is connected with formation of capillary
waves on its surface. Formation of capillary waves on
the interface between gas and liquid or two nonmixing
liquids is widely investigated by J.W. Strutt (Lord
Rayleigh), Yu.Ya. Bogusavskii, O.K. Eknadiosyants,
etc., and is caused by the alternating of maximums and
minimums of surface tension forces due to the mass
conservation law of liquid, which comprises drop vol-
ume. Difference of forces between neighbor points of
maximum F1 and minimum of surface tension F2 leads
to f lowing of liquid from zones of the largest surface
curvature to zones of the least curvature. As a result,
maximums and minimums of surface tension forces
change places. The process is periodically repeated.

Since, initially, a drop is spherical, excitation of
drop walls behaves like radial capillary waves with pro-
file R(θ), where R is the length of radius-vector r of

point on drop wall, equal  θ is the polar angle,
the angle between radius-vector r and axis z.

For angles θ = 0; θ = π due to deformation symme-

try  which is similar to wave reflection condi-

tions. Thus, radial capillary waves of the surface of
drop are standing waves. A whole number of waves
must fit within the half length of drop circumference.
According to research in [20], the wave with the largest
amplitude is the one with length equal the half length
of drop circumference.
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Fig. 1. Method for high-capacity formation of finely dispersed drops in US fields.
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Fig. 2. Schematic representation of the deformation and breakup of a drop in a US field.
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where D is the diameter of the initial drop, m, further
avalanchelike decrement of thickness begins on the
central region of the “dumb-bell” 1 (Fig. 2). Then, the
next stage of drop breakup begins.

Since the length of the capillary wave on a drop sur-
face coincides with the half length of the drop circum-
ference, breakup of one drop with diameter D and
mass m leads to formation of two identical drops with

diameter  and mass 

The deformation–breakup cycle is repeated for
newly formed drops.

The proposed dispersion method makes it possible
to increase the rate of the formation of a finely dis-
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persed liquid phase by several times as compared to
single-stage dispersion in the cavitation mode due to
the following:

(1) the possibility of the required size of small drops
(smaller than 10 μm) from large drops (40–80 μm)
during primary dispersion. According to research in
[5–17], dispersion of large drops is characterized by up
to 200 times higher capacity compared to small drops.
The breaking of large drops into small drops will take
no more than a few dozen periods of US oscillations
(not longer than 0.2 s).

(2) conservation of dispersion rate during the
breakup of large drops into small drops at the second
stage due to the law of conservation of mass that holds
true for each elementary act of the breakup of drops:

(4)
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where D1 = N∩[1; Nbefore] is the multitude of numbers

of drops before the breaking moment; 

 is the multitude of

numbers of drops after the breaking moment; m1i is the

mass of drop with number i before breaking, kg;

 is the mass of drop formed after

breaking with number i, kg; Nbefore is the amount of ini-

tial drops subjected to breaking.

In addition, the two-stage method will require less
energy consumption on disperse phase formation in
comparison with the single-stage method due to little
energy required for primary generation of coarsely dis-
persed drops and cavitationless impact of US oscillations
at the second stage of dispersing.

This was verified via comparative estimates of
energy consumption of drops formation using single-
stage and two-stage methods according to the follow-
ing expression:

(5)

where E2 is the energy required for two-stage spraying

of liquid of a given volume V (m3) for drops with diam-
eter d2, J; E1 is the energy required for single-stage

spraying (in a layer) of liquid of a given volume V for
drops with diameter d2, J; σ is the surface tension of

sprayed liquid, N/m; K1(f) is the coefficient of trans-

formation of ultrasonic oscillation energy into the
detachment of drops from the liquid layer; K2(f) is the

coefficient of transformation of ultrasound oscillation
energy into secondary breakup of drops suspended in
air; f1 is the oscillation frequency of the spraying sur-

face, which is required for detachment of drops with

diameter d2 from the liquid layer, Hz;  is the oscilla-

tion frequency of the spraying surface, which is
required for detachment of drops with diameter d1

from the liquid layer, Hz; f2 is the frequency of oscilla-

tions in air medium, which is required for breakup of
drops with diameter d1 to drops with diameter d2, Hz.

Coefficient of transformation K1 of ultrasonic

oscillation energy into detachment drops from dis-
persed liquid (dispersing efficiency) does not exceed
0.003 in [23] and decreases with decrement of drops
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diameter, which requires the increasing of impact fre-

quency, i.e., K1(f1) < K1( ).

The coefficient of transformation K2 of ultrasonic

oscillation energy into the secondary breakup of
already formed drops is close to 1, since no energy is
required on creation of cavitation and since losses on vis-
cous friction are negligibly small as viscosity of dispersed
liquids used in practice does not exceed 50 MPa s.

Relative energy consumption required for the for-
mation of drops during the two-stage dispersion
method is shown as

i.e., the energy required for a liquid-drop system with
a given diameter of drops and performance using the
two-stage dispersion method is more than seven times
less than in the single-stage method.

To provide maximal efficiency in the suggested
two-stage method, we must discover optimal exci-
tation regimens of US impact based on complex theo-
retical research on the excitation processes of drop
walls oscillations and the evolution of the disperse
phase in US fields.

The next chapter describes the suggested physical-
mathematical model of the oscillation of drop walls
excited under the influence of highly intensive US
fields.

PHYSICAL-MATHEMATICAL MODEL
OF THE EXCITATION OF DROP WALLS 

OSCILLATIONS IN ULTRASONIC FIELDS

The model is based on computation of liquid
motion in drop volume under the influence of the fol-
lowing forces (Fig. 3) in [20]: pressure difference in
oscillating f lux of the carrying phase (Fp), difference of

surface tension forces during wavelike perturbations of
a drop wall (Fs.t), forces of viscous stresses during wall

motion with nonzero velocity (Fv).

Computation of drop shape change was performed
using a numeric method to solving Boltzmann lattice
equations in [24], considering liquid f low as motion of
an assembly of pseudo-particles having some function
of distribution via discrete velocities Nk(x, t). Nk(x,

t)dx is the number of pseudo-particles with velocity ck
and located within volume dx. Velocities ck are

selected in a way that particles would move to neighbor
nodes of spatial lattice per time step Δt, where vectors
fulfill condition ek = ckΔt.

Here, concentrations of liquid pseudo-particles are
computed at each time step according to expression
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Fig. 3. Schematic representation of the deformation of a drop in a US field: n—vector of normal to drop wall; S—surface of wall;
r, z—axes of cylindrical coordinates. 
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where Ω is the operator of collisions; ΔNk is the change
of particles concentration due to volumetric forces,
m–3; r; z, θ are the cylindrical coordinates of a point on
the surface of deformed drop.

Analysis of a numeric model of drops breakup
allows defining their maximal deformation via formula

(7)

where d is the initial diameter of drop, m.

Maximal deformation determines the possibility of
drop breakup. Breakup criterion is the condition x >
d/4, when the Weber number exceeds critical value
We > Wecr = 6 (forces of surface tension in the central

region of drop 1 exceed that in peripheral region 2
(Fig. 3) due to local thinning of the drop) [20].

Maximal drop deformation is proportional to the
introduced energy of oscillations. Therefore, to break
up a drop, the energy of oscillations must exceed some
threshold value, for which x = d/4.

Figures 4 and 5 present dependences of minimal
energy of US field (ratio between intensity of oscilla-
tions and sonic speed in carrying phase Emin = I/c),

required for realization of elementary breakup of drops
under the impact of sine oscillations of one frequency.

The dependences (Figs. 4, 5) imply that there are
diameters, for which oscillation energy required for
drop breakup reaches local minimum (lower than

10 kJ/m3). These are resonant diameters for given
properties of liquid. However, it is impossible to con-
tinuously impact frequencies corresponding to reso-
nant drop diameters, since the diameter is constantly
changing due to breaking and evaporation. The US
radiator is capable of creating a maximal level of sonic
pressure for a finite set of frequencies conditioned via
resonant properties of the radiator.

In addition, growth of viscosity leads to smoothing
resonant minimums of the threshold level of US field

( ) ( )(
) ( )
( )

+ Δ + Δ
+ Δ + Δ =

+ Ω + Δ

cosθ, sinθ,

, cosθ, sinθ, ,

,

k kr kr

kz k

k k

N r c t r c t z
c t t t N r r z t

N N

[ ]
( )( ) ( )( )∈

= − + −
2 2

θ 0;π
max sinθ θ cosθ θ ,

2 2

d dx r z
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
energy, even though its influence on the value of the
resonant diameter is weak. Minimums of oscillation
energy completely disappear, beginning from a viscos-
ity of 30 MPa s. Thus, we must consider the behavior
of the dependency of oscillation energy outside of res-
onances. Beyond resonances, oscillation energy is 20–

160 kJ/m3 higher than in the resonance region. Dia-
grams in Fig. 5 imply that the threshold energy of
oscillations increases with decreasing drop diameter.
This is connected with the growth of capillary forces,
which impede drop deformation.

It was established that characteristics of US field
must fulfill the following conditions for dispersion of
liquid phase:

(1) partial energy of the formed field must consti-

tute more than 20 kJ/m3 for acoustic power of radiator
not greater than 2 kW, which is defined as P = EcS
(E—partial energy of oscillations, J/m3; c—sonic
speed in carrying phase, m/s; S—area of radiating sur-

face), and a radiating surface from 800 cm2;

(2) formed US field must exclude the appearance
of cavitation in dispersed liquid, since this will signifi-
cantly decrease the fraction of oscillation energy spent
on the transferring of liquid to a disperse state.

However, these are some physical restrictions,
which impede creation of US fields with these high
characteristics.

(1) Cavitation appearing in dispersed liquid for
oscillation energy required for elementary breakup of

drop, which exceeds 20 kJ/m3 for large drops (80–

100 μm) and is greater than 80 kJ/m3 for small drops
(5–15 μm), will lead to spending over 99% of energy
on heating liquid due to local temperature growths, in
nuclei of cavitation bubbles, up to 5000 K in [2, 3].

(2) During dispersing in the carrying gas phase
given partial power is not achievable using existing
radiators, since maximal oscillation energy created via
available radiators of US impact for gas and gas-

disperse media does not exceed 1 kJ/m3 (for acoustic
radiator power, no greater than 2 kW in [18, 19, 25–27]

with a radiating surface from 800 cm2), even in condi-
tions of resonant reflection and propagation of US
EERING  Vol. 53  No. 3  2019
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Fig. 4. Dependences of US field energy on drop diameter for various viscosities of liquid (frequency is 22 kHz): (1) 1 mPa s; (2) 2;
(3) 3; (4) 5; (5) 7; (6) 10, (7) 15, (8) 20, (9) 30 mPa s (a)—20 mN/m; (b)—40 mN/m. 
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field. It is impossible to form a field of high intensity
using small radiator power through impact via sine
oscillations consisting of a single harmonic.

We suggested a further described method based on
the formation of a sequence of wave packets of differ-
ent frequencies.

METHOD OF FORMATION OF ULTRASONIC 
FIELD FOR LIQUID PHASE DISPERSION

Formation of highly intensive US field with char-
acteristics sufficient for dispersion of drops at rela-
tively little power from the radiator requires concen-
tration of energy in space and/or time.

The suggested method of energy concentration is
the radiation of a sequence of wave packets of a finite
duration (not longer than 10 ms) at multiple frequen-
cies (ultrasonic pulses). Due to intermode dispersion
conditioned by the presence of heterogeneous impurities
(liquid drops) in multiphase medium, these packets will
THEORETICAL FOUNDATIONS OF
have different propagation velocities and will comprise a

superposition at some distance from the radiator.

To create conditions for the formation of highly

intensive US field, we must analyze the propagation of

wave packets in a gas medium via the influence of liq-

uid drops. The analysis was based on the wave equa-

tion from general equations of dynamics of gas-drop

media in [28]. The wave equation includes the non-

zero right part, which accounts the influence of liquid

drops and represents a double integral of the prehis-

tory of changing sonic pressure with exponentially

decreasing weight coefficients:
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Fig. 5. Dependences of the US field energy on drop diameter for various viscosities of liquid (with frequency at 44 kHz): (1) 1 mPa

s; (2) 2; (3) 3; (4) 5; (5) 7; (6) 10, (7) 15, (8) 20, (9) 30 mPa s; (a)—20 mN/m; (b)—40 mN/m. 
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where α10 is the equilibrium volume content of air, %;

α20 is the equilibrium volume content of liquid, %; с is

the sonic speed in air, m/s; ρ10 is the density of air,

kg/m3; μ is the viscosity of air, Pa s; a is the radius of a

liquid drop, m; p1 is the pressure of air, Pa; τ is the

relaxation time, s.

Computations of sonic speed in medium with

disperse liquid phase based on equation (8) establish

that, for concentration of aerosol in air not less than

10 vol %, sonic speed increases up to 1.5 times with

growth of frequency from 22 to 66 kHz (Fig. 6).

At this difference of speed, wave packets will be

superimposed on each other at a distance not greater

than 400 cm from the surface of the radiator (Fig. 7).

We have the possibility of concentrating US energy

using the suggested method of impact (via a sequence

of wave packets with providing of high concentration
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
of disperse phase over 10 vol %) to realize the second

stage of dispersing (breaking of preliminarily formed

coarsely dispersed drops).

Further optimal impact systems via wave packets

were discovered to provide maximal efficiency of sec-

ondary dispersion based on a previously described

drop breaking model.

OPTIMAL CHARACTERISTICS
OF ULTRASONIC FIELD FOR LIQUID

PHASE DISPERSION

Figure 8 presents dependences of minimal energy
of a separate wave packet required for breakup of drops
under the impact of two alternating packets with fre-
quencies of 22 and 44 kHz, which are created by the
same radiator.
EERING  Vol. 53  No. 3  2019
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Fig. 6. Dependence of sonic speed on US wave frequency for various volume contents of water aerosol (the drop diameter is
20 μm): (1) 5%; (2) 10; (3) 15; (4) 20; (5) 25; (6) 30, (7) 35, (8) 40%. 
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The dependences highlight the decreasing of wave
packet energy required for breakup of drops by more

than 20 kJ/m3 even under impact from two packets
with different frequencies. According to the results, an

energy of 60 kJ/m3 is enough for breakup of drops to
sizes smaller than 5 μm.

In addition, impact from wave packets with differ-
ent frequencies is characterized by a quadratic increas-
ing of the amount of drop resonant diameters with
growth in number of packets in the sequence, since the
force applied to a drop from the gas f lux side is propor-
tional to squared gas speed. This means that impact
from wave packets on two frequencies will lead to the
appearance of four resonant diameters, since drop
oscillations include four time harmonics with the
highest amplitudes on frequencies of 22, 44, 66, and
88 kHz. From the last statement, the force from the
gas f lux side applied to a drop is proportional to
squared speed of f low with respect to the drop. Impact
on several frequencies covers the whole range of
change in resonant frequency of a drop during its
breaking and evaporation, providing additional decre-
ment of oscillation energy, which must be created via
the radiator in a disperse system.

The presented dependences imply that, within the
suggested impact method for secondary dispersing, it
would be enough to have a radiator capable of creating

oscillation energy of 1–10 kJ/m3 in continuous air
medium (acoustic power not greater than 2 kW for

radiating surface of 800 cm2). The manufacturing of
this radiator (in contrast to that radiating oscillations

at 20–160 kJ/m3) represents a technically realizable
problem [29].

Efficiency of dispersion for discovered US field
systems was defined based on comparative analysis of
THEORETICAL FOUNDATIONS OF
drop breakup time and time required for the appear-
ance of coagulation, which impedes dispersion.

For this purpose, the evolution of drop diameter
was computed. Breakup of a single drop was analyzed
during computation of the evolution of the liquid
disperse phase under the influence of US oscillations
(each time, one drop was selected among two newly
formed as a result of elementary breakup).

Assume that elementary breakup acts are realized
at discrete moments of time t1, t2, …, tn, where ti ≤ ti + 1.

In the assumption that, during each breakup act, a
drop is split into two identical drops, the following dif-
ference equation, conditioned by the fact that diame-

ter of new drops is 21/3 times smaller than that of the
original drop, will be true for the drop diameter:

(9)

For a large enough number of elementary breakup
acts and after applying the averaging of random vari-
ables representing moment of times of acts ti, we have

the following differential equation:

where  is the average interval of time between ele-

mentary breakup acts, which is defined via the com-
parison of the absolute value of drop deformation with

threshold deformation  which will cause breakup, s.

The presented equation allows the computing time
required for drop breakup to the required size depend-
ing on the parameters of the US field.
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Fig. 7. Distributions of partial energies of wave packet oscillations in a channel length of 900 mm (a US radiator with a diameter
of 20 mm is located on the left end of the channel): (a)—22 kHz; (b)—44; (c)—22 + 44 kHz. 
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Figure 9 shows dependences of drop breakup time

on energy of a separate wave packet for various finite

diameters of dispersed liquid drops and viscosities.

The dependences were constructed for impact of
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
wave packets superposition with two frequencies 22 +
44 kHz.

As it appears from the presented dependences (Fig. 9)
for discovered parameters of formed US field drops,
EERING  Vol. 53  No. 3  2019
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Fig. 8. Energy dependences of a separate wave packet on the drop diameter for various viscosities of liquid (with frequency at
22 + 44 kHz): (1) 1 mPa s; (2) 2; (3) 3; (4) 5; (5) 7; (6) 10, (7) 15, (8) 20, (9) 30 mPa s; (a)—20 mH/m; (b)—40 mН/m. 
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breakup duration is shorter than 0.015 s, i.e., shorter
than required for secondary coagulation of particles
(more than 100 s for coagulation of over 50% of initial
particles in [30]). The impact during a certain time of
drop breakup of less than 0.015 s allows increasing the
maximum permissible energy up to three times, at which
precavitation will be maintained during dispersion in the
carrying liquid phase [25, 31].

This confirms the efficiency of the suggested
method of formation of the finely dispersed phase.

CONCLUSIONS

A method of US dispersion providing increased
performance of finely dispersed liquid phase forma-
tion (aerosol in the carrying gas phase or emulsion in
the carrying liquid phase) with a drop size of 10 μm
and consisting of two stages was suggested: primary
formation of coarsely dispersed drops from the free
surface of a dispersed liquid and breaking of primarily
THEORETICAL FOUNDATIONS OF
formed drops into finer drops under the impact of a
highly intensive US field, which excites oscillations of
drop walls.

A comprehensive identification of the optimal
modes of high-intensity ultrasound field formation in the
second stage of the process was carried out based on
developed models of the propagation of ultrasonic oscil-
lations and the evolution of drop sizes in a dispersed
medium to provide maximal efficiency of dispersion to
the required diameter of drops (smaller than 10 μm).

From model analysis, we established that the min-
imal energy of US field required for drop breakup
under the impact of single-response sine oscillations is

over 20 kJ/m3 for coarsely dispersed drops (80–

100 μm) and over 160 kJ/m3 for finely dispersed drops
(1–15 μm). Modern radiators cannot technically pro-
vide these high energies, since power must be greater

than 550 kW for a radiating surface of 800 cm2 (round,
flat radiator with a diameter of 320 mm).
 CHEMICAL ENGINEERING  Vol. 53  No. 3  2019
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Fig. 9. Diameter dependences of drops on time for various energies of separate wave packets and viscosities of dispersed liquid
(with frequency at 22 + 44 kHz): (1) 20 μm; (2) 10; (3) 5 μm; (a)—1 mPa s; (b)—10 mPa s. 
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A method of field formation based on radiation of
a wave packet sequence of finite duration having mul-
tiple frequencies was suggested to decrease the
required power from a radiator. The suggested impact
method allowed a decrease in power requirements for the
US radiator to realize drops dispersion (acoustic power

lower than 2 kW for a radiating surface of 800 cm2).

Under the influence of a sequence of wave packets,
the duration of drop breakup to the required size
(smaller than 10 μm) is shorter than 0.015 s, i.e., short
compared to the time required for secondary coagula-
tion of drops (longer than 100 s for coagulation of 50%
of drops). The impact during a computed time period
of drops breakup will allow an increase, of up to three
times, in maximum permissible energy without unde-
sirable cavitation during dispersion in the carrying liq-
uid phase.

The suggested method of drop dispersion and the
formation of the US field will provide higher perfor-
mance of finely dispersed liquid phase formation
compared with single-stage US dispersion.
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
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NOTATION

А amplitude of oscillations, m

a radius, m

c speed of particle, m/s

c sonic speed, m/s

d diameter, m

dx elementary volume, m3

E partial energy, J/m3

e trajectory of particle, m

F force, N

f frequency of oscillations, Hz

I intensity of oscillations, W/m2
EERING  Vol. 53  No. 3  2019



430 KHMELEV et al.
SUBSCRIPTS AND SUPERSCRIPTS

REFERENCES

1. Khmelev, V.N., Shalunov, A.V., Galakhov, A.N.,
Khmelev, M.V., and Golykh, R.N., The control of
ultrasonic coagulation of dispersed nanoscale particles,
Proc. 14th International Conference of Young Specialists
on Micro/Nanotechnologies and Electron Devices (EDM
2013), Novosibirsk, 2013, p. 166.

2. Khmelev, V.N., Golykh, R.N., Shalunov, A.V.,
Bazhin, V.E., and Nesterov, V.A., Determination of
optimum conditions of ultrasonic cavitation treatment
of high-viscous and non-Newtonian liquid media,
Proc. 16th International Conference of Young Specialists
on Micro/Nanotechnologies and Electron Devices (EDM
2015), Novosibirsk, 2015, p. 208.

3. Khmelev, V.N., Golykh, R.N., Shalunov, A.V.,
Khmelev, S.S., and Karzakova, K.A., Determination of
ultrasonic effect mode providing formation of cavita-

N concentration, vol %

ΔN change of concentration, vol %

P acoustic power, W

p pressure, Pa

r polar radius of point, m

S area, m2

t time, s

Δt time step, s

x magnitude of drop deformation, m

z applicate of point, m

α equilibrium content, vol %

θ polar angle, rad

μ dynamic viscosity, Pa s

ρ density, kg/m3

τ relaxation time, s

Ω dimensionless collision operator

We Weber number

10, 20 gas and liquid phases without

an ultrasonic field, respectively

11, 21 gas and liquid phases in the presence of an ultra-

sonic field, respectively

1, 2, n, i numbers of components

cr critical value

k number of particle motion direction

kr projection of vector of kth direction to axis r
kz projection of vector of kth direction to axis z
min minimal value

p for forces of pressure difference

s.t for forces of surface tension

v for forces of viscous stresses
THEORETICAL FOUNDATIONS OF
tion area in high-viscous and non-Newtonian liquids,
Proc. 15th International Conference of Young Specialists
on Micro/Nanotechnologies and Electron Devices (EDM
2014), Novosibirsk, 2014, p. 203.

4. Sakovich, G.V., Vasilishin, M.S., Kukhlenko, A.A.,
Sysolyatin, S.V., and Karpov, A.G., RF Patent
2299091, 2007.

5. Yasuda, K., Honma, H., Asakura, Y., and Koda, S.,
Effect of frequency on ultrasonic atomization, Proc.
Symposium on Ultrasonic Electronics, Tokyo, 2010,
vol. 31, p. 363.

6. Tsai, S.C., Song, Y.L., Tsai, C.S., Yang, C.C., Chiu, W.Y.,
and Lin, H.M., Ultrasonic spray pyrolysis for nanopar-
ticles synthesis, J. Mater. Sci., 2004, vol. 39, p. 3647.

7. Dalmoro, A., Angela Barba, A., and d’Amore, M.,
Analysis of size correlations for microdroplets produced
by ultrasonic atomization, Sci. World J., 2013, p. 7.

8. Asami, T., Yakou, R., Ono, T., and Mlura, H., Ultra-
sonic atomization by difference between vibration dis-
placements of two circular vibrating plates, J. Mech.
Eng. Autom., 2016, vol. 2, no. 6, p. 30.

9. Khmelev, V.N., Golykh, R.N., and Shalunov, A.V.,
Optimization of these modes and conditions of ultra-
sonic influence on various technological mediums by
mathematical modeling, Proc. 13th International Con-
ference of Young Specialists on Micro/Nanotechnologies
and Electron Devices (EDM 2012), Novosibirsk, 2012,
p. 124.

10. Khmelev, V.N., Shalunov, A.V., Nesterov, V.A., Abra-
menko, D.S., Genne, D.V., and Dorovskikh, R.S.,
Automated line for ultrasonic spraying of anticoagulant
into the blood collection tubes, Proc. 15th International
Conference of Young Specialists on Micro/Nanotechnolo-
gies and Electron Devices (EDM 2014), Novosibirsk,
2014, p. 181.

11. Khmelev, V.N., Golykh, R.N., Shalunov, A.V., Sha-
lunova, A.V., and Genne, D.V., The investigation of
modes of ultrasonic influence for atomization of liquids
with specified dispersivity and productivity, Proc.
13th International Conference of Young Specialists on
Micro/Nanotechnologies and Electron Devices (EDM
2012), Novosibirsk, 2012, p. 188.

12. Kapelyukhovskaya, A.A., Intensification of emulsifica-
tion using hydrodynamic radiators, Sbornik trudov 6-i
Mezhdunarodnoi nauchno-tekhnicheskoi konferentsii
“Tekhnika i tekhnologiya neftekhimicheskogo i neft-
egazovogo proizvodstva” (Proc. 6th International Scien-
tific and Technical Conference “Engineering and
Technology of Petrochemical and Oil-And-Gas Pro-
duction”), Omsk, 2016, p. 76.

13. Canselier, J.P., Delmas, H., Wilhelm, A.M., and Abis-
mail, B., Ultrasound emulsification – An overview, J.
Dispersion Sci. Technol., 2002, vol. 23, no. 1, p. 333.

14. Chalothorn, K. and Warisnoicharoen, W., Ultrasonic
emulsification of whey protein isolate-stabilized
nanoemulsions containing omega-3 oil from plant
seed, Am. J. Food Technol., 2012, vol. 7, no. 9, p. 532.

15. Yoshiyuki, T., Takuya, H., Takefumi, K., Koichi, S.,
Tautomu, O., Sotaro, I., Kazuyuki, I., Kenichi, O.,
Kazutaka, H., and Yuta, Y., The condition of an emul-
sion generation by using an ultrasonic vibration and a
 CHEMICAL ENGINEERING  Vol. 53  No. 3  2019



METHOD FOR PRODUCING FINE LIQUID-DROP SYSTEMS IN ULTRASOUND FIELDS 431
microchannel, Proc. Symposium on Ultrasonic Electron-
ics, Tokyo, 2010, vol. 31, p. 233.

16. Hielscher, T., Ultrasonic production of nano-size dis-
persions and emulsions, Proc. Dans European Nano
Systems Workshop – ENS, Paris, 2005, p. 6.

17. Hryniewicka, M., Ultrasound-assisted emulsification
microextraction in the environmental and food analy-
sis, PhD Interdiscip. J., 2015, vol. 1, p. 185.

18. Galakhov, A.N., Khmelev, V.N., Golykh, R.N., Sha-
lunov, A.V., Nesterov, V.A., and Shalunova, A.V.,
Study of the process of liquid atomization from the
ultrasonic disk radiator, Proc. 14th International Confer-
ence of Young Specialists on Micro/Nanotechnologies and
Electron Devices (EDM 2013), Novosibirsk, 2013,
p. 119.

19. Borisov, Yu.A., Leonov, G.V., Khmelev, V.N., Abra-
menko, D.S., Khmelev, S.S., and Shalunov, A.V., RF
Patent 2403085, 2010.

20. Leea, M.W., Parka, J.J., Faridb, M.M., and Yoona, S.S.,
Comparison and correction of the drop breakup models
for stochastic dilute spray f low, Appl. Math. Modell.,
2012, vol. 36, no. 9, p. 4512.

21. Lang, R.J., Ultrasonic atomization of liquids, J. Acoust.
Soc. Am., 1962, vol. 34, p. 6.

22. Rozenberg, L.D., Fizicheskie osnovy ul’trazvukovoi
tekhnologii (Physical Fundamentals of Ultrasonic
Technology), Moscow: Nauka, 1970.

23. Shalunov, A.V., Increasing the efficiency of chemical
engineering processes in heterogeneous systems by
high-intensity ultrasonic irradiation, Doctoral (Eng.)
Dissertation, Barnaul: Polzunov Altai State Technical
Univ., 2013.

24. Kupershtokh, A.L., The lattice Boltzmann equation
method for the modeling of vapor–liquid two-phase
systems, Sovrem. Nauka: Issled., Idei, Rezul’t., Tekh-
nol., 2010, no. 2 (4), p. 56.

25. Khmelev, V.N., Golykh, R.N., Khmelev, M.V., Shak-
ura, V.A., Shalunov, A.V., and Barsukov, R.V., Evalua-

tion of optimum modes of ultrasonic pulsed influence
for coagulation in liquid-dispersed medium, Proc. 17th
International Conference of Young Specialists on
Micro/Nanotechnologies and Electron Devices (EDM
2016), Novosibirsk, 2016, p. 225.

26. Khmelev, V.N., Shalunov, A.V., Golykh, R.N., Sha-
lunova, K.V., Galakhov, A.N., and Nesterov, V.A.,
Revealing of optimum modes of ultrasonic coagulation
of submicron particles and determining of the shape of
the aggregates by mathematical modeling, Proc. 15th
International Conference of Young Specialists on
Micro/Nanotechnologies and Electron Devices (EDM
2014), Novosibirsk, 2014, p. 208.

27. Khmelev, V.N., Shalunov, A.V., Golykh, R.N., and
Shalunova, K.V., Theoretical study of acoustic coagula-
tion of gas-dispersed systems, Proc. 11th International
Conference of Young Specialists on Micro/Nanotechnolo-
gies and Electron Devices (EDM 2010), Novosibirsk,
2010, p. 328.

28. Nigmatulin, R.I., Dinamika mnogofaznykh sred: v 2 ch.
(Dynamics of Multiphase Media in Two Volumes),
Moscow: Nauka, 1987.

29. Khmelev, V.N., Shalunov, A.V., Dorovskikh, R.S.,
Golykh, R.N., and Nesterov, V.A., The measurements
of acoustic power introduced into gas medium by the
ultrasonic apparatuses with the disk-type radiators,
Proc. 17th International Conference of Young Specialists
on Micro/Nanotechnologies and Electron Devices (EDM
2016), Novosibirsk, 2016, p. 246.

30. Sheng, C.D. and Shen, X.L., Modelling acoustic
agglomeration processes using direct simulation Monte
Carlo method, J. Aerosol Sci., 2006, vol. 37, p. 16.

31. Xie, W., Li, R., and Lu, X., Pulsed ultrasound assisted
dehydration of waste oil, Ultrason. Sonochem., 2015,
vol. 26, p. 136.

Translated by K. Gumerov
THEORETICAL FOUNDATIONS OF CHEMICAL ENGINEERING  Vol. 53  No. 3  2019


	INTRODUCTION
	THE METHOD OF FORMING FINELY DISPERSED LIQUID PHASE IN ULTRASONIC FIELDS
	PHYSICAL-MATHEMATICAL MODEL OF THE EXCITATION OF DROP WALLS OSCILLATIONS IN ULTRASONIC FIELDS
	METHOD OF FORMATION OF ULTRASONIC FIELD FOR LIQUID PHASE DISPERSION
	OPTIMAL CHARACTERISTICS OF ULTRASONIC FIELD FOR LIQUID PHASE DISPERSION
	CONCLUSIONS
	FUNDING
	REFERENCES

		2019-06-19T11:52:35+0300
	Preflight Ticket Signature




