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In recent years, ultrasonication has been used to enhance flotation process. Gas bubble is the unique car-
rier during mineral flotation, and thus its characteristics play an important role. However, the bubble ris-
ing characteristics under ultrasound action are not clear. Therefore, this paper aims to investigate the
effect of ultrasonication on bubble rising behaviors in deionized water and MIBC (Methyl Isobutyl
Carbinol) solution. A laboratory visualization system of bubble motion with ultrasonication was designed
based on the high-speed dynamic video technology to record the bubble rising process and analyze bub-
ble rising characteristics. Bubble aspect ratio was found to increase with the surfactant concentration
increasing, but the rising velocity was in opposite state. In each solution, a significantly higher bubble
sphericity was observed with ultrasonication than that without ultrasonication, conversely, the bubble
rising velocity was smaller under the action of ultrasonication. A roughly negative linear relationship
was found between the bubble shape and rising velocity, and the ultrasonication diminished this rela-
tionship. Marangoni effect was considered as the cause of MIBC affecting the bubble motion, and possible
explanations of ultrasonication affecting the bubble motion were given from the perspective of bubble
surface wave, cavitation bubble oscillation and sound radiation force.
� 2023 The Society of Powder Technology Japan. Published by Elsevier BV and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Froth flotation has been widely used in mineral separation,
water treatment and waste plastics recycling [1–3]. During the
flotation process, after the bubble-particle collision, hydrophobic
particles adhering to bubbles are transferred towards the froth
layer to form concentrates, and hydrophilic particles remain in
the flotation cell to form tailings [4]. The comprehensive effect of
partial-bubble collision, attachment and detachment affects the
flotation rate and flotation recovery [5,6]. As the carrier, bubble
characteristics play an important role in the flotation process [7].

Extensive studies have been carried out on bubble behaviors,
including bubble size, shape, and velocity. In the flotation process,
the bubble size is mainly affected by the slurry property and the
mechanical energy input. The solution surface tension is an essen-
tial factor affecting the bubble size, and the slurry surface tension
can be changed by adding surfactants. Cho and Laskowski [8] stud-
ied the frother influence on the bubble size in a mechanical stirring
flotation cell. The results showed that the bubble size decreased
rapidly with the increase in frother concentrations until the critical
coalescence concentration (CCC). The bubble size became constant
when the frother concentration exceeded the CCC value. Frothers
have different effects on surface tension due to their other chemi-
cal groups, chain length, and solubility [9,10]. Additionally, it was
found that the surface tension decreased with an increase of the
slurry temperature, which significantly reduced the bubble size
[11]. The slurry pH affects the bubble surface electrical properties,
and thus the bubble size. Alam et al. [12] evaluated the effect of pH
on bubble size during electro-flotation. They found that the aver-
age bubble size of H2 in a neutral environment was smaller than
that of H2 in a strongly acidic or strongly alkaline environment. A
systematic review of bubble size regulation was performed by
Wang et al. [4]. The mechanical energy input promotes the colli-
sion of turbulent vortices and gas bubbles, which leads to bubble
deformation and rupture. Moreover, the gas bubble can even be
broken into two or more small gas bubbles in low flow rates, thus
reducing the bubble size [13,14]. Most of the studies related to the
bubble shape and velocity were focused on solution environment.
Many scholars have studied the influence of frother on bubble ris-
ing characteristics and found that bubble aspect ratio and rising
velocity increased and decreased with increasing concentration,
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Fig. 1. Schematic diagram of the laboratory visualization system of bubble
movement with ultrasonication.
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respectively, and salts show a similar ability [15–17]. Zhu et al.
[18] studied the effect of dodecylamine (DDA)-frother blend on
bubble rising characteristics, it was found that DDA addition had
a significant effect on further increasing the aspect ratio and
decreasing the rising velocity of gas bubbles compared to individ-
ual MIBC and 2-octanol solutions. Moreover, Maldonado et al. [17]
found a unique relationship between the bubble shape and rise
velocity, specifically, flattened bubbles lead to a high rising veloc-
ity, while spherical bubbles exhibit a low velocity. Yan et al. [19,20]
studied the rising motion of single gas bubbles in deionized water
and surfactant solutions and found periodic fluctuations in the
bubble terminal velocity, indicating a nonconstant bubble drag.

Recently, ultrasonication has been introduced into flotation and
significantly improved flotation performance [21,22]. The influence
of ultrasonication on flotation bubbles is receiving increasing
attention. Wang et al. and Ozkan, S. G. [23,24] found that a specific
frequency of ultrasonic irradiation could decrease the dimension-
ality of gas bubbles, and the gas bubbles became more stable. Yas-
min et al. and Yang et al. [25,26] studied the bubble volume
resonance under ultrasonication. When the acoustic field with
low sound intensity was active, the bubble underwent radial linear
vibration (volume mode), and the oscillatory motion of the bubble
exhibited periodic radial expansion and contraction behavior
around a certain average value. Gao et al. [27] found that the size
of bubbles increased with the thickness of the vibrating plate of
the ultrasonic transducer due to the aggregation of bubbles under
the influence of ultrasound. When the acoustic pressure is between
the transient cavitation threshold and the rectified diffusion
threshold, the gas nuclei in the water or on the particle surface will
grow without collapsing. Massive cavitation bubbles form due to
their diffusion and coalescence [28,29]. Mao et al. [30,31] studied
the effect of standing wave field on flotation bubbles, and the
results showed that bubbles aggregated in the pulp when the
ultrasound was turned on. Bubbles would aggregate at the pres-
sure nodes or antinodes due to both the primary and secondary
bjerknes forces in standing wave field.

However, most of the effects of ultrasound on bubbles are
focused on bubble volume or cavitation bubbles. The gas bubble
characteristics (bubble shape, trajectory, and velocity) as they
gradually fade into the sound field are relatively few. It is worth
noting that there are significant differences between cavitation
bubbles and gas bubbles. Cavitation bubbles are the bubbles
appear at the time the hydraulic pressure drops below the vapor
pressure of the water. The gas bubbles are the bubbles generated
by gas gathering. In this work, gas bubbles were formed by pushing
gas into the solution through a syringe. The cavitation bubble vol-
ume is usually small and its buoyancy is usually negligible. Differ-
ently, buoyancy is an important external force for bubble, which
causes the bubble deformation and motion [32]. During the ultra-
sonic flotation process, cavitation bubbles mostly coexist with gas
bubbles, and the effect of ultrasound on gas bubble characteristics
should not be neglected. The aim of this study is to investigate the
effect of ultrasonication on bubble rise characteristics. A high-
speed camera (i-SPEED 3) and Image Pro Plus were used to record
and analyze the bubble rising characteristics, respectively. And the
mechanism of ultrasound effect on bubble characteristics will be
discussion.
2. Experimental

2.1. System and reagent

This investigation was conducted using a laboratory visualiza-
tion system of bubble movement with ultrasonication, as shown
in Fig. 1. It mainly consists of five components: (1) a customized
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rectangle plexiglass observation tank of 5 cm width, 5 cm depth
and 25 cm height, (2) a LSP02-1B precision syringe pump (Longer
Precision Pump Co., Ltd., China), (3) a light source, (4) an I-Speed
230 high-speed camera (iX Cameras Ltd., UK), and (5) an FS-
900 N ultrasonic device (Shanghai Shengxi Ultrasonic Instrument
Co., Ltd., China) consisted of an ultrasonic horn and an ultrasound
generator. A stainless-steel capillary orifice with an inner diameter
of 0.7 mm, which is fixed with the precision syringe pump, is
inserted into the bottom of the observation tank. The size of gener-
ated gas bubble is regulated using controlling the injection speed
of the precision syringe pump. A high-speed camera and a light
source are placed on the front and rear sides of the observation
slot, respectively. A measuring area with 5 cm of width and 8 cm
of height is used to record the bubble rising process (h is 8 cm),
and the bottom of it is 10 cm away from the ultrasonic horn tip
(H is 10 cm). In addition, deionized water with a resistivity of
18.25 MX/cm was used throughout the experiments, and the sur-
factant was methyl isobutyl carbinol (MIBC) obtained from Shang-
hai Aladdin Biochemical Technology Co., Ltd.
2.2. Measurement of bubble rising characteristics

In the measurement of bubble rising characteristics, a single gas
bubble of 2.6 mm diameter was generated at the exit of a stainless-
steel capillary orifice. The flow of the micro-injection pumpwas set
as 5 lL/min. In addition, the operating frequency and input power
of the ultrasonic device were set as 20 kHz and 90 W, respectively.
Bubble rising process in the measuring area was recorded using a
high-speed camera at a resolution of 1280 � 1024 pixels and a
frame rate of 1000 fps. Prior to bubble generation, a ruler was
placed in the middle of the tank and perpendicular to the camera
lens to record the calibration of the gas bubble diameter dimen-
sions. To avoid the influence of other bubble movements and wake
vortices on the measurement results, videos with only one gas
bubble in tank were used for data processing. The collected video
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data were analyzed using a data acquisition software and an image
digital analysis software. Fig. 2 presented the processing steps of
sequence gas bubble rising images. The raw image was processed
from Fig. 2 (a) to Fig. 2 (d). The major semi-axes of the ellipse fitted
onto bubble area was defined as a, and the minor semi-axis was
defined as b. The bubble aspect ratio (AR) was calculated by equa-
tion: AR ¼ b=a. As shown in Fig. 2 (e), the bubble centroid coordi-
nates for each frame were used for bubble velocity (v) [33]:

v¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xtþDt�xtð Þ2þ yitþDt�yt

� �2
=Dt

q
, where (xt, yt) and (xt+Dt, yt+Dt)

were the geometric center position coordinates of the bubble at
time t and t + Dt, respectively. Dt is the interval between two adja-
cent frames, and set as 0.001 s in this study.
2.3. Surface tension measurement

An A60 surface tension analyzer (USA KINO Industry Co., Ltd.,
USA) was used to measure the surface tension using the platinum
plate method. Before each experiment, the platinum plate was
rinsed with deionized water and heated with an alcohol lamp to
remove impurities. Subsequently, a sample of 50 mL solution
was poured into glassware, which was placed on the sample plate.
The chilled platinum plate was fixed on the balance hook, and then
contacted with measured solution. Each surface tension measure-
ment was thrice performed, and the average value and error were
obtained as the reported data.
2.4. Viscosity measurement

An NDJ-8S rotational viscometer (Shanghai Hengping Instru-
ment Co., Ltd., China) was used to measure the viscosity of simple
solution. Before each experiment, the rotor was rinsed with deion-
ized water and measured solution. In the experiment, a 20 mL of
sample solution was poured into measuring tube. Subsequently,
a rinsed rotor was fixed in the insulation cover of the instrument
and immersed in the measuring solution. The viscosity was mea-
sured repeatedly until the displayed value remain constant
within ± 0.1 s, then the average value was reported. Each measure-
ment was carried out three times, and the average value and error
were reported as the final data.
2.5. Sound field simulation

The sound field was investigated by solving the Helmholtz
equation using COMSOL Multiphysics 5.6 software. Calculation
using coupled acoustic-structural physical fields studied in the fre-
quency domain. The parameters required in the simulation are
shown in Table 1. Fig. 3 (a) shows the geometry of the ultrasonic
experimental system. The transducer was stacked by 4 layers of
piezoelectric ceramic rings pieces. Fig. 3(b) shows the boundary
condition setting of the system. The boundary I was the contact
surface between the ultrasonic horn tip and the liquid, which
was set as the acoustic structure coupling boundary. The liquid
was in contact with the air and the sound waves were totally
reflected. Therefore, the boundary II was set as a soft sound field
boundary. The ultrasound horn was 21 cm from the bottom of tank
(H2) and the height of the solution in the tank, H1 is 23 cm. Fig. 3(c)
shows the tetrahedral mesh of the ultrasonic experimental system.
In order to ensure the computational accuracy, the region mesh
needs to ensure that there are at least 6 meshes in one wavelength,
i.e., the size of the largest cell of the mesh is 12.5 mm. The number
of tetrahedral meshes is 27,999, the number of mesh vertices is
11,909, and the minimum mesh mass is 0.03674, which is enough
for the requirements of acoustic meshing.
3

3. Results

3.1. Bubble rise trajectory analysis

Fig. 4 shows eight typical 2D image sequences of the bubble
upward path. As shown in Fig. 4 (a)-(d), the gas bubble rose in a
zigzag trajectory, and the shape showed alternating changes of flat
ellipse and ellipse. This change of the bubble shape broke the force
balance of the gas bubble, resulting in the gas bubble being in an
unstable state, which promoted the shift of bubble rise trajectory.
The offset of the bubble on the X axis decreased slightly with an
increase in MIBC concentration, which was not related to the pres-
ence of ultrasonication, indicating that the addition of MIBC might
reduce the fluctuation of the bubble trajectory and promote it to be
stabler. Fig. 4 (e)-(h) presents the typical image sequences of the
gas bubble upward path with the ultrasonication. A gas bubble
was observed to be almost spherical with ultrasonication. At any
experimental MIBC concentrations, the bubble X-axis offset with
ultrasonication was smaller than that without ultrasonication,
indicating that ultrasonication could stabilize the bubble motion,
even at low MIBC concentrations. Besides, the gas bubble exhibited
an irregular zigzag trajectory, different from it without ultrasonica-
tion, caused by the uneven distribution of energy produced using
the ultrasound horn.
3.2. Effect of ultrasonication on bubble aspect ratio

The bubble average aspect ratio with and without ultrasound
are presented in Fig. 5. In the experimental MIBC concentration
range, the bubble aspect ratio was observed to increase as the
MIBC concentration increased, independent of the presence of
ultrasound. This phenomenon implied that the bubble shape
tended to be spherical at a high MIBC concentration. The increase
in MIBC concentration changed the surface tension of solution,
the deformation of the bubble is counteracted by the surface ten-
sion, thus the gas bubble tends to restore the spherical shape
[20]. Bubble aspect ratio with ultrasound was appreciably larger
than that without ultrasound at the same MIBC concentration,
and the ultrasonication had a more significant influence on bubble
aspect ratio at a low concentration than high concentration. The
bubble instantaneous aspect ratio as a function of time in
0.157 mmol/L MIBC solution is shown in the inset of Fig. 5. The
bubble aspect ratio was observed to fluctuate periodically over
time without ultrasonication, and the period and the amplitude
of change were approximately 90 ms and 0.4, respectively. With
the ultrasonication, the bubble aspect ratio gradually increased
with time increasing, until it reached a maximum of 0.8 at
120 ms, and then varied irregularly in a small range around 0.75,
which implied that ultrasonication could destroy the periodic
change of the bubble aspect ratio. It is worth noting that the
instantaneous aspect ratio of the bubble with ultrasound was over-
all higher than that without ultrasound, indicating the ultrasound
positively affected on the bubble aspect ratio in any rising state.
3.3. Effect of ultrasonication on bubble velocity

Fig. 6 presents bubble average velocity in the absence and pres-
ence of the ultrasonication. In the experimental range of the MIBC
concentration, the bubble average velocity decreased with its
increase. This behavior has been reported by Finch et al. [34], the
high surface gradients and great Gibbs elasticity caused by the
increase of MIBC addition resulted from the effect of concentration
on bubble velocity[18]. At the same concentration of MIBC solu-
tion, the bubble rising velocity with ultrasonication was signifi-
cantly smaller than that without ultrasonication. It indicated that



Fig. 2. Image processing steps in Image Pro Plus software: (a) raw image, (b) background subtraction, (c) ellipse fitting, (d) shape detection, (e) velocity analysis.

Table 1
Parameters used in the simulation.

Name value Unit

Ultrasound frequency 20 kHz
Density of liquid 998 kg/m3

Sound velocity of liquid 1500 m/s
Density of acrylic 1200 kg/m3

Sound velocity of acrylic 2670 m/s

Fig. 3. Numerical model: (a) geometrical model, (b) boundary setting, (c) mesh
meshing model.

Fig. 5. The aspect ratio as functions of MIBC concentrations in the absence and
presence of ultrasonication.
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ultrasonication can slow down the bubble rising velocity and pro-
long the time of gas bubble stays in the pulp, thus resulting in an
increase of gas holdup, which is beneficial for flotation. Besides,
the variation in MIBC concentration had a significant influence
on the bubble velocity in the absence of ultrasonication, and it
Fig. 4. Image sequences of bubble rise process in different concentrations of MIBC solut
between two consecutive bubbles was 25 ms.

4

had a little effect on bubble rising velocity at the presence of ultra-
sonication. The illustration in Fig. 6 shows the bubble instanta-
neous velocity as a function of time in 0.157 mmol/L MIBC
solution. As noted, without ultrasonication, the bubble velocity
changed periodically over time with a period of approximately
90 ms, which was identical to that of the bubble aspect ratio,
and the amplitude was 120 mm/s. The ultrasonication was found
to destroy the periodic fluctuation of the bubble velocity. The bub-
ble rising velocity decreased with time until it increased after
300 ms, then rapidly decreased after 400 ms. In any experimental
time, the instantaneous bubble velocity with ultrasound was
almost smaller than that without ultrasound.
ions, (a)-(d) without ultrasonication; (e)-(h) with ultrasonication. The time interval



Fig. 6. The velocity as functions of MIBC concentration in the absence and presence
of ultrasonication.

Fig. 7. Bubble average velocity vs bubble aspect ratio.

Fig. 8. Scheme of rising gas bubbles with: (a) water and (b) MIBC solutions with the
effect on the bubble shape and velocity.
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3.4. Relationship between aspect ratio and velocity

Fig. 7 summarizes the bubble velocity as a function of aspect
ratio for MIBC various concentrations in the range of tested condi-
tions. A roughly linear relationship between bubble average veloc-
ity and aspect ratio was observed, which was not associated with
the MIBC concentration. Therefore, it was considered that both
the bubble shape and velocity were affected by similar mecha-
nisms, i. e. the Gibbs elastic force at the top of the bubble [35].
Combined with drag coefficient proposed by Moore [36] consider-
ing the dimensionless number about bubble deformations
(We, Weber number), a negative correlation was found between
the We number and bubble aspect ratio. Since, the We is negatively
correlated with drag coefficient, the drag coefficient and aspect
ratio are positively correlated. It indicated that the higher the bub-
ble sphericity, the higher the drag coefficient, thus reducing the
bubble rising velocity, which is consistent with our experimental
data. In fact, the drag coefficient is not only related to the bubble
shape, but also related to a variety of factors such as the solution
surface tension, viscosity, fluid flow et al. The slope between the
bubble velocity and aspect ratio without ultrasound was smaller
than that with ultrasound, implying that the ultrasonication could
strengthen the effect of the bubble aspect ratio on the velocity.
However, the fitted line with ultrasound had a smaller R2 value,
indicating the ultrasound increased the disorder of bubble charac-
teristics within the system.
4. Discussion

4.1. Mechanism of surfactant action in rising bubble

As shown in Fig. 8 (a), usually, in pure water systems, there is no
surface-active substances present on the bubble interface, so the
bubble surface is fully mobile, and thus the gas inside bubbles
can internally circulate. This reduces friction between the rising
gas bubble and the liquid surrounding the gas bubble, which
results in the reduction coefficient of resistance, hence gas bubbles
rise the fastest [37]. Moreover, during gas bubble rises, the gas
bubble is subjected to drag and buoyancy forces, and the pressure
difference between the upper and lower surfaces of the gas bubble
induces an upward jet, thereby the bubble deformation is trig-
gered. This changes the bubble projected area, which affects the
bubble velocity [38–40]. As noted in Fig. 8 (b), in surfactant solu-
tions, surface active substances present at the bubble interface to
5

form a certain fixed surface, which inhibits internal circulation at
the bubble surface, thus resulting in an increased drag coefficient.
Furthermore, as the gas bubble rises, water flows over the bubble
surface, some MIBC molecules are swept to the bottom of the gas
bubble, and the surface tension of the bubble bottom is reduced,
resulting in a surface gradient between the top and bottom of
the gas bubble, then leading to Marangoni shear stress. The Maran-
goni shear stress acts in the opposite direction to the pressure dif-
ference between the upper and lower surfaces of the gas bubble,
thus prevents the gas bubble from deforming and slows the gas
bubble rise [38,41]. Thus, bubble rising velocity in surfactant solu-
tions is much smaller than that of gas bubble in the same volume
equivalent diameter in a pure system. The Marangoni shear stress
is closely related to the reagent addition. Generally, a higher MIBC
addition leads to higher surface gradients and a greater Marangoni
shear stress, which explains why the bubble aspect ratio increases
and bubble velocity decreases with increasing MIBC concentration.
4.2. Effect of ultrasonication on solution properties

The same action as surfactant, ultrasound stabilizes the
bubble shape and decreases bubble rising velocity. It needs to be
determined that whether the contribution of ultrasound on the
bubble rising behavior can be attributed to the effect of ultrasound
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on the properties of the solution. Surface tension and viscosity of
the solution are common properties that affect bubble characteris-
tics. Fig. 9 (a) and (b) show the effect of ultrasound on the surface
tension and viscosity of the experimental solutions. The surface
tension and viscosity of MIBC solution decreased and increased
respectively with the increase of MIBC concentrations, which
barely relates to the presence of ultrasonication. The
concentration-surface tension curves with and without ultrasoni-
cation were similar. At the same experimental MIBC concentration,
the surface tension of MIBC solutions without ultrasonication is
slightly different from that of solutions with ultrasonication. The
same is for the viscosity of the solution. Notably, considering the
effect of ultrasonication on the surface tension and viscosity of
the MIBC solution and changes in bubble behavior with and with-
out ultrasonication together, the effect of ultrasonication on MIBC
solution properties seems not to be strong enough to influence
bubble rising behavior to the extent in Fig. 5 and Fig. 6.

4.3. Mechanism of ultrasonication in rising bubble

It has been shown that surfactants regulate bubble velocity by
controlling surface tension to influence bubble shape [16,17].
Fig. 9. Solution surface tension (a) and viscosity (b) as a function of MIBC c

Fig. 10. (a) Rising gas bubble surface in different condition: (I) with water; (II) with
ultrasonication. (b) The sound field in the observation tank.
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However, the correlation between bubble shape and bubble veloc-
ity was significantly reduced in the presence of ultrasonication.
Therefore, the effect of ultrasound on the bubble movement speed
did not only depend on its influence on the bubble shape. There are
three points that may be considered in seeking the explanations for
the effect of ultrasonication on the bubble rising characteristics.

The first possibility is the presence of the bubble surface waves.
The gas bubble could undergo different oscillations driven by the
acoustic pressure fluctuations. At low sound pressure, the gas bub-
ble could undergo volume (or breathing) oscillations. When the
sound pressure exceeds the threshold (minimum acoustic condi-
tion causes a change in the bubble behavior), the bubble surface
gradually develops into the shaped oscillation with many surface
wave modes with the sound pressure rising, and then becomes
highly disordered until collapse. Therein, the shaped oscillation
mode at lowest is the Faraday wave, which present regular geo-
metric distortions [42–44]. Fig. 10 (a)-I and (III) show gas bubbles
in pure water and MIBC solution for reference. In pure water and
MIBC solution, the surface of the observed bubbles was flat. At
the same solution conditions, the gas bubble in the presence of
ultrasonication exhibited violent nonlinear vibrations, i.e., surface
pulsation. Fig. 10 (a)- II and (IV) show the details of the bubble sur-
oncentration. (The shear rate for viscosity measurements is 73.44 s�1).

water and ultrasonication; (III) with MIBC solution; (IV) with MIBC solution and



Fig. 11. Cavitation bubbles generated by ultrasonic horn at 20 kHz and 90W in frequency and output power, observed by the high-speed camera. The picture b is the analysis
of the cavitation bubble behaviors recorded from the picture a to that at 18 ms later. The small red circles are the starting points for cavitation bubble motion and the green
curves indicate the calculated streamlines of bubbles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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face oscillations. The bubble surface was deformed, but not in clear
periodic and regular shape oscillatory, which indicated that several
surface wave forms are superimposed on the bubble surface. To
better analyze the bubble surface waves, during gas bubble rising
process, the COMSOL software was used to calculated the sound
filed. The sound field in the observation tank is shown in Fig. 10
(b). The ultrasound was not uniformly distributed in the experi-
mental tank, but the acoustic pressure did not decrease with far
away from the ultrasonic probe. Rather, there are high and low
acoustic pressure regions alternating distribution, which is due to
the reflective effect of the walls of the tank. The observation area
is the dashed area in Fig. 10 (b). Theoretically, the gas bubble ini-
tially appeared in the positive sound pressure region, then moved
upward into the negative sound pressure region, and then crossed
the negative sound pressure region into the positive sound pres-
sure region. The acoustic pressure on the bubble surface varies
during the bubble rising process, thus the bubble experiences mul-
tiple oscillation. Dangla and Poulain have proved that the Faraday
wave on bubble surface can reduce the bubble rising velocity [45].
It is possible that the superposition of multiple surface waves could
reduce the bubble rising velocity. Like Faraday wave, when the
bubble departs the spherical geometry, the shape-dependent drag
coefficient always increases, so the average drag coefficient also
increases, which will reduce the bubble velocity [45]. Furthermore,
other mechanisms cannot be ignored. For example, the surface
wave enhances the acoustic flow [46], which will affect the bubble
shape [47] and thus the bubble velocity. Moreover, the bubble sur-
face oscillations enhance the flow field fluctuations at the bubble
surface, and the flow field fluctuations are mainly located near
the bubble surface with additional micro vortices [48]. This also
has the potential to reduce the bubble motion velocity.

The second relates to the acoustic cavitation bubble motion. In
the experiment, the influence from other small bubbles is impossi-
ble to eliminate. When ultrasonic horn operates, the ultrasonic
horn generates massive small bubbles owing to the effect of acous-
tic cavitation. Fig. 11 (a) and (b) show the cavitation bubble behav-
iors around ultrasonic horn. The small red circles were the starting
points for cavitation bubble motion and the green curves indicated
the calculated streamlines of cavitation bubbles. This illustrated
that some small bubbles formed bubble clouds and upward to
the horn tip, and some moved away from the horn tip [49] and
around the observed gas bubble, which was consistent with the
study of Yasui et al. [50]. The cavitation bubbles moved irregularly
around the observed gas bubble and the flow lines of the cavitation
bubbles changed sharply with time, which caused violent distur-
bance around the observed gas bubble. It is possible that the cavi-
tation bubble increases the bubble aspect ratio and decreases the
7

bubble rising velocity by influencing the flow field around gas
bubble.

The third possible explanation is that the shape and velocity of
the observed gas bubble are influenced by the acoustic radiation
pressure. Owing to the nonlinear effect of ultrasound, the acoustic
radiation pressure originates from the pressure gradient around
the bubble [29]. As shown in Fig. 10 (b), the sound pressure around
the gas bubble was constantly changing during the bubble rising,
thus the acoustic radiation pressure (PA) around the gas bubble
constantly changed. It has been shown that the negative PA around
gas bubble indicates the suction effect on gas bubble and positive
PA means compression effect on the gas bubble [51,52]. Therefore,
the velocity of the gas bubble could be influenced by the combined
forces in the vertical direction of the acoustic radiation pressure,
while the bubble shape could be influenced by combined forces
in the horizontal and vertical directions of the acoustic radiation
pressure. Moreover, acoustic streaming of the Rayleigh type caused
by cavitation bubble streaming was induced in solution [53].
Acoustic streaming, which behaves as a kind of integral flow and
inevitably affects the movement of bubbles [54]. Therefore, it is
possible that ultrasonication affects bubble rising behaviors due
to Rayleigh streaming.
5. Conclusion

In this paper, bubble rising characteristics at different MIBC
concentrations with or without ultrasonication were explored
using a laboratory visualization system of bubble motion and the
possible mechanisms of ultrasound action were explored. This
study may provide new insights into the application of ultrasonica-
tion in mineral flotation separation. Bubble aspect ratio was found
to increase with the increasing surfactant concentrations, but the
rising velocity was in opposite state. In the same MIBC concentra-
tion, the addition of ultrasound reduced the deformation and rising
velocity of the bubble. A roughly negative linear relationship
between bubble average velocity and aspect ratio was observed.
Three perspectives were proposed in seeking the explanation for
the effect of ultrasonication on the bubble rising characteristics:
(1) bubble surface waves affect bubble characteristics by changing
the bubble shape and inducing additional micro-vortices around
the gas bubble surface. (2) The vibration of cavitation bubbles
could influence gas bubble motion by inducing a certain perturba-
tion effect on the surrounding environment of the rising gas bub-
ble. (3) Acoustic radiation pressure affects gas bubble motion by
changing the force on the gas bubble.
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