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ABSTRACT: Recently, strong sound wave was proposed to enhance precipitation. The theoretical basis of this proposal

has not been effectively studied either experimentally or theoretically. On the basis of the microscopic parameters of

atmospheric cloud physics, this paper solved the complex nonlinear differential equation to show the movement charac-

teristics of cloud droplets under the action of soundwaves. Themotion process of an individual cloud droplet in a cloud layer

in the acoustic field is discussed as well as the relative motion between two cloud droplets. The effects of different particle

sizes and sound field characteristics on particle motion and collision are studied to analyze the dynamic effects of thunder-

level sound waves on cloud droplets. The amplitude of velocity variation has positive correlation with sound pressure level

(SPL) and negative correlation with the frequency of the surrounding sound field. Under the action of low-frequency sound

waves with sufficient intensity, individual cloud droplets could be forced to oscillate significantly. A droplet smaller than

40mm can be easily driven by sound waves of 50Hz and 123.4 dB. The calculation of the collision process of two droplets

reveals that the disorder of motion for polydisperse droplets is intensified, resulting in the broadening of the collision time

range and spatial range.When the acoustic frequency is less than 100Hz (at 123.4 dB) or the SPL is greater than 117.4 dB (at

50Hz), the soundwave can affect the collision of cloud droplets significantly. This study provides a theoretical perspective of

the acoustic effect on the microphysics of atmospheric clouds.
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1. Introduction

In recent years, sound waves have been widely applied in

weather modification (Wei et al. 2021), particle agglomeration

(Hoffmann 2000), and other fields. Acoustic agglomeration is a

group effect of microparticle group systems under the action of

sound waves (Zu et al. 2017). It realizes rapid agglomeration of

particles. A study reveals that under the action of sound waves,

the proportion of large-sized particles in aerosol increases,

whereas the concentration of particles decreases (Hoffmann

2000). Zhang et al. (2020) observed apparent agglomeration

after particle collision caused by surface cohesive force under

the action of sound waves, by scanning electron microscopy.

Gallego-Juárez et al. (1999) applied acoustic agglomeration

technology to reduce coal-fire smog in factories. Numerical

simulation of acoustic agglomeration using the population

balance model (Sheng and Shen 2006) or the discrete ele-

ment method–computational fluid dynamics (CFD-DEM;

Ka�cianauskas et al. 2018) model has also been performed.

The mechanism of acoustic agglomeration is related to the

complex dynamical effect of the particle phase and fluid phase

under the action of sound waves. Many studies have attempted

to explain this phenomenon. Hassan and Kawaji (2008) ex-

perimentally and theoretically discussed the influence of the

frequency and viscosity of the oscillating fluid on the move-

ment of small particles in it. Sujith et al. (1999) attempted to

use the numerical integration and spectral analysis methods to

study the relative motion between particles and between par-

ticles and fluid in sound field to explain the phenomenon of

momentum and heat transfer in multiphase flow. Fan et al.

(2013) simulated the variation in the collision time of two

PM2.5 particles of equal diameter, with particle size, distance,

sound pressure level (SPL), and sound frequency. Zeng et al.

(2020) explored the mobilization of a trapped nonwetting

droplet by wall vibration, and he found that the droplet could

pass through the throat when the amplitude of the excitation

acceleration exceeds a critical value at a certain frequency.

Dong et al. (2006) proposed the concept of effective agglom-

eration length, that is, themaximum distance at which particles

can effectively collide. He calculated the effective aggregation

length of two particles of different sizes under the action of

sound waves of different frequencies and SPLs. Many studies

(Amiri et al. 2016; Markauskas et al. 2015; Shaw and Tu 1979;

Zheng et al. 2019; Li et al. 2020) have theoretically analyzed

the mechanism of acoustic agglomeration and attempted to

express it by mathematical formula. In general, the mecha-

nisms of acoustic agglomeration include codirectional ag-

glomeration, hydrodynamic effects, acoustic turbulence, and

Brownian motion. The codirectional agglomeration mecha-

nism refers to the collision caused by the relative motion be-

tween particles resulting from the difference in the carrying

effects of sound waves across particles. The hydrodynamic

effect mainly describes the collision caused by the deformation

of the flow field as a result of the movement of the particles.

Acoustic turbulence refers to the generation of turbulence in a

flow field at a high SPL, resulting in collisions between particles

under the action of inertia and diffusion. The Brownianmotion

describes the agglomeration caused by the irregular motion

of submicrometer particles (Otto and Fissan 1999). These

mechanisms have been extensively studied in the removal ofCorresponding author: Jun Qiu, aeroengine@tsinghua.edu.cn
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hazardous particles from aerosols. To identify the mechanism

of the action of sound waves, scholars have studied the forces

on suspended particles in sound field. Knoop and Fritsching

(2014) compared calculated acoustic force with van der Waals

force as well as the interparticle adhesive force under liquid

bridging. Sepehrirahnama et al. (2015) proposed a numerical

method for calculating the acoustic wave force for multiple

spheres in viscous fluids.

Most of the available studies consider soot aerosol particles

of size 10mm or less as the research objects. There are few

studies on the acoustic agglomeration of cloud droplets of

larger sizes. Clouds and precipitation are generated and evolve

under certain weather conditions, which are related to most of

the important weather phenomena.

Presently, the growth mechanism of cloud droplet is gener-

ally accepted to include the processes of condensation growth

and collision growth (Wallace and Hobbs 2006; Sheng et al.

2003; Zhang et al. 2012). Condensation growth dominates the

early stage of cloud droplet growth. Collision growth mainly

includes the process wherein cloud droplets initially gather into

large cloud droplets (capture water droplets), and rapidly

falling large cloud droplets colliding with other small cloud

droplets. Gravitational and turbulent coalescence of cloud

droplets is thought to be the main process leading to rain for-

mation (Akimov 2004). The cloud droplet is of an equal

magnitude of size as a dust particle. The concept of using sound

waves to intervene and promote the agglomeration of cloud

droplets to enhance precipitation is an extension of the appli-

cation of acoustic agglomeration. Grabowski andWang’s study

(Grabowski and Wang 2013) established that turbulence can

effectively promote the collision efficiency of cloud droplets

in a cloud. The study by Amiri et al. (2016) demonstrated that

turbulence occurs in a sound field when the SPL is above a

threshold. Wei et al. (2020) discovered that wave-introduced

turbulence could enhance the carrying and transport capacity

of the flow. Mednikov and Larrick (1965) observed that tur-

bulence caused by a sound field plays an important role in

acoustic agglomeration. Tulaikova (2015) also described

methods and devices for using sound waves to enhance pre-

cipitation in natural clouds. Meanwhile, acoustic agglomer-

ation is also applied for fog dispersal (Liu et al. 2020). The

experimental results of Zhang et al. (1963) and Hou et al.

(2002) demonstrated that the existence of sound waves was

beneficial for the disposal of water fog. While Hou et al.

(2002) concluded that low frequency and high sound intensity

was conducive to the dissipation of water mist. Experiments

with artificial fog in a chamber had been conducted and a

frequency in the range from 170 to 200Hz turned out to be the

most efficient (Galechyan 2005). Qiu’s experiments show that

the threshold SPL for the effective agglomeration of cloud

droplets ranges from 114 to 121 dB when the sound frequency

is 35–100Hz (Qiu et al. 2021). The fog formed by the con-

densation of the water vapor in air is a type of cloud close to

the ground surface. It can be inferred that sound waves can

promote the agglomeration of cloud droplets. Under this

assumption, this study calculates and studies the motion and

collision process between cloud droplets under the action of

sound waves.

In this study, the cloud droplets in a cloud layer are set as the

research objects. Their physical behavior in a sound field is

studied. Starting from an individual particle, the characteristics

of cloud droplet motion caused by sound wave oscillation is

revealed. Then, the collision time between two cloud droplets is

calculated to explore the effect of sound waves on particle col-

lision, considering the influence of particle size, acoustic fre-

quency, and SPL. The research on the cloud droplets behavior

in a sound field aids in better explaining the mechanism of

acoustic precipitation enhancement and providing theoretical

guidance for the practical application of acoustic precipitation.

2. Method

a. Description of sound wave

This study considers a traveling wave emitted from the

ground to the cloud. The air velocity vibration caused by a

similar traveling wave is illustrated by

u
f
5u sin(vt2kx), (1)

where uf is the flow rate at the position x in the sound field at

the moment t (m s21), u is the velocity amplitude of the fluid

driven by the sound wave (m s21), v is the angular velocity of

the sound field oscillation [rad s21; v 5 2pf, where f is the

vibration frequency (Hz)], k is the number of sound waves in

the sound field [k 5 2pf/c, where c is the velocity of sound

waves in air (m s21)], x is the position in the sound field (m),

and t is time (s).

The SPL corresponding to each u can be obtained by

(Talty 1998)

u5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2I/(r

g
c)

q
, and (2)

I5 I
0
3 10SPL/10, (3)

where I indicates the intensity of the sound field strength (W

m22), rg is the density of air (51.293 kgm23), I0 is the standard

reference value (510212Wm22), and SPL is in decibels.

b. Force on droplet

A series of studies have been conducted to determine the

force of spherical particles in a flow field, and a theoretical

system has been developed (Kim et al. 1998; Mei et al. 1991).

The unsteady motion of a rigid sphere particle in incompress-

ible viscous fluid was studied by Basset (1888) and Oseen

(1927). Mei and Adrian (1992) further discussed the unsteady

drag exerted on a stationary sphere by oscillation flow at finite

Reynolds number. Cleckler et al. (2012) numerically solved the

motion of heavy spherical particles in a sound field and verified

their results with experiments. They also studied the applicable

range of the linearized Stokes equations. According to Maxey

and Riley (1983), the force on the particles in a fluid mainly

includes the following five components.

1) VISCOUS DRAG

Viscous drag acts on particles when there is a relativemotion

between the particles and fluid:
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F
1
5C

D

r
g
ju

f
2 yj(u

f
2 y)

2

pd2

4
, (4)

where F1 is the viscous drag (N), y is the velocity of droplets

(m s21), d is the particle diameter (m), and CD is the drag co-

efficient;CD is related to the Reynolds number Red5 rgdjuf 2
yj/m, where m is the dynamic viscosity of air (17.93 1026 Pa s).

Because the Reynolds number is less than 20 in the calculation,

CD is calculated by (Seinfeld and Pandis 1998)

C
D
5 24/Re

d
: (5)

When CD 5 24/Red, the viscous drag can be simplified to FD 5
3pdm(uf 2 y).

2) BASSETT FORCE

Basset force is also called unsteady viscous drag (a historical

integral term). It indicates the increased resistance on a par-

ticle during the variable motion in a flow field and reflects the

influence of the historical motion process. The Bassett force

can be calculated by

F
2
5
3

2
pd2m

ð t
0

d

ds
(u

f
2 y)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

py(t2 s)
p ds, (6)

where F2 is the Bassett force on the particle (N) and y is the

motion viscosity (5m/rg).

3) ADDITIONAL MASS FORCE

Accelerated particles drive the surrounding fluids for com-

bined accelerated motion. The force pushing the surrounding

fluid to accelerate is called additional mass force, that is, virtual

mass force. The additional mass force and the force acting on a

sphere are a pair of interaction forces that can be calculated by

F
3
52

1

2
r
g
V
d(u

f
2 y)

dt
, (7)

where F3 is the additional mass force acting on the particle

(N) and V is the volume of the particle.

4) PRESSURE GRADIENT FORCE

In a flow with a pressure gradient, a resultant force of

pressure acts on the particle. The pressure gradient force acting

on the sphere can be calculated by

F
4
5 r

g
V
Du

f

Dt
, (8)

where F4 is the pressure gradient force acting on the particle

(N) and Duf/Dt is the full differential of the velocity field uf
versus t.

5) GRAVITY AND BUOYANCY

Gravity is the force that acts on an object owing to the at-

traction of Earth. Because cloud droplets are always present in

the atmosphere and are carried by the fluid, buoyancy acts on

the particles. The F5 in the following equation indicates the net

gravity after subtracting the buoyancy:

F
5
5 (r

p
2 r

g
)Vg, (9)

where g is the gravitational acceleration (59.81m s22) and rp is

the density of the cloud droplets (51000 kgm23).

c. Numerical solution

The Lagrangian description format is adopted for the

motion of cloud droplets. It tracks the motion path of the

particles. The downward motion of cloud droplets under

the action of gravity is calculated with the assumption that

the particle motion does not affect the sound field around

the spherical particles. Combining the forces on an indi-

vidual particle in the flow field, the following equation can

be established according to Newton’s second law (Maxey

and Riley 1983):

m
p

dy

dt
5C

D

r
g
ju

f
2 yj(u

f
2 y)

2

pd2

4
1

3

2
pd2m

ðt
0

d

ds
(u

f
2 y)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

py(t2 s)
p ds

1
1

2
r
g
V
d(u

f
2 y)

dt
1
pd3

6
(r

p
2 r

g
)g1 r

g
V
Du

f

Dt
, (10)

where mp is the mass of the particle (5rpV). The differential

Eq. (10) is nonlinear, and the fourth-order Runge–Kutta

method is used to numerically calculate the motion process

of the cloud droplet. To calculate the value of the second his-

torical integral on the right side of the equation, we discretized

it and assumed that the acceleration within each time step is

constant [i.e., d(uf2 y)/ds5 constant], so that the Bassett force

at the current time can be obtained. The variation in the ve-

locity and displacement with time is obtained from the results

of the numerical solution. Meanwhile, the magnitude of each

force can be calculated.

d. Cloud microphysical parameters

There are significant uncertainties in the microphysical

properties of cloud layers. The particle size of cloud droplets

exhibits wide variation and is mainly concentrated around 1–

20mm (Wieprecht et al. 2005). Atmospheric cloud physics

considers the typical particle size of cloud droplets to be 10mm,

cloud droplets of 50mm to be large droplets, and the boundary

line between cloud droplets and raindrops to be 100mm (Sheng

et al. 2003). Because this study mainly analyses collision, and

the growth of small cloud droplets depends mainly on con-

densation, the particle size of cloud droplets considered in this

study is between 5 and 50mm. The initial velocity in a sta-

tionary cloud layer is set to be zero. Observations of the

properties of thunder sound under natural conditions reveal

the peak sound frequency of thunder to be concentrated in the

low-frequency range (Bhartend 1969; Bodhika et al. 2018;

Yuhua and Ping 2012). Therefore, the frequency range of

sound wave is set to be 20–500Hz. As the SPL increases, the

energy consumption and technical challenges associated with

producing artificial sound waves increase. Liu et al. (2009)

recommends that the SPL for acoustic agglomeration should

not exceed 150 dB. Therefore, in this research, the SPL is set

within the 60–150 dB range. The vertically downward direction

is positive.
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In the framework of this paper, the role of Brownian motion

has been neglected. Brownian motion is known to be unpre-

dictable, but there are some statistical laws. According to

Newton’s classical diffusion equation, the particle diffusion

length can be calculated as follows:

l5
ffiffiffiffiffiffiffiffi
(x2)

p
5

ffiffiffiffiffiffiffiffi
2Dt

p
, (11)

where x is the displacement of the particle, D is the diffusion

coefficient, and t is time. The D can be calculated by the fol-

lowing formula:

D5
kTC

3pmd
P

, (12)

where k is Boltzmann constant (51.383 10223 JK21), m refers

to the dynamic viscosity of the air, dP is the particle size, and T

is the absolute temperature (K). For larger particles, the slip

correction coefficient C can be ignored. Assuming that T 5
273K, m 5 17.11 3 1026 Pa s, and a particle size of 10mm, we

can obtain D 5 2.336 3 10212m2 s21. The diffusion length

range is [2.16, 6.84] mm, given a time t from 1 to 10 s (much

larger than the range calculated in this article). This is much

less than the displacement due to gravity-induced subsidence

and acoustic stress. So, the effect of Brownian motion is not

considered in the calculation case in this paper.

3. Impact of sound wave on individual cloud droplet

a. Motion of individual cloud droplet in traveling wave field

Under the action of sound waves, the velocity of an indi-

vidual cloud droplet first experiences an unstable start-up pe-

riod and then attains a relatively balanced oscillation state, as

shown in Fig. 1a. The velocity at the center position of the

oscillation in the latter state is named ‘‘equilibrium velocity.’’

Herein, the oscillation frequency is consistent with that of the

sound wave, whereas the oscillation amplitude is related to

the properties of the sound wave and cloud droplet. Under the

action of inertia and viscosity, a phase difference appears be-

tween the velocity of the cloud droplet and that of the fluid in

the sound field. The velocity oscillation causes the displace-

ment of the cloud droplets to fluctuate as shown in Fig. 1b.

When the amplitude of the velocity oscillation is smaller than

the equilibrium velocity, the fluctuation in the displacement is

negligible. In all the cases, the equilibrium velocity of the cloud

droplets is always higher than zero. This implies that cloud

droplets generally move downward when there is no updraft.

Because the velocity of a cloud droplet eventually attains a

stable oscillation, it can be expressed by

y5 y
center

1 y
amplitude

Df (x, t), (13)

where ycenter represents the equilibrium velocity (mean velocity),

yamplitude is the oscillation amplitude of the cloud drop velocity,

and f(x, t) is a function of time and position.

A droplet in still air settles under gravity and rapidly attains a

constant velocity called the free settling velocity yt (Finlay 2001).

Under stable cloud conditions, air can be assumed to be station-

ary, that is, uf 5 0. The yt for droplets of different sizes is calcu-

lated. The results reveal that the equilibrium velocity of droplet

ycenter does not vary with variation in the frequency and SPL of

sound waves. Rather, it is equal to the free settling velocity yt.

b. Sound frequency effect on the motion of individual
droplet

Figure 2 shows the relationship between the velocity and

displacement of a droplet of size 10mm versus the sound

frequency when the SPL of the sound wave is 123.4 dB. It is

evident that the velocity of the droplet fluctuates around

0.003m s21 for all sound frequencies. Moreover, the amplitude

of variation in the velocity decreases as the sound frequency

increases. Under the action of sound waves of frequency 20Hz,

the velocity amplitude of cloud droplet oscillation approaches

0.1m s21. This is almost equal to the velocity amplitude of the

sound field. When the sound frequency increases from 200 to

500Hz, the velocity amplitude of cloud droplet movement

tends to decrease monotonously with a drop of 23%. The

sound frequency does not impact the equilibrium velocity.

However, the oscillation frequency of the cloud droplet ve-

locity is consistent with the frequency of the sound wave.

c. SPL effect on the motion of individual droplet

Figure 3a shows the variation in the droplet displacement

and velocity with the SPL of a sound wave of frequency 50Hz

FIG. 1. Variation in (a) velocity of droplet and fluid with time and (b) droplet displacement, under the action of a

sound wave with f 5 50Hz and SPL 5 123.4 dB for a droplet with d 5 50mm.
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for a droplet of 10mm.Meanwhile, Fig. 3b shows the case for a

droplet of 100mm. It is evident that for a smaller droplet, the

movement of droplet varies significantly with an increase in the

SPL. Furthermore, the back and forth oscillation process

caused by sound waves dominates the motion of small cloud

droplets, whereas the displacement fluctuation caused by

sound waves is not apparent for larger droplets.

A similar phenomenon is related to the magnitude relation-

ship between the velocity amplitude and equilibrium velocity

(Fig. 4). With the increase in the SPL, the velocity amplitude of

the cloud droplet shows a rapid increasing trend. For a cloud

droplet of 10mm, a soundwavewith a smaller SPL can produce a

velocity oscillation that is significantly larger than the equilib-

rium velocity. Meanwhile, for a droplet of 100mm, the droplet

velocity amplitude does not attain its equilibrium speed even if

the SPL attains 147 dB.

Figure 4 also indicates that the velocity of a droplet exhibits

almost a linear relationship with the velocity amplitude of the

sound field. The entrainment coefficients (Sujith et al. 1997) of

the flow field vary for cloud droplets of different sizes. The

slopes of the velocity amplitude in Fig. 4 are also different. The

slope is approximately equal to one for a droplet of 10mm, that

is, the velocity amplitude of the cloud droplet is close to that of

the fluid. For cloud droplets of 100mm, the slope is significantly

smaller than 1, as shown in Fig. 4d. Figures 3 and 4 also verify

that the velocity of a cloud droplet fluctuates more significantly

under the action of sound waves of larger SPL.

d. Droplet size effect on the motion of individual droplet

Figure 4 indicates that the equilibrium velocity does not vary

with the SPL for cloud droplets of 10 and 100mm. For a droplet

of 10mm, the equilibrium velocity remains at 0.003m s21.

Meanwhile, for a droplet of 100mm, the equilibrium velocity

remains at 0.3024 m s21, which is larger than the amplitude

of the velocity, that is., the equilibrium velocity increases

by two orders of magnitude when the droplet size increases

by an order of magnitude. For a smaller droplet, a sound

wave with a marginal SPL can produce a large oscillation,

FIG. 2. Variation in (a) droplet displacement with time for different sound frequencies and (b) equilibrium ve-

locity and velocity amplitude of droplet with sound frequencies, under the action of a sound wave with SPL 5
123.4 dB (u 5 0.1m s21) for a droplet with d 5 50mm.

FIG. 3. Variation in droplet displacement with time under the action of sound waves of 50Hz and different SPLs for

droplet size d 5 (a) 10 and (b) 100mm.
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as indicated in Fig. 3a. For a larger droplet, the free settling

velocity is high. Therefore, sound waves of higher SPLs are

required to provide sufficient entrainment force to cause an

apparent fluctuation.

Figure 5 shows the relationship of the cloud droplet dis-

placement and velocity versus the droplet size under the action

of sound waves of 50Hz and 123.4 dB. As the droplet becomes

larger, the equilibrium velocity also increases, resulting in

different moving characteristics. When the droplet size is rel-

atively small, the fluctuation amplitude of the droplet velocity

is close to the velocity amplitude of the flow field (0.1m s21).

With an increase in the cloud droplet size, the equilibrium

FIG. 4. Variation in droplet velocity under the action of sound waves of 50Hz (a) with different SPLs for droplet

size d 5 10mm, (b) with different SPLs for droplet size d 5 100mm, (c) with different velocity amplitudes for

droplet size d 5 10mm, and (d) with different velocity amplitudes for droplet size d 5 100mm.

FIG. 5. Variation in (a) droplet displacement with time and (b) variation in equilibrium velocity and velocity

amplitude with droplet size, under the action of sound waves of 50Hz and 123.4 dB (u 5 0.1m s21).
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velocity of the droplet under the action of gravity becomes

significantly higher than that of the flow field, such that the

oscillation of the displacement is no longer significant.

In this study, the cloud droplet is considered to be sensitive

to sound wave action when the velocity amplitude of droplet

oscillation driven by sound wave equals to its maximal free

settling velocity, which is also the equilibrium velocity.

Figure 5b indicates that the equilibrium velocity is compa-

rable to the velocity amplitude caused by a sound wave for a

cloud droplet of 40mm. With the increase in the droplet size,

the displacement increases, and the oscillation of the dis-

placement weakens. For a droplet of 100mm, the displacement

variation with time forms an almost straight line without fluc-

tuation, as shown in Fig. 5a. Therefore, at constant acoustic

energy, the change ofmoving characteristics and the oscillation

of velocity are the two main aspects of the influence of sound

waves on the droplet. Meanwhile, the effect of the acoustic

wave with same energy on the motion of large-sized droplets is

relatively weak. It can be concluded from Fig. 5 that there

exists a size threshold of the droplet being easily driven by

sound waves of 50Hz and 123.4 dB, which is equal to 40mm,

that is, those droplet smaller than 40mmcan be easily driven by

this sound, while those larger than 40mm can be hardly driven

by the same sound.

4. Impact of sound wave on collision of two cloud
droplets

a. Collision occurrence condition

Traditional atmospheric cloud physics (Sheng et al. 2003;

McDonald 1958) considers the typical number density of cloud

droplets to be 109m23. With the assumption of 109m23 and

that the cloud droplets in a cloud layer are distributed uni-

formly, the average spacing between two cloud droplets is

calculated to be 1000mm (i.e., 1mm). Hence, in this study, the

given distance between two cloud droplets is set to be 1mm.

To verify the likelihood of collision of two equal-sized cloud

droplets separated by 1mm under the action of gravity field

and sound field without initial velocity, their distance after 2 s

motion under the action of sound waves of 50Hz and 123.4 dB

is calculated, as presented in Table 1. After 2 s, the two droplets

are still at a considerable distance (approximately 1000mm),

and the variation in the distance is from a few tenths of mi-

crometers to several micrometers and tends to increase. This

demonstrates that under the action of traveling waves, cloud

droplets of equal size and different initial positions are unlikely

to collide while falling simultaneously.

The solution of an individual droplet indicates that the av-

erage falling velocity of droplets of larger size is higher. Thus, it

can be inferred that two cloud droplets without initial velocity

can collide only when the droplet in the upper sound field is

larger than that in the lower part. It should be noted that the

assumption of zero initial velocity might seem to be idealistic,

but it is reasonable and does not affect the validity of results

because the initial relative velocity will only lead to the con-

stant offset of the collision time of the two droplets.

b. Sound frequency effect on the collision of two droplets

The coefficient of the collision time under the action of

sound waves is defined to describe the time variability of two

cloud droplet collisions, as illustrated by

h
t
5

t2 t
0

t
0

, (14)

where t is the collision time of droplets under the action of

sound waves and t0 is the collision time of droplets without

considering sound waves. The positive value of ht indicates that

the time required for collision is prolonged under the action of

sound waves. The negative value indicates that the time is

shortened. Figure 6 shows the variation in the collision time of

two cloud droplets with sound frequency for different droplet

combinations. Figure 6 shows that the collision time of two

cloud droplets presents a complex and variable relationship

with the sound frequency. This is mainly a result of the varia-

tions in both the displacement magnitude and the phase posi-

tion change of the droplets caused by the variation in the sound

frequency. When the sound frequency is below 100Hz, the

collision time exhibits a significant fluctuation and an unstable

state with the variation in frequency. Its range is presented in

Table 2. The collision time variation range for droplets with

different size combinations is from 210.8% to 49.1% for a

sound of 20Hz, from 216.5% to 12.1% for a sound of 50Hz,

from212.9% to 15.1% for a sound of 80Hz, and from29.13%

to 6.92% for a sound of 100Hz.

The coefficient of the collision location under the action of

sound waves is defined to describe the spatial variability of two

cloud droplet collisions, as illustrated by

h
s
5
s2 s

0

s
0

, (15)

where s is the collision location of droplets under the action of

sound waves and s0 is the collision location of droplets without

considering sound waves. Figure 6 shows that the coefficient

of the collision location is always positive; that is, the dis-

placement is larger than that without sound wave action.

Coefficient hs tends to be zero as the sound frequency in-

creases. Meanwhile, with the increase in d1, the variation in the

collision time and location reduces. The maximal hs under

different sound frequencies (presented in Table 2) indicates

that the increment in the displacement generally decreases

TABLE 1. Distance of two equal-sized cloud droplets after 2-s motion under the action of sound waves with an initial distance of

1000mm. It is assumed that the droplet diameter at a higher position of the sound field is d2. The position of its center is set as the original

point. The droplet diameter at the lower position of the sound field is d1, and its center is located at x 5 1mm.

Droplet size d1 5 d2 (mm) 5 10 20 50 80 90 100

Distance at t 5 2s (mm) 1000.107 1000.227 1000.496 1001.096 1001.622 1001.805 1001.988
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with increasing frequency. It can be concluded that under

the action of sound waves, the collision–coalescence process

of polydisperse cloud droplets is elongated on both spatial

and temporal scales. This means that in certain conditions,

polydisperse cloud droplets collide in a larger space, which

could be related to enhanced precipitation, but further study

is in need.

Figure 7 shows the positional variations for a droplet com-

bination of d15 5 and d25 50mm at the sound frequencies of

20, 50, 60, and 100Hz. The red and blue lines indicate the lo-

cations of droplets d1 and d2 with and without sound waves,

respectively. For the frequencies of 20 and 60Hz, the blue lines

exhibit apparent fluctuation and intersect near the peak of the

displacement curve of d1. The intersection points of the two

blue lines appear after the intersection of the red lines, that is,

the collision time is extended, and the displacement to the

collision location increases. For the frequencies of 50 and

100Hz, the two blue curves intersect near the trough of the

displacement curve of d1, and the collision time is relatively

advanced. The variation in the motion period and the ampli-

tude of the displacement fluctuation caused by the variation in

the sound frequency results in the irregular variation in the

collision time and location. Therefore, the collision may occur

at any phase.

A subdivision of the frequency gradient for lower frequen-

cies may result in further complex fluctuations in the collision

time, as well as more extremes. It is evident that with the in-

crease in the sound frequency, the curves under the action of

sound waves gradually approach those without sound waves,

that is, the collision time and location come close to the case of

no sound waves. In general, for cloud droplets of different size

combinations, both the cases (one where sound waves increase

the collision time and the other where they reduce it) exist.

Moreover, for the case of relative high frequency, the effect of

sound waves on collision between droplets becomes unappar-

ent. For the case wherein the collision time is prolonged sig-

nificantly, the displacement to the collision location also

increases significantly.

The results reveal that the entrainment effect of a sound

wave of lower frequency is stronger for an individual cloud

droplet, and the motion of the droplet is more intense.

Meanwhile, for two or more droplets, the collision efficiency is

closely related to the property of the droplets, and its variation

with the sound frequency is irregular and nonlinear. The ex-

perimental results of Zhou et al. (2015) also verified similar

phenomena. This is because all the droplets are almost sta-

tionary under the actions of sound waves of excessively high

frequencies, whereas, the velocity variation of the droplets is

close to the velocity oscillation of the fluid driven by sound

waves at excessively low frequencies. In high-frequency cases,

the relative motion between the droplets is marginal. In this

study, an optimal sound frequency is considered, at which the

difference in oscillatory motion of droplets of different sizes is

maximal. In general, the acoustic agglomeration is consider-

ably sensitive to the frequency of sound waves.

c. SPL effect on the collision of two droplets

Figure 8 shows the coefficient of the collision location under

the action of sound waves of 50Hz with different SPL for dif-

ferent combination of droplet sizes. The influence of the SPL

on cloud droplets collision can be divided into three stages

according to the curves in Fig. 8: 1) For a lower SPL, the sound

field exerts negligible effect on the motion of both the cloud

droplets, and the collision time undergoes negligible variation

as compared with the case where sound wave is absent. 2)With

FIG. 6. Variation in coefficient of collision (left) time and (right)

location with sound frequency for different droplet size combina-

tions, under the action of sound waves of 123.4 dB.
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the increase in the SPL, the sound wave first causes a large

vibration of the small droplets, and the increase in its dis-

placement is larger than that of the large droplets. Thereby, the

collision time increases. 3) When the SPL is adequately high,

the large cloud droplets accelerate to catch up with the small

cloud droplets, and the collision time decreases rapidly. These

three stages behave differently for different droplet size com-

binations. When the droplet size is small with negligible dif-

ference, the second stage is not apparent. This is because the

responses of the two droplet sizes to the SPL are almost

identical, as shown in Fig. 8a. When d2 is large, only a dis-

placement increment in small cloud droplets is caused within

the given SPL range. The sound wave cannot significantly

influence large droplets. Therefore, the third stage is not ob-

served, such as in the case of d2 5 100mm. When the cloud

droplets are large and substantially different from each other,

the promotion effect of the sound wave on d1 is not significant

relative to the falling process of d2. Only an attenuation of the

collision time owing to the accelerated motion of the large-

sized cloud droplet can be observed, such as in the case where

d15 10 and d25 50mm (Fig. 8c). Only when the particle size is

large and the difference between the droplet sizes is within a

certain range, the three trends can be observed clearly.

Figures 8b, 8d, 8f, 8h, and 8j show the coefficients of the

collision location under the action of sound waves of 50Hz and

different SPLs for different combinations of droplet sizes. The

TABLE 2. Variation range of collision time and location for different droplet combinations under the action of sound waves of 123.4 dB.

Sound frequency (Hz) 20 50 60 80 100 200 400

Min coef of collision time (%) 210.81 216.51 29.51 212.86 29.13 24.72 22.89

Max coef of collision time (%) 49.06 12.14 16.98 15.09 6.92 5.02 3.14

Max coef of collision location (%) 156.82 58.66 52.54 39.12 22.18 14.69 7.99

FIG. 7. Displacement variation of droplets with time considering the location of droplet without sound waves as

the reference, under the action of sound waves of 123.4 dB and (a) 20, (b) 50, (c) 60, and (d) 100Hz. Here, the

droplet sizes d1 5 5mm and d2 5 50mm.
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hs varies significantly as compared with ht, with a maximal

value of 3.7. Unlike the influence of sound frequency, the

variation trend of collision time and location at different SPLs

is not synchronous. In general, a higher SPL corresponds to a

shorter time required for collision as well as a larger cumula-

tive displacement of the collision location. A significant re-

duction in the collision time and a significant increase in the

collision displacement for the droplets can be achieved si-

multaneously under the action of sound waves of high SPL.

Table 3 presents the variation range of the collision time and

location under the action of sound waves of different SPLs for

different droplet size combinations. It is evident that both the

variation amplitude of the collision time and the increment in

the cumulative displacement increases with the increase in the

SPL. Therefore, a sound wave significantly influences the col-

lision between small droplets only when the SPL attains a

threshold. Liu et al. (2009) reported that acoustic agglomera-

tion is negligible when the SPL is below 132 dB for coal-fired fly

ash particles of size less than 10mm; an SPL above 140 dB is

required to achieve effective agglomeration. Table 3 also in-

dicates that when SPL 5 143.4 dB, the coefficient of the colli-

sion time ranges from 284% to 48%, and the displacement

increases by a factor of 3.7.

Figure 9 shows the positional variations for two droplets

with d15 40 and d25 50mm, without and with sound waves of

50Hz. It indicates that the variation in SPL causes the intensity

difference of the displacement oscillation and thereby, the

difference in collision time and location. For a marginal SPL,

the energy of the sound wave is too small to cause apparent

fluctuations of the droplets. As the SPL increases, the oscil-

lation characteristics of the droplets become more pro-

nounced. Moreover, Fig. 9 shows that the violent fluctuation

of the displacement results in a gradual advancement of the

intersection points of the two blue lines. That is, the time

required for the collision shortens, and the displacement of

the collision location increases for all the SPLs in Fig. 9.

In the absence of sound waves, the collision of large cloud

droplets under the action of gravity, with other small cloud

droplets encountered along its falling path is considered to be

an important mechanism for the growth of cloud droplets into

raindrops (Saffman and Turner 1956).

In this paper, the criterion for the significant impact of sound

waves on cloud droplet collision is defined as 1) the difference

between the maximum collision time coefficient and the min-

imum collision time coefficient is greater than 10%, and 2) the

maximum collision displacement coefficient is greater than

20%, as shown here:

(
(hmax

t 2hmin
t )$ 10%

hmax
s $ 20%

: (16)

It can be concluded from Tables 2 and 3 that when the acoustic

frequency is less than 100Hz (at 123.4 dB) or the sound pres-

sure level is greater than 117.4 dB (at 50Hz), the sound wave

has a significant impact on the collision of the two cloud

droplets.

5. Discussion and conclusions

The motion of cloud droplets under the actions of the

traveling-wave sound field and the gravity field is theoretically

analyzed and numerically solved in this study. The investiga-

tions included the force analysis of an individual droplet and

the relative motion analysis of a pair of droplets. The results

indicate the following:

FIG. 8. Variation in coefficient of collision (left) time and (right)

location with SPL for different droplet size combinations, under

the action of sound waves of 50Hz.
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1) The falling velocity of cloud droplets in a sound field reflects

the characteristics of periodic oscillation. The equilibrium

velocity is equal to the free settling velocity, which is related

only to the droplet size. Smaller cloud droplets display

apparent fluctuations in the velocity and displacement in

the sound field. With growth in the droplet size, the motion

state approaches the case without sound waves.

2) The frequency and SPL of sound waves mainly affect the

period and amplitude of the variation in droplet velocity.

With an increase in the sound frequency, the amplitude of

droplet velocity decreases. The oscillation frequency of

droplet velocity is in accordance with that of the sound

wave. The velocity amplitude of the cloud droplet exhibits a

linear correlation with that of the fluid. There exists a size

threshold of the droplet being easily driven by sound waves

of 50Hz and 123.4 dB, which is equal to 40mm; that is,

droplets smaller than 40mm can be easily driven by this

sound, whereas those larger than 40mm can be hardly

driven by the same sound.

3) A sound wave significantly influences the collision process

between two cloud droplets when the sound frequency

is low and SPL is high. A numerical solution of the collision

process of two falling droplets reveals that the variation

in the period of droplet displacement and that in the

TABLE 3. Variation range of collision time and location for different droplet combinations under the action of sound waves of 50Hz.

SPL (dB) 103.4 117.4 123.4 137.4 143.4

Min coef of collision time (%) 21.42 28.96 216.51 250.72 283.89

Max coef of collision time (%) 2.14 8.21 12.14 35.48 47.98

Max coef of collision location (%) 6.04 30.19 58.66 187.38 367.20

FIG. 9. Displacement variation of droplets with time considering the location of droplet d1 without sound waves

as the reference, under the action of soundwaves of 50Hz and (a) 123.4, (b) 129.4, (c) 137.4, and (d) 143.4 dB. Here,

the droplet size d1 5 40mm and d2 5 50mm.
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amplitude of droplet fluctuation caused by the sound wave

results in an unstable variation in the collision time. As the

sound frequency increases, the influence of the sound waves

reduces. Furthermore, as the SPL increases, the collision

time and location varies more drastically. The frequency

range of sound waves that significantly affect collision is

concentrated in the low-frequency region. The calculation

reveals that under the action of sound waves of SPL

143.4 dB and frequency 50Hz, the collision time varies

from 284% to 48%, and the displacement of the collision

location increases by a factor of 3.7. Under the action of

certain sound waves, the collision process of cloud droplets

expands on both the spatial and temporal scales, making

much more chaos of the system. This may increases the

probability of cloud droplet collision. This study found when

the acoustic frequency is less than 100Hz (at 123.4 dB) or the

SPL is greater than 117.4 dB (at 50Hz), the soundwave has a

significant impact on the collision of cloud droplets.

This study verifies that the presence of sound waves induces

oscillatory motion of individual cloud droplets and aggravates

the degree of disorderliness of motion for polydisperse cloud

droplet groups. The displacement of a droplet increases no-

ticeably under the action of sound waves of a certain SPL and

frequency. Yang et al. (2019) verified that sound waves could

also accelerate the movement of the atmospheric aerosol,

which is conducive to the condensation of cloud droplets.

Kumar and Suzuki (2019) considered that destroying the sta-

bility of clouds is conducive to the formation of rainfall.

Therefore, it can be inferred that sound waves increase the

probability of collision between cloud droplets by causing

turbulent-like motion of the cloud droplets, thereby promoting

the collision and growth of raindrops. Note that the direction

of a sound wave was assumed to be vertical in this paper, and

the effect of horizontal acoustic waves was not discussed.

Droplets may be more significantly affected by sound waves in

horizontal direction vertically coupled with the effect of

gravitational sedimentation. However, further studies are

needed to confirm it.

The collisional efficiency of cloud droplets is a traditional

concept with clear physical meaning and mathematical de-

scription in the classical gravitational collision model (Lamb

and Verlinde 2011). The traditional cloud droplet gravitational

collision model can explain the mechanism of the increase of

the collision probability when the acoustic wave oscillation is

perpendicular to the falling cloud droplet. We also recognize

that the classical model has not yet been used to explain the

promoting effect of vertical acoustic wave oscillation.

However, in real fog conditions, only a few cloud droplets have

acoustic oscillation in the completely vertical direction, and

most of them have horizontal acoustic oscillation component.

Therefore, we think that the classical gravitational collision

model of cloud droplets is consistent with and complementary

to the mechanism of acoustic wave promoting the growth of

raindrop collision. On the other hand, through the experi-

mental study, we also proved that the growth and evolution of

the suspended cloud droplets can be influenced by the appli-

cation of acoustic waves from both horizontal (Cao et al. 2021)

and vertical (Qiu et al. 2021) directions. Further study is nec-

essary to improve the understanding of the promoting mech-

anism of vertical acoustic wave on droplet collision. This study

deepens the understanding of the interaction between sound

waves and cloud droplets and provides a theoretical analysis

basis for the application of strong sound waves to technical

issues such as dehumidification, fog removal, and rainfall

enhancement.
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