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The interaction between ultrasound and the air-liquid interface is widely involved in sonar communication, medical imaging, 
acoustic detection, etc. In this work, we report an intriguing bubbling phenomenon occurring at the liquid surface exposed to 
acoustic radiation. The phenomenon can be robustly triggered once the distance between the liquid surface and the acoustic 
probe is adjusted to multiples of half sound wavelength. It is clarified that the bubbling is attributed to the Helmholtz resonance 
of the liquid concavity caused by the acoustic radiation force. The sizes of the final obtained bubbles show a universal scaling 
law with acoustic Bond number and acoustic Reynolds number: R Bo Rea a , which is independent of the types of liquids. 
Moreover, it was found that the bubbling phenomenon showed a significantly enhanced particle absorption ability, thus 
shedding light on the development of solid filter-free air purification techniques. 
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1  Introduction  

The interaction between ultrasound and the air-liquid inter
face has broad applications in sonar communication [1], 
medical imaging [2], and acoustic detection [3]. Many efforts 
were made to study the ultrasonic reflection and transmission 
at the air-liquid interface. For instance, evanescent waves 
[4], membrane-type metasurface [5], and resonant bubbles 
[6] were used to enhance the acoustic transmission. The 

metamaterial fence [7], zero-mass metamaterial [8], and lo
tus metasurface [9,10] were also proposed for the effective 
acoustic transmission. Microbubbles are introduced to hu
man tissues as contrast agents to increase ultrasonic reflec
tion and improve the quality of ultrasonic imaging [11-13]. 
Although transmission and reflection have been extensively 
studied, the mechanical effects of ultrasound on the gas- 
liquid interface have rarely been reported. Momentum ex
change occurs when ultrasound encounters with the air-li
quid interface, which results in acoustic radiation force to the 
interfaces [14]. Driven by the acoustic radiation force, a 
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water pool surface can be depressed, thus leading to an in
triguing bubbling phenomenon [15,16]. However, the un
derlying mechanism for the unique surface bubbling is far 
from being understood, for instance, why closure of the li
quid surface is triggered by the acoustic radiation force has 
not been clarified yet.  

Besides the interface dynamics, the action of ultrasound 
may also influence the physical/chemical processes involved 
with liquid interfaces, for instance, ultrasonic emulsification 
[17] and cleaning [18]. It has been reported that the air-liquid 
interface has the ability to capture solid particles [19], which 
plays an essential role in multiphase reactions and flotation 
processes [20,21]. However, it remains to elucidate whether 
and how the particle captured by the air-liquid interface is 
influenced by the applied sound field. 

In this work, the ultrasound was exerted to the air-liquid 
interface at varied distances. We focused on how the surface 
bubbling was triggered by the ultrasound field. It was found 
that the bubbling phenomenon occurred only when the ul
trasound was applied at distances of multiples of half sound 
wavelength to the liquid surface. We have proposed a scaling 
law to describe the relation between bubble size, liquid 
properties, and working parameters. Moreover, the acoustic 
bubbling phenomenon shows a significant ability to enhance 
the absorption of particles, which provides a promising air 

purification method without using any solid filters. 

2  Materials and methods  

2.1  Materials  

Pure water, silicone oil (viscosity μ = 0.1 and 60 Pa s), and 
SDS (sodium dodecyl sulfate) solution of 0.2, 0.6, and 1.0 
CMC (critical micelle concentration) were used as the bath 
liquid, respectively. The water was purified with an Ultra
pure Water System (EPED, China), and all other materials 
were purchased from Aladdin Industrial Corporation, China. 
The liquid viscosity was measured with a stress-controlled 
rheometer (Physica MCR 302; Anton Paar, Germany). The σ 
was assessed using an Optical Surface Analyzer (LSA100- 
O2, China). 

2.2  Experimental setup and procedure  

In the experiments, an ultrasonic probe (diameters Φ, ran
ging from 6 to 25 mm) was positioned vertically above the 
surface of a liquid pool (100 mm depth with surface area 
200 mm×200 mm) with an adjustable distance H (Figure 
1(a)). The working frequencies f of the ultrasonic probe used 
in the experiments were 20.5, 30.0, and 40.0 kHz, respec

Figure 1 (Color online) Bubbling phenomenon induced by ultrasound. (a) Experimental setup. (b) Bubble formation on the water surface. The scale bar 
represents 10 mm. (c) Bubble formation rate (B rate) as a function of H scaled by sound wavelength λ.   
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tively (sound wavelength 16.8, 11.5, 8.6 mm). The vibration 
velocity amplitudes of the ultrasound of 20.5 kHz (0.41 m/s), 
30 kHz (0.29 m/s), 40 kHz (0.2 m/s) were measured with a 
Doppler laser vibrometer (Vector-High-Speed, Germany), 
which was used to calculated the RMS acoustic velocity v rms. 
During the experiments, H was adjusted in the range of 0 < H 
< 2.5λ (λ, the wavelength of ultrasound) with precise control. 
All the experiments were performed at room temperature of 
~25°C and a relative humidity of ~40%. 

The shape evolution of the liquid surface upon ultrasound 
was recorded using a high-speed camera (Photron Fastcam 
Mini UX100, Japan), illuminated by an LED panel. We used 
a frame rate of 8000 frames per second and an image re
solution of 1024 × 762 pixels. The acoustic streaming be
tween the acoustic probe and the air-liquid interface was 
illuminated by a sheet laser (MGL-N-532A), and the water 
mist generated by the nebulizer was used as tracer particles. 

The obtained images were further processed using Fiji 
(ImageJ) to obtain the profile and geometry of the liquid 
surface. To understand the time variation of the volume of 
the concavity, the recorded images were analyzed using 
MATLAB 2021b with an in-house compiled code. Based on 
the determination of concavity boundaries, the volume could 
be treated as the total volume of cylinders surrounded by 
each layer of pixels.  

2.3  Sound field simulations  

The sound field involved in the experiments was simulated 
by the pressure acoustics module of COMSOL Multiphysics 
5.6. For the simulation of sound pressure and acoustic ra
diation pressure, a two-dimensional axisymmetric model 
was employed. The boundary of the simulation domain is 
located between the boundary of the acoustic probe and the 
liquid surface. The sketch was obtained from the actual size 
and shape of the experimental conditions. The simulation 
domain was determined by the geometry of the area between 
the acoustic probe and liquid pool, where the liquid surface 
was configured as a continuity boundary and the side wall 
was set as the radiation boundary condition. The entire si
mulated domain was meshed by free triangular, and the 
user’s predefined size was set to ultrafine. The residual 
convergence based on iteration is used for a convergence 
check. The boundary acoustic pressure was restrained by the 

Helmholtz equation: p p
c 1 = 0

0

2

0 0
2 . The acoustic 

medium was air (density ρ 0 = 1.18 kg/m 3, sound velocity c 0 = 
346.12 m/s) and water (density ρ = 998.2 kg/m 3, sound ve
locity c water = 1495.33 m/s). 

For the simulation of acoustic absorption, the cavity en
capsulated by a water shell was placed in a waveguide tube 
filled with air. The contour line of the sample that was taken 
from high-speed camera pictures was rotated to create the 

model of the cavity. The above and below faces of the tube 
were designated as the “radiation boundary condition”, while 
the side walls were specified as hard boundaries. A planar 
harmonic wave of 1 Pa was introduced into the simulated 
domain through the radiation boundary condition in the si
mulation at the above face of the waveguide, and a zero 
radiation boundary condition was applied to the below face. 
The acoustic absorption efficiency was derived by analyzing 
the transmission and sound field distribution in the tube, and 
the sound pressure and velocity of the medium particles in 
the air cavity could be obtained by invoking the simulation 
results. 

2.4  Air purification and MGV analysis  

In a closed chamber filled with smoke generated by a smoke 
generator, an emblem was affixed to the bottom of the 
chamber, and the adsorption of aerosol particles was mon
itored using the mean gray value (MGV) of the images. The 
aerosol gas (the particle size ranges from 0.1 to 1 μm, and the 
average density of the particles is (1120±40) kg/m 3) was 
generated by an aerosol generator (LB-3300, LuBo Ltd, 
Qingdao, China). The aerosol gas was injected into the ex
perimental container (200 mm × 200 mm × 200 mm with a 
50 mm depth pure water pool inside) with a computer-con
trolled peristaltic pump. Before air purification, the same 
amount of aerosol gas (volume 2 L) was injected into the 
container. The air purification process was recorded using a 
single lens reflex (SLR; DS126631; Canon) camera with a 
macro lens (FF 25 mm F2.8 Ultra Macro 2.5-5.0x, LAO
WA). To build the relationship between the obtained images 
and air purification efficiency, it is necessary to obtain the 
MGV of the images which was analyzed using MATLAB 
2021b with an in-house compiled code. The photos were 
transferred into a 256 gray-scale image via gray processing, 
where the gray value is 0 for black pixels and 255 for white 
pixels. The MGV of the images was obtained from the in
tegration of the corresponding pixels in the contour area. The 
purification efficiency of the aerosol gas is measured by the 
transparency of the aerosol gas, which is represented by the 
MGV of the images. 

3  Results and discussion  

3.1  Shape evolution of the air-liquid interface under 
acoustic radiation  

The shape evolution dynamics of the liquid surface strongly 
depended on the ultrasonic probe-liquid surface distance H. 
It was found that ultrasonic atomization occurred when the 
ultrasonic probe was positioned too close to the liquid sur
face, i.e., H ranging from 0 to 1/8λ (0-2.1 mm). In this range, 
the liquid surface tended to be attracted to the acoustic probe, 
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and the liquid atomization was triggered once the liquid 
surface contacted the probe, where tremendous micron-sized 
droplets were ejected from the contact position [22] (Movie 
S1). At larger H, i.e., 1/8λ < H ≤ 2λ (2.1 mm < H ≤ 33.6 mm), 
the acoustic atomization was eliminated and a stable concave 
profile of the air-liquid interface was evidenced, indicating 
downward depression effect caused by ultrasound [15]. 
Moreover, at appropriate H (multiples of half sound wave
length λ/2, λ, 3λ/2 (8.4, 16.8, 25.2 mm)), the concavity of the 
liquid surface further evolved into a closed bubble which 
pinched off downward into the bulk liquid (Figure 1(b), 
Movie S2). The formed bubbles were finally floated up to the 
liquid surface, and could be arranged into ordered bubbles 
with the stabilization of SDS (Movie S3). The bubble for
mation rate B rate, i.e., the number N of formed bubbles per 
second, significantly depended on H (Figure 1(c)), where the 
peak of B rate appeared at multiples of λ/2 and became smaller 
at larger distances. This is in line with that the acoustic power 
density in a Helmholtz horn reaches its peaks at multiples of 
λ/2 [23]. If H was larger than 2λ, bubbles could not be formed 
anymore because with a longer distance, the sound pressure 

between the probe and the reflection surface considerably 
decreased due to the enhanced sound wave propagation into 
the surrounding medium [24]. 

3.2  Dynamics of bubble formation  

Since the acoustic bubbling phenomenon is a subsequent 
process of liquid surface concavity caused by acoustic ra
diation, to clarify the bubbling mechanism, the time evolu
tion of the geometry of the concavity, i.e., its width w, depth 
d, and volume V, was analyzed quantitatively (Figure 2(a)). 
The acoustic radiation pressure P A exerted on the concavity 
surface was calculated based on the King’s theory which can 
be applied to any object that scatters sound waves [25], in 

which P c p v= 1 1
2  A

0
2

2 2 (where c is the sound speed, 

p is the sound pressure, and v is the particle velocity of the 
medium). During the indentation stage, the depth d of the 
concavity was increased, driven by the acoustic radiation, 
which was also associated with an increase in width w. This 
is because at this stage, the downward P A (Figure 2(b)) is 

Figure 2 (Color online) Shape evolution acoustic of the concavity on the water surface (H = λ). (a) Time variation of depth d, width w, and volume V of the 
concavity. (b) Distribution of acoustic radiation pressure on the water surface at different times (simulation), the horizontal position r is scaled by the width w 
of the concavity. (c) Distribution of acoustic radiation pressure of the concavity where negative pressure is formed at the concavity neck zone (94.64 ms, 
simulation), z represents the vertical position measured from the bulk surface.   
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greater than the sum of hydrostatic pressure ρgd and Laplace 

pressure P L (P = 2
L , where σ is the surface tension, κ is the 

curvature radius at the bottom of the concavity). Once the 
concavity reached an appropriate shape, negative acoustic 
radiation appeared at the concavity opening zone (Figure 
2(b), square data), resulting in the retraction of the concavity 
edge. Importantly, rapid closure of the surface concavity 
occurred at the last stage, just before the bubble formation. 
This is because the significantly enhanced negative acoustic 
radiation pressure (suction effect) was exerted at the neck 
zone (Figure 2(c)), although, why the strong negative pres
sure appeared at the concavity neck zone remains to be 
elucidated. 

3.3  Acoustic resonance mechanism  

To test if the acoustic-induced bubbling is a universal phe
nomenon, similar experiments were performed with a series 
of acoustic probes of varied diameters (10/15/25 mm) and 

for different liquids (water, silicone oil, and SDS solution). It 
was found that for all these different systems, the bubbling 
phenomenon occurred in a similar manner, characterized by 
the formation of a surface concavity and its rapid closure at 
the last stage. It is worth noticing that in all these experi
ments, the depth of the concavities d reaches a fixed max
imum value ~λ/4 (Figure 3(a)), which indicates that 
ultrasound plays an essential role in the maximum depth of 
the concavity. This observation implies that the bubbling 
phenomenon may be related to the geometry of the surface 
concavity, suggesting the occurrence of acoustic resonance at 
an approximate size and geometry. To verify this hypothesis, 
the profile of the concavity corresponding to the onset of its 
closure was extracted, thus, the geometry of the air cavity, 
which may resonate with the sound field, was obtained. The 
acoustic absorption spectrum of the air cavity was calculated, 
where a sharp absorption peak at ~20.7 kHz was evidenced 
(Figure 3(b)), which is in good agreement with the working 
frequency of the acoustic probe. In this case, the air cavity 
showed a significantly enhanced energy density inside (inset 

Figure 3 (Color online) Resonance mechanism of the cavity with ultrasound. (a) Time variation of the concavity depth d in different systems, the inset 
illustration shows that in all these experiments, the volume of concavities seems to experience a similar reinflation stage. The horizontal axis of the inset 
illustration is calculated by the logarithm base 10. (b) Acoustic absorption simulation of the air cavity. The inset illustration is the distribution of sound 
pressure. (c) Geometry of the air cavity corresponding to the Helmholtz resonance, which is usually characterized by a deep cavity with volume V 1 and a wide 
opening with volume V 2, where the radius of the cavity is r 0 and the depth of the opening is l 0. The below illustration shows the vibration velocity distribution 
of the medium particles during resonance, in which the maximum vibration velocity appeared at the cavity neck zone. (d) Calculation of acoustic resonance 
frequency, f lev is the acoustic frequency used in the experiments.   
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of Figure 3(b)), confirming the occurrence of resonance in 
the air cavity.  

It remains to explain the resonance mechanism of the air 
cavity formed by the concavity of the liquid surface. As 
shown in the inset graphic of Figure 3(b), the cavity has a low 
sound pressure at its opening, whereas high pressure inside, 
analogous to the traditional Helmholtz resonators [26]. 
Based on the geometry of the air cavity extracted from ex
perimental observation (Figure 3(c)), the Helmholtz re
sonance of the air cavity can be analogous to an inductor- 
capacitor circuit resonance. The cavity acts as the capacitor 

with capacitance C V
c =0
1

0
2 , and the neck is considered as 

the inductor with inductance L d
s=0
0 eff
neck

, where 

d r l= 1.8 2 +eff 0 0 (Figure 3(c)) is the effective depth of the 
cavity and s  neck is the area of the wide opening. In the 

present work, sneck was calculated by V
l  2

0
to represent the 

effective area of the funnel-shaped opening. Thus, the re
sonance frequency f H of the concavity, a unique liquid-sur
rounded Helmholtz resonator, in the present can be obtained 
based on the inductor-capacitor circuit resonance theory 
[27], which can be written as:  

( )
f C L

c
V l l r

V

= 1
2 =

2
+1.8 2

. (1)H
0 0 1 0 0 0

2

The resonant frequencies f H calculated using eq. (1) and 
that obtained from acoustic simulation both are in good 
agreement with the working frequency f lev of the levitator 
(Figure 3(d)), indicating that the air cavity at the liquid 

surface can be treated as a Helmholtz resonator and the 
acoustic-induced bubbling indeed took place via a Helmholtz 
resonance mechanism. Because of the Helmholtz resonance, 
the medium particles exhibit the highest vibration velocity at 
the neck zone of the cavity, which in turn results in the strong 
negative radiation pressure (suction effect) responsible for 
the rapid concavity closure. 

3.4  Scaling law of the bubble size  

The final bubble size depends on the sound field and liquid 
properties, although the physical mechanism for the bubbling 
process is the same. The acoustic bubbling in the work ori
ginates from the Helmholtz resonance of the acoustic-de
pressed concavity, in which the size of the concavity is 
overally determined by the probe diameter Φ and working 
frequency f lev, and in turn for the size of the obtained bubbles 
(Figure 4(a) and (b)). For the liquid properties, higher μ and σ 
could lead to smaller bubble size (Figure 4(c) and (d)) due to 
enhanced sound energy consumption caused by viscous 
dissipation and bubble surface energy, respectively.  

To gain a quantitative description of the bubble size ob
tained from the acoustic bubbling, we proposed a scaling 
analysis of the bubble size data. From an energy perspective, 
the intrinsic physics picture involved in the acoustic bub
bling process is that the sound energy was continuously 
transformed into the surface energy of the bubbles associated 
with viscous dissipation in both the bulk liquid and the air. 
Therefore, the competition between acoustic radiation force 
and surface tension, which can be described by the acoustic 

Bond number Bo v r2
a

rms
2

0 0 , plays an essential role in the 

Figure 4 (Color online) Bubble radius affected by experiment parameters. All the experiments were performed when H = λ. (a)-(d) Variation of the bubble 
radius with the acoustic probe diameter Φ, liquid viscosity μ (MPa s), acoustic frequency f, and liquid surface tension σ. (e) The dimensionless bubble size 
rescaled by the acoustic Reynolds number and acoustic Bond number. The red line is the fitted function. Two inset illustrations are typical bubble arrays with 
controlled size, which is in good agreement with the calculated results using the scaling law.   
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entire process [28]. Moreover, the viscous dissipation in 
sound field can be calculated by the acoustic Reynolds 

number [25] Re c

µ µ
=

+ 4
3

a
2

0
, where f= 2 is the angular 

frequency and ξ is the bulk viscosity (characterizing the re
lationship between the resistance to an object and the rate of 
its volume change). By considering both Boa and Re a, and 
reducing the bubble size by sound wavelength λ, the data in 
Figure 4(a)-(d) were replotted in Figure 4(e), in which all the 
data were excellently collapsed into a master curve. There
fore, it is obtained that  

R Bo Re . (2)a a

The scaling law of the bubble size in eq. (2) suggests that 
the bubble size can be predicated accurately and adjusted by 
the sound field or the liquid properties, thus providing a 
promising bubbling approach with controlled bubble size.  

3.5  Air purification  

We further explored the aerosol particle absorption behavior 

of this unique acoustic bubbling phenomenon (Figure 5(a)), 
since the air-liquid interface exhibits a strong ability to ad
sorb macro/nano particles [29,30] and shows promising po
tential for air purification [31]. Our experimental results 
demonstrated that the aerosol particles could be effectively 
adsorbed by the air-liquid interface within 40 s with the 
presence of surface bubbling (Figure 5(b)-(ii)). By contrast, 
without the action of sound field, in the same duration, the 
aerosol particles were almost remained in the air since the 
transparency of image (Figure 5(b)-(iv)), estimated by the 
MGV, kept unchanged (Figure 5(c)). It would take nearly 
1000 s to achieve a similar particle absorption result as that 
under acoustic bubbling for 40 s. Moreover, when exposed to 
ultrasound but without bubbling, i.e., H ≠ λ/2, λ, 3λ/2, the 
aerosol particles were partly adsorbed by the air-liquid in
terface within 40 s Figure 5(b)-(iii)). By comparing the re
sults of Figure 5(b)-(i) and Figure 5(b)-(ii), the acoustic- 
induced surface bubbling significantly enhanced the aerosol 
particle absorption rate at the air-liquid interface.  

It remains to explain why the acoustic bubbling process 
results in remarkably enhanced particle adsorption ability. 
Generally, the particle adsorption rate of the liquid surface is 

Figure 5 (Color online) Enhanced aerosol particle adsorption via acoustic-surface bubbling. (a) Experimental setup. (b) Air purification via different 
approaches: (i) the initial state of the working box with the injected aerosol particles suspended in the air, where the transparency is so low that the acoustic 
probe in the box can hardly be observed; (ii) with acoustic-induced bubbling for 40 s (d = 3λ/2), where the injected aerosol particles were effectively absorbed 
thus the acoustic probe could be clearly observed; (iii) exposed to ultrasound but without bubbling for 40 s (d = 7λ/4), where the injected aerosol particles 
were partly adsorbed and the transparency of the injected aerosol gas was increased compared with the initial state; (iv) no sound field for 40 s, where the 
transparency of the injected aerosol gas remained the same of the initial state. (c) MGV analysis of the images under different conditions. (d) The acoustic 
streaming between the probe and the air-liquid interface.  
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determined by two stages: (1) how fast the particles reach 
and contact with the liquid surface (stage I); and (2) how fast 
the contacted particles are trapped by the air-liquid interface 
(stage II). As revealed by the previous investigation, the 
particles trapping process (stage II) is quite fast, in the 
timescale of ms [31]. This indicates that the limitation for 
particle adsorption rate would depend on the particle ap
proaching and contacting process (stage I). Without the 
sound field, the contact between the aerosol particles and the 
liquid surface is mainly dependent on the thermal diffusion 
of the particles following the Brownian motion law [32]. 
However, with the action of sound field, notable acoustic 
streaming was stimulated between the ultrasonic probe and 
the liquid surface (Figure 5(d), Movie S4), which drove the 
particle to impact onto the liquid surface at a speed of 
~0.2 m/s. The acoustic streaming is responsible for the en
hanced particle absorption rate. Moreover, with the action of 
bubbling process, the rapidly closure of the liquid surface 
(concavity edge) and the high v rms at the neck zone of the 
concavity, lead to a higher particle impact velocity, ~0.5 m/s, 
which would further accelerate the contact between aerosol 
particles and the liquid surface and in turn the particle ab
sorption rate. 

3.6  Discussion  

A similar surface bubbling phenomenon is also frequently 
observed when the liquid surface is impacted by a droplet or 
a solid body [24,33]. The impact of a liquid droplet can lead 
to the formation of a bubble through either a pinch-off me
chanism of the downward elongated air cavity or an en
trapment mechanism due to the merging of the impact- 
induced liquid crowns [34,35]. To realize the process, the 
impact usually needs a sufficiently large Weber number. For 
the impact of a solid, the appearance of a bubble also needs a 
threshold velocity, which may depend on the wettability of 
the impacting body [36,37]. However, in our work, the clo
sure of the liquid surface concavity is driven by the sig
nificant negative acoustic radiation pressure exerted at the 
neck zone owing to the Helmholtz resonance, therefore, not 
requiring intense impact from other objects. 

It should be noted that the surface bubbling is an inevitable 
result of the liquid surface shape evolution driven by suffi
ciently strong acoustic radiation. In the process, gravity and 
surface tension of the liquid tend to impede the indentation of 
the surface, which enhances the total gravitational potential 
and surface energy. However, the concave surface exhibits a 
stronger sound absorption [33], thus leading to an increase in 
acoustic radiation pressure to promote further indentation. 
Once the critical shape of the concavity is obtained, the 
acoustic Helmholtz resonance is triggered inside. In the re
sonance stage, gravity plays a little role in the scaling law of 
bubble size since the process is mainly determined by the 

interplay between ultrasound and the geometry of the con
cavity. 

Although classical Helmholtz theory assumes an ideal 
geometry of the cavity, its core principle is based on the 
coupling resonance of the elastic vibration of the air (the 
volume of the cavity) with the inertial mass (the neck column 
of air). As long as the structure meets the following two key 
conditions [38]: (1) effective sealing of the cavity: capable of 
providing sufficient aeroelastic stiffness which is inversely 
proportional to the cavity volume; (2) equivalent neck 
structure: the inertial mass of the air column formed by the 
narrow passage which is related to neck length and cross- 
sectional area. In the present work, the medium particles 
exhibit the highest vibration velocity at the neck zone of the 
cavity, and the concavity absorbs sound energy, converting it 
into the surface energy of the bubble. Thus, even if the 
concavity has an irregular shape, it can be considered a 
Helmholtz resonator because its acoustic properties are still 
determined by the above two dominant factors. 

The acoustic-induced surface bubbling approach reported 
in the present work can not only fabricate bubbles or bubble 
arrays of expected size, but also significantly enhance the 
mass transfer from air to liquid. This is mainly attributed to 
the presence of acoustic streaming between the acoustic 
probe and the liquid surface. Moreover, the Helmholtz re
sonance itself also enhances the impact velocity between 
medium particles and the liquid surface, which is favorable 
for the mass transfer. Based on the significantly enhanced 
aerosol particle absorption via acoustic-induced surface 
bubbling, a potential solid filter-free air purification system 
that solely uses water as filter medium can be built. This 
solid filter-free air purification system would be environment 
friendly [31]. 

Our ultrasonic system provides digitally controlled power 
output, functioning at approximately 35 W during experi
ments. After ten minutes of operation, a cleaning efficiency 
of higher than 95% was achieved. In terms of scalability, our 
approach facilitates broader application scenarios by allow
ing the replacement of the liquid pool. For example, hydro
gen peroxide or ethanol solutions can be employed for 
disinfection purposes, whereas sodium hydroxide solutions 
effectively absorb hydrogen sulfide gas. In high-risk en
vironments such as mining operations and industrial facil
ities, the liquid filtration medium exhibits superior 
practicality over solid filter materials due to its ease of re
placement. The system ensures continuous operation through 
infrequent replenishment of liquid consumables and pro
motes the possibility of permanent application without the 
need to replace solid filters. 

The acoustic probes utilized in the present work are all flat. 
If curved probes were used instead, the geometric focusing 
effect would concentrate the sound energy in the focal re
gion, potentially enhancing bubble yield significantly. 
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Nevertheless, this would not have an impact on the bubble 
size because bubble formation is determined by Helmholtz 
resonance. 

4  Conclusion  

In conclusion, it has been found that an acoustic induced 
bubbling phenomenon at the air-liquid interface can be 
triggered when the ultrasound is exerted to interface at dis
tances of multiples of 1/2λ. The bubbling is attributed to the 
Helmholtz resonance of the acoustic induced liquid surface 
concavity, which results in a strong negative acoustic ra
diation force at the neck zone of the concavity, thus leading 
to its rapid closure and formation of the bubble. The size of 
the obtained bubble follows a scaling law: 
R Bo Rea a . It has been found that the aerosol parti
cles’ adsorption at the air-liquid interface can be significantly 
enhanced via the acoustic streaming and surface bubbling 
owing to Helmholtz resonance. Our results give insights into 
the interaction between ultrasound and air-liquid surface, 
providing a new method for air purification without using 
any solid filters.  
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