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For the droplets with different size distribution, reasonably selecting the

frequency and period of acoustic waves are of great significance to acoustic

agglomeration. To investigate critical responses of microdroplets under the

action of low-frequency acoustic waves, laboratory experiments and numerical

simulations of acoustic interference were conducted, and statistical test and

theoretical analysis were carried out. A total of 1,680 sets of experiments were

performed, from which about 300,000 particle size samples were collected,

with sound frequency of 30–280 Hz and the sound pressure level (SPL) of

70–130 dB. Droplet size distribution (DSD), equilibrium response time (ERT), the

nodal plane in the air chamber and entrainment coefficient were analyzed. The

critical SPL of acoustic agglomerationwas 110± 15 dB based on average droplet

size increment, and the variation of droplet size indicated that the ERT of

acoustic intervention on microdroplets under the critical SPL was 44 ± 12 s. In

addition, lower sound frequencies corresponded to larger widths of droplet size

with significant response (DSSR), which were jointly affected by sound pressure

gradient (SPG), the entrainment coefficient and the droplet concentration. For

microdroplets with unknown particle size distribution, acoustic intervention

with variable frequencies is suggested for fog elimination and precipitation

enhancement.
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1 Introduction

In recent years, the issue of atmospheric quality has attracted extensive attention from

researchers (Sotty et al., 2019; Liu, 2021). One effective way to improve atmospheric

quality is to eliminate the harmful aerosols by technical approaches (Dass et al., 2021;

Meng et al., 2021). Acoustic agglomeration technology has great potential in the removal

of fine particulate matters and the precipitation enhancement (Zhou et al., 2016; Zhang
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et al., 2018; Shi et al., 2021b; Wei et al., 2021) due to its safety and

convenience. Dynamic reactions of fluid-particle/droplet and

particle/droplet was induced and intensified by acoustic waves

through inputting external energy (Yang and Fan, 2014). This in

turn increased the probability of collision and accelerated the

formation of large agglomerates. The main mechanisms of

particle/droplet acoustic agglomeration include orthokinetic

interactions (Cheng et al., 1983; Dong et al., 2006),

hydromechanical interactions such as acoustic radiations and

acoustic wake effects (Hoffmann and Koopmann, 1996), and

acoustically generated turbulences (Tiwary et al., 1984).

Although the orthokinetic mechanism reveals the

agglomeration of the polydisperse particles/droplets, it cannot

explain the agglomeration process of the monodisperse particles/

droplets. The acoustic wake effects and acoustic radiations are

complementary to the acoustic agglomeration mechanism. In

other words, monodisperse particles/droplets have the

opportunity to collide and merge in asymmetric flow fields

and scattered sound fields. The mechanism of acoustically

generated turbulences involves the existence of velocity

differences between particles due to turbulent

inhomogeneities, which leads to chaotic particle collisions.

The acoustically generated turbulences requires the sound

intensity to be large enough to reach a certain critical sound

pressure level (SPL). Due to the complexity and difficulty of

turbulence, acoustically generated turbulence is still

controversial. All of those results show that various

agglomeration mechanism coexist in acoustic experiments, the

effects and corresponding threshold for particles/droplets

agglomeration should be further investigated.

Quantitative evaluation of the acoustic agglomeration

performance of suspended particles/droplets and

determination of the optimal acoustic frequency and SPL are

of great significance to the optimization of agglomeration

efficiency. For example, through intervention of 1,000 Hz and

3,000 Hz acoustics, Shaw and Tu (1979) found that the decrease

in dioctyl phthalate (DOP) concentration in the aerosol was more

significant at lower sound frequencies (1,000 Hz) when the SPL

was 145 dB. Cheng et al. (1983) experimentally found that the

agglomeration rate of NH4Cl aerosols increased with the rising

acoustic frequency (600–3,000 Hz). Chen et al. (2007)

investigated the effects of acoustic agglomeration on removing

submicron particles in coal-fired fumes using 1,000 Hz acoustics,

and reported that the total particle mass concentrations of PM2.5

and PM10 were reduced by 58% and 77%, respectively. The

agglomeration effect also occurs when acoustic waves interfere

with liquid droplets, at lower acoustic frequencies compared to

particle agglomeration. For example, Chang et al. (1963)

performed acoustic experiments at 500–2,400 Hz, and found

that acoustic waves could significantly accelerate the

dissipation of water mist. In 2002, Hou et al. (2002)

performed an acoustic intervention experiment at relatively

lower frequency of 20–50 Hz, and found that the acoustic

frequency corresponding to the optimal agglomeration effect

is 20 Hz. For 40–100 Hz acoustic intervention on microdroplets,

Bai et al. (2020); Bai et al. (2021a); Bai et al. (2021b) found that

the particle size increment was significantly affected by the sound

frequency, and the droplets isotope values increased after

interference of acoustics. He et al. (2021) conducted

experiments on droplets by combined sound waves of

200–600 Hz and electric field. The effects of sound wave and

electricity on droplet agglomeration have been proved, and the

optimal sound frequency was 400 Hz. These studies have

reported the optimal acoustic frequency and SPL, but the

dimension and distribution of droplets are spatiotemporally

different. Moreover, previous studies show that the acoustic

agglomeration effect was directly influenced by sound field

characteristics and particle/droplet size distribution (Qu et al.,

2020). The standing wave field had a better agglomeration effect

than the traveling wave field (Chang et al., 1963). This may be

attributed to the continuous oscillation of fluid medium around

the wave node, so the acoustic wave forces the particles/droplets

to move towards the node. In addition, it was found that acoustic

agglomeration effect enhanced significantly with the increasing

particle size difference and particles concentration (Yuen et al.,

2017). The previous studies mainly focus on particles

agglomeration, so it is necessary to systematically investigate

the droplet response to low-frequency acoustic waves.

The droplets agglomeration caused by acoustic waves is

manifested in the variation of diameter and concentration.

The response of droplets to acoustic intervention, especially

the critical SPL and the optimal frequency, is worthy of

attention. This paper attempts to experimentally investigate

the critical SPL of low-frequency acoustic intervention. The

significance test was adopted to investigate responses of

microdroplets subjected to acoustic waves. The control

experiments including natural (without acoustic

intervention) and acoustic intervention conditions were

designed, and the critical SPL and its equilibrium

response period under the action of sound waves with

30–280 Hz were analyzed. According to the significance

test, the droplet size with significant response (DSSR)

under fixed critical SPL and different sound frequencies

was obtained, and the influence factors were analyzed.

This study has certain reference value for the frequency

optimization of acoustic agglomeration.

2 Materials and methods

2.1 Experimental devices

The experiment device consists of an air chamber, sound and

aerosol generators, and monitoring devices (Figure 1). The

monitoring devices mainly includes temperature and humidity

sensors, laser particle analyzer, and microdroplet collection
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beaker. The air chamber consists of a cylindrical Plexiglas tube

and a conical bottom plate with slope of 1:2, conical bottom plate

is used to collection droplets and isolate bottom of the air

chamber from environment. The diameter and height of air

chamber are 600 mm and 2000 mm, respectively. Sound

generator is fixed on the top of air chamber. A plastic film

with high sound permeability is adopted to isolate the top of

chamber. Microdroplets nozzle, temperature and humidity

sensors are all fixed in the middle of air chamber. To pass the

laser beam of laser particle analyzer for size observation, a hole

with a diameter of 100 mm is placed along the radial direction of

the air chamber, with 300 mm away from the bottom of the air

chamber. Microdroplet collection beaker is located at the

bottom of air chamber. The experimental device could

monitor dynamic variations of droplet size before and after

acoustic intervention. The sound generator was capable of

adjusting the frequency (30–280 Hz constant frequency

loading) and SPL (70–130 dB) of the sound source. The SPLs

at different positions of the air chamber could be measured with

accuracy of 0.1 dB. The aerosol generator can continuously

produce microdroplets from 5 to 100 μm and can control the

input volume (Q) and its peak shape. The droplets size

distribution (DSD) can be continuously observed using

particle analyzer (winner 319, Jinan Micro-nano Particle

Instrument Co., Ltd.), with the time resolution of 1 s and

observable range of 1–500 μm in size dimension, the

accuracy was less than or equal to 3%. Environmental

parameters such as air temperature and humidity can be

real-time monitored with temporal resolution of 1.0 s.

2.2 Experimental process and conditions

The experiments were carried out in the alternation of

natural settlement and acoustic intervention. Acoustic

frequency was 30–280 Hz with a step of 10 Hz, and the SPL

was 70–130 dB with a step of 5 dB. To reduce the occasionality

and statistical error of the experimental results, three control or

replicate experiments were conducted for each scenario, with

each group of samples collected for more than 180 s.

To ensure the accuracy of the measurements, the standard

solution was used to calibrate the observation instrument before

the experiment. Agglomeration tests were carried out at room

temperature (20°C). A total of 840 groups of control experiments

were performed, withmore than 300,000 samples being collected.

2.3 Experimental data processing

(i) Determination of critical SPL. For acoustic interventions

with fixed acoustic frequency, there is a critical SPL, which can

effectively influence the droplet size. When the droplet is

intervened by acoustic waves with SPL0 and SPL1 (SPL0 +

5 dB), the average droplet size increases by more than 0.1 μm,

and the size increment is relatively larger for cases with acoustic

intensity of SPL1. This indicates that stable agglomeration occurs

after acoustic intervention, and the corresponding SPL0 can be

determined as the critical SPL under a certain sound frequency.

Note that increment refers to the droplet size with acoustic action

minus that without acoustic operation.

FIGURE 1
Sketch (A) and on-site picture (B) of the experimental devices (Q represents input volume of droplets; D represents input diameter of
microdroplets; f represents frequency of acoustic source; and SPL represent intensity of acoustic source. 1-Temperature and humidity sensors; 2-
Laser transmitter; 3-Laser receiver; 4-Monitoring region of droplets; 5-Microdroplet collection beaker; 6-Air chamber; 7-Microdroplets).
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(ii) Significance test. According to the critical SPL determined

in section (i), statistical tests are carried out on droplet size. In other

words, acoustic wave as the influencing factor, one-way ANOVA is

conducted to test the significance level (0.05) of the acoustic waves

influence on volume frequency of the each droplet size (different

sound frequencies, critical SPLs). The corresponding droplet size

that passes the significance test can be defined as droplet size with

significant response (DSSR).

3 Experimental results and analysis

3.1 Critical sound pressure level and
variations of droplets size distribution

The critical SPL of the acoustic agglomeration for

microdroplets in this study was concentrated at 110 dB. The

average sizes of the microdroplets in the 840 control groups were

counted, and thereby the critical SPL and its effective sound

pressure distribution for cases of 30–280 Hz as shown in Figure 2.

The black dots in the figure represent the critical SPL for

corresponding certain acoustic frequency, and the shaded area

denotes the effective SPL range of acoustic operation. The critical

SPL showed a fluctuating trend with the sound frequency. The

maximum critical SPL was 125 dB, and the corresponding sound

frequency was 190 Hz; the lowest critical SPL was 95 dB with

sound frequency of 110 Hz. In general, lower sound frequencies

corresponded to lower critical SPLs.

The peak shape of DSD remained unchanged after acoustic

intervention. To obtain a comparison chart of the DSD, the

droplet volume frequencies of control groups were averaged. The

DSD under the action of acoustic waves with f = 30–90 Hz

presented a unimodal trend (Figure 3), with identical peak shape.

This indicated that the agglomeration process of microdroplets

was greatly restricted by the initial DSD. Further analysis

revealed that variation rate of volume frequency for relatively

smaller droplets was significantly higher than that for larger ones

after acoustic intervention. In addition, the agglomeration effect

was related to the volume frequency of droplets, indirectly

confirming the effect of particle number on acoustic

agglomeration (Shi et al., 2020).

The droplets agglomeration and fragmentation coexisted

with acoustic operation, while the aggregation effect

dominated. According to the number of intersection points of

the volume accumulative frequency curve before and after

acoustic intervention (Figure 3 and Supplementary Figure S1

in Supplementary), the agglomeration effects can be subdivided

into two types. The first type had two intersection points, the size

of microdroplets increased after acoustic intervention, which was

mainly caused by the agglomeration of droplets, with the sound

frequencies of 30–50 Hz, 90–230 Hz, and 250–280 Hz. The

second type had more than two intersection points, the size of

microdroplets first increased and then decreased with sound

frequencies of 60–80 Hz, and 240 Hz, indicating droplets

agglomeration and fragmentation effect (Shi et al., 2020)

coexist, thus the volume accumulative frequency of droplet

group presented a staggered variation trend.

3.2 Equilibrium response time of
microdroplets

The equilibrium response time (ERT) of the microdroplets

was concentrated at 44 s under the critical SPL (Table 1). The

ERT varied with sound frequencies. The minimum ERT was 32 s

with sound frequency of 210 Hz; the maximum ERT value was

56 s, and the corresponding sound frequency was 140 Hz. The

equilibrium response time was impacted by the DSD, the sound

field distribution inside the air chamber. The sound field

distribution in the air chamber remained unchanged for a

constant acoustic frequency. Therefore, the equilibrium

response time was mainly influenced by sound frequency.

With the increase of the acoustic intervention period, the

particle size generally tended to increase first, and then

maintained a dynamic equilibrium. Figure 4 shows the

variation of droplet size with acoustic action time under the

action of acoustic waves with 90 Hz and 190 Hz. After acoustic

operation, the particle size D90 (indicating that the volume

frequency of droplets smaller than this size accounted for 90%

of the total volume) increased because of the droplets

agglomeration. In the initial stage, the size of microdroplets

generally showed an increasing trend, this can be well

demonstrated by D90 variation before the three dashed line in

Figure 4. The sudden decrease of D90 was caused by the

fragmentation of microdroplets, but the D90 showed an

ascending trend at this stage due to stronger agglomeration.

FIGURE 2
The Critical SPLs at different acoustic frequencies. (Shaded
area represents the effective SPL range for acoustic interference).
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From the equilibrium response time on, the agglomeration-

fragmentation inside the microdroplets reached a dynamic

equilibrium, and average D90 remained roughly unchanged.

4 Discussion

4.1 Droplet size with significant response
under different sound frequencies

The DSSR was varied with acoustic frequency. In general, a

lower acoustic frequency corresponded to a larger width of DSSR.

The significance test was performed to investigate response degree

of droplet size for acoustic intervention with fixed critical SPL and

different frequencies (30–280 Hz). From Figure 5A, widths ofDSSR

for cases with f = 30–110 Hz were obviously larger than those of

above 110 Hz. The break points can be clearly seen for D = 4–8 μm

after acoustic intervention with f = 110–140 Hz. The critical SPLs

for acoustic operation with f = 30–110 Hzwere generally lower than

those with f = 110–280 Hz. This meant that the larger width of

DSSR may corresponds to the lower critical SPL. In addition,

effective frequency range of acoustic operation for D < 4 μm

was significantly larger than that of droplets larger than 4 μm.

The concentration of microdroplets also affected width of

DSSR. To illustrate the relationship between width of DSSR and

the droplet concentration, Figure 5B shows DSD before acoustic

FIGURE 3
Variation of DSD under fixed critical SPL and different acoustic frequencies. (A) 30 Hz, (B) 50 Hz, (C) 70 Hz, (D) 90 Hz. (VF: volume frequency;
VAF: volume accumulated frequency).

TABLE 1 ERT of microdroplets under the action of acoustic waves with fixed critical SPL and different acoustic frequencies.

f/Hz 30 40 50 60 70 80 90 100 110 120 130 140 150

Mean/s 47 37 34 44 39 43 53 46 43 41 48 56 50

SD 3 3 7 2 2 6 5 7 8 8 2 8 11

f/Hz 160 170 180 190 200 210 220 230 240 250 260 270 280

Mean/s 35 38 35 41 43 32 55 42 40 45 35 54 43

SD 9 5 1 7 3 4 9 4 7 5 5 8 6
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operation. The droplet size corresponding to the largest volume

frequency also had the highest concentration (comparing

Figure 5B with Figure 3). In addition, the droplet sizes with

non-significant response were mainly distributed in range of

4–8 μm with middle concentration (except droplet sizes with

non-significant response was 1–3 μm after acoustic intervention

with f = 210 Hz). This indicated that the width of DSSR was

affected by both microdroplets sizes and concentration. Detailed

discussion can be found in Section 4.4.

4.2 Numerical simulation of acoustic
structures inside air chamber

In this study, a commercial computational fluid dynamics

software, COMSOL Multiphysics, was applied to study the

distribution of sound field with f = 30 Hz, 120 Hz, 200 Hz and

280 Hz in the air chamber. Detailed simulation information can

be found in the work of Shi et al. (2020). As shown in Figure 6, the

nodal planes of acoustic waves moved from the top to the bottom

in air chamber. The plane number increased with the sound

frequency, which was consistent with the experimental results

(Bai et al., 2020). Specifically, there were one, two and three

acoustic planes in the frequency bands of 30–120 Hz,

130–210 Hz, and 220–290 Hz, respectively. The sound

pressure gradient (SPG) force near the nodal plane was

relatively larger, leading to an increased probability of droplet

aggregation. In addition, the width of DSSR could be influenced

by the number of acoustic planes and their distribution. The

pressure distribution in air chamber varied with sound

frequency, and could impact the acoustic agglomeration effect

of droplet aerosols.

FIGURE 4
Variation of particle size over acoustic operation time under 90 Hz (A) and 190 Hz (B). (1st, 2nd, 3rd represent the experimental order; the red,
green and blue dashed lines represent equilibrium response time of 1st, 2nd, 3rd experiment respectively).

FIGURE 5
Width of DSSR with respect to different acoustic frequency (A) and DSD (B).

Frontiers in Environmental Science frontiersin.org06

Bai et al. 10.3389/fenvs.2022.972648

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.972648


FIGURE 6
Variation characteristics of SPL in air chamber. [(A–D) represent 30 Hz, 120 Hz, 200 Hz and 280 Hz, respectively; X-Y-Z represents the spatial
coordinate system, and the Z axis is along the axis of the air chamber].

FIGURE 7
Distribution of total sound pressure (A) and sound pressure gradient (B) along the axis of the air chamber.
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To investigate the effect of sound pressure gradient on

droplets agglomeration, the vertical sound pressure and its

gradient along the air chamber axis of 30 Hz, 120 Hz,

200 Hz and 280 Hz was extracted (see Figure 7). The

amplitude of sound pressure gradient increased with

acoustic frequency. Figure 7A shows that the sound pressure

exhibited a sinusoidal variation along the chamber axis. The

fluctuation amplitude and the direction were influenced by the

chamber size and the sound frequency. The acoustic amplitude

and number of alternating directions were positively correlated

with the acoustic frequency. Figure 7B confirms that the

amplitude of sound pressure gradient along chamber axis

also increased with sound frequency.

4.3 Entrainment effect of acoustic
frequencies on microdroplets

The acoustic agglomeration was obviously affected by

orthokinetic agglomeration, and the entrainment coefficient

for droplets with different size varied with the sound

frequency. According to the entrainment force of the sound

wave exerted on particles (Brandt and Hiedemann, 1936; Cheng

et al., 1983; Song et al., 1994; Hoffmann and Koopmann, 1996),

and shear forces exerted on droplets in the Stokes flow (Re < 1)

(Tiwary and Reethof, 1986), entrainment coefficient can be

derived as follows.

μ � 1���������
1 + (ωτp)2

√ (1)

where τp is the relaxation time of particles, which is proportional

to the droplet density and the square of radius, and inversely

proportional to flow viscosity; ω is the angular frequency.

Regardless of the properties of droplets and environment, the

entrainment coefficient of acoustic on droplet is only affected by

acoustic frequency.

For cases with sound frequencies of 30–300 Hz, air

temperature of 20°C and dynamic viscosity of 0.01809 Pa·s,
the entrainment coefficient for droplets with size in range of

1–64 μm were obtained (Figure 8). In general, the lower sound

frequency, the larger entrainment effect on the droplets and the

larger droplet amplitude caused by acoustic waves. The wider the

size spectrum of droplets, the more significant the agglomeration

effect. Thus, low-frequency acoustic waves were apt to influences

droplets with wider size spectrum.

4.4 Comprehensive analysis of factors
affecting droplet size with significant
response

The width of DSSR was jointly affected by the sound field,

especially sound pressure gradient, the entrainment coefficient

and the droplet concentration. For cases with low sound

frequencies (30–110 Hz), the width of the DSSR was mainly

subjected to the entrainment effect. With increasing of sound

frequency (120–210 Hz), the wavelength declined, and thereby

the number of nodal planes in the air chamber rose to 2. For

cases with frequency in range of 120–210 Hz, entrainment and

agglomeration effects on 1–4 μm droplets were relatively

stronger. The volume frequency of droplets above 8 μm

varied significantly due to their predominance in

concentration. In addition, small droplets were apt to

generate larger droplets due to acoustic agglomeration. The

width ofDSSR was jointly affected by the droplet concentration,

sound distribution and flow entrainment, resulting in a

“breakpoint” in the width of the DSSR at D = 4–8 μm for f =

120–210 Hz. As the sound frequency further increased from

220 to 280 Hz, the number of nodal planes in the air chamber

increased to 3. Despite the smaller entrainment coefficient of

those acoustic operations, the effect of the sound pressure

gradient force was stronger. As a result, the width of DSSR

for acoustic waves with f over 220 Hz was larger.

It has always been a core concern to determine the optimal

acoustic parameters to achieve the best agglomeration effect in

practice. For a specific DSD, the optimal frequency and effective

SPL can be determined by laboratory experiments. However, it is

inconvenient to conduct experiments due to the inability to

simulate DSD and its environmental conditions indoors.

Given the width of DSSR obtained in this study, acoustic

intervention with variable frequency was recommended to

obtain better agglomeration performance. Thus, sweep-

frequency acoustic intervention was applied to on-site artificial

precipitation enhancement (Shi et al., 2021a; Shi et al., 2021b;

Wei et al., 2021).

FIGURE 8
Entrainment coefficients of acoustic frequencies for droplets
with different sizes.
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5 Conclusion

In this study, the responses of microdroplets under acoustic

intervention of 30–280 Hz are studied through laboratory

experiments, numerical simulations and theoretical analysis.

Droplet size distribution (DSD), equilibrium response time (ERT),

the nodal plane in the air chamber and entrainment coefficient were

analyzed. The critical SPL and its equilibrium response time are

presented based on average droplet size increment and the variation

of droplet size respectively. The main conclusions are as follows.

(i) For acoustic waves with f = 30–280 Hz, the critical SPL is

110 ± 15 dB, and the equilibrium response time was

concentrated in 44 ± 12 s, the critical SPL and its

equilibrium response time varied with acoustic frequency.

(ii) The width of DSSR was impacted by the acoustic

entrainment, sound distribution, and droplet

concentration. The entrainment effect of acoustic waves

on the width of DSSR decreased with increasing frequency,

while the sound pressure gradient effect became significant.

(iii) For the target microdroplets whose optimal frequency is

unknown, such as fog or cloud droplets, acoustic

intervention with sweep frequency could be used, which

can theoretically enhance the intervention effect.

This study did not take into account the trajectory of the

droplets under the action of acoustic waves and turbulence flows.

In the future, kinematics and dynamic response of droplets under

acoustic intervention will be investigated with high-speed cameras.
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