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Abstract In many technological processes, wettability plays an important role. There are various methods
to control the wettability. The use of ultrasound can be used as one of the methods that allows to change
the wetting angle and accordingly affect the wettability of the surface. In this paper, we study the effect of
ultrasound on the solid surface-liquid—air bubble system. The solid plates of various degrees of wettability
(quartz, acrylic, and Teflon plates) are used as the solid surfaces in experiments. The air bubble has a
characteristic size of the order of ~ 1 mm. It is found that in the case of quartz plate, when exposed
to ultrasound, the bubble is not fixed on the plate, a thin liquid layer remains between them. Since the
acoustic pressure is non-uniform along the plate surface due to the reflection of ultrasonic waves from the
container walls and the free surface of the water, being near the surface of the quartz glass plate, the
bubble is displaced into an area of lower acoustic pressure and oscillates there. In the case of acrylic and
Teflon plates, the bubble is fixed on the solid surface, and its surface oscillates with a frequency equal to
the frequency of shape mode 2 eigen oscillations. The dependencies of the contact diameter, contact angle,
and height of the bubble on the time of ultrasonic exposure are obtained for solid surfaces of different
degrees of wettability. The change in wettability in ultrasound field is recorded for the acrylic and Teflon
surfaces such that after 10 s of ultrasonic exposure and switching off the ultrasound, the reduction of the
contact angle is detected.

1 Introduction

Wettability in the scientific and technological fields is an important characteristic of the surface of the material [1];
it is determined by a force balance between the adhesive and cohesive forces [2, 3]. The numerical characteristic
of wettability is the contact angle (wettability angle). Various methods are used to determine the contact angle:
oscillating droplet, sessile drop, captive bubble [4, 5]. In measurements using the sessile drop method, a drop of
water located on the surface in the air is considered, so a three-phase system is formed in which it is possible to
fix the visible angle between the boundaries of the solid-liquid and liquid—gas phase. Other studies use the captive
bubble method. In this case, a gas bubble in the liquid phase on a solid surface is considered: this method allows to
track changes in its shape, micro-flows near the surface of the bubble, motion of the center of mass, and dynamics
near a solid surface.

In many technological processes, such as soldering, inkjet printing, coating, and separation, it is necessary to
control the wettability of the surfaces involved. A review [6] demonstrated that, with increasing temperature, the
contact angle between a liquid and a solid decreases, whereas the rate of change in angle also increases. There are
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also alternative ways to influence wettability: in the work of Liu et al. [7], the hydrophilicity of coal was increased
by using surfactants. Its addition increases the interaction of water with coal and the diffusion coefficient of water
molecules, which leads to the transformation of the surface of coal from hydrophobic to hydrophilic. However,
traditional methods that allow for changing the contact angle have a number of disadvantages. In the first case,
a large amount of energy is required for heating. In the second case, the liquid is a mixture of two components
(surfactants and water), which entails a number of environmental problems.

The solution to these problems may be the use of external mechanical means, including ultrasonic exposure [8, 9].
Ultrasonic waves can have both positive and negative impacts on technological processes, as they affect hydrophilic
and hydrophobic surfaces in various ways. In the work of Fillipov et al. [10], the influence of ultrasound on the
flotation process was investigated. It was discovered that the process of bubble attachment to ore particles occurred
selectively, as the wettability of NaCl and KCI particles differed and changed during ultrasonic treatment due to
the desorption of surfactants.

When using ultrasound to modify contact angles, there are no associated difficulties with high energy consump-
tion or environmental harm. At the same time, using intense exposure to ultrasound allows for quick changes in
the contact angle. This requires comprehensive theoretical and experimental investigation. When measuring the
contact angle using the sessile drop method, it is often considered that the effect of a solid surface oscillating with
ultrasonic or lower frequencies on which the drop is located can influence the measurement [11-14]. For example,
in the work of Sarasua et al. [15], a thermodynamic model was developed to describe the hysteresis of contact
angle in a three-phase system of solid, liquid, and air, specifically the decrease of contact angle under the influence
of ultrasound. In a study [16], it is observed that wettability can be controlled by varying the speed, frequency,
and amplitude of ultrasonic vibrations.

The inverted task, in which the measurement of the contact angle under the action of ultrasound is performed
by the captive bubble method, is considered less often, but is also relevant. A number of phenomena occur during
ultrasonic exposure, so there is a wide range of research dedicated to the behavior of bubbles in liquid under the
influence of vibration.

The Bjerknes force acts on a bubble from the acoustic field, which can contribute to its movement and interaction
with other bubbles. In the presence of bubbles of different sizes in a liquid, the primary Bjerknes force in a standing
acoustic wave separates them by size in such a way that smaller bubbles accumulate at pressure antinodes and larger
bubbles at pressure nodes [17]. In the case of two bubbles, a secondary Bjerknes force arises due to the appearance
of a secondary acoustic field emitted by an oscillating bubble [18-20]. Depending on the phase of the bubble
oscillation, the secondary force can lead either to coalescence (fusion) or repulsion. Additionally, external ultrasonic
exposure can lead to shape oscillations of the bubbles [21-23], and can lead to the formation of nanobubbles in
the liquid through cavitation. When a solid surface is present in a liquid, these phenomena can affect the wetting
properties of the material [24].

In our paper, the interaction of an air bubble with hard surfaces of varying degrees of hydrophobicity (quartz,
acrylic and Teflon) under the influence of an ultrasonic field is investigated. We conducted experiments that are
partially presented in the present paper and determined the general features of the behavior of gas bubbles under
ultrasonic exposure at different time scales. For the first time, the dependences of the instantaneous characteristics
of a bubble in contact with a solid surface (dynamic contact angle, height and diameter of the contact) on time
on a short time scale were obtained using the captive bubble method. A decrease in the static contact angle due
to prolonged ultrasonic exposure was also detected.

2 Description of the experimental setup and data processing methodology

The experiments used a cuvette shaped like a parallelepiped with dimensions 103 x 103 x 195 mm? (Fig. 1). The
cuvette was made of 3mm thick acrylic glass, a 28 kHz ultrasonic flat transducer with a power of P = 32 W was
installed at the base. In the upper part of the cuvette, at a depth of 20 mm from the surface of the liquid, a plate
made of the material under study (quartz, acrylic, Teflon) was fixed strictly horizontally. Basler acA1920-155um
SSD camera was used to register and measure the contact angle (sensor size 11.3 x 7.1 mm?, resolution (H x V
pixels) 1920 pz x 1200 pz, pixel size (H x V) 5.86 wm x 5.86 wm, frame rate 164 fps), together with a collimated
contour light source Telecentric HP illuminator (peak wavelength blue, 460 nm; power consumption P < 2.5 W),
equipped with telecentric macro lenses.

This optical system made it possible to measure the size of bubbles regardless of the distance between them and
the camera matrix. The minimum size of the fixed bubble for this optical scheme was ~ 32 wm, while the depth
of field was 2 cm.

The Basler A504kc high-speed camera was used to measure the frequency of bubble oscillations and the LED
backlight source with a power of P = 30 W. The shooting frequency in this case was 5000 fps resolution 1280 px x
102 px. Due to the fact that the ultrasonic frequency is 28 kHz, and the frame rate is reported to be 5000 fps, the
time resolved dynamics cannot be fully recorded.
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For the experiments, distilled water at room temperature was used, which was kept for at least a day in an
open vessel in the immediate vicinity of the experimental site and solid plates of three types: amorphous quartz,
acryl, and Teflon. Plates with varying degrees of hydrophilicity were placed in the experimental setup. This made
it possible to trace the dynamics of the bubble under the influence of ultrasound, as well as to identify changes
associated with changes in the degree of wettability of the surface, varying it from a hydrophilic surface (quartz)
to an intermediate one (acryl) and ending with a relatively hydrophobic surface made of Teflon.

To create a bubble, a calibrated glass capillary was used, emitting single air bubbles using a piston pump. The size
of the bubble varied within 1-+2mm. Since the solid surface can change under the influence of ultrasound [25], the
studied plates were replaced with identical ones after each experiment. Each series included ten similar experiments
to establish a trend.

The photos obtained during the experiment (Fig. 2a, b) were processed using a Python algorithm developed
on the basis of the tangential method of measuring the contact angle [26, 27]. At the first stage, the image was
binarized so that only the contour of the bubble on the surface of the plate remained in the image, then the black
color was assigned the value 0, and the white one — 1. As a result of these actions, a two-dimensional array of 0
and 1 was obtained, the elements of which were used in subsequent calculations. Next, in the picture (Fig. 2c¢),
the plate line ({) and the maximum deviation from it corresponding to the upper point of the bubble (ps) were
determined, after which the extreme (p;) and intermediate (p3) points on the bubble boundary were searched.
Next, the equations of the tangent circle at the extreme point of the bubble were written at three points. Then,
using the equation of the straight line running along the plate and the equation of the tangent (k), the contact
angle (O, °) was calculated. That is, the contact angle is the angle between the tangent to the circle and the line
drawn along the plate.

As a result of each experiment, images were obtained, an example of which is shown in Fig. 2a, b. In Fig. 2c,
the software processing is presented, the final result of the program is Fig. 2d.

Substrate Substrate

Substrate Substrate

Solution 1mm

(a) (b) (c) (d)

Fig. 2 An example of the resulting images and the result of their processing for an acrylic surface: a is the image obtained
during the experiment using the Basler A504kc camera, b is the image obtained during the experiment using the Basler
acA 1920-155 um camera, ¢ Using a tangential processing method to measure the contact angle, d The result of software
image processing
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3 The results

3.1 Experiments with quartz glass surface

In experiments, a capillary was used allowing the creation of bubbles with a diameter of 1 <+ 2mm. This size is
significantly larger than the resonant size, which can be calculated using the formula [28, 29]:

3Vps (1)

=\l orn

where v is the ratio of specific heats, ps is the ambient static pressure, py is the density of the liquid, and f is
the frequency of oscillations. The resonance size of the bubble calculated from Eq. (1) for air bubble in water at
frequency of 28kHz is R, ~ 0.12mm. In this regard, inertial cavitation effects (bubble collapse) occurring with
bubbles of resonant size cannot be observed in this work.

As shown by experiments conducted with distilled water and quartz glass plates (the wetting angle is 130°+145°)
(hydrophilic surface), after formation, the bubble is not fixed on the solid surface.

This behavior of the bubble is due to the hydrophilicity of the quartz glass surface; it can be said that quartz
plates completely immersed in water are well wetted with water, and as a result, a thin liquid layer immediately
forms on its surface which prevents the bubble from fixing on the plate (Fig. 4).

A liquid layer, or as it is also called a wetting film, is formed both on hydrophobic and hydrophilic surfaces,
but in the case of hydrophilic surfaces it is highly stable, while for hydrophobic surfaces the wetting films are
significantly less stable [30-32]. In accordance with the DLVO theory (was named after Boris Derjaguin and Lev
Landau, Evert Verwey and Theodoor Overbeek investigations), the stability of the liquid film can be considered
as a balance between van der Waals (VDW) force and double layer forces (DLF) [30, 33], where the forces of the
double layer (DLF) lead to repulsion, which occurs due to surface charges at the interface and the van der Waals
(VDW) forces of attraction.

Therefore, the air bubble rising from the capillary to the solid plate does not have sufficient energy to rupture a
stable liquid layer and does not fix on it when it hits the quartz plate. The formation of such a film can be seen in
Fig. 3, where the images of a gas bubble taken in reflected light are presented for the surfaces of acrylic and quartz.
In the case of acrylic plate, the bubble edge is clearly observed and in the case of quartz, there is a black ring,
indicating that there exists a liquid layer between the bubble and solid surface that prevents the bubble fixing.

Due to above, in the case of quartz plate, the ultrasonic exposure leads to oscillations of the bubble shape and
position near the solid surface (Fig. 4). The rebound of the bubble from a solid surface was also observed in [34]

Fig. 3 Photos taken in
reflected light for the air
bubble in the Acrylic and
quartz surface. The
formation of a black ring on
the surface of quartz is
noticeable, indicating the
presence of a liquid film

Acrylic surface  Quartz surface
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Fig. 5 Non-unity of the acoustic field inside the sonochemical reactor and near a solid surface, a schematic representation
of acoustic wave near the rigid surface, b the numerical simulation results presented in the article [35] demonstrate the
non-uniformity of the acoustic pressure distribution in a sonochemical reactor

in the absence of external fields.

Experiments with quartz plates have shown that under the action of anultrasound field, the bubble starts to
slide along the plate into the area of the lower pressure—the node of the standing wave. This phenomenon shown
in Fig. ba was observed in [36], when, during the generation of a bubble using a capillary in the pressure anti-node
(wave antinode), the bubble moved under the action of the acoustic field in the pressure node (wave node). In
the case discussed in [36], the adhesion forces exceeded the acoustic ones, so the bubble did not detach from the
capillary, and it assumed a stable position. In the present work, the bubble could move freely along the plate due
to the hydrophilicity of the surface, so the bubble, having reached the area of low pressure, continued to oscillate
near the plate. This is due to the fact that the field created in a liquid when exposed to ultrasound is spatially
non-uniform [35, 37]; it is presented in Fig. 5b.

This inhomogeneity can be related both to the interference of waves reflecting from the rigid boundaries of
the container, and to the presence of air bubbles in the liquid that occur in the path of wave propagation and
change the acoustic impedance of the medium [22]. The manifestation of the inhomogeneity of the acoustic field
is illustrated in Fig. 6. Regardless of the location of the bubbles relative to the quartz plate, when the ultrasound
source was activated, and the bubble shifted to the area with low pressure. The interaction of two bubbles, which
coalesced under the influence of Bjerknes forces, is shown in the case illustrated in Fig. 6.

3.2 Experiments with the acrylic surface

Acrylic was chosen as a material having an intermediate degree of wettability. According to the results of experi-
ments without ultrasonic exposure, the contact angle on such a surface is in the range 92° + 102°. In the absence
of ultrasonic action, the bubble is fixed on the surface of the acrylic; however when ultrasound is turned on, due
to the predominance of Bjerknes forces over the adhesion forces, the fixation turns out to be unstable and the
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Fig. 6 The movement of
two bubbles under the
influence of ultrasound into
an area of lower acoustic
pressure and their
subsequent coalescence on
the quartz surface

bubble shifts to an area of low acoustic pressure where it is then steadily fixed. As a result, air bubbles were fixed
on the acrylic surface, which was different from quartz. In experiments with quartz, bubble oscillated near the
surface. However, the movement of the bubble along the plate surface to the lower pressure area related to the
dominance of the Bjerknes forces over the adhesion forces holding the bubble in a fixed position is still possible
and was observed in the experiments.

Translational oscillations of the bubble in the vertical direction near the plate surface, as occurred in experiments
with quartz, are not observed due to the lower hydrophilicity.

Figure 7 shows images of bubbles on an acrylic surface, before and after exposure to ultrasound. The left-hand
side of the figure shows the parameters of the bubble (contact angle, contact diameter, and height) before the
ultrasound was applied, while the right-hand side shows 2 s after the ultrasound had been turned off and had
lasted 10 s. These photos demonstrate the static angle that is formed when the bubble adheres to the acrylic
surface. Fig. 8 shows the dependence of the static contact angle on the ultrasonic exposure time for 10/30/60 s
on the acrylic surface. Figures 7 and 8 show that, as a result of a 10-s exposure to ultrasound, the contact angle
of a bubble decreases by an average of 10%, regardless of the diameter of the bubble. With a longer exposure
time, there is no clear trend in the dependence of contact angle on time. Subsequently, in addition to reducing the
contact angle, its increase can also be observed.
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H Contact diameter - Cd
Acryllc Surface i ; Height - h; diameter - d

Before US After 10 s US

d=2.18 mm
Cd=2.19 mm
h=1.06 mm

d=2.34 mm
Cd=2.34 mm
h=1.03 mm

d=2.44 mm

Cd=2.42 mm
h=1.20 mm

Fig. 7 A series of experiments showing a decrease in the contact angle as a result of 10-s ultrasonic exposure to an acrylic
surface

The change in the contact angle in this case can be explained by the relation between the surface energy and
the kinetic energy that the vibrations bring into the system which allows it to overcome the energy barrier (see,
for example [15, 38, 39]) and reach the state of GEM (global minimum energy), which determines the contact
angle. In [15, 40, 41], the hysteresis of the contact angle arising from vibrations is discussed. In these studies, it is
investigated that the vibrations allow the drop to overcome the initial contact line caused by the surface roughness;
as a result, the drop does not return to its original state when vibrations are turned off. That is, vibrations transfer
the droplet from a metastable state with higher energy to a state with a lower one. The reason for the decrease
in the contact angle in this work may be in that the bubble oscillations enable the contact line to pin to stronger
defects in the solid structure and in the bubble mean shape deformation in the ultrasound field (bubble flattening
in the direction of ultrasound wave propagation)

Some of the researchers [42, 43] who also detect the effect of US on the contact angle associate this with the
other mechanisms: physical effects due to pressure waves and micro jets acting on a solid surface, and extreme
temperatures and pressures creating highly reactive radicals interacting with and altering a solid surface.

One of the reasons for the change in the wetting angle may be a change in the distribution of electric charge near
a solid surface as a result of the triboelectric effect [44, 45]: when a drop vibrates under the influence of ultrasound,
a change in the double electric layer (EDL) occurs. The combined effect of oxygen radicals resulting from the effects
of ultrasound and the redistribution of electric charge on a solid surface can cause noticeable changes in EDL, and
hence the wetting angle. Thus, the aforementioned effects, which cause a change in the contact angle, also occur
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Fig. 8 Changing the static
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in this work, despite the fact that the captive bubble method is used in the present problem (inverted by the one
presented in [15, 40, 42-45]).

The decrease in the angle can be also related to the effect of rectified diffusion and coalescence with microbubbles,
which is also observed with ultrasonic exposure. These phenomena are also responsible for the increase in the size
of the bubble. Data before and after 10 s of ultrasound exposure are shown in Fig. 7.

The paper presents the results of measurements of the height and contact diameter of a bubble on an acrylic
surface. Data were recorded for each series of experiments, and there was a general trend. Therefore, only the
results for one bubble are presented here. Figures 9, 10 show the time evolution of the left and right contact
angles, contact diameter, and bubble height (the distance between the extreme upper point of the bubble and the
middle point of the contact diameter). In the experiments with quartz glass plates discussed in Sect. 3.1, it was
impossible to measure these characteristics, since the bubble is not fixed on the quartz surface. As one can see,
the oscillations of the wetting angles occur in phase with oscillations of the bubble height in this case, and the
contact diameter oscillates in antiphase with the height (Fig. 9). This means that if the bubble is pressed against
the surface, this leads to an increase in its diameter and a decrease in height, and at another stage the reverse
process occurs, the diameter decreases and the height of the bubble increases.
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Oscillations of a bubble on a solid substrate under the action of spatially homogeneous pressure field pulsations
are considered in [46]. It is shown that, as a result of interaction between a bubble and a substrate through a
moving contact line, volume oscillations cause shape oscillations. In our case, the bubble size is d =~ 2 mm, and the
distance from the antinode to node of the ultrasonic wave for the frequency 28 kHz is A/4 &~ 13 mm. Therefore, the
condition for the validity of the assumption of the acoustic pressure field spatial uniformity, A\/4 >> d, generally
speaking, cannot be considered as fulfilled; therefore, the pressure field cannot be considered as spatially uniform.
This is also confirmed by the experiment, where translational oscillations of the bubble parallel to the sound wave
are observed. It is evident that such motion is not possible under spatial uniform pressure field. Thus, interaction
between a bubble and a substrate leads to surface oscillations at a frequency equal to that of the mode 2 of the
eigen shape oscillations, despite that in this work the pressure field cannot be considered spatially homogeneous.

The frequency of oscillations of the bubble height (Fig. 10) was compared with the frequency of eigen oscillations
of the shape of an initially spherical bubble in an infinite vibrating liquid obtained neglecting the viscosity, gravity.
and compressibility (see, for example, [23, 47]):

s k(2 —1)(k+2)a -
= (oth + pylk + )R

where k£ = 2 is the oscillation mode number, p; is the density of the liquid, p, is the density of air, a is the surface
tension at the boundary of the water—air interface, and R is the average bubble radius; however, in the present
experiment, the bubble is not incompressible. By substituting R = 0.8-1073 m (diameter - d = 1.6 mm), p; = 1000
(kg/m3), p; = 1 (kg/m?), a = 0.073 (N/m), we obtain for the angular frequency of eigen oscillations with &k = 2
the value w = 27 f = 416w, i.e., f = 208 Hz. In experiments, the shape oscillations frequency was found to be
208 Hz, which matches with the theoretical value obtained from Eq. (2). Thus, it can be observed that the surface
of the bubble oscillates at a frequency equal to the frequency of its shape mode 2 eigen oscillations.

On the experimental graph of the dependence of the height of the bubble on the time of ultrasonic exposure
(Fig. 10), you can also see the alternation of large and small peaks. This phenomenon is associated with the
presence of several harmonics of bubble oscillations [48], resulting from the interference of waves generated by the
ultrasound source with the waves reflected from the walls of the cell, the air—water interface, etc.

3.3 Experiments with the surface of Teflon

The material representing the most hydrophobic surface used in the experiments was Teflon; according to the
measurements, in the absence of ultrasound, the wetting angle on plates made of this material was 65° + 75°.

It should be noted that even with the highest degree of hydrophobicity of the plate (among the studied sur-
faces), the air bubble is displaced to the region of low acoustic pressure (similar to the situation on the glass
surface—Fig. 6), i.e., into the node of the standing wave, with subsequent oscillations of the bubble surface. As
in the experiments with acrylic, there was no detachment of the bubble from the rigid surface, so a series of
experiments similar to acrylic was carried out.

Experiments have shown that as a result of continuous 10-s exposure to ultrasound, a change in the contact
angle occurs—Fig. 11 (values are fixed after switching off the ultrasonic source), and the dynamics of the change
are shown in Fig. 12.
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Fig. 10 Temporal
dynamics of changes in the
contact diameter and height
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The pattern observed in the experiment is quite complex: both eigen oscillations (of shape and volume) and
forced (also of shape and volume) occur. Forced oscillations (including breathing mode), unlike the eigen ones,
occur with the frequency of excitation.

We think that the “noise” in Fig. 12 is related to the breathing mode of eigen oscillations. Their frequency
can be estimated using the formula for a compressible bubble, given, for example, in the article [46]. With the
experimental parameters, the eigen oscillation frequency of the breathing mode is approximately 1000 Hz, which
corresponds to the experimental data shown in Fig. 12.

The results of experiments conducted with the Teflon surface also made it possible to determine the oscillation
frequency of the bubble surface (Fig. 13): for a bubble with a diameter of d = 1.61 mm, it turned out to be 204 Hz,
which is close to the theoretical value according to that obtained from the formula (2) for the eigen oscillation
frequency of the bubble shape.

It was also revealed that during the experiment with a duration of 5 min, the diameter of the bubble increased
(this is shown in Fig. 15), which is related to its movement on a solid surface. The increase in bubble size under the
influence of ultrasound is associated with into two different mechanisms [49]: rectified diffusion and coalescence.
At the same time, the growth of the bubble size due to coalescence occurs faster than due to diffusion. Thus, on
the surface of the submerged plate, a certain number of microbubbles [24] are formed, and when they come into
contact with a larger bubble under the action of ultrasound, they coalesce, thereby increasing the size of the study
bubble.

When the diameter of the bubble increases, the frequency of its eigen oscillations of the shape decreases. In
experiments, the bubble diameter increased from d = 1.61mm to d = 2.6mm (Figs. 14, 14) in 5 min of US
exposure. Along with that, the frequency of its oscillations decreased from 204 Hz to 100 Hz. This well corresponds
to the change in eigen oscillation frequency with the increase of its diameter predicted by Eq. (2).
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Fig. 12 Temporal
dynamics of changes in the
left and right contact angles
on the surface of Teflon
under ultrasonic exposure

Fig. 13 Temporal
dynamics of changes in the
contact diameter and height
of a bubble on a Teflon
surface under ultrasonic
exposure for the initial
stage; comparison of
experimental data on
oscillations in bubble height
with the formula (2) for
shape mode 2 eigen
oscillation frequency of an
inviscid, compressible
bubble on the Teflon
surface in a liquid

Fig. 14 Comparison of
experimental data on
fluctuations in the height of
a bubble on the surface of
Teflon with the theoretical
value of shape mode 2 eigen
oscillation frequency of the
shape of a compressible,
inviscid bubble, with a
diameter of d = 1.61 mm
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The effect of ultrasound on the behavior of an air bubble in a liquid near solid plates with different degrees
of wettability (quartz glass, acrylic and Teflon) has been experimentally investigated using the captive bubble
method. The bubble with a diameter 1-2 mm was generated using a capillary at a short distance from the plate,
after which, under the influence of lift force, it approached a horizontally positioned solid plate.
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Fig. 15 Comparison of
experimental data on
fluctuations in bubble
height on Teflon surface
with theoretical value of
shape mode 2 eigen
oscillation frequency of the
shape of a compressible,
inviscid bubble. This graph
shows the end of the
experiment, which results in

the decrease of frequency of I Experimental bubble height
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Experiments have shown that in the case of a relatively hydrophilic quartz glass plate (the static contact angle
is 130° = 145°), the bubble does not fix on a solid surface, and a thin liquid layer remains between them. Since
the sound pressure along the plate is non-uniform due to the geometry of the ultrasonic field from the source and
the reflection of ultrasonic waves from the walls of the vessel, under the action of ultrasound, the bubble first
moves along the plate to the low-pressure area. Upon reaching this area, it performs translational oscillations in
the vertical direction, approaching and moving away from the plate, accompanied by oscillations of the bubble
surface.

In the case of an acrylic plate with a surface that is worse wetted with water than the surface of quartz glass
(the static contact angle is 92° <+ 102°), the bubble is able to fix itself on a solid surface. Under the influence of
ultrasound, at first, as in the case of quartz glass, it shifts along the plate to the area of low acoustic pressure, but
then, unlike quartz glass, it does not make translational oscillations in the vertical direction near the plate, but is
fixed on its surface, after which only oscillations of the bubble surface are observed.

Teflon is the most hydrophobic of the surfaces used in the experiments (the static contact angle is 65° = 75°).
Qualitatively, the behavior of the bubble under the action of ultrasound on the surface of Teflon is similar to the
behavior on the surface of acrylic.

In experiments with bubbles fixed on the surfaces of acrylic and Teflon, changes in contact diameter, bubble
height, and dynamic contact angle were recorded over time using a high-speed camera. Processing of the mea-
surement results showed that for short periods (about 1072 s), oscillations of all these characteristics are observed
near some average values with a frequency close to the frequency equal to the frequency of shape mode 2 eigen
oscillations for a spherical bubble, and oscillations in the contact diameter and height of the bubble occur in
antiphase.

At long times, there is a change in the volume of the bubble due to rectification diffusion and coalescence with
small bubbles formed on the surface of the plate and in the volume of the liquid under the influence of ultrasound.
The frequency of oscillations of the contact diameter, the height of the bubble and the dynamic contact angle of
the bubble with the radius increased as a result of these effects also agrees well with the formula for the frequency
of natural oscillations of the spherical bubble shape.

The effect of ultrasound on the static contact angle has also been investigated. For this purpose, measurements
of the static contact angle were carried out before exposure to ultrasound and after 10s of exposure to ultrasound,
its shutdown and subsequent relaxation for 2s. It turned out that, both in the case of acrylic glass and in the case
of Teflon, exposure to ultrasound leads to a decrease in the static contact angle.The reason for the decrease in
the contact angle may be in that the bubble oscillations enable the contact line to pin to stronger defects in the
solid structure and in the bubble mean shape deformation in ultrasound field (bubble flattening in the direction
of ultrasound wave propagation).

The results obtained are important for applications in the field of flotation of mineral raw materials, since in
the process of flotation, the formation of an air bubble—solid mineral particle complex plays a decisive role and
therefore the search for an effective and environmentally safe way to control the interaction of a bubble with a
solid surface, including using external fields, is a promising area of research.

Data availability statement Data sets generated during the current study are available from the corresponding author
on reasonable request.
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