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1. Introduction

After the ultrasonic wave propagates in the water,
the underwater ultrasonic field is formed. When there are
particles in the ultrasonic field, the particles will be affected
by the inherent properties of the ultrasonic field [1, 2], such
as the cavitation and mechanical action of ultrasound [3, 4].
Studying the characteristics of particles in the ultrasonic
field and making use of them makes ultrasonic applications
in many important technologies, such as ultrasonic cleaning
[5], ultrasonic atomization and applications in sewage treat-
ment [6, 7]. From the point of view of the principle of action,
the acoustic radiation force generated by the ultrasonic wave
propagating in the medium acts on the surface of the parti-
cle. The continuous and high frequency ultrasonic vibration
is applied to it. Affected by the ultrasonic radiation force,
the state of particles in the medium will change [8-10]. Tang
etal. [11] proposed a method to calculate the sound pressure
field and sound field force of multiple sound sources on par-
ticles. It analyzed the influence of scattered waves and ap-
plied sound force on particles with different size parameters.
Alexander A Doinikov et al. [12] used the acoustic stream-
ing effect of ultrasound to effectively manipulate particles.
Both of them use the radiation force in the ultrasonic field
and the acoustic streaming effect to control the particles.

Papez P et al. [13] proposed the dissipation model
of ultrasonic wave in water and explored the influence of
frequency and temperature on the sound field. They ana-
lyzed the influencing factors of sound field through the dis-
sipation model of ultrasonic field. Kyoden T et al. [14] ob-
served the solidification process of ultrasonically irradiated
liquid suspension particles, showing the effect of ultrasound
on particles.

Zhai et al. [15] proposed an orthogonal ultrasonic
method. By observing the distribution characteristics of the
sound field, it is found that orthogonal ultrasound improves
the sound energy characteristics of the sound field.

The above research reflects the inherent properties
of the ultrasonic field and the exploration of the influencing
factors of ultrasonic propagation. The state of the particles
and the effect of ultrasonic on the particles were analyzed.
However, the analysis of the acoustic pressure condition on
the surface of the particles when the ultrasonic waves act on
the surface of the particles has rarely been elaborated. This
work will analyze the effect of acoustic radiation force on

particles and the motion characteristics of particles in ultra-
sonic field. An analysis idea of the response of particle sur-
face to ultrasonic wave after suspended particles in water
are affected by ultrasonic wave is provided.

2. Model analysis

When modeling and simulating the response of ul-
trasonic waves to suspended particles in water, a model of
the particles in water is created. The response of water par-
ticles to ultrasonic action is studied to describe the details of
the motion characteristics of suspended particles in water.
In order to facilitate the calculation, an ultrasonic water en-
vironment model was established, as shown in Fig. 1.
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Fig. 1 Simplification of ultrasonic device
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When numerically simulating the sound field gen-
erated by ultrasonic waves, the medium is regarded as a
combination of numerous volume elements, and the follow-
ing assumptions are made.

1. Ignore the viscoelastic attenuation and thermal
conductivity of the medium, and in the model, ensure the
energy uniformity and temperature constancy of the ultra-
sonic waves in the propagation process.

2. The given material is considered to be homoge-
neous, linearly elastic and isotropic in the given region.

3. The propagation of acoustic waves in two di-
mensions is carried out in the plane strain formulation, a step
that allows the model to be simplified in order to observe
the characteristics of the particle's motion state in the model.

After the volume element is disturbed by ultra-
sound the pressure changes from the original po to p’, and
the resulting pressure difference is:
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p=p"- Py (1)
where: p is the sound pressure, in the sound field, the sound
pressure is often a function of time and space, that is p=p(X,
Y, Z, 1), the sound pressure value at a certain moment is called
the instantaneous sound pressure, the maximum instantane-
ous sound pressure value at a certain time period is the peak
sound pressure, the instantaneous sound pressure to time af-
ter taking the root mean square value that is the effective
sound pressure pe, that is:

1, ,
P =,f?jo pdt.

To observe the sound energy per unit volume, i.e.,
the sound energy density, the general expression is:
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where: u is the velocity of a volume element in the acoustic
field. When under the influence of no disturbance in the ul-
trasonic field, the medium water and suspended particles are
macroscopically stationary, i.e., the velocity u is considered
to be 0. When eliminating u, the average energy density is
found to be:
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In the ultrasonic sound field, the value of Rayleigh
radiation pressure caused by the nonlinearity of the equation
of state is:
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where: y is the specific heat capacity ratio.

The volume element equation of motion derived
from Newton 's second law is:

du

dxdydz— =F
paxdydz=

—VPdxdydz =

U

DPE——VP, (6)

where: U is the velocity vector, which is a function of x, y,
z,t, and VP is the divergence of sound pressure in the ultra-
sonic field. According to the conservation of mass of vol-
ume element, the continuity equation can be expressed as
[16]:

op(x.y,2,t) _

P (")

-V [p(x,y,z,0)]-U(X,y,z,1).

Fig. 2 is a motion diagram of particles in the ultra-
sonic field affected by acoustic radiation force. The velocity
v and acceleration a of particles are related to the acoustic
radiation force. The position of the particle will change un-
der the influence of the ultrasonic radiation force F. The po-
sition coordinate (X, y) will be a dynamic coordinate. The
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study of the acoustic radiation force in the sound field al-
lows to observe the motion and characteristics of the parti-
cles in a specific space.
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Fig. 2 Schematic diagram of particle motion

In the ultrasonic field, the ultrasonic wave radiates
to the surface of the volume element, generating the surface
acoustic radiation force of the volume element. The force
direction is different. It causes the volume element to be un-
balanced and drives the volume element to move irregularly.

The ultrasonic field properties are set according to
the model assumptions. The motion characteristics of parti-
cles and the distribution of particles in the ultrasonic field
under the action of ultrasound are explored. The formula (1)
~ (5) derives the acoustic radiation pressure from the char-
acteristics of the ultrasonic field. The motion equation of
volume element is obtained by Formula (6). Formula (7) re-
veals the continuity equation of the volume element.

3. Model simulation

The simplified model is simulated by COMSOL fi-
nite element analysis software, as shown in Fig. 3. The pres-
sure acoustics and flow particle tracking module are used to
simulate the particles in water. The ultrasonic excitation
source adopts an array structure and is placed at the bottom
of the model. The environmental medium is constant tem-
perature (293.15 K) liquid water. Based on the assumption
that the acoustic wave is uniform, the ultrasonic excitation
source emits 25 kHz ultrasonic wave, and the acoustic wave
is uniform. Based on the assumption of sound wave uni-
formity, the ultrasonic excitation source emits 25 kHz ultra-
sonic wave. A perfect matched layer is set to absorb the
sound waves propagating to the boundary.

In the pressure acoustic setting, the ultrasonic en-
tering the medium water is defined in the form of plane
wave. It is used as the boundary condition of ultrasonic ra-
diation. The parameters of suspended particles and environ-
mental media are shown in Table 1 andTable 2.

Table 1
Main physical parameters of suspended particles
Attribute Value
Density, kg-m 1500
Particle size, mm 0.1
Table 2
Parameters of environmental media (water)
Parameters Value
Density, kg-m 998
Sound velocity, m/s 1481
Heat capacity at constant pressure, J-(kg-K)* 4187
Dynamic viscosity, Pa-s 1.01X10°




The simplified two-dimensional model was mod-
eled by finite element analysis software., as shown in Fig. 3.
Then the simulations were performed. The simulation pro-
cess uses an array structure of transducers placed at the bot-
tom of the model tank as the excitation source. The medium
is liquid water and its temperature is constant (293.15 K).
The set-up transducer emits ultrasonic waves in the form of
a point source, which emits sound waves with uniformity,
and a matching layer is set up to absorb the sound waves
propagating to the boundary, so that the reflection of the ul-
trasonic waves acting on the inner tank wall is ignored.

Perfectly matched layer

Defined particles

Water
Fig. 3 Geometric modeling of the simulation model

The partitioning process performed on the mesh
ensures the presence of at least 8 layers of mesh on a wave-
length, while the accuracy needs to be controlled on the sur-
face of the particle model. The physical field and boundary
conditions of the periodic ultrasonic wave are set. The
acoustic energy of the particle surface and the acoustic radi-
ation force in different directions are calculated by simula-
tion. The mechanical behavior of particles in water is ana-
lyzed. At the same time, the motion characteristics of the
particles under unbalanced radiation force in the ultrasonic
field are analyzed.

4. Results and discussion

The model uses a 25 kHz transducer to simulate the
sound pressure distribution of suspended fine particles in
water. The distribution and change of acoustic radiation
force on the surface of suspended particles in water can be
visually observed after they are affected by ultrasonic
waves. Furtherly, it provides a scientific reference for the
study of the motion of suspended particles in the ultrasonic
field.

4.1. Aggregation of particles under ultrasound

In the time period from the ultrasonic emission to
the arrival boundary, the sound pressure analysis of the
multi-row distribution of particles is carried out. The influ-
ence of acoustic pressure change in ultrasonic field on par-
ticle distribution was clarified to observe the aggregation ef-
fect of particles in ultrasonic field. The Cut Line 2D in the
definition model is shown in Fig. 4. In the numerical simu-
lation calculation, the sound pressure on the cross section
reflects the magnitude of the sound pressure on the surface
of the suspended particles in the water, and the fluctuation
of the particles in this direction after being affected by the
ultrasonic wave.

At the mesoscopic level, the propagation of ultra-
sonic waves in a very short time is observed. The sound
pressure response of suspended particles at different time
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points is studied. The sound pressure calculation of the hor-
izontal section line in Fig. 4, a is carried out, and the results
are shown in Fig. 5. Above the intermediate source, the
acoustic focusing situation is obvious. The sound pressure
of these particles fluctuates greatly, up to 25000 Pa. And the
vibration effect is obvious. It can also be seen from Fig. 5
that the positive sound pressure part in the middle of the in-
tercept line is more than the negative sound pressure part.
This means that during the period from 1.14x10™s to
2.24x10%s, the suspended particles in the water will be
pushed to the sound source under the dominant effect of
positive sound pressure.

Arc length (mm)

Arc length (mm)

a

Arc length (mm)

%
Arc length (mm)

b

Fig. 4 Two-dimensional intercept line defined on the sur-
face of a particle in water: a) define the bottom hori-
zontal line; b) the defined middle vertical line
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A vertical intercept line above the middle position
of the ultrasound generation source is given as Fig. 4, b
shown. It is used to study the propagation characteristics of
ultrasonic waves in the vertical direction. The simulated re-
sults are shown in Fig. 6. As shown, the sound pressure
magnitude can reflect the focusing and acoustic wave col-
lapse of ultrasonic waves in the vertical direction.

For the time point with positive initial sound pres-
sure, the sound pressure on the vertical line varies with the
arc length from 1x10*s to 1.06x10s, and a sharp decrease
in the curve can be observed from 0 to 15 mm. In the time
period from 1.34x10s to 1.4x10s, there is a fluctuation in
the sound pressure value, with the maximum fluctuation at
5 to 20 mm on the cut-off line. For the time point where the
initial position is negative, the sound pressure value is max-
imum at about 10 mm from the bottom.
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Fig. 6 Variation of sound pressure of vertical cut-off line: a)
the starting sound pressure is positive; b) the starting
sound pressure is negative
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Whether the initial sound pressure is positive or
negative, there is an area where the sound pressure fluctu-
ates greatly. As can be seen from Fig. 6, this area is usually
5 ~ 20 mm from the bottom. This characteristic provides a
simulation basis for optimizing the actual ultrasonic clean-
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ing. This characteristic provides a simulation basis for opti-
mizing the actual ultrasonic cleaning. According to the sim-
ulation results of the model, the best position of vibration
effect is determined. That is the maximum position of ultra-
sonic vibration fluctuation. Place the object to be cleaned in
this area to achieve the best cleaning effect.

4.2. Analysis of particle movement

The observation of acoustic acceleration in the ul-
trasonic field can not only reflect the sound field state
changing with time, but also reflect the change of particle
motion characteristics. The acoustic acceleration in the ul-
trasonic field is measured when the particle motion is ana-
lyzed. The total acoustic acceleration on the x-component is
shown in Fig. 7. It can be seen from the figure that within
8x10°s to 2.4x10*s, the total acoustic acceleration change
of the sound field is the largest. At the same time, at
1.16x10"*s, the acoustic acceleration is 0.23 m/s?, which is
the maximum value in this period.

0.24 -

0.18

0.12

X component (m/s"2)

0.086

Total acoustic acceleration,

1 1
1. 0E—4 2, 0E-4
Time (s)

3. 0E-4 4. 0E-4

Fig. 7 Total acoustic acceleration on the x-component

The acoustic acceleration as a whole reflects the
overall state change of the acoustic field. The maximum
value of the total acoustic acceleration x component of the
ultrasonic field obtained is of great significance in observing
the state of particle motion. It reflects the overall response
of the particles to ultrasound.

Determine the initial position of the particles in the
ultrasonic field, as shown in Fig. 8. As the ultrasonic wave
enters, the particle surface will be subjected to acoustic ra-
diation force. The acoustic radiation force promotes the
movement of particles, and the dynamic characteristics of
particles will change.

lime=0s

Fig. 8 Initial particle position and local magnification

After the simulations selected time points, it was
found that the motion characteristics of the particles were
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different at different time points. As Fig. 9 shown, the figure
shows the state diagram of the particle position presented by
selecting different time points. Different time points were
selected to analyze the macroscopic effect of ultrasound on
the motion behavior of particles in water. By comparing the
observation, it is found that in the initial stage of ultrasonic
action, the bottom of the particles will be affected by ultra-
sonic waves first. With the further propagation of ultrasonic
waves, the upper particles will also be affected by ultrasonic
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Fig. 9 Particle motion position at different time: a) t = 0.15
s;b)t=0.3s;¢c)t=05s5;d)t=0.75;e)t=0.85

It can be seen from Fig. 9 that after the ultrasonic
wave acts on the surface of the particles, acoustic aggrega-
tion occurs. In the area with large sound pressure, the parti-
cles fluctuate greatly and are difficult to gather. The parti-
cles gathered in the low sound pressure area have small ve-
locity and small fluctuation. The particles in the high sound
pressure region move to the low sound pressure region
driven by the ultrasonic radiation force. Therefore, particle
aggregation effect can be observed in the low sound pres-
sure region.

Aggregation of particle motion in the low sound
pressure region due to the limitation of acoustic radiation fo-

waves. In the initial stage, the particle motion state is dis-
persed and the particle dispersion state is obvious. Observ-
ing the time points shown in Fig. 9, it can be found that as
time goes on, the particle instability will increase after the
sound pressure acts on the particle surface. The aggregation
effect of particles will become more and more obvious. The
aggregation effect occurs not in the position where the
sound pressure fluctuates greatly, but in the low sound pres-
sure area.
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Fig. 10 Particle aggregation in the low sound pressure re-
gion

rce. As shown in Fig. 10, it describes the aggregation of par-
ticles. It can be observed from the particle velocity in Fig. 10
that the particle velocity gradually changes after moving
from the high sound pressure area to the low sound pressure
area. The particles are limited in the low sound pressure area
and aggregate.

5. Conclusion

In this paper, a two-dimensional sound field simu-
lation model is established. The mathematical model of sus-
pended particles in ultrasonic field is analyzed. The effect



of ultrasound on particles and the motion characteristics of
particles were studied. The effect of ultrasound on sus-
pended particles in water is described theoretically and nu-
merically, and the relationship of acoustic radiation pressure
in ultrasonic field in water is given. The size of the acoustic
radiation force on the surface of the particles in the ultra-
sonic field and the motion state of the particles are studied,
and the time and position of the best ultrasonic cleaning ef-
fect are obtained. The results show that:

1. Array of ultrasound arrangement can produce
positive (negative) sound pressure fluctuations in its propa-
gation path as well as ultrasound focusing. The best ultra-
sonic cleaning effect is in these focusing areas, that is, the
location of the larger vibration fluctuations.

2. According to the simulation results, it is found
that for the horizontal position, the vibration amplitude of
the suspended particles in the middle region is larger. For
the vertical position, the region with larger vibration ampli-
tude of the suspended particles is in the position 5~20 mm
from the bottom surface.

3. Under the action of sound pressure generated by
ultrasonic waves, the motion characteristics of the particles
are observed. It is concluded that the aggregation region of
the particles tends to be the low sound pressure region. The
particles in the high sound pressure region are pushed to the
aggregation region and thus confined to the low sound pres-
sure region.
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P. Liu, Y. Zhan, K. Quan, Z. Tang

STUDY ON MOTION MECHANISM OF SUSPENDED
PARTICLES IN WATER UNDER ULTRASONIC

Summary

Particles in the ultrasonic field by the influence of
acoustic radiation force, its motion characteristics will be
changed. Based on the simplified ultrasonic cleaning as-
sumption, numerical simulation is used to construct a simu-
lation model of suspended particles in the ultrasonic field in
liquid water environment, and to study the law of ultrasonic
waves on the motion characteristics of suspended particles
in water. The research results show that the ultrasonic ar-
rangement of the array makes the ultrasonic waves produce
ultrasonic focusing on the propagation path. The alternating

(CMoM
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fluctuations of ultrasonic positive and negative sound pres-
sure are in the horizontal line parallel to the bottom, and the
vibration amplitude of suspended particles in the middle re-
gion is the largest. For the vertical position perpendicular to
the bottom, the region with larger vibration amplitude of
suspended particles is at 1/5 from the bottom. The particles
in the high sound pressure area are pushed to the gathering
area, and the particle vibration amplitude in the low sound
pressure area is small, which proves that the gathering area
of the particles is often the low sound pressure area. The re-
search results will contribute to the study of particle motion
in the ultrasonic field.

Keywords: ultrasonic; simulation; particle; sound pressure.
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