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Some problems of modeling the liquid cavitation degassing.
I. Acoustic cavitation

In recent decades, cavitation methods of liquid degassing have become widely used, which
today have practically replaced the traditional time-consuming mechanical and chemical
methods of degassing in industry. The application of cavitation methods is based on the fact
that a part of the neutral gases present in the liquid is not in a dissolved state, but in a so-
called "free" state in the composition of a large number of vapor-gas bubbles, the size of
which is measured on the scale of micro- and nanometers. The nature of the stable, long-term
existence of such micro-bubbles has not yet found a reasonable explanation and is the subject
of debate among researchers. Cavitation methods of degassing, both hydrodynamic and
acoustic, are aimed precisely at the rapid removal of these bubbles from the liquid together
with the free gas present in them. The advantage of using acoustic cavitation methods is the
ability to precisely control the frequency and intensity of ultrasound, as well as the duration
of sounding. Acoustic degassing methods are based on two mechanisms: the passage of dis-
solved gas inside pulsating bubbles due to the effect of "directed diffusion" and the conver-
gence and subsequent coalescence of neighboring bubbles under the influence of force
Bjerknes As a result, the growing bubbles quickly float up and leave the liquid together with
the free gas. In recent years, a large number of articles on the comprehensive study of acous-
tic degassing processes have been published. According to the authors of these publications,
the mechanism of degassing at the microscopic level and all the diversity of bubble dynamics,
depending on the frequency and intensity of the sound, remain unclear.

This article examines the main problems of modeling acoustic degassing processes, which
confirm the absence of generally accepted clear ideas about the physical nature and mecha-
nisms of cavitation phenomena and a general approach to the analysis of the obtained results.
In order to develop research in this direction, the article also presents the results of a compu-
tational experiment on the coalescence of pulsating bubbles, conducted by the authors on the
basis of a model of the dynamics of a single bubble previously created by them. As a result of
the theoretical study, new, previously unknown information about the force interaction of pul-
sating bubbles of different sizes was obtained, which can be considered as a certain contribu-
tion to the understanding of the mechanisms of acoustic degassing.

Key words: acoustic degassing, gas micro-bubbles, modeling, coalescence.

Introduction. Technological processes of liquid degassing are used in various
branches of industry - in chemical, food, oil processing, in energy, in water treatment
processes and others. Traditional methods of extracting aggressive gases from the
liquid, such as oxygen, carbon dioxide, hydrogen sulfide, etc., which are based on
heating the liquid or vacuuming it, are too energy-consuming and inefficient due to
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the small surface area of contact of the liquid with the surrounding gas environment.
In recent decades, cavitation methods of degassing have become widely used, which
today have practically replaced traditional methods in industry.

The use of cavitation methods to remove gas from a liquid is based on the fact
that the neutral gas contained in the liquid is not only in a dissolved state, but also in
the form of free gas inside micro-bubbles that are stably present in any liquid. Free

gases contained in the liquid, such as Oz, CO2, SH2 are chemically more aggressive
than the same gases in a dissolved state [1,2]. Present in ordinary water, they act as
catalysts for corrosion processes

Cavitation degassing methods are aimed specifically at removing bubbles con-
taining free gas from a liquid. The effectiveness of the method increases when degas-
sing supersaturated liquids in which the content of gas exceeds the threshold of its
solubility at a given pressure and ambient temperature in accordance with Henry's
law [3-5]. If for some reason the equilibrium is disturbed and the liquid becomes su-
persaturated, excess gas from the solution quickly moves into the bubbles due to the
developed phase contact surface.

Comprehensive studies of acoustic degassing of liquids have been intensively
conducted since the second half of the last century. The experimental results con-
firmed the possibility of removing neutral gases from a liquid under ultrasound irra-
diation, but the mechanism of this phenomenon could not be properly explained.

Some researchers believed that degassing of a liquid is possible only after the
formation of cavitation cavities under the influence of powerful ultrasonic (US) ac-
tion, which then become degassing centers. According to others, degassing has noth-
ing to do with cavitation, but is determined only by the diffusion of dissolved gas into
pulsating bubbles already present in the liquid. An unambiguous answer to these
questions was given in the fundamental works of Rosenberg [1] and O. Kapustina [6].
Based on a theoretical analysis of experiments known at that time, the authors of
these works proved that acoustic degassing of liquids is an independent physical phe-
nomenon not associated with cavitation, and that the centers of degassing are stable
gas bubbles initially present in the liquid. In a certain range of intensities and fre-
quencies, cavitation promotes the accelerated release of gas from a liquid, both by in-
creasing the number of nuclei from which the process then develops, and as a result
of intensifying mass transfer at the bubble-liquid interface.

Kapustina [6] conducted a thorough analysis of the experiments results on
acoustic degassing (both her own and other authors) and came to the conclusion that
there are two main mechanisms for removing gas from a liquid during its US treat-
ment, namely: (1) - rectified diffusion of dissolved gas from a liquid into pulsating
bubbles; (2) — convergence and merging of pulsating bubbles under the influence of
the Bjerknes force and the subsequent ascent of the resulting large bubbles to the lig-
uid surface. It was found that in the process of acoustic degassing, a maximum equi-
librium level of dissolved gas is reached with c*~ 70-50% of the saturated one
(“pseudo-equilibrium™), the value of which, according to [6] does not depend either
on the frequency or on the intensity of the acoustic fields. The presence of a limiting
equilibrium concentration ¢ * 1s confirmed by the results of acoustic degassing exper-
iments performed over the past decades. According to some researchers, this can be
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explained by the existence of competing re-gassing processes that counteract the re-
moval of gases, mainly due to the diffusion of gas from the atmosphere through the
free liquid surface [7, 8].

To date, the results of studies of acoustic degassing are interpreted from the
point of view of elucidating the role of each of these two factors. Most works on US
degassing are devoted to a detailed study of the features of the processes of rectified
diffusion both in an individual bubble and in a bubble cluster, and/or the coalescence
of a set of bubbles. Over the past half century, following the publication of funda-
mental works [1,6], as part of numerous subsequent studies, a large amount of new
useful information has been accumulated in the field of the physics of liquids, in par-
ticular water. Certain successes have been achieved in the field of studying the state
and behavior of nano-sized gas dispersions in water, the nature of their unusual sta-
bility and longevity. At the same time, in the course of the research, a number of un-
expected aspects were discovered that significantly complicate the understanding of
the nature and mechanisms of acoustic degassing.

By definition, cavitation occurs when the pressure in a liquid decreases rapidly
below the saturated vapor pressure ( p; < pg(T7)), resulting in the formation and

growth of bubbles, and then rapidly increases to a value p; > pg,s (Tl), leading to

their compression and subsequent collapse. This definition applies equally to hydro-
dynamic cavitation, where the change in the liquid pressure is associated with the
stretching and subsequent compression of the high-speed flow when passing through
a narrow section of the channel, and to acoustic cavitation, where the drop and in-
crease in pressure is due to periodic high-frequency stretching and compression of the
liquid volume. From this point of view, acoustic cavitation methods using US soni-
cation of liquids seem very promising. The possibility of controlled changes in the
frequency and intensity of the US field over a wide range ensures the fulfillment of
the conditions of cavitation - a rapid periodic change in pressure in the liquid within
the specified limits. In relation to degassing problems, this makes it possible to justify
optimal process modes based on productivity and energy efficiency criteria.

An experimental study of the gas bubbles dynamics in an US field is associated
with obvious difficulties, given that the sizes of the objects under study lie in the

rangelO_2 ~10? um, and the variation in the size, shape, and location of these disper-

sions during the oscillation period is estimated on a nanosecond scale. Despite ad-
vances in the creation of precision measurement methods (infrared spectroscopy, nu-
clear magnetic resonance, etc.), the experimental data known today are often very
contradictory, which makes it difficult to create unified mathematical models that can
adequately predict the behavior of bubbles in relation to acoustic degassing problems.

According to the authors of recent publications, we still do not have enough
knowledge to understand the full diversity of bubble dynamics, depending on the fre-
quency and intensity of sound [9]. US degassing still poses some mysteries. Both the
microscopic processes and the macroscopic description of the removal of gas from a
liquid using ultrasound remain almost unexplored. In the same system, various bub-
ble dynamics occur simultaneously and high sensitivity to external parameters is
found. [8]. The mechanism of the influence of degassing bubbles on the US field is
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not fully understood, since bubbles strongly attenuate ultrasound, and the size distri-
bution density of bubbles constantly changes over time due to fragmentation, fusion
and dissolution. [10]. First of all, this is the problem of poor reproducibility of some
experimental results, which is usually associated with uncontrolled changes in the
structure of water [11].

There is another problem associated with understanding the physical nature of
US degassing. In any liquid there are a huge number of stable vapor-gas micro-
bubbles, the distribution density of which in size n;(R) is estimated from the ratio

n;(R)oc A/ R’ [1,2,8]. To activate bubbles - their unlimited and irreversible growth -
the pressure in the liquid must be reduced to values p; < pg,s (Tl)» as a rule, moving
into the region of negative pressure ( p; <0) due to stretching of the liquid. When the
pressure decreases to a critical value p,,(R)< pgg (), which corresponds to the
lower limit value of the radius of activated bubbles R, = f(P..), all bubbles with
R >R, are activated, and bubbles with R < R.,. continue to be in a stable state.

To determine the boundary between two bubble behaviors in the parameter
space < Ders Rcr>, a quasi-static argument is used, the so-called Blake threshold

[1,2,12], which determines the boundary of the transition from pre-cavitation to cavi-
tation mode, that is, it separates stable pulsating bubbles (R <R, ) from cavitation

(inertial) bubbles (R > R..,.), which irreversibly expand with subsequent collapse. At

a low intensity of the acoustic field 7, = pgc / 2p;c,e » Small bubbles can exist for as
long as desired, performing weak pulsations at the field frequency f,,.. If the level of
acoustic pressure p,. > p.,, these bubbles expand and collapse sharply within sever-

al periods of field oscillation, initiating characteristic dynamic effects - erosion of sol-
1d surfaces [4,5,13]., sonoluminescence, etc. [9,10,13, 15,16].

The purpose of this work is to conduct a brief analysis of the current state of
the problems of liquid acoustic degassing, based on available sources of information
and on the own results of the authors of this article. The rest of the article discusses
the main mechanisms of acoustic degassing of liquids.

Rectified mass diffusion. During sonication in an US field, the bubble under-
goes expansion and contraction. The pressure inside the bubble decreases as it ex-
pands and increases as it contracts. When the acoustic pressure exceeds a certain
threshold, the bubble begins to grow, due to the effect of rectified diffusion - the une-
ven rate of mass transfer across the air-liquid interface. This uneven growth is ex-
plained by two effects: the “area” effect and the “shell” effect [15-18].

As the bubble expands, the surface area becomes larger and more gas enters the
bubble than when the bubble contracts (the "area" effect). When the bubble is com-
pressed, the thickness of the diffusion boundary layer increases, which reduces the
gas concentration gradient in the layer, and when it expands, the opposite is true (the
“shell” effect). According to Henry's law, more gas enters the bubble during expan-
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sion than comes out during compression. In simple air-water systems, these two ef-
fects make the main contribution to the increase in rectified diffusion.

Krum [18] was the first to perform a detailed study of bubble growth in an
acoustic field due to rectified diffusion under various US conditions. The experiment
used the method of levitating a single bubble in a standing wave field to record
changes in bubble size as a function of time. Using this method, Crum measured the
growth rate of air bubbles in pure water and in water with small additions of surfac-

tants (2.5'10'5+3'10'3 %) and refined the existing theory of rectified diffusion. When
analyzing the experiment, Crum used Eller's equation [17] for the rate of bubble
growth by rectified diffusion

dR_D.crel 025(38p0)2 (pac}'f‘ 20
dv R |35.(35-p,~po’R) \ 20 ) R-py

(1

where D — the gas diffusion coefficient in water; pg — atmosphere pressure; 6 — sur-
face tension of the liquid; c¢,,; — the ratio of the mass concentration of dissolved gas

to the equilibrium concentration; ® — angular frequency; 6 =1 for isothermal pulsa-
tions and 6 =1.4 for the adiabatic case.

Crum's experimental results are in good agreement with theory [17] for simple
air-water systems. However, this theory is unable to adequately predict the rate of
bubble growth in water in the presence of colloidal ionic surfactants. In this case, the
measured growth rates significantly exceed the predicted values. The reason for the
strong influence of small surfactant additives on the bubble growth rate in the process
of rectified diffusion, which is confirmed by other researchers [9, 14-16, 19, 20], re-
mains unclear to this day, although there are certain prerequisites.

It is generally accepted that the increase in the growth rate of bubbles in the
presence of a surfactant is explained by the slowdown in the diffusion of gas outward
through the surface of the bubble. An important role is played by the packing density
of surfactant molecules on the surface of the bubble. During expansion, the packing
density decreases, which reduces the resistance to mass transfer across the interface.
During compression, the packing density increases, increasing the resistance to mass
transfer across the interface. As a result, a difference in mass flow is created, which
leads to a net accumulation of gas in the bubble [15, 16].

The authors of [19] believe that an interfacial resistance is created on the surface
of a pulsating bubble, depending on the surface concentration of surfactant mole-
cules. The driving force is the non-equilibrium separation of gas into free and dis-
solved states at the interface, as a result of which the boundary conditions of Henry's
law are not applicable.

In contrast to the large number of publications devoted to the theoretical study
of rectified diffusion processes in relation to problems of acoustic degassing, the
number of experimental studies on the growth of single bubbles by rectified diffusion
is very limited. In addition to the fundamental work of Krum [18], two works [15,16]
should be noted in which the stroboscopic method was used to record the growth of a
single bubble in the field of a standing wave.
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As a result of complex studies, it has been established that the rate of growth of
bubbles due to the entry of gas from the liquid depends significantly on various fac-
tors, such as the size of the bubble, gas concentration in the liquid, acoustic pressure
and frequency of the US field, and the presence of soluble inorganic and/or organic
components in the liquid.

The effect of acoustic pressure has been well studied, and there is complete
agreement between experiment for pure water and theory. With increasing p,. am-

plitude of the bubble pulsation increases, which ensures greater mass transfer per cy-
cle and, accordingly, faster growth of the bubble (Fig. 1). When reduced p,. to a cer-

tain threshold, which correlates with the Blake threshold, small-sized air bubbles ir-
reversibly dissolve even in saturated water. This rectified diffusion threshold divides
the parameter space into two parts: dissolving and growing bubbles [2, 9, 14, 15].

Research by [9, 14-16] has shown that the growth rate of rectified diffusion is
inversely proportional to the US frequency. This is due to the decrease in the degree
of bubble expansion with increasing frequency. Figure 2 shows that the gas mass ac-
quired by the bubble during rectified diffusion decreases fivefold with increasing fre-
quency from 20 to 35 kHz.

According to the experimental results of Krum and other authors, the rate of
bubble radius change in the process of rectified diffusion is estimated on a scale of

10 m/s (0.01 um/s). The growth of bubbles in the process of rectified diffusion is
extremely slow compared to the growth of bubbles due to their coalescence. Howev-
er, it provides a mechanism by which stable micro-bubbles can grow sufficiently to
become cavitation nuclei. In this case, with an increase in the mass of gas in the bub-
ble, the Blake threshold pressure increases and, therefore, a smaller decrease in pres-
sure 1s required to create an unstable cavitation bubble. [2]
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Imaging techniques used to study rectified single bubble diffusion are difficult
to apply to multi-bubble systems due to competing processes such as bubble coales-
cence, which also influence the rate of bubble growth [9,13-16,20].

Growth of bubbles under the influence of the Bjerknes forces. In a multi-
bubble US field, there are two acoustic forces responsible for the movement of bub-
bles or their approach. These are the primary and secondary Bjerknes forces.

The primary Bjerknes force, which is determined by the interaction of bubbles
with the acoustic field, depends on the pressure gradient and the average vibration of
the bubble per cycle. The Bjerknes force, averaged over time over the oscillation pe-
riod T =1/ f,. , which acts on a pulsating bubble under the influence of acoustic pres-

sure p, (x,7) is determined by the expression FBI:<V(1:)-VpaC(x,1:)>T, where

V =4/3-nR’*; p(x,t) and x is position of the bubble center [9, 13, 16].

In the field of a standing wave, bubbles are sorted by size. Bubbles with
Ry > R, are pressed against pressure nodes, and bubbles with R, < R, are pressed

against pressure antinodes. At nodes or antinodes 7y, = f(p,.) and therefore also

the primary Bjerknes forces disappear.

If two bubbles are close to each other, then the pulsation of one bubble creates
pressure waves around the neighboring one. Essentially, a bubble responds to the
gradient of the sound wave emitted by another bubble in the same way it behaves in
relation to the primary sound field.

The force acting on the bubbles is called the secondary Bjerknes force. In a mul-
ti-bubble acoustic field, the secondary Bjerknes force is long-range [8,9,16,]. Under
the influence of the secondary Bjerknes force, the bubbles come closer and merge,
forming large bubbles, which then float up and leave the liquid. Thus, in acoustic de-
gassing processes, the growth of bubbles due to their fusion is an important factor
that is controlled by the secondary Bjerknes force.

For two pulsating bubbles, the Bjerknes force is described by the formula
4nR’R; -(dR /d7)-(dR,/dt)-cos ¢

2
r

)

Where r, (1) is the distance between the centers of the bubbles. If the pulsations oc-

Fy=p,

cur in one phase (¢ =0), the bubbles must approach each other with increasing speed
until their surfaces touch, otherwise they will diverge. The following assumptions are
used.

1). During the pulsation process, the bubbles retain their spherical shape.

2) At a given frequency of US oscillations, the wavelength is much greater than
the distance between the centers of the bubbles A =c, /f,. >>r..

Recently, a large number of experimental studies of the interaction of a pair of
bubbles in an US field under the influence of the Bjerknes force have appeared in a
wide range of bubble sizes, frequencies and acoustic pressures. A detailed review of
these works is contained in publications [15, 21, 22]. The main results of these stud-
ies should be noted as follows.

233



dizuka aepoaucrepcHux cucreM. — 2023. — Ne 61. — C.227-240

Two bubbles with R~22 pm, located at a distance of r,p=1.3 mm in an UW
field with f,.= 24.6 kHz and p,.= 40 kPa, approach each other with an initial speed

of 0.02 m/s and by the time of merger their speed reaches 0.12 m/s . [23].
A pair of bubbles with R~=30 pm, located at a distance of r,y= 180 um in an

US field with f,,.= 87 kHz and a power of 5 W, approach and coagulate after 70 ps

with an average speed of 2.6 m/s. As they approach, the radii of the pulsating bubbles
are ranging from R, ,x =50 pm to R, ®9 pm, and the approach speed at the final

stage are varying from —5 m/s to 20 m/s. [9]
In [22], the interaction of two bubbles with different radii (R;y > Ry() pulsating

in an US field with f,.=20 kHz and p,.=10 kPa was numerically studied. For bub-
bles with Ry 5+25 pm, the frequency of natural oscillations in water is f,,; oc 200
kHz. Because f,. << f,., the bubbles pulsate in the same phase and approach each

other according to Bjerknes' law. However, near the contact, viscous forces can com-
pensate for the attractive force, which prevents coalescence. It has been shown that
bubbles merge under the condition Rjy/R,o <3, otherwise periodic pulsations stabi-

lize and fusion does not occur. These theoretical results are consistent with existing
experiments [B6].

In [21], the influence of pulsations of a small bubble on the bubbles interaction
in an US field is considered for large ( Rjp =20 um) and small (Rjy >3 pum) sizes of a

pair of bubbles. As the radius of the larger bubble increases, the value of the Bjerknes
force changes from negative to positive. There is a critical distance 7., = f(p,.)

that can lead to a transition between mutual attraction and repulsion of bubbles.

The effects of surfactants on bubble dynamics in acoustic degassing processes
manifest themselves in several ways. As shown above, the presence of small surfac-
tant additives increases the rate of bubble growth during rectified diffusion by creat-
ing interfacial resistance at the interface. For the same reason, the presence of surfac-
tant additives in water prevents the coalescence of bubbles under the influence of the
Bjerknes force due to the electrostatic effect caused by the adsorption of charged sur-
factant molecules on the surface of the bubble. This leads to a decrease in the total
volume of bubbles in a multi-bubble field [9,15].

With regard to problems of acoustic degassing, the main results of these studies
are that the rate of bubble growth and gas accumulation as a result of the approach
and merging of bubbles under the influence of Bjerknes forces occurs much faster
than in the processes of rectified diffusion.

Interaction of bubbles of different sizes under the influence of the Bjerknes
force. The work [24] describes a previously unknown effect of the interaction of pul-
sating bubbles under the influence of the Bjerknes force, discovered during a theoret-
ical analysis based on the model of the dynamics of a single bubble [25]. It has been
established that two pulsating bubbles of the same radius approach each other in strict
accordance with Bjerknes’ law only if their radius R is above a certain boundary

value R*= f(f,c, Puc ). If Ry < R*, the bubbles diverge (Fig. 3).
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The analysis showed that the parameter R * lies in the subcritical region of bub-
ble sizes (R*<R_.,.) and is inversely proportional to frequency f,. and acoustic

pressure p,.. In this regard, the question arises about the interaction in an US field of
two bubbles of different sizes (R1y > R2), if for given values of f,. and p,. radius
Rl > R*, whereasR2( < R *. To analyze this situation, we carried out a computa-

tional experiment on the interaction of such bubbles in an US field with fixed values
of f,. and p,.. It is obvious that for given values of f,. and p ,. equilibrium radii

of the bubbles R/, and R2; should not exceed their critical values R, otherwise

one of the bubbles or both will disappear already in the first periods of field oscilla-
tion.

As in [24], the computational experiment was carried out on the basis of the
mathematical model described in [25]. Within this model, the pressure in the liquid in
the vicinity of each bubble, taking into account the influence of the neighboring pul-
sating bubble, is determined by the relation

1 R} 206 4uw, | R
pl(rxﬂt)_p0+|:pb_p0+m(l_r_x3}___#i|'_' (3)
Here, p,, 1,, ¢ are the density, viscosity and surface tension of the liquid, respec-
tively; wp 1s rate of change of the radius of the pulsating bubble; pj, is pressure of

the gas medium inside the bubble; p,(t)= p, + p,. -cos ot is the liquid pressure far

from the bubbles.

Some results of this computational experiment are presented in Figures 4 and .5.
Generalization of these results allows us to draw the following conclusion. It turned
out that for all the studied modes the parameter R*= f(f,.,p4c ), still remains the

criterion that determines the direction of the relative movement of the bubbles. In the
case of interaction between bubbles of different sizes, the averaged equilibrium radi-

us Rgp =(RIy +R2, )/ 2 should be used as the equilibrium radius R(. Any two pul-
sating bubbles (the same or different in size) will approach each other until they

merge completely if Rgp > R * . Otherwise, bubbles should be observed to diverge.

As shown in Figs. 3 and 4, with field parameters f,.=10 kHz and p,.=100 kPa,

the boundary radius R *=3.98 um. The curves shown in Fig. 4 describe the nature of
the interaction of five pairs of bubbles with different values of equilibrium radii R/

and R2(. Curves 1 and 2 correspond to two pairs of bubbles with an average radius
of Rgp =3 um. Since the meaning of Rgp < R*, the bubbles in both pairs diverges.
Curves 3, 4, and 5 in this figure correspond to the interaction of three pairs of bubbles

with an average radius R(c):p = 4.5 um. Since the value of Rgp > R *, the bubbles in all

three pairs should approach each other, which is confirmed by the curves presented in
the figures.
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At the same value R’ the speed of the relative movement of the bubbles de-

pends on the value of the ratio Rl /R2( . The lower this value, the faster the bubbles

come together, as can be seen from a comparison of curves 3, 4 and 5. For diverging
bubbles, on the contrary, the lower the value Rly/R2,, the slower the bubbles di-

verge, as evidenced by a comparison of curves 1 and 2.

The movement of bubbles relative to the liquid in each of these pairs is shown in
Fig. 5. The numbering of the bubbles is the same as in the previous figure. When
bubbles approach each other, small and large bubbles move towards each other, but
the speed of the small bubble in each pair is significantly higher than that of the large
one. In diverging bubbles, small bubbles quickly move away from large ones during
pulsations, and large bubbles, on the contrary, move relative to the liquid in the direc-
tion of small bubbles. The result of this movement is the mutual divergence of the
bubbles.

An analysis of the results of a computational experiment on the interaction of

bubbles showed that the boundary radius R* changes in inverse proportion to the field
frequency. If in an US field with a frequency f,.=10 kHz and acoustic pressure p,.

=100 kPa R"=3.98 um, then when the field frequency is reduced to f,.=4 kHz the

value increases to R =5.3 um. A change in acoustic pressure has a stronger effect on
the value R . In an US field with a frequency field f,.=10 kHz, a decrease p,,

from 100 kPa to 50 kPa leads to an increase R~ from 3.98 pum to 24 pm.
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Fig. 5. Movement of the centers of two bubbles, pulsating in an acoustic field, with
different values of their radii R/, and R2,. The calculation was carried out under

the same conditions and for the same five pairs of bubbles, which are shown in
Fig.4. Pairs of bubbles with values Rj"=4.5 um>R* (a) and R =3 pm <R* (b) are
shown.

The speed of convergence of micron-sized bubbles in an US field under the in-
fluence of the Bjerknes force is quite high and is measured on a m/s scale.

The existence of the effects described above forces us to take a fresh look at the
mechanism for establishing the developed cavitation regime and to look for new ap-
proaches to substantiate the optimal conditions for the acoustic degassing of liquids

Analysis of research results. The analysis of the current state of modeling the
study of acoustic degassing processes leads to the conclusion that despite the increase
in publications on this topic every year, many aspects of ultrasonic degassing are still
far from being studied. The problem is that the physical nature and mechanism of de-
gassing at the micro level remain unclear. There are contradictions regarding these
basic mechanisms of ultrasonic degassing. According to most researchers, it is neces-
sary, first of all, to find out the reasons for the stable state of already existing nano-
sized bubbles. The concentrations of dissolved and free oxygen in water were deter-
mined by NMR. Measurements have shown that 1 m3 of water at 20°C contains
about 2-10"° bubbles with an average radius of ~20 nm [25]. After 30 min of ultra-
sonic irradiation, the total volume of air in the bubbles decreased by almost half. At
the same time, the amount of dissolved oxygen decreases by only 12%, which corre-
sponds to a decrease in air solubility when water is heated by 4.5°C. The mechanism
of this phenomenon has not been discussed, but it is obvious that irradiation leads to
the release of bubbles from water without a noticeable change in air solubility.

There are contradictions regarding these basic mechanisms of ultrasonic degas-
sing. Even if there are stable nano-bubbles in the liquid volume, in accordance with
the results of [25, 26], they cannot act as rectified diffusion sinks, except for values of
2 MPa. Therefore, degassing observed at lower values cannot be explained only by
rectified diffusion [13, 14, 26].
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At the same time, the mutual attraction of small bubbles below the Blake thresh-
old turns out to be very weak and therefore the fusion of such micro-bubbles under
the influence of the Bjerknes force is extremely slow. According to the authors of [8],
the merging time of two single bubbles with radii, located at a close distance from
each other, at =0.1 MPa is about 7.5 minutes, and at = 0.5 MPa — more than 4 hours.
In this regard, the question is being discussed whether the gas dissolves completely to
the molecular level or whether very small “pockets” or nano-bubbles may exist in the
liquid, which can act as cavitation nuclei [8,26].

Another important problem is the fact that a structured bubble cluster is formed
at the surface of the ultrasonic transducer, which poorly transmits sound waves,
which worsens the acoustic behavior of the liquid and leads to the formation of chaot-
ically changing bubble structures in it [5,9,12-16].

These are just a few of many reasons that complicate the problem of adequate
modeling of acoustic degassing processes

Conclusion. Acoustic cavitation is a complex and dynamic process where its
spatial distribution and magnitude are very sensitive to the type of transducer used,
the ultrasonic treatment mode, the geometry of the reactor, the volume of liquid, and
the type and amount of dissolved gases. as well as the concentration and surface ac-
tivity of the solutes in the solution.

Although the dynamics of individual bubbles and the basis of their interactions
are largely well understood, understanding, modeling and predicting the behavior of
systems containing multiple acavitation bubbles remains a major challenge. Real-life
ultrasonication applications involve multi-bubble fields where bubble interactions be-
come important. In particular, elucidation of the dynamics of bubble clusters, which
plays a decisive role in the processes of acoustic degassing, requires further research,
including theoretical and experimental work.
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Isanuuvkuit I'.K., I]enens b.A.,Heooaiino A.€.
Paouenxo H.JL., I osicenxo JIII.

Jesiki npo0GeMu MoieIIOBaHHS KaBiTaniiiHOI Jera3auii piiuHu.
I. AkycTnuHa kaBiTaumis.

AHOTAIIA

B ocmanui oecamunimms wuporxo2o 3acmocysants HaOysaioms Kagimayiuni memoou Oe-
eazayii piouru, Ki Cb020OHI NPAKMUYHO 3AMIHULU 8 NPOMUCIOBOCTIE MPAOUYILIHI MPYOOMiC-
MKI Mexauiuni ma XimiyHi memoou Oezazayii. 3acmocy8ants KagimayiiHux memooie 6azy-
EMbCA HA MOMY, WO YACTNUHA NPUCYMHIX 8 PIOUHI HeUMPATbHUX 2A31i8 3HAXOOUMbCSL He 8 PO3-
YUHEHOMY CMAHI, a Y MAK 36AHOMY «BIIbHOMY» CMAHI Y CKIAOI 8eUKOI KiIbKOCMI napo2a3o-
BUX OVILOAUIOK, PO3MID SKUX SUMIDIOEMbCA 8 Macuumadi Mikpo- ma Hanomempis. Ilpupooa
CcmMabinbHO20 00820MPUBANIO20 ICHYBAHHI MAKUX MIKPO-OY1b0AUOK, 00 Yb020 YACY He 3HAUU-
J1a 0OIPYHMOBAHO20 NOSICHEHHSL T € npedmemom Ouckycii docnionuxis. Kasimayiiini memoou
Odeeazayii, AK 2i0OPOOUHAMIYHI MAK | AKYCMUYHI, CNPAMOBAHI CaMe HA WBUOKE BUOANEHHS YUX
0y1b6auoK 3 piIOUHU PA30M 3 NPUCYMHIM 6 HUX 8inbHUM 2azom. llepesazoro 3acmocysanHs
Memooi8 aKyCmuyHoi Kagimayii € MONCIUBICIb MOYHO20 KOHMPOIO YaCmomu ma iHMeHCUs-
HOCMI YIbmpaseyKy, a makoic mpugaiocmi o38yyyeanus Memoou axycmuunoi oecazayii 6a-
3YI0MbCsl HA 080X MEXAHIZMAX: NEPexio PO3ZUUHEHO20 2A3) CEPeOUH) NYIbCYIOUUX OYIb0aUIOK
3a605KU eghekmy «CnpamMosanoi ougy3iiy ma 301UNCeHHs | HACMYNHA KOANeCyeHyisi CyCiOHIX
oyrvbawox nio diero cunu b’epxneca. HAx nacniook, spocmaroui 0y1b6auKy wWeUoKo CHIUSA-
FOMb [ 8UX00AMb 3 PIOUHU PA3OM BLIbHUM 2a30M. B ocmanni poxu onyonikoeano 8enuxy Kiiv-
Kicmb cmameti N0 KOMRNJIEKCHOM) O00CIIONCeHHs npoyecie akycmuyHoi oecazayii. Ha oymky
asmopie yux nyonikayiu mexamizm oe2azayii Ha MIKPOCKONIUHOMY i 6Ce PI3HOMAHIMMA OUHA-
MIKU OVIbOAUIOK, 8 3ANIeHCHOCE 810 YACTOMU MA [HMEHCUBHOCTI 38VKY, 3ATUUAEMbCSA NOKU
Wo He 3pO3YMITUMU.

B oaniu cmammi po3zenanymo ocHo8HI npobiemu MoOent08an s Npoyecié aKyCmuiHoi oe-
eazayii, AKI NiOMeepoAHCYIOMsb 8I0CYMHICMb 3A2AlbHONPUUHAMUX YIMKUX YAGLEeHb NPO (izut-
HY NpUpoOy i MeXanizmu KasimayitiHux A6Uuny ma 3a2aibHo20 nioxo0y 00 aHanizy OmpuUMAaHux
pe3ynomamis. B naani po3sumky 00cniodiceHb 8 YyboMy HANPAMKY 6 CIammi makodxic Haeo-
0ambcs pe3yibmamu 00YUCTIOBAIbHO20 eKCNEPUMEHMY N0 KoalecyeHyii nyavCcylouux 0yio-
Oawox, npoeedeHo2o a8mMopamu Ha OCHOBI CMBOPEHOI HUMU paHiule MOOeli OUHAMIKU OOUHU-
unoi Oynvbawku. B pezynomami meopemuyno2o 00CNi0HCEHHS 00EPHCAHO HOBY, HEBIOOMY pa-
Hiwe iHghopmayito npo cunosy 83aEmMooito NYyIbCyUUx 0y1b0AUOK PI3HO20 PO3MIPY, WO MO-
JHCHA PO3271A0amMU K NeGHULL BHECOK 8 PO3VMIHHS MEXAHI3Mi8 aKyCmuuHoi de2asayii.

Knrwuosi cnosa: axycmuuna oecazayis, 2azo8i Mikpo-0y1boOauKu, MoOent08anHs, Koaiec-
yenyis



