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1. Introduction

2. Literature review and problem statement

Thermodynamic processes that occur on the surface
of gas-vapor bubbles, such as absorption [1], aeration [2],
bubbling [3], and vacuum distillation [4], are at the heart of
many advanced industrial technologies. Thermal and mass
exchange processes, which are the basis of degassing [5],
boiling [6[, cavitation [7], obtaining gas hydrates [8] and
many others also occur on the interphase surface of bubbles.

Active research into the influence of bubbles on sound
oscillations was carried out to optimize the operation of
hydrolocators. In the available literature [9], the issue of
damping of oscillations with frequencies from 4 kHz to
150 kHz in sea water at different depths was highlighted.
Another direction of research was caused by the necessity
of application of cavitation [10, 11]. Studies of fluid degas-
sing by the cavitation method were carried out starting with
the frequency of 10 kHz to the frequency of 1 MHz

Oscillations of bubbles have a damping character in most
cases. However, the most intense heat and mass exchange
processes on the surface of bubbles were observed during
these oscillations. A very quick change of thermodynamic
parameters of the “gas bubble—fluid” system occurs during
oscillation. The relevance of the study into dynamics of mass
exchange processes on the surface of an oscillating gas bub-
ble is explained by the necessity for optimization of various
technological processes.

The Rayleigh-Plesset equation is often used for analysis
of the dynamics of oscillations of vapor bubbles. The analysis
of fluid flow with lots of bubbles of different dimensions, con-
sidered in [12], is also based on the solution of this equation.
Given the large amount of calculation of a three-dimensional
model, the authors did not consider the phase transition
processes either on the surface of the fluid, nor in the middle
of bubbles. The Clapeyron-Clausius equation was applied for
determining pressure under conditions of constant boiling
[13]. However, in the face of oscillatory pressure changes, it
is necessary to consider that the periods of boiling alternate
with the periods of diffusive mass exchange. In addition,
such problem statement does not consider partial pressure of
gases that do not participate in phase transitions.

Quite often, in order to determine pressure inside cav-
itation bubbles, the process is considered to be adiabatic
[14]. However, this assumption is only possible for separate
stages in the development of a cavitation bubble when the
wall velocity exceeds one hundred meters per second. In
the work by V.R. Kulinchen [15], mathematical problem
statement takes into account phase transition and heat ex-
change near the surface of an oscillating bubble. However,
this model is designed for the bubbles that are formed as
a result of cavitation and inside of which there is greatly
rarified gas.




The mathematical model, considered in [5], contains a
model of the source of harmonic oscillations but pressure
of saturated vapor inside a bubble is accepted as constant,
and only bubbles of critical dimensions are considered.
F. Hegedis in [16] considered a single spherical gas bubble
that contains both non-condensed gas and vapor, but did
not take into consideration phase transition processes on the
surface of a bubble.

Comparison of three mathematical models of motion of
a cavitation bubble in the acoustic field was performed in
paper [10]: a polytropic model, a model ideal gas and radially
distributed thermodynamic parameters inside a bubble. A
description of mass transfer and phase transition processes
is also missing in these models, the frequency of acoustic
oscillations, assigned by the author, is significantly lower
than the resonance one. Paper [1] presents a physical-mathe-
matical model of heat and mass exchange and gas absorption
on the surface of a bubble. The obtained results of calcula-
tion show a considerable influence of gas dissolution on the
temperature mode of the gas phase of a bubble, but do not
consider oscillatory character of a bubble’s motion velocity.

Analysis of the scientific literature shows that the study
of resonance oscillations of bubbles in terms of acoustic im-
pact should be not only interesting from the scientific point
of view, but are also of great practical importance, since it is
a way of intensification of heat and mass transfer processes
for a variety of industrial technologies.

3. The aim and objectives of the study

The aim of present research is to study the influence of
sound oscillations of resonance frequency of thermodynamic
processes that occur in a gas-vapor medium of an oscillating
bubble. This will make it possible to enhance effectiveness of
absorption, aeration, to accelerate degassing of fluids, to re-
duce the negative impact of the boiling crisis and to optimize
other technological processes.

To accomplish the set goal, the following tasks were
determined:

— to supplement the mathematical model of a gas bubble
in fluid with the source of sound oscillation, consider phase
transition processes in the fluid, on the surface of a bubble
and in the gas-vapor medium;

—to perform calculations of transient thermodynamic
processes inside oscillating gas bubbles of different dimen-
sions in terms of acoustic impact on the fluid,;

— to analyze the effect of temperature on thermal-physi-
cal parameters of oscillating bubbles;

— to conduct field tests to prove the calculated resonance
frequencies and observation of the phenomenon of bubbles
resonance, to evaluate the influence of surfactants on oscil-
latory processes of bubbles.

4. Proposed mathematical model of gas-vapor bubbles
oscillation

The mathematical model [17] was accepted as the basis
for studying the influence of acoustic oscillations of the
resonance frequency on the thermobaric characteristics
of a gas-vapor bubble. This model was supplemented with
relevant components in the equation (11) for the purpose of

taking into account the thermal effect of phase transition
processes on the surface of a bubble and gas dissolution.
Equation (5) was changed in order to take into account mass
transfer processes at condensation/evaporation of water
vapor inside a bubble. Equation (14) was used for descrip-
tion of a source of harmonic pressure oscillations (acoustic
oscillations). The model contains the following simplifying
assumptions:

— a gas bubble is of spherical shape;

— a fluid is viscous and non-compressed;

— inside a gas bubble, there is a mixture of gases (air and
water vapor), the weight of which may vary as a result of
mass exchange processes both on the boundary of a bubble,
and in its volume;

— gases inside a bubble are considered as actual gas (tak-
ing into account the van der Waals forces).

Let us consider the equations describing thermodynamic
characteristics of a gas-vapor bubble during transition to a
new state of thermodynamic equilibrium [17]:
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where P,, P, are the partial pressures of water vapor and
the air, respectively, Pa; R is the radius of a gas bubble, m;
1 is the time, h, s; Py is the pressure of a gas mixture inside
a bubble, Pa; P, is the pressure in fluid, Pa; p,is the density
of fluid, kg/m3; y, is the dynamic viscosity of fluid, Pas;
o, is the coefficient of surface tension of fluid, N/m; py,
p. are the densities of vapor and the air, kg/m3; p. is the
densities of saturated water vapor, kg/m? R, is the univer-
sal gas constant, J/(kmol-K); p, is the molecular mass of
water, kg/kmol; p, is the molecular mass of the air, kg/kmol;
Tis the temperature of gas mixture in a bubble, K; a is the
Van der Waals constant, (N-m*)/mol?; b is the Van der
Waals constant, m3/mol; I, I, are the mass of water vapor
and air, that diffuse through a unit of the surface per unit
of time, kg/(m?s); I, is the mass flow of water vapor that
is condensed in gas medium of a bubble per unit of time,
kg/(m3-s); sy, S, are thermal capacity of water vapor of
the air, J/(kg-°C); ¢ is the specific thermal flow, directed
from the wall to gas medium of a bubble, W/m?; m,, is the
mass of water that evaporates from the surface of a bubble
in the known time interval, kg; 7, is the heat of the phase
transition water—water vapor, J/kg; 7, is the heat of air
dissolution in water, J/kg; V., is the arithmetical mean
velocity of gas molecules at temperature T, m/s; D, D,
are the diffusion coefficients of water vapor in the air
and of air in the water, respectively, m2/s; T, is the Henry
constant for the air above the water surface, (Pa-m?)/kg;
p,is the fluid density, kg/m?; ¢, is the thermal capacity
of fluid, J/(kg-"C); T, is the fluid temperature, K; x is the
space coordinate, m; ), is the effective coefficient of fluid
thermal conductivity, W/(m-°C); ¢, is the voluminous
power of sources or heat flows, W/m?; Ty is the initial
fluid temperature, K; Py is the initial fluid pressure, Pa;
Ap is the amplitude of pressure fluctuations, Pa; II is the
oscillation period, s;

Conditions for the occurrence of phase transitions. In the
gas-vapor medium:

—if T<Ty, water vapor condensation occurs;

—if T>T,and m,,>0, evaporation of water vapor conden-
sate occurs. Hereinafter, Tis the dew point temperature, K;
My, is the mass of condensed water vapor in the gas-vapor
medium in a bubble, kg.

At the boundary of a bubble (water surface):

—if T,>T, , water boils;

—if T,<Tj, condensation of water vapor occurs;

—if P, >P,, diffusion of water vapor from the surface of
a bubble to its gas-and-vapor medium;

—if P, <P, diffusion of water vapor from the gas-vapor
medium of a bubble to its surface.

In water:

— if T,<T,.; and m,;>0 ice formation occurs;

— if T,>T,.; and m,;)>0 ice melting occurs. Here T,,.; is
the temperature of the phase transition water-ice; m, ) is
the fluid mass in the i-th layer; m, ) is the ice mass in the
i-th layer.

Approximations of thermo-physical quantities. A number
of thermo-physical values of the mathematical model greatly
depend on thermobaric conditions. Approximation formulas
for such values were applied in the mathematical model to
enhance calculation accuracy.

Dynamic viscosity of water, Pa - s

B 0,0017865
Hr=170,0347¢ 10,000221¢"

where ¢, is the fluid temperature, °C.
Water density within the temperature interval of
0+40 °C, kg/m?
- 1000
" 1+0,0000065(¢, —4)"

Water density within the temperature interval of
40+100 °C, kg/m?

0 = 1000
" 1+0,000022(¢, -4

)1,66 .

Coefficient of surface tension at the water-air bound-
ary, N/m

s, :0,131(1—273+tr).

647,2

Partial pressure of water vapors on the saturation line, Pa

273)

. 18.9[
P =6200 \ T,

Dew point temperature, K

ro_ 273
o (P, /620)°
18,9

Heat of the phase transition water-vapor, J/kg

7, =1000(3180+2,5(273+£,,_,,)).

w

Heat of air dissolution in the water, J/kg

7, =1000(549-6,3¢,,_y, ).

Thermo-physical parameters, which relatively little change
within the calculation range of thermobaric conditions, are ac-
cepted as constant in the mathematical model, Table 1.

The system of equations (1)—(14) in the terms of phase
transitions by approximated and constant thermal-physical



magnitudes can be solved by using digital techniques, such
as the Runge-Kutta method of the fourth order [18, 19].

R, mm
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thermal conductivity of N 057 | W/mo ,-‘.nnﬂl““““““
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specific thermal capacit . ’
ollzair P Ca 1005 J/(kgC) Fig. 1. Change of the radius of bubbles (R, mm) of various
- dimensions (d, mm) under resonance conditions
cgefﬁgenF of water vapors D, 27710 m?/s
diffusion in the air
icr?iizslim of air diffusion D, 1,9-10° m?/s Analysis of motion velocity of the walls of a bubble
- (Fig. 2) shows that it may exceed 6 m/s. This is about a
Henry constant for air 9 3 . . . .
e T, 3,82:10° | (Pam®)/kg thousand times as much as velocity of a wall during damping
diffusion in water . . o
oat of ohase oscillations of a bubble. Higher velocities are observed only
catolphase Ty 335000 J/kg in cavitation bubbles in the period of maximum compression.
water-ice transition
temperature of phase . 0 - 8
water-ice transition W V, m/s
ice density pi 900 kg/m? 6
thermal conductivity of ice Ai 2,21 W/(m°C)
thermal capacity of ice Ci 2140 J/(kg°C)

5. Results of research into the influence of harmonic
pressure oscillations on thermodynamic processes in gas
medium of a bubble

Theoretical research. Calculations of oscillation of air
bubbles of different dimensions in water were performed
according to the proposed mathematical model (1)—(14).
Water temperature was accepted as 10 °C at atmospheric
pressure. The amplitude of sound oscillation pressure was
accepted as 5 kPa for matching the field test. Results of
mathematical modelling of parameters of bubbles of different
dimensions are shown in Fig. 1-4.

Fig. 1 shows that every size of a bubble corresponds to
its resonance frequency, which depends on thermodynamic
parameters of gas-vapor mixture inside a bubble and sur-
rounding layers of fluid.

For the assigned resonance conditions, the frequency
of bubbles can be determined from the approximation for-
mula, Hz

5,465
K="

15)
where d is the diameter of a bubble, m.

After the bubbles enter the resonance, the amplitude of
oscillation is stabilized at the level of 30—50 % of the radi-
us. This is due to alignment of energy balance: the number
of fed energy of sound vibrations is equal energy losses to
friction in water, heat and mass exchange near the surface

of a bubble.
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Fig. 2. Rate of change in the radius of a bubble
(diameter =2 mm)

At the same time, there is a change of internal pres-
sure in the anti-phase to the motion of the wall of a bubble
(Fig. 3). Calculations show that in half-periods of compres-
sion, the inner pressure of a bubble may exceed the ambient
pressure as much as by three times. In half-periods of expan-
sion, pressure of the gas-vapor medium decreases compared
to ambient pressure of by more than two times. Such pres-
sure fluctuations create preconditions for intensification of
heat and mass exchange near the surface of a bubble.

Fig. 4 shows the temperature mode of the gas-vapor me-
dium of a resonance bubble. Temperature fluctuations occur
within +13+=7 °C relative to the initial value. Fluctuations
in temperature on the surface of a bubble are shown in Fig. 5.
In spite of the simultaneous nature of the fluctuations of
gas temperature in a bubble, the temperature mode of water
surface differs significantly. The temperature increases by
7.4 °C and decreases only by 1 °C relative to the initial value.

Fig. 6 shows that despite considerable initial amplitude,
fluctuations of fluid temperature almost fade after reaching



layer 7 (about 7 micron from the surface). The obvious rea-
son for this is a high frequency of oscillations.

0,35
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N
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Time, ms>

Fig. 3. Diagram of gas pressure in a resonance bubble
(diameter 0=2,0 mm)

A number of calculations, the results of which are shown
in Fig. 7, were carried out to analyze the influence of the
gas-vapor medium on the amplitude and resonance frequen-
cy oscillations. The absence of harmonics at changing the
temperature indicates independence of resonance frequency
on the temperature of a bubble. A decrease in the amplitude
of oscillations at an increase in temperature of gas-vapor me-
dium is an evident fact. The reason for this is intensification
of mass transfer processes both near the surface of a bubble
and in its gas-vapor medium at an increase in temperature.

Paper [20] presents formula for the calculation of reso-
nance frequency of gas bubbles in fluid, which is widely used
in later works of various authors, Hz

V3P,
o0, =T, (16)

Rp,
where R is the radius of a bubble, m; v is the indicator of the
gas adiabat; P is the pressure in a bubble in the state of
equilibrium, Pa; pg is the fluid density, kg/m3. This formula
is derived under conditions of adiabatic mode of gas, absence
of mass exchange and phase transition processes in a bubble,
non-viscous fluid and neglecting the forces of surface tension.
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Fig. 4. Diagram of gas temperature in a resonance bubble

For comparison, we will perform calculation of reso-
nance frequency for an air bubble in water under condi-
tions of atmospheric pressure. In the temperature range of
0++50 °C, the indicator of air adiabat y=1.4, gas pressure in

the state of equilibrium is 101,325 Pa, the radius of a bubble
is 0.001 m, water density is about 1,000 kg/m3. According
to formula (16), resonance frequency for such bubbles, Hz
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Fig. 5. Temperature of the surface of a resonance air bubble
in water

Using formula (15), we will obtain resonance frequency of
2,733 Hz, which is almost 8 times less. The following data of the
field test suggest that formula (15) yields more accurate results.

Time, ms
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Fig. 6. Temperature of water layers around a resonance
bubble
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Fig. 7. Influence of fluid temperature on amplitude of resonance
oscillations of temperature of gas-vapor medium of a bubble



It is important to analyze the chronological order
(Fig. 8) to understand the processes, taking place in an
oscillating bubble. For this purpose, we will follow the
deployment of various processes in time, which will be
divided into 5 stages.

Stage 1. Let us start with the maximum dimensions of a
bubble. The pressure in a bubble is minimal. Temperatures of
gas and water are approximately equal to each other, so there
is practically no heat exchange. There is no condensed water
vapor inside a bubble. As a result of the great difference of
partial pressures of water vapor near the surface of a bubble
and the gas-vapor medium, specific mass flow of water vapor
near the surface of a bubble is almost maximum and directed
inside a bubble.

Low gas pressure initiates the process of compression of a
bubble, a gradual increase in pressure begins. We observe an
increase in the temperature of the gas medium and the sur-
face of a bubble. Diffusion of water vapor from the surface of
a bubble to the gas medium gradually decreases and reaches
zero, when gas pressure becomes equal to atmospheric.

Stage 2. The pressure inside a bubble becomes excessive,
the diameter of a bubble decreases and the temperature of
its gas-vapor medium increases. Diffusion of water vapor
from the gas medium to the wall of a bubble increases. The
temperature of water on the surface of a bubble increas-
es. The temperature of the gas-vapor medium of a bubble
reaches its maximum. The temperature peak is ahead of the
pressure peak of a bubble due to intense heat exchange near
its surface.

Stage 3. As a result of an increase in internal pressure,
a bubble’s compression begins to slow down, and the tem-
perature of its gas-vapor medium starts to decrease. At this
time, the temperature on the surface of a bubble reaches a
maximum. The mass flow of diffusing water vapor to the
wall of a bubble continues to grow and reaches a maximum
at the moment of maximum pressure inside a bubble. The
dimensions of a bubble at this moment are minimal.
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Fig. 8. Chronology of thermo-physical processes of
a resonance bubble

Stage 4. The dimensions of a bubble increase, while pres-
sure and temperature decrease. Due to a rapid decrease in
gas temperature and a pressure decrease in a bubble, conden-
sation of water vapor in the volume of a bubble begins and
abruptly increases — fog formation occurs. The condensate
mass reaches the maximum under conditions of medium
pressure and the minimum temperature inside a bubble.

At low temperatures, condensation of water vapor inside
a bubble almost does not influence the temperature mode,

since the mass of condensed water vapor is negligible. When
approaching the water boiling temperature, condensation
and evaporation of water vapor in the volume of a bubble
begins to play a key role in an increase in the amplitude of
oscillations.

Stage 5. During subsequent extension of a bubble, gas
pressure decreases to the level that is below atmospheric.
Due to intense heat exchange from the surface, gas is heated
inside a bubble. At the same time, condensation (fog) gradu-
ally evaporates. Evaporation of water vapor from the surface
of a bubble reaches its maximum and then begins to decrease
gradually. Stage 5 ends when a bubble reaches the maximum
dimensions.

After that the whole cycle of thermodynamic processes
repeats.

Field tests. A research setup was assembled for the field
tests of resonance processes in bubbles (Fig. 9). Harmonic
oscillations in the water were created using piezoceramic
resonator with the diameter of 27 mm. It was powered by the
multi-vibrator of alternating frequency with an amplifying
output cascade. In general, the multi-vibrator covers the fre-
quency range from 280 Hz to 500 kHz. In the experiments,
the frequency of the output signal was determined by the
electronic frequency meter F 5311, and the shape was deter-
mined by the oscilloscope N313.

1 2 3 4 5

(o 1/

Fig. 9. Schematic of the setup for studying bubbles in
resonance acoustic field: 1 — master multi-vibrator;
2 — frequency meter; 3 — two-stroke amplifier;

4 — oscilloscope; 5 — voltmeter;

6 — piezoceramic resonator; 7 — fluid

By the experimental data, the power, connected to the
emitter in the frequency range of 2+5 kHz, was approximate-
ly 0.6 W. With regard to the area of the resonator surface, its
specific power is 1,047 W/m?, which corresponds to sound
pressure in water of P=5,404 kPa (Fig. 10). This sound
pressure is equivalent to the sound volume of 168.6 dB.
“Blockage” of the characteristics of the resonator, the cause
of which is operation of the emitter destruction protective
system, was observed at frequencies of above 100 kHz.

Water was fed to the capacity under pressure in order
to obtain bubbles. In case there are bubbles of resonance
dimensions in the water, according to formula (15), oscil-
lations begin to be observed and overall sound increases by
ten times. The fragment of a sound track recording during a
bubble entering resonance is shown in Fig. 11. In comparison
with the calculation data, the time of an actual bubble enter-
ing resonance is 4—5 times as much.

According to the results of field tests, bubbles in clean
water at resonance frequencies are quickly divided into a
large number of small ones. Moreover, small bubbles are kept
inside a large one (a multi-bubble) using the forces of surface
tension.
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Fig. 10. Sound pressure, created by a piezoceramic
resonator in water

8,240 8,245 8,250

8,255

‘ ‘h I

" ‘ Il 1

8,260 Time,s

1,0

08 -

0,6 -

£
S

£

Dbl \‘H I ‘ Il““II\J |M| H H i‘b”‘ill “.

0,0 - “”"I'\'UH i | \ “

|
£
Y

-1,0

Fig. 11. Fragment of sound track recording during a bubble
entering resonance

In distilled water, multi-bubbles begin to be formed at
frequency of above 2 kHz and cease to be formed at fre-
quencies of above 3 kHz. Maximum activity is observed at
2.5 kHz, which corresponds to the diameter of bubbles of
2.3 mm. Upon reaching the maximum size (3.6—4.1 mm),
a multi-bubble can be divided into smaller ones (Fig. 12)
or can explode with formation of a cloud of small bubbles.
In other cases, a large bubble can be a source of small ones,
which constantly “break away” from a large one and start an
“independent” life in fluid.

Addition of surfactants (SAS) to water immediately
extends the range of formation of multi-bubbles. These struc-
tures begin to appear at frequency of 830 Hz and finish their
formation at frequencies above 5 kHz. The most active for-
mation of multi-bubbles is observed at frequency of 2.5 kHz.
When using SAS, the number of small bubbles in a large one
increases significantly. An “explosion” of such multi-bubble
with formation of a cloud of microscopic bubbles is seen in
the video images, Fig. 13.

In general, experimental studies proved existence of
resonance of gas bubbles in water at calculation frequen-
cies. In addition, it was possible to obtain multi-bubbles
and a large number of bubbles of dimensions less than
0.1 mm.

b

a

Fig. 12. Division of a large multi-bubble into two ones of

smaller dimensions (video images left-to-right): @ — initial
moment; 56— in0.03s; c—in0.06 s

b

a
Fig. 13. Explosion (burst) of a multi-bubble with formation of

small bubbles (video images left-to-right): @ — initial moment;
b — after 0.03 s; ¢ — after 0.06 s

6. Discussion of results of research into resonance
oscillations of gas-vapor bubbles

Theoretical and experimental studies of resonance oscil-
lations of gas-vapor bubbles in water is a continuation of a
series of papers [17], devoted to thermodynamic processes at
the fluid-gas boundary. The obtained results are caused by
taking into account heat and mass exchange that occur on
the surface and inside an oscillating gas-vapor bubble. The
merit of this study is a good match of calculation data with
the results of the field test, which was achieved thanks to the
improvement of the mathematical model and compliance of
the output data of mathematical modeling with the condi-
tions of the field test.

The results of field tests not only proved the theoret-
ically calculated resonance frequencies, but also made it
possible to identify an interesting phenomenon of formation
of multi-bubbles. When oscillations reach certain amplitude,
a large bubble is divided into a very large number of small
ones, which are retained inside a large bubble by the forces
of surface tension. The obvious consequence of formation
of such a structure is a sharp increase in heat and mass
exchange surface at the boundary of the contact of phases.
However, it is necessary to conduct more detailed studies
to refine the quantitative thermodynamic indicators of
multi-bubbles.

Calculations and field tests were conducted for bubbles
in water under conditions of atmospheric pressure. Develop-
ment of such research could be analysis of the influence of
pressure on resonance characteristics of bubbles, experimen-
tal evaluation of mass transfer processes on the inter-phase
surface, check of formation of multi-bubbles in other fluids
and many others.

There are a few problems that we have to deal with when
carrying out experimental research into resonance of bub-
bles. Above all, this is a limitation of the power of a piezo
resonator, an overshoot of which leads to its destruction.
In the operating mode, the voltage on the resonator reaches



80 volts, so it is important to provide it with reliable electri-
cal insulation which can withstand mechanical vibrations
for a long time.

The results of the conducted studies can have a wide
range of applications in various industrial processes, based
on heat and mass exchange at the boundary of the gas-fluid
contact. The consequence of the use of resonant sound os-
cillations for bubbling plants, aeration, vacuum distillation,
absorption and others may be a decreasing power capacity
and increasing rate of technological processes.

7. Conclusions

1. The mathematical model of thermodynamic processes
was improved in order to increase the accuracy of calculation
of oscillating gas-vapor bubbles under resonance conditions.
The model was supplemented by the components that allow
taking into account phase transition processes on the surface
of a bubble and in its gas-vapor medium, as well as the ther-
mal effects during gas dissolution.

2. As a result of mathematical modeling, the possibility
of resonance in gas-vapor bubbles in water in the frequency
range of 0.5-5 kHz was established. Quantitative indica-
tors of thermodynamic parameters of a bubble under con-
ditions of resonance were determined. Thus, at the initial
temperature of 10 °C and atmospheric pressure for a bubble
with diameter of 1 mm, a change in pressure occurs within

0.5-3.0 MPa, a temperature change in gas-vapor medium
occurs from +4 °C to +22 °C and the temperature of the sur-
face of a bubble varies within +9—+17 °C.

3. Performed calculations showed that temperature
of gas-vapor medium of a bubble does not affect its res-
onance frequency, however, has a significant impact on
the amplitude of oscillations. When fluid temperature
approaches its boiling temperature, an abrupt increase in
amplitude of oscillations of a bubble occurs. For example,
amplitude of oscillations of the wall of a bubble decreases
by six times at an increase in water temperature from
+10 °C to +99 °C.

4. The existence of resonance bubbles on calculated fre-
quencies was experimentally proved. The field observations
showed that resonance oscillations of bubbles are accompa-
nied by formation, growth and destruction of multi-bubbles.
Long-term effect of sound waves at resonance frequencies
leads to formation of a very large number of bubbles of di-
mensions of less than 0.1 mm in fluid volume. It was estab-
lished experimentally that application of SAS considerably
expands the frequency range of formation of multi-bubbles
and increases the number of small bubbles inside a large one.
This makes it possible to increase the area of heat exchange
and mass exchange surface of bubbles.

Application of the resonance of bubbles has great pros-
pects for intensification of many technological processes,
based on heat and mass exchange processes at the fluid-gas
boundary.
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1. Introduction

An efficiency increase in the field of beekeeping is im-
possible without development and implementation of pro-
gressive resource-saving technologies and means of their
implementation aimed at ensuring proper veterinary and
sanitary conditions for maintenance, breeding and use of
bee colonies. This fully applies to the development of means
for prevention and treatment of bee diseases in active and
passive periods of their life. Creation of the new beekeeping
implements, which are capable of meeting the requirements
of biosafety technologies, is an urgent problem for the design
of technical means to control bee varroatosis with a use
of UV irradiation. A promising development in mentioned
area is creation of unified protective devices located outside
nursing sockets. The devices are hive entrance attachment
equipped with a module of UV radiation capable of perform-
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ing several preventive and therapeutic functions simultane-
ously. In particular, it is formation of conditions for reduc-
tion of non-technological losses of the biopotential of a bee
colony, preservation of its feeding stocks and possession of
highly specialized characteristics, which ensure the reliable
operation of a hive entrance attachment in the struggle with
bee varroatosis [1, 2].

2. Literature review and problem statement

Varroatosis is an invasive disease of bee colonies, which
causes significant material damage in the field of beekeeping
and plant growing. It affects a level of food security of a
country negatively. There are several types of known tech-
nologies to struggle with the disease: chemical, zootechnical,
physical and combined. The aim of them all is inhibition or




