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Abstract: To study the behavior of a bubble clusters in cavitation devices, a numerical study of the
dynamics of bubbles in a compressible liquid was performed, taking into account interfacial heat and
mass transfer. The influence of regime and system parameters on the intensity of cavitation processes
is considered. Physical and chemical transformations during the cavitation treatment of liquids
are caused not only by the action of shock waves and emitted pressure pulses but also by extreme
thermal effects. At the stage of extreme compression of the bubble, the vapor inside the bubble and
the liquid in its vicinity transform into the state of a supercritical fluid. The presented model analyzes
the nature of microflows in the interbubble space and carries out a quantitative calculation of the
local values of the parameters of the velocity and pressure fields.

Keywords: cavitation bubble; impact pressure; bubble dynamics; bubble model; mass transfer;
phase transitions

1. Introduction

For many years, cavitation has been considered one of the areas of hydrodynamics
associated with the identification and elimination of negative causes of erosive destruc-
tion of the surfaces of propellers, hydraulic turbine blades, and hydraulic devices. It has
been established that surface erosion occurs under the action of shock waves and cumula-
tive jets formed during bubble collapse, which in hydrodynamics are considered hollow
cavities [1-9]. As this phenomenon was studied, it became obvious that the concept of
cavitation should be interpreted more broadly.

Although cavitation is still a concern for hydraulic machines, many beneficial applica-
tions of cavitation have also been discovered that take advantage of its various effects. It is
known that cavitation bubbles exhibit extremely high temperatures (about ~5000 K) and
pressure (more than 108 Pa) internally, which, under certain conditions, can even lead to
sonoluminescence [10]. Under such extreme conditions, cavitation in water leads to the
formation of hydroxyl radicals, which have a very high reaction rate, making them very
powerful oxidizing agents [9]. The wide variability of bubble dynamics allows them to be
used in a wide range of useful applications, such as surface cleaning [11-13]. Cavitation
can also be initiated for other tasks, such as emulsification, sonophoresis, and homoge-
nization [14-17]. Jet flows formed during a cavitation bubble collapse can reach a velocity
of 80 m/s and can be used for microfluidic pumping and to create vortices for vigorous
short-term mixing in microfluidic devices [18-24].

When cavitation nuclei collapse within a short period of time, a huge amount of energy
is released, on the order of 1-1018 kW /m?3, which is realized in three forms [19,25]:

- Mechanical effect: the generation of shock waves with a propagation speed of
~2000 m/s, microjets with a high pressure and speed > 80 m/s, high shear stress (up
to 3.5 kPa);

Thermal effect, manifested in the appearance of local overheated micro-volumes (up
to 6000 K);
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- Chemical effect: the formation of highly active hydroxyl radicals with an oxidation
potential of 2.8 V by the sonolysis of water molecules.

Today, cavitation impact methods are used in various technologies to intensify mass
transfer and hydromechanical processes [26-29]. The goal of the near future is the use of
cavitation to control biochemical and biophysical processes in technological environments
at the molecular level. To solve this problem, a clear understanding of the physical nature
of cavitation mechanisms and the possibility of their adequate description on the spatial
and temporal nanoscales is necessary. To solve this problem, it is necessary to have a clear
understanding of the physical nature of cavitation mechanisms and the possibility of their
adequate description on the spatial and temporal nanoscales to predict the occurrence of
these effects.

From the point of view of thermodynamics, cavitation can be represented as a
liquid—vapor phase transition, for example, a transition through a saturation curve on a p-T
diagram. When p = const., such a transition is called boiling; when T = const., it is usually
called cavitation. Since, in real systems, the assumptions p = const. and T = const. are not
strictly fulfilled, the division of the phase transition under consideration into boiling and
cavitation is very conditional, and from a physical point of view, this phenomenon is one
and the same. For solving practical problems, the most important stage of cavitation is the
collapse of the cavitation cavity, which, in fact, determines the dynamic effect of cavitation
and, in the generally accepted interpretation, distinguishes the phenomenon of cavitation
from the phenomenon of boiling.

If, in the study of boiling processes, the most interesting and important from an
applied point of view is the thermal stage of growth [14-17], which occupies almost the
entire lifetime of the bubble, then, when studying the dynamics of the collapse of cavitation
bubbles, the final stage of maximum compression seems to be more important for practical
applications. At this stage, the duration of which is measured in nanoseconds and is only a
millionth of the lifetime of a cavitation bubble [30,31], powerful acoustic effects and the
destructive dynamic effect of bubbles fully manifest themselves.

During the development of a cavitation bubble, the rate of heat and mass transfer
across the interface has little effect on the behavior of the bubble, with the exception of the
short stage of its maximum compression. At this stage, which is difficult for experimental
study, the thermal effects associated with the kinetics of phase transitions have a decisive
influence on the dynamics of the bubble [14].

The paradoxical situation of studying the dynamics of bubbles lies in the fact that
when modeling the behavior of bubbles, as a rule, exactly those stages of their development
where the dynamic effects are maximum are excluded from consideration. In boiling
processes, the inertial stage of growth is usually not considered, and in cavitation processes,
the thermal stage corresponds to the period of maximum compression of the bubble.

When considering cavitation in relation to the hydrodynamics of the process, the
influence of thermal factors on the development and specific manifestation of cavitation
effects is excluded.

To some extent, this approach continues to this day, although it has been established
that at the stage of maximum compression, the temperature of the vapor—gas medium
inside the cavitation bubble exceeds 5000 K and the pressure increases to 1000 MPa [32-34].

The thermal energy released in the volume of the bubble is believed to be sufficient for
the excitation, ionization, and dissociation of molecules of water vapor and gases present
in the bubble, the formation of free radicals, the acceleration by 5-6 orders of magnitude
of the rates of gas-phase chemical reactions [35-37] and even the initiation in cavitation
bubble nuclear fusion reactions [38,39].

As a result of the analysis of various cavitation models, several preferable approaches
to modeling cavitation can be identified:

- Modeling the scale of cavities using separate schemes [40-42];
- Models based on equations of state connecting the characteristics of a liquid with
thermodynamic parameters [43];
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- The modeling of liquid-vapor phase boundaries [44];
- The use of transport equations [45,46];
- The description of the dynamics of cavitation bubbles using the Rayleigh—Plesset

equation [47-49].

Another approach to cavitation research is machine learning. However, the application
of such a method to cavitation modeling has been mainly limited to the optimization of
previous approaches to modified cavitation [50,51].

Models that estimate the scale of cavities using separate schemes have been devel-
oped relatively recently and are approaching the implementation of tracking the growth
and movement of bubbles of the same size. However, to estimate dense bubble clouds,
these models are used in combination with liquid—vapor interface modeling that uses the
Rayleigh-Plesset equations to estimate the parameters of the vapor region.

Models for tracking liquid—vapor interfaces, as well as models based on equations
of state that relate liquid characteristics to thermodynamic parameters, are limited only
to very specific problems not related to the dynamics of bubble growth, much less the
dynamic effects of cavitation.

Models developed using the Rayleigh—-Plesset equations are typically formulated in
terms of a fluid volume concept, allowing them to be easily implemented in most CFD
workflows, and despite the fact that almost all of these models are now 20 years old,
they continue to be the standard for most studies as a starting point for their cavitation
modeling approach.

Thus, this modeling approach is fundamental in the development of cavitation mod-
eling, including the description of the behavior of bubble clusters. However, the idea of
constructing a bubble cluster momentum model has not received significant attention in
the literature; instead, researchers have mainly focused on constructing various transport
equations in which the vapor volume fraction is used as a description of the approximate
location of cavities and their sizes. The approach to describing cavitation used in the
bubble cluster model is very attractive in physical interpretation due to the large number
of real cases of cavitating flows in which the structure of the cavitation region can be
qualitatively described as a cloud of bubbles of approximately the same size, i.e., precisely
the type of structure which is considered in cluster models. And this is a very important
question—how neighboring bubbles influence dynamic effects in a cluster—which existing
models do not answer.

Of course, any application of the cavitation model must take into account the fact that
the bubble analysis model cannot explain either the creation of new bubbles or the destruc-
tion of existing ones, which are the main parts of cavitation. In addition, cluster models
assume that all bubbles in a tracked cluster have a common radius and that their relative
positions do not change. Both of these assumptions fail under different circumstances.

In fact, [14] showed that the presence of other larger bubbles in close proximity
can greatly affect the growth of a smaller bubble, even leading to the collapse of the
smaller bubble.

In our previous studies [14,15,17], we developed two models: the growth model of a
single bubble and the model of the influence of bubbles in a cluster on the stability of the
cluster, which we now want to combine and develop in this work to develop a methodology
that allows us to estimate the total effect of the cluster depending on various conditions for
the development of a cavitation cluster.

The current state of the issue of modeling cavitation phenomena is also given in review
articles [52,53] in which the authors point out gaps in the description of cavitation processes.

A reliable theoretical analysis of cavitation mechanisms is hampered by the lack
of generalizing mathematical models that take into account the main physical factors.
Modeling is usually carried out in relation to the analysis of a specific experiment without
considering interfacial heat transfer and the kinetics of phase transitions, and the process
of bubble compression is assumed to be adiabatic.
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The purpose of this study is to study cavitation effects that can be used in various
technologies, including the improvement in the design of cavitation devices and the support
of the optimal modes of their operation. To achieve this goal, it is proposed to modify
the mathematical model of the cavitation of a single bubble [14-17], expand it to a bubble
cluster, and thus assess the dynamic effects of bubble cavitation at the moment of their
maximum compression depending on various thermodynamic regimes. The model will
take into account interfacial heat and mass transfer in the cluster, which will make it
possible to introduce the effect of energy accumulation into the description of processes
and take it into account when calculating the magnitude of dynamic effects. But first, the
various factors that can influence the behavior of bubbles and the magnitude of cavitation
effects should be analyzed.

2. Dynamics of a Steam Bubble in Hydrodynamic Cavitation Processes

Studies of the behavior of cavitation bubbles in a subcooled liquid are developing
in two directions. One of them is associated with the study of the condensation of vapor
bubbles in slightly subcooled liquids at relatively high temperatures and a monotonic
increase in pressure, when only the slow thermal stage of the process is considered [54-58].
Another experimental direction is related to the study of bubble dynamics in the stage
of maximum compression. To visualize the process, the initial bubble size is chosen as
being large enough (R > 1 mm) to record the size of the maximally compressed bubble R,
using the available measuring instruments [59-63]. If Rs; <1 um and the bubble cannot be
visualized experimentally, only pressure pulses in the liquid at a distance from the bubble
or the degree of erosion damage to the surface are recorded.

A feature of the behavior of cavitation bubbles is the possibility of the appearance of
damped oscillations, in terms of their size, preceding the collapse of the bubble, and the
presence of these oscillations, frequency, amplitude, and degree of attenuation depend on
operating parameters: the initial radius of the bubble, steam temperature, water tempera-
ture, and pressure of steam and water [64—66]. It has been established that heat transfer
and the kinetics of phase transitions in the stage of maximum compression determine the
nature of the oscillations [66]. Without conducting an experiment, it was impossible to
predict in advance whether the bubble would oscillate under given conditions or whether
it would collapse in the first period. Therefore, the use of simple functional relationships
to estimate the collapse time of a cavitation bubble depending on Ry and the degree of
subcooling [67,68] does not seem to be fruitful, especially since the results of calculations
based on these dependencies differ greatly from each other. All these analytical relation-
ships were obtained by solving equations for the thermal stage of growth and are therefore
suitable only for describing the initial stage of the compression of large vapor bubbles in
condensation processes in slightly subcooled liquids.

The authors of [69,70], believing that inertial and thermal effects play an equally
important role in the cavitation process, conducted special theoretical and experimental
studies to assess the boundary that determines the predominant influence of each of
these effects. Theoretical analysis comes down to the proposal of using the analytical
solution of the Rayleigh equation [14] for the inertial stage of growth and compression,
and the analytical solution of the Plesset and Zwick equation [71] for the thermal stage.
For the intermediate stage, it is proposed to solve both differential equations numerically,
taking into account changes in the vapor density in the bubble and capillary effects. We
implemented this idea in the corresponding model of single bubble dynamics (MSBD) [14].

2.1. Cavitation of Bubbles with Superheated Steam in a Subcooled Liquid

To analyze the influence of various thermodynamic parameters on the behavior of
bubbles in a cavitation cluster, we use two models we have developed: the dynamics of a
single bubble [15-17] and the model of the influence of neighboring bubbles on dynamic
effects in a cluster [14]. By combining these models, as will be shown later, we expect to
obtain a technique for describing the behavior of a cluster with a resulting effect that can
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be predicted in this way. Existing models show the dynamics of bubbles with sufficient
prediction accuracy, but at certain stages of their development of cavitation processes.
However, there are no models that provide a complete description of the process. To assess
the influence of the bubble temperature and the temperature of the continuous medium on
the nature of the development of cavitation, we will use our model [15-17], and compare
the results obtained with the experimental data available in the literature.

At given values of pressure p;g and temperature Tj, the liquid is considered subcooled
when Tjg < Ty(p1o). The vapor in the bubble will be overheated relative to the liquid if
Tso > Tp(p1o)- This process is accompanied by a sharp increase in the heat transfer coefficient,
and the patterns of this boiling regime are discussed in detail in the literature [70,72,73].

The mechanism under consideration allows one to accumulate and then transform
energy in a very short time. A violation of thermodynamic equilibrium in the system is
created as a result of the temperature difference between the vapor and the liquid, and
from this moment on, the condensation of superheated vapor on the cold wall of the bubble
begins. Due to the high intensity of the nonstationary stage of the condensation process,
the mass of vapor in the bubble decreases sharply (Figure 1a) and the pressure of the vapor
in the bubble decreases by half almost instantly (At < 1 us) (Figure 1b). This promotes the
extremely rapid compression of the bubble (Figure 1c) and leads to an increase in the vapor
temperature Ts, so that during the compression process, the unsteady condensation process
is constantly maintained due to the temperature difference Ts — Tj,; > 0 (Figure 1d). With
further compression, the rate of decrease in the volume of the bubble significantly exceeds
the rate of vapor condensation, which leads to a sharp increase in the temperature and
density of the vapor and, as a consequence, to an increase in the vapor pressure ps. Even
when p; >> pjg, the compression of the bubble continues due to the action of inertial forces
from the liquid.

At the stage of maximum compression (the duration of which is measured on a
nanosecond scale), the temperature, pressure, and vapor density in the bubble reach
extreme values. Starting from this moment, a sharp expansion of the bubble occurs, and the
potential energy of compression is converted into the kinetic energy of the radial motion of
the liquid. The bubble expands by inertia, and the pressure and temperature of the vapor
in the bubble become lower than the pressure and temperature of the surrounding liquid.
Thus, the bubble oscillates at a high frequency, dissipating part of the energy into the liquid
due to the thermal conductivity and viscosity of the liquid, as well as due to the emission
of an acoustic pressure pulse in the form of a shock wave. Before the final collapse, the
bubble, judging by visual observations [10,18,74-77], manages to make 2-5 oscillations.
Figures 2 and 3 show how strongly the values of the kinematic, thermophysical, and energy
parameters characterizing the dynamic abilities of the bubble change at the stage of its
maximum compression over a period of time AT ~ 10 ns. The figures show data for the
conditions presented in [10,74,77].

From the point of view of the hydrodynamics of the process, the collapse of a bubble
with superheated steam in a cold liquid is no different from the collapse of a “cold”
cavitation bubble when the external pressure changes. However, the conditions of heat
and mass transfer in these processes are qualitatively different. The intensity of collapse
and the dynamic characteristics of a “hot” bubble are determined mainly by the kinetics of
phase transitions on the surface and the rate of heat exchange between the bubble and the
liquid. The designations is given directly in the figures; they correspond to the names of
the graphs axes.
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Figure 1. Changes in thermophysical and kinematic parameters in the initial stage of collapse of a
bubble with superheated steam in a subcooled liquid. For the calculation, the following MSBD was
used under the following conditions: Ty = 20 °C; Tsp = 130 °C; p;o = 100 kPa; Rg = 100 um, 1—[74],
2—(10], Exsp.—pressure according to research data [78].
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Figure 2. Changes in kinematic and thermophysical parameters at the stage of maximum compression
of a steam bubble during its collapse (a—c). Calculations were performed using the MSBD model for

conditions [18]—(Eksp.), Teksp—[79].
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Figure 3. Changes in heat and mass transfer and energy parameters at the stage of maximum
compression of a steam bubble during its collapse (a,b).

2.2. Influence of Operating Parameters on Bubble Dynamics

To study the influence of various operating parameters on the dynamic characteristics
of bubbles during the implementation of the phenomenon of steam cavitation, we con-
ducted special studies using the MSBD. The task was to determine the influence of the
following parameters on the dynamics of the process: Ry, T}, p;, and Tsg. In addition, the
kinetics of energy and mass transfer through the interface during bubble oscillation was
analyzed. This study examined the behavior of a steam bubble in water. The following are
the results of the computational experiment.

2.2.1. Effect of the Liquid Temperature

Of all the operating parameters, the liquid temperature T} has the greatest influence on
the dynamics of bubbles in cavitation processes. When it changes, the nature of the bubble
oscillations during its collapse changes qualitatively. With an increase in T}, the amplitude
values of the kinematic and dynamic parameters decrease sharply: velocity w,, acceleration
dw,/dt, temperature Ts, and vapor pressure ps in the bubble, and other parameters. As T;
increases, the amplitude of the radial pulsations of the bubble size also decreases.

Figure 4a—d show the dependences R = f(7) at various liquid temperatures in the
range from 20 to 90 °C. In these figures, the part of the curve indicated by the dotted line
characterizes the bubble state, which probably cannot be realized, since by this moment the
cavitation bubble has already collapsed.

If at relatively low values of T} in the studied temperature range, the collapse of the
bubble is accompanied by strong fluctuations in its size (Figure 4a,b), then in a more heated
liquid, the bubble collapses almost monotonously with weak pulsations (Figure 4c,d).
Despite the weak pulsations of the radius of the bubble, which under such conditions are
not observed visually and are not recorded on film [80,81], the amplitudes of fluctuations
in the radial velocity of the liquid near its surface, as can be seen from Figure 4d, are
significantly high.

How strongly a change in T; affects the kinematic and dynamic parameters of the
liquid in the vicinity of the bubble is shown in Figure 5, which shows the dependences
on the degree of subcooling of the liquid of the amplitude values of the radial velocity
and acceleration of the liquid, as well as the specific power in the liquid at the boundary
with the bubble. When the liquid temperature changes from 20 to 90 °C, the amplitude
values of the velocity decrease by 2-3 orders of magnitude, and the amplitude values of
the acceleration and specific power decrease by 7-9 orders of magnitude, which are also
strongly dependent on temperature and the amplitude of pressure pulses pr emitted by
bubbles collapsing in a subcooled liquid.
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Figure 4. The nature of the change in the radius of a vapor bubble over time during its collapse in a
subcooled liquid depending on the liquid temperature T}y. For the calculation, the following MSBD

was used under the following conditions: T}y =20 °C; Tsg = 130 °C; p;g = 100 kPa; Ry = 100 pm.
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Figure 5. Dependences on the degree of subcooling of water AT; = T(p;9) —Tjp of the amplitude
values of the velocity wr and the acceleration dw, /dt of the radial motion of the liquid at the boundary
with the bubble and the value of the specific power in the vicinity of the bubble W at the moment
of maximum compression. For the calculation, the MSBD was used under the following conditions:

T10 =20 °C; Tsp = 130 °C; pjg = 100 kPa; Ry = 100 um. The amplitude values of the parameters were
determined for the second period of oscillations.

For the three dependences shown in the figure, a violation of monotonicity is observed
in the range AT; = 40-50 °C. Thus, the W in this temperature range changes abruptly by
an order of magnitude. A violation of monotonicity in this temperature range was also
observed for peak values of other parameters—p;, Ts, j, and 4. Other researchers have
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also noted a dramatic change in the nature of bubble collapse under these thermodynamic
conditions [81,82].

The authors of [82] believe that at T; < 700 °C, the behavior of the bubble is controlled
by the inertial factor and that, at higher temperatures, the main influence is exerted by heat
transfer in the liquid phase.

The strong influence of the liquid temperature on bubble dynamics opens up the possi-
bility of regulating the degree of the dynamic impact of cavitation bubbles on surrounding
objects and on other bubbles.

2.2.2. Effect of Pressure in Liquid

We studied the influence of pressure pjy on the behavior of vapor bubbles in a sub-
cooled liquid in the range of 0.02 MPa to 0.5 MPa at constant temperatures Tjy and Tsy and
at a constant initial radius Ry. It was taken into account that T}, = f(p;g), and the values of
Tjp and Ty were chosen in such a way that, in the pressure range under study, the liquid
remained underheated and the steam was overheated relative to T},

Figure 6 shows how the amplitudes of the vapor pressure pulses ps and the specific
power W in the bubble liquid at the boundary depend on pjg. In the pressure dependences
pio of these parameters, a maximum is observed in the region p;o ~ 0.1 MPa, which may
seem unexpected at first glance. The fact that the dynamic characteristics of the bubble
decrease with decreasing pressure pjg is natural, since this reduces the pressure difference
p1 — Psat(T10), which determines the intensity of the collapse.

W, GW/cm? ps, MPa
120 . 600
100 -
& 300

60
200

40
100

20
0

0

0 0.1 0.2 0.3 0.4 0.5

pi, MPa

Figure 6. Dependences of the amplitude values of the specific power W in the vicinity of the bubble
and the vapor pressure in the bubble p; on the pressure in the liquid pj;. For the calculation, the
following MSBD was used under the following conditions: Tjg = 20 °C; Tsg = 130 °C; p;o = 100 kPa;
Rg = 100 pm. The amplitude values of the parameters were determined for the second period
of oscillation.

With an increase in external static pressure (pjp > 0.1 MPa), the initial pressure dif-
ference pjo—psat(Tj0) increases, which should contribute to an increase in the rate of vapor
condensation and more intense collapse with the release of a high-pressure pulse. However,
this factor is apparently compensated for by a slowdown in the rate of collapse due to the
higher initial vapor content of the bubble (s = 1.33 7'[R03ps).

2.2.3. Effect of the Initial Radius

The peak values of the dynamic parameters that characterize the collapse of a “hot”
bubble in a subcooled liquid strongly depend on the initial size of the bubble. It is obvious
that the decrease in vapor pressure caused by condensation on the wall of the bubble will
occur more slowly for large bubbles than for small ones. This explains the longer period
of oscillation of large bubbles and, accordingly, the slower occurrence of processes at the
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stage of maximum compression. The duration of the bubble oscillation and the duration
of the stage of maximum compression are proportional to the value of its initial radius.
Therefore, with increasing Ry, the characteristic time of the energy transformation increases,
and, accordingly, the amplitude values of the dynamic and energy pulses decrease.

Figure 7 shows, as an example, the dependences on the initial radius of the amplitude
values of the radial acceleration of the liquid and the specific power in the liquid at the
boundary with the bubble. When R changes from 1 pm to 3 mm, the value of these quanti-
ties decreases by six orders of magnitude. The amplitudes of other impulse characteristics
also decrease significantly.

W, W/cm? dw-dt, m/s>
108
1013 W
11
10 10
10° dw./dt
107
100
10°
10°
104
100 10t 102 10 104 R, um

Figure 7. Dependences of the amplitude values of the acceleration of the radial motion of the liquid
at the boundary with the bubble dw, /dt and the specific power in the vicinity of the bubble W on
the initial radius Ry of the vapor bubble collapsing in a subcooled liquid. For the calculation, the
following MSBD was used under the following conditions: T} = 20 °C; Tsg = 130 °C; p;o = 100 kPa;
Rp = 100 pum. The amplitude values of the parameters were determined for the second period
of oscillation.

It should be noted that Figure 7 shows the values of the parameters in the liquid at
the boundary with an extremely compressed bubble, i.e., at a minimum distance from the
center of the bubble. If, at Ry = 5 mm, the minimum radius is R,,;, = 0.5 mm, then, at
Ro =100 pm, the value is R, = 1 pm. However, at a large distance from the bubble, the
dependence of the amplitudes of the dynamic characteristics on Ry will not be so significant.
Therefore, with an increase in Ry of an order of magnitude (from 0.5 mm to 3 mm) under
conditions corresponding to the data in Figure 7, the amplitude of the pressure pulse at a
distance of 8 mm from the center of the bubble decreases from only 0.3 MPa to 0.1 MPa.

2.2.4. Temperature and Pressure of the Vapor in a Bubble during Oscillations

At the final stage of bubble collapse, the rate of decrease in the volume of the bubble
significantly exceeds the rate of vapor condensation, and the compression process can
be conditionally considered as adiabatic. As a result, the temperature of the steam in
the bubble and the steam pressure should increase sharply in the short time over which
the kinetic energy of motion is transformed into potential energy. Figure 8 shows the
dependences Ts = f(7) and ps = f(7) during the process of bubble oscillation in a subcooled
liquid. During almost the entire lifetime of the bubble, the vapor temperature Ts does not
differ from the liquid temperature T}y, and the vapor pressure ps does not differ from the
liquid pressure pjg. And only within an extremely short time at the compression stage,
the temperature in the pulse reaches values of the order of 5000 K, and the pressure in the
pulse reaches values of the order of 100 MPa.
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Figure 8. Change in the average pressure p;* in the liquid phase of a bubble cluster during the growth
of vapor bubbles in water after the release of external pressure. For the calculation, the BCCM was
used under the following conditions: Ty = 90 °C; p;o = 60 kPa; Rg = 10 um. At = 0 at different
concentrations of vapor nuclei N: 1—103 kg ~!; 2—10* kg~ 1; 3—10° kg~ 1; 4—10° kg ~1; 5—10" kg~ };
6—10% kg1

3. Destruction of Cavitation Bubbles

At the stage of maximum compression, when the characteristic dimensions are es-
timated on a scale of 1 pm, and the duration of the processes on a scale of nanoseconds,
extraordinary effects and physical phenomena arise inside the bubble and in its vicinity,
which are currently inaccessible to direct observation in experiments. The temperature and
pressure in a very small but finite volume of the element, including the bubble itself and
the thin layer of liquid adjacent to it, can greatly exceed the corresponding critical values of
these parameters.

The liquid—vapor transition to the supercritical region gives reason to assume that
inside this element, heat and mass transfer processes are carried out at a qualitatively
different level. When analyzing the phenomena occurring at the moment of the maximum
compression of the bubble, a number of questions arise regarding the behavior of the
bubble at this stage.

1. If, over a time of about 10 ns, the temperature inside the bubble and on its surface rises
above critical levels, what is the layer of liquid adjacent to the bubble? In this situation,
the concept of an interfacial surface loses its physical meaning. The substance inside
the element is in a homogeneous state, and, as it moves away from the center of
the “bubble”, it smoothly transitions to a liquid state with a temperature below the
critical T*.

2. When the surface temperature approaches T* the surface tension coefficient ap-
proaches zero, which means that the capillary effects that determine the dynamics of
the bubble in the stage of its maximum compression are absent altogether or manifest
themselves in a different way.

3. Under the condition Tint = T%, the heat of evaporation (condensation) at the interface
becomes zero and phase transitions at this stage occur without the release or absorp-
tion of heat, which should affect the nature of heat and mass transfer and the change
in temperature within the element under consideration.

4. At Tint = T*, the densities of liquid and vapor take on the same value, and, near
T*, they differ insignificantly. A change in the density of the liquid near the max-
imum compressed bubble should also affect the dynamics of the bubble and the
hydrodynamic processes in the surrounding liquid.

These effects are taken into account to a certain extent in the equations of the MSBD,
which makes it possible to more accurately describe the behavior of an extremely com-
pressed bubble, since none of the known models of the dynamics of a vapor bubble consider
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processes taking into account the transition of matter in the bubble-liquid system to the
supercritical region. However, the degree of reliability of the results obtained within the
framework of the MSBD is limited by insufficient information regarding the physical
mechanism of the phenomena and processes that occur when a bubble is overheated to
supercritical temperatures in an extremely short period of time. To our knowledge, this
problem has not yet been considered in the literature.

It can be assumed that, if T5 > T*, the interphase boundary disappears, and, in place
of the bubble, a local volume of highly superheated liquid (“therm”) exists for a very
short time. Typically, a “therm” can be obtained, for example, by focusing a high-power
laser pulse on a volume of liquid. The substance inside a compressed bubble, heated to
a supercritical temperature, differs from a conventional thermal substance in the high-
pressure value inside the local region. Consequently, from a thermodynamic point of view,
the state of the substance inside the bubble cannot be considered metastable.

Without reliable information, one can only guess what the subsequent evolution of
a local element that contains a substance in a supercritical state for nanoseconds will
be. Although the ultra-high pressure inside the element (over 100 MPa) prevents the
formation of a vapor nucleus, it is nevertheless possible that if the pressure inside the
element decreases much faster than the temperature, this element turns into an ordinary
thermal. In this case, the formation and growth of a vapor phase is possible, which, in
experiments, is visually recorded as the repeated expansion of a collapsing bubble.

Given the lack of capillary forces and the extremely high local pressure within the
element, the irreversible failure of the element seems more likely. At c—0, strong surface
instability should arise, and even a small impact on the system can lead to its irreversible
destruction. In this case, we should expect the appearance of a cluster of secondary
microbubbles in place of the former bubble, which, having exhausted the thermal energy
reserve, quickly collapses in the cold liquid, releasing pressure pulses. The presence of
such pressure pulsations already after the collapse of the cavitation bubble was recorded in
experiments, although the reasons for their appearance were not analyzed in the works
cited above.

4. Dynamics of a Bubble in a Cluster

After analyzing the influence of various factors on the behavior of the bubble during
cavitation using a previously developed model [14-17], we can begin to formulate a
physical model of cluster cavitation.

Without detailing the complex picture of the velocity and pressure fields in the inter-
bubble space of an ensemble of dynamically developing bubbles, the general nature of
the flows can be represented as follows. When bubbles located in a volume element of a
two-phase system expand or contract, an unsteady fluid flow occurs in the space between
the bubbles. Relative to any point in this volume, the fluid flow is asymmetric and, as a
consequence, the pressure field is also asymmetrical. The picture is complicated by the
fact that the distribution of bubbles in size and mutual distances continuously changes in
volume. Microflows in the interbubble space are of a vortex nature, which causes additional
pulsations of velocity and pressure at local points of the liquid [14]. When the amplitude
and frequency of these pulsations are sufficiently large, a specific collective effect of the
cluster on the intensification of hydromechanical and heat and mass transfer processes
is manifested. The complex pressure distribution around each bubble complicates the
analytical description of its dynamics, since, in this case, the assumption of the spherical
symmetry of the velocity and pressure fields in the vicinity of the bubble becomes incorrect
and higher-order effects must be taken into account. Compared to a single bubble, for
which creating reliable and consistent models does not pose any particular difficulties,
describing the behavior of a cluster is associated with certain difficulties.

At any moment in time, the sizes and kinematic and thermophysical characteristics
of all bubbles in the cluster are the same, and the distribution of velocities and pressures
near each bubble within an elementary spherical cell is assumed to be symmetric [14].
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This assumption allows us to use, as a first approximation, the known equations for the
dynamics of a single bubble to calculate the averaged parameters of a cluster, so that higher-
order effects can be consistently taken into account at the next stages of the calculation.

When considering the dynamics of a single spherical bubble in an infinite volume
of liquid, the pressure in the vicinity of the bubble, as shown in [14], is described by the
following equation:

R R

o) wm]R

1
pi(r, T) = pec + ps_pc‘l‘z'Pl’w%'(l_ 3 ;e

If the bubble grows due to the release of external pressure at a certain value p. < psat(T10),
the liquid pressure in the vicinity of the bubble, according to (1), smoothly decreases from
the value p;(R) at its surface to the value p. = const at r. The growth process of such a bubble
is determined by the pressure p,.

If a bubble is surrounded by other growing bubbles, the pressure fields of its nearest
neighbors overlap each other and the nature of the pressure distribution in the vicinity of
each bubble differs from that described by Equation (1). The behavior of each bubble in
the cluster will not be determined by the external pressure pc that acts on the system as a
whole, but by some average pressure in the space p;* > ps.

For the bubble cluster cavitation model (BCCM), we will refer to the boundary con-
dition for pressure for an individual bubble not as infinity, but as the average distance
between neighboring bubbles—the radius of the spherical cell in the center of which this
bubble is located.

If the volumetric vapor content of the two-phase bubble medium S(t) and the average
bubble radius R(t) are known, then, for each bubble, there is a volume of the system of
1.337tR3B(7). This volume can be considered as an elementary spherical cell containing a
single bubble in the center. The outer radius of the cell is Q = R/%3, and the thickness
of the liquid layer in the cell is Q — R = R(1 — g%33)/B033, Let us assume that within the
cell, the fluid motion caused by the expansion or contraction of the bubble is radial. At the
outer boundary of the cell, there is no mass exchange with the rest of the cluster, and, as a
consequence, the mass of the substance in the cell remains constant. Within the framework
of the cell model, it is also postulated that each cell is thermally insulated, i.e., at its outer
boundary, the following conditions are met:

dm dT
E|r:0—01 E|r:0—0~ (2)

The last condition allows us to take into account the change in the temperature of the
liquid in the cell as a result of heat and mass transfer with the bubble. The temperature
of the outer surface of the cell begins to change when the thickness of the thermal layer
around the bubble ¥(t) exceeds the radius of the cell.

The behavior of each bubble in the ensemble is considered to be the behavior of a
single bubble isolated in the volume of a closed cell. When a cell expands or contracts, it
interacts forcefully with the surrounding part of the two-phase system, which determines
the pressure on the outer surface of the cell. This pressure p(Q2) = p. is used as an external
boundary condition in the calculation of the equation of fluid movement inside the cell.

The pressure distribution in the liquid within the cell according to the Lagrange—
Cauchy integral [83] is determined by the following expression:

w2

d d w?
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Using the second boundary condition for the pressure p(R) = p,, and determining the
values of the parameters on the right side of (3), respectively, for r = R and r = (), we obtain
the following equation for the radial motion of the fluid in the cell:

dw,  ps — pint — 0.5pw7 (3 — 4B + p1-33)
dt o sz(l _ ﬁ0'33) .

(4)

This equation differs from the equation of motion of a single bubble in an infinite
volume in the presence on the right side of corrections that take into account the non-unity
of bubbles, and also in the fact that, instead of external pressure, there is an unknown
pressure at the cell boundary p;,;. In the initial stage of small bubble growth or in the final
stage of collapse, the parameter f is small and the correction terms on the right side of (4)
play a secondary role, and at relatively high values of the vapor content of the two-phase
system (B > 0.5), the use of the cell model becomes incorrect.

The fundamental difference between Equation (4) and those given in [14] for a single
bubble is that the behavior of an isolated bubble in is determined by the known pressure pl,
which is applied to the liquid from the outside. The behavior of a bubble surrounded by
other bubbles depends on the pressure p.(7) at the outer boundary of the cell, the value
of which is unknown in advance, and which, in turn, depends on the intensity of the
expansion or contraction of all bubbles in the cluster.

Now suppose that, in a certain volume of liquid with an initial temperature Tjg,
vapor bubbles of the same size with a radius Ry are uniformly distributed and are in
thermodynamic equilibrium with the liquid. The initial vapor pressure inside each bubble
pso is equal to the saturated vapor pressure at the liquid temperature ps;:(T}0). The pressure
in the liquid is constant throughout the volume and is determined from the condition
pio = psat(T10) —20/R. The number of bubbles per unit mass of system N is assumed to
be known, and this value remains constant in the process of the further evolution of the
system; i.e., the effects of the coagulation and fragmentation of bubbles are excluded. At
the moment of time T = 0, the external pressure acting on the system, initially equal to
p1 = pio, begins to change, initiating growth or contraction in all bubbles of the ensemble.
The volumetric vapor content is related to the size and concentration of bubbles and, for a
monodisperse system, it is determined by the following expression:

R3Np;

P=075+ 7TR3Np; ©)

In the vicinity of each bubble within a unit cell with radius ()(7), a spherically sym-
metric pressure distribution p;(r,7) appears, which can be found by substituting it into the
following equation [83]:

9 W p_

When determining the function f(7) on the right side of (6) using the condition
p(Q) = p., we obtain the pressure distribution. If, when determining f(7), we use the
boundary condition p(R) = ps, the pressure distribution inside the cell will take the follow-
ing form:

w2 w

d d 2
4 4 r=0+22|r=0>- (7)

pi(r) = ps Pl'(aT Tt

Using (7) to calculate the values on the right side of the relations,

R2 R% 9 1/d dR
w(r) = w;T;q)(r) Sl AR —( Or R2 +2R-wr-dr>, (8)

r ‘ot r\ dt
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we reduce this equation to the form

dw, ) R 2 R*
pi(r,T) = ps —pi (R it +2wr)'<1 - 1,) + 0.501w; (1 - },4>- ©)

For r = (), (8) reduces to the following equation:

dw
pi(r,T) = ps — (R B 2w%) (1= %) + 050 (1- %), (10)

which determines the pressure at the outer boundary of the cell as a function of time, if the
time dependences of the parameters on the right side are known. Substituting the right
side of (4) into (9) instead of dw,/dt, we obtain the final expression to calculate the pressure
in the liquid in the vicinity of the bubble:

— Pint + 0.50;w2 (1 — p1:33 R R*
Pz(hﬂ‘l%—Pz(ps Pint 1_%10.32( ) ‘<1—)+0-5P1w3(1—r4) (11)

r

This equation allows you to calculate the pressure at any point in the liquid inside
the cell if the pressure p;,;; at its outer boundary is determined. At g =0, when p;,;; = p,
Equation (11) reduces to the equation for a single bubble. The average pressure in the liquid
within the cell is determined by integrating the right side of (11) over the volume of liquid
in the cell and then dividing by this volume:

*

(@)
3
pl (T) = m/4ﬂp(f’, T)~1’2-d1’.
R

The expression for the average pressure in a liquid inside a unit cell can be represented as

N 0.33 —Din 405 % 1— 1.33 15(1— 0.66
p; (T) = ps + £ [pR P tl,/goggw ( d )] { (1—!; ) - 1] -
12
2 (3(1=F"")  pi33 -

The averaging applies to both the unit cell and the entire volume of liquid in the
interbubble space.

To determine at each stage of the evolution of a two-phase system the pressure at
the outer boundary of the cell p;;;, the pressure at the boundary with the bubble p,, the
average pressure in the liquid p;*, as well as the radius of the bubble R and the velocity of
the movement of its surface wr, we use the following scheme.

Consider the case when, at time T, the external pressure acting on the system changes
instantly from the initial equilibrium value p;o to some constant specified value p < pjo. At
this moment, the pressure in the interbubble space, including at the outer boundary of the
cell, is equal to the external pressure. Substituting this pressure value into Equation (4) as
the p;,; parameter, we determine the acceleration of the liquid in the cell at the boundary
with the bubble dwg /dt. Using, along with Equation (4), the remaining equations of the
single bubble model [14], we calculate new values of the parameters that determine the
behavior of the system, including R, wg, B and pg. Substituting these values into the
right side of Equation (12) allows us to calculate the value of pressure p;* in the liquid
averaged over the volume of the cell. The pressure found in this way is used in the next
calculation step as the pressure at the cell boundary p;,,; and this value is substituted into
Equation (4) to subsequently determine new values of dwg /dT, wg and R. Simultaneously
with Equation (4), other equations of the system are solved to calculate new values of other
parameters. This procedure is repeated at each step of the numerical solution of the system
of bubble dynamics equations.
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When the vapor content of the bubble system changes, the temperature of the liquid
should change as a result of the release or absorption of the heat of phase transitions on
the developed interphase surface. The average temperature of the liquid phase in a cluster
of vapor bubbles can be identified with the average temperature T;* of the liquid in the
unit cell. In the vicinity of each bubble within the nonstationary thermal layer, there is a
certain temperature distribution T}(r,7). The average temperature of the liquid T;* within
a cell at an arbitrary point in time is determined by integrating the functional expression
T)(r,7) over the volume of liquid in the cells and then dividing by this volume. As noted
above, in the cell model, it is assumed that each unit cell is thermally insulated. Therefore,
the amount of heat transferred through the surface of the bubble as a result of the phase
transition and heat exchange 471R?(jL. + q) uniquely determines the change in the heat
content of the liquid in the cell and its average temperature. Then, we can write

d 3_ 3\ = 4 1 | _ 4 R2(s
= {1.33nplcl (Q ~R )~Tl} = - [1.33np,cl (5 - 1)~Tl} — 47R2(jR+4q).  (13)

Substituting the expression for B from (5) into (13) and performing the necessary
transformations, we obtain a simple equation to determine the average temperature of the
liquid in the interbubble space of the ensemble.

T _ N(L+4q)

- Cl. (14)

Equation (14), together with Equations (5), (10) and (12), complements the system
of equations for the dynamics of a single bubble presented in [14]. The only new initial
parameter is the concentration of bubbles per unit mass N.

The system of equations transformed in this way, taking into account the proposed
scheme to determine the pressure in the interbubble space, can be used to predict the
behavior of the cluster.

5. Dynamics of Growth and Collapse of Bubbles in a Cluster

The presented model makes it possible to estimate at each moment of time the average
pressure in the interbubble space of the cluster, its vapor content, and to trace the evolution
of an individual bubble in such a system. However, within the framework of this model, it
is impossible to detail the hydrodynamic and heat and mass transfer phenomena occurring
at the microlevel in the interbubble space. The averaging of pressure or vapor content in the
macroensemble model is performed over a volume significantly larger than the volume of
an individual bubble. A cluster is considered as a homogeneous medium in which bubbles
are represented as certain singularities.

To describe the behavior of a cluster at the microlevel and simulate the velocity and
pressure fields in the interbubble space, it is necessary to take into account a number of
circumstances that determine the features of the hydrodynamic situation in the liquid
phase with the intense movement of the bubble surface. First of all, these are differences
in bubble size, shape, speed, and acceleration of the radial motion of the surface, which
requires an individual description of the evolution of each bubble. Secondly, this is the force
interaction of dynamically developing bubbles, which leads to their translational chaotic
movement and, as a consequence, to a constant change in time in the speed and direction
of microflows and to the pulsation of local pressure in the liquid. Due to the dynamic
interaction of neighboring bubbles, their continuous deformation occurs, which, in turn,
causes oscillations on the surface and further complicates the hydrodynamic situation in
the vicinity of the bubble [14].

In essence, the model that takes these factors into account is quite simple and obvious.
However, a detailed analysis of the behavior of even two interacting bubbles turns out to
be a rather complex and time-consuming task. To assess the situation in the interbubble
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space of a cluster volume with a large number of bubbles, it is necessary to introduce
simplifying assumptions.

To analyze the nature of microflows and pressure and velocity fields in the liquid
phase of a dynamically developing bubble system, we consider the following assumptions.

1. The liquid is incompressible, and the influence of viscosity appears only at the inter-
face, as in the single bubble model.

2. A cluster of bubbles in the form of a compact bubble cloud with a finite number of
elements occupies only part of the infinite space of the liquid.

3. During the evolution of the ensemble, the bubbles retain their spherical shape and are
not deformed. This is true for relatively small bubbles, when the capillary pressure
compensates for the force exerted by other bubbles, provided that 3 < 0.55.

4.  The force interaction of neighboring bubbles, caused by the radial motion of their
surfaces, is taken into account, which leads to the mutual movement of bubbles within
the ensemble.

5. The fluid flow in the interbubble space is potential.

In this model, expanding or contracting cluster bubbles are dynamic and thermal
sources (or sinks) discretely distributed in the liquid. Moreover, taking into account
assumption 5, in accordance with potential theory, we will use the superposition rule,
according to which the resulting flow is the sum of flows from each source (sink), and the
value of the scalar potential of the velocity field at an arbitrary point in the liquid is the
sum of the potentials created at this point by all sources (or wastewater).

Consider a cluster of vapor bubbles containing N elements. To do this, we place the
origin of Cartesian coordinates at some point in the center. If, at a certain point in time, the
coordinates of the center of each of N bubbles (x;, y;, z;), their radii R;, and the expansion
rate of their surface w,; are known, then the total field potential at an arbitrary point in the
liquid with coordinates (x, Yo, o), in accordance with the rule of potential superposition,
will be determined by the following formula:

N w,;R?
Q"(XO/ yOI ZO) - Z _#/ (15)
i=1 !

where d; = /(x = 0)” — (s — y0)? ~ (2 — 20)”.
The projections of the velocity vector of the resulting flow at the point (xg, yo, zo) are
determined by the following expressions:
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The modulus of the velocity vector at the point (xg, yo, zo) is determined by the

expression w = \/ (w,% +wf + w%)

The magnitude of the velocity vector at the point (xo, o, zo) is equal to

19 N 99 B dw,; Rl2 2Riwfl.
o o X \mat ) (16)

where dw,;/dT is the acceleration of the radial motion of the surface of an individual bubble,
determined by Equation (1). By substituting the value d¢/dT from (16) and the velocity

vector  into the Lagrange-Cauchy integral (6), we can find the pressure value at a local
point of the microflow with coordinates (x, Yo, zg). The function f(7) is determined from
the condition that, at a sufficiently large distance from the bubble cloud, the pressure in
the liquid is constant and equal to p;, and the flow velocity and potential take zero values.
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Then, the local pressure in the interbubble space inside the cloud is determined from the
following equation:

9 W
w
PI(XOI ]/O/ ZO) = Ps _Pl (af + 2) (17)

when substituting the values @ and d¢ /0t from (16) into its right-hand side.

Determining the pressure field in the liquid between the bubbles makes it possible to
average the pressure over the volume of each cell (which are not necessarily identical) and
at the next time step solve the system of equations for the dynamics of a single bubble for
each of N bubbles, determine new values R;, w,;, dw,;/dt, and new coordinate values x;,
yi, z; and then execute again the procedure discussed above for calculating velocity and
pressure fields.

In this model, it is fundamentally important to correctly calculate the dynamics of
each individual bubble in the cluster. It was indicated above that to determine the value
dw,/dt on the right side of (16), it is necessary to use the equation of motion in the form (4).
When deriving Equation (4), it was noted that the value of vapor content {3 in this equation
characterizes the radius of the cell Q = R/B%33 near a given bubble, and p is the pressure
in the liquid averaged over the volume of this cell. Let the bubble cloud have a shape close
to spherical. Bubbles located on the periphery of the cloud are in constant contact with
an unlimited volume of the liquid phase, the pressure in which p; = const. The cell size of
these bubbles will be considered equal to half the distance from their centers to the center
of their nearest neighbors, which determines the corresponding value of .

Throughout the entire process, these bubbles will behave, in fact, like an isolated
bubble in an unlimited volume of liquid. However, it is assumed that the pressure that
these bubbles create in the outer layer of the ensemble in accordance with Equation (12) is
transmitted as the pressure at the cell boundary for all bubbles located in the next spherical
layer, which borders the outer layer of the cluster. The pressure created by the bubbles
in the second layer is transferred as a boundary condition to the bubbles in the third
spherical layer, etc. Thus, the average pressure in a spherical bubble cloud will vary from
the periphery to the center, and the pressure gradient along the radius of the cloud depends
on the intensity of the expansion or compression of bubbles in each spherical layer.

The equations presented above, together with the equations for the dynamics of a
single bubble, make it possible to predict the behavior of bubbles in a cluster and the
behavior of the cluster as a whole when the external pressure changes, as well as to
determine the velocity and pressure fields in the interbubble space and the nature of
changes in these fields over time for any operating parameters.

Therefore, we were able to combine the previously developed single bubble
models [15-17] and the cluster stability model [14] into a new model that allows us to
make predictions about the dynamic characteristics of the cluster.

The behavior of an individual bubble inside a cluster under identical conditions and
identical influences on the system differs from the behavior of a single bubble, and the
difference is more noticeable with the higher concentration of bubbles in the cluster N.
The reason for the difference in behavior is due to the fact that, other things being equal,
the bubble in the cluster is under the influence of pressure created by other bubbles and
which depends to a small extent on the pressure applied to the system. The authors of [84]
also point out this pattern. Figure 8 shows how the average pressure p;* in the liquid in
the interbubble space changes after an instantaneous release of external pressure from the
initial equilibrium value of 60 kPa to 20 kPa. The pressure in the liquid increases rapidly,
asymptotically approaching the saturated vapor pressure ps;(T;), which for the conditions
presented in the figure, corresponds to approximately 70 kPa.

The higher the concentration of bubbles N, the higher the rate of approach to psu(T}).
When a single bubble grows under the same conditions, the pressure in the liquid after
discharge should remain constant and equal to the external pressure of 20 kPa. The
difference in the ambient pressure p;* determines the difference in the growth rate of the
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bubbles in the ensemble w; at different concentrations, as can be seen from Figure 9. For
comparison, the same figure shows similar dependences for a single bubble. For all values
of concentration N (including a single bubble), the rate of surface expansion is equally high
in the initial stage, decreases rapidly, and then slowly decreases, so that, over time, the
value of w, ceases to depend on the concentration.
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Figure 9. Changes in the bubble growth rate w, (solid lines) and the bubble radius R (dashed lines) in
a monodisperse cluster over time after the release of external pressure. For the calculation, the BCCM
was used under the following conditions: Ty =90 °C; pjg = 60 kPa; Rg = 10 um. At = 0 at different
concentrations of vapor nuclei N: 1—isolated bubble; 2—10% kg_1 ;3—10° kg_1 ;4—108 kg_l.

The influence of concentration is more noticeable during the collapse of bubbles in a
cluster in cavitation processes.

Figure 10 shows how the pressure in the liquid inside the collapsing bubbles changes
with an instantaneous increase in external pressure from the equilibrium value of 60 kPa
to 130 kPa. Due to the intense compression of the bubbles in the initial period and the
associated stretching of the liquid, the pressure in the interbubble space first sharply
decreases to almost 70 kPa. As a result of rapid compression, the vapor pressure inside
the bubble increases greatly, which leads to an increase in pressure in the layers of liquid
adjacent to the surface; this increased pressure extends to the entire volume of the cell. As
in the previous case of bubble growth, the pressure inside the cell is controlled by the vapor
pressure in the bubble the smaller the cell size, i.e., the higher the concentration of bubbles.
Therefore, as can be seen from the figure, at high concentrations, the average pressure in
the liquid significantly exceeds the external pressure until the bubbles completely collapse.

This increased pressure inside the cell prevents the expansion of the bubble after
maximum compression and its subsequent oscillation, which was characteristic of the
collapse of a single bubble. However, at relatively low concentrations (curve 1), the
behavior of bubbles in a cluster approaches the behavior of a single bubble. During the
collapse process, the pressure inside the cell oscillates weakly, approaching the external
pressure value p; = 130 kPa. The collapse of bubbles at low concentrations is accompanied
by an oscillation in their size, as can be seen from figure, while at high concentrations,
the radius of the bubbles decreases monotonically until complete collapse. The lifetime
of bubbles in a cluster, despite the qualitative difference in the compression process, does
not depend on concentration and actually coincides with the duration of the collapse of a
single bubble under the same conditions.
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Figure 10. Changes in the average pressure pl* in the liquid phase of a bubble cluster during the
cavitation collapse of vapor bubbles in water after an increase in external pressure. For the calculation,
the BCCM was used under the following conditions: Tjg = 90 °C; pjo = 60 kPa; Ry = 10 pm. At =0 at
different concentrations of vapor nuclei N: 1—10* kg~1; 2—10° kg~1; 3—10° kg~ 1; 4—108 kg~ .

6. Discussion

Conducting experiments to study the dynamics of vapor bubbles is associated with
certain difficulties, since the strongest dynamic effects appear at the stage of the maxi-
mum compression of the bubble, when, in 10-50 ns, the kinematic and thermophysical
characteristics of the bubble change by 2-6 orders of magnitude. Temporal and spatial
processes at this stage of bubble development occur in the nanoscale region. Under such
conditions, the difficulties of conducting an experiment are associated with the need to
register ultra-high-speed processes in ultrasmall objects.

Consequently, a direct experimental study of the behavior of a bubble at the most
interesting and important stage of its development is beyond the scope of technical ca-
pabilities. In experiments of this kind, it is possible to estimate only the current size of
the bubble using a pressure sensor to register the change in pressure in the liquid at some
distance from the bubble. These measurements, in fact, limit the available amount of
experimental information.

Even more complex is the question of what the total dynamic effect of the cluster
should be. If we assume that dynamic effects are determined by only one bubble during
its collapse, then, most likely, such theoretical models will show overestimated values of
dynamic parameters, since, in real processes, the effects of the mutual compensation of
counter impulses directed from different bubbles appear.

As an example, consider the problem presented in [85,86] and compare it with the
calculated data obtained using our model.

Figure 11a shows graphs of the change in the radius of the bubble over time.

For comparison, Figure 11 shows experimental data taken from [85] and calculated
data based on the model [86]. As for the numerical results, in the general case, the calculated
radius value is almost 10% higher than the average experimental value. In addition, the
calculated radius change curve obtained in [85] is also presented here. The excess of the
theoretical values over the experimental ones is about 50%. Note that the authors of [85]
limited themselves to finding the calculated values up to the time point of 35 ps.

The change in the surface velocity of the bubble (Figure 11b) shows a sharp increase in
the surface velocity at very short times, which corresponds to the nature of the experimental
dependences. During the first 2-3 us, the surrounding liquid, initially at rest, is strongly
accelerated by the high vapor pressure. Towards the end of this initial period, the surface
of the bubble reaches its maximum speed, and then begins to slow down, at which point,
its speed will monotonically decrease. The acceleration period is not marked by the
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experimental point, since it is technically impossible to register the corresponding pressure
pulse at such short time intervals. The experimental points that define the corresponding
velocity values are determined by numerical differentiation with respect to time.
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Figure 11. Change in dynamic parameters over time: 1—calculation using the BCCM model,
2—model [86], 3—experiment [85].

The difference between these experimental and calculated speed values reaches a
maximum of 30%. Figure 11b also shows a graph of the speed change obtained by the
authors of [86], which also gives greatly overestimated speed values.

Using the proposed modified model, the processes of bubble growth and pressure at
infinity were calculated, and it turned out that the theoretical estimates coincided acceptably
or even reasonably with the data of current measurements. Certain difficulties occurred
when carrying out calculations in the case of elevated pressures. We expect to consider
these problems in further research.

7. Conclusions

The study of the phenomena of hydrodynamic and acoustic cavitation in relation to
their targeted and effective use for stimulating and intensifying chemical technological
processes in nano- and biotechnologies and in sonochemistry requires a unified approach
that equally takes into account the hydrodynamic and heat and mass transfer aspects of
these phenomena. Within the framework of this concept, a mathematical model is being
developed and improved, which, taking into account all the determining factors and an
accurate representation of thermophysical system parameters, adequately describes the
behavior of bubbles and bubble clusters in cavitation processes. The results of this study
show that, when considering the cavitation effect on supramolecular and microbiological
objects, as well as on the kinetics of chemical reactions, it is necessary to take into account the
heat and mass transfer in the vicinity of the bubble, as well as the vapor-gas mixture in the
bubble itself, into the state of a supercritical fluid. To assess the spatiotemporal boundaries
of the supercritical region and analyze the effects of the spherical water hammer in local
zones of the cavitation cloud, it is necessary to take into account the compressibility of the
liquid during modeling.

The purpose of this study was to analyze the various factors that influence the dynamic
effects of cavitation. For this purpose, two mathematical models developed by the author
earlier were used: a single bubble model and a model that evaluates the multiple influence
of bubbles on cavitation processes. This paper shows that combining these two approaches
into a new cluster model and modifying the previously developed equations taking into
account the averaged characteristics of the cluster (the cluster is represented as a homoge-
neous medium in which bubbles are represented as some singularities) allows us to take
into account the mutual influence of bubbles in the cluster on the final dynamic effects,
which, as shown above, allows for more accurate predictions of effect sizes. For example, if
the dynamic impact of a cluster is represented by the effect of only one extreme bubble, the
calculated values may be overestimated by 50%.
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This work shows that in the phenomena of steam cavitation, the collapse of a bubble
is accompanied by a pronounced pulsation of its size and periodic oscillation of thermody-
namic parameters. It has been established that the strongest dynamic effect of an oscillating
bubble on the surrounding liquid manifests itself at the stage of its maximum compression,
the duration of which does not exceed several nanoseconds. In such a short time, the
thermodynamic, kinematic, and energy characteristics of the bubble reach extremely high
values, managing to increase by several orders of magnitude and then decrease again to
the previous level.

The influence of various factors on the dynamic characteristics of bubbles in the
phenomena of steam cavitation has been studied. The degree of subcooling of the liquid
and the magnitude of external pressure have the strongest influence on the dynamics of
the bubble.

The degree of the dynamic impact of the bubbles on the surrounding liquid in the
phenomena of steam cavitation and the level of amplitude values of dynamic characteristics
are determined by the kinetics of interfacial heat and mass transfer.

On the basis of a study of the dynamics of bubble collapse in cavitation processes, a
hypothesis has been put forward about the thermal instability of the interphase surface. The
possibility of bubble destruction at the stage of maximum compression, due to the excessive
overheating of the vapor inside the bubble, and, as a consequence, the transition of the
liquid in the vicinity of the bubble to the supercritical temperature region, is discussed. An
analysis of various experiments carried out within the framework of the model to study
the behavior of bubbles in cavitation phenomena proves the validity of this assumption.

This study should be considered an initial stage towards substantiating ratio-
nal designs and optimal operating modes of cavitation devices when solving various
technological problems.
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specific heat

heat content

mass flow

latent heat of vaporization (condensation)
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the number of bubbles per unit mass of the mixture
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specific heat flux
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wy radial velocity

B volumetric vapor content

b4 boundary layer thickness
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density
interfacial tension coefficient
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MSBD model of single bubble dynamics
BCCM bubble cluster cavitation model
Indexes
0 initial value
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c continuous phase

) liquid

sq minimum value

R value of the parameter in the liquid at the boundary with the bubble
int parameter value at the interface

sat parameter value in saturation condition

5 vapor
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