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Abstract: High-intensity acoustic vibration is a new technology for solving the problem of uniform
dispersion of highly viscous materials. In this study, we investigate the mixing characteristics of high-
viscosity solid-liquid phases under high-intensity acoustic vibration and explore the effect of vibration
parameters on the mixing efficiency. A numerical simulation model of solid-liquid—gas multiphase
flow, employing the volume of fluid (VOF) and discrete phase model (DPM), was developed and
subsequently validated through experimental verification. The results show that the movement and
deformation of the gas-liquid surface over the entire field are critical for achieving rapid and uniform
mixing of the solid-liquid phases under acoustic vibration. Increasing the amplitude or frequency of
vibration can intensify the movement and deformation of the free surface of gas and liquid, improve
the mixing efficiency, and shorten the mixing time. Under the condition of constant acceleration, the
mixing efficiency of materials is higher at low frequency and high amplitude. Further, we define
a relationship that predicts desirable mixing conditions as a function of amplitude and frequency.
This serves as a valuable reference guide for evaluating the minimum requirements when selecting
operating parameters.

Keywords: acoustic vibration; multiphase flow; mixing; high viscosity; computational fluid dynamics

1. Introduction

The uniform mixing of solid and liquid phases with high viscosity is a key process in
the preparation of solid propellants, PBX explosives, medicines, etc., and the mixing unifor-
mity of each component significantly affects the performance of the final product [1-3]. In
recent years, ultrafine powder has been widely used in composite materials such as solid
propellants and PBX explosives to enhance their properties, and new composite materi-
als with excellent performance are achievable due to the large specific surface area and
unique catalytic and mechanical properties of ultrafine powders [4,5]. For example, in the
aerospace field, the solid oxidant, explosive and catalyst in composite solid propellants are
super-refined and uniformly dispersed in a high-viscosity slurry, allowing the propellant
burning rate to be increased by up to 20 times. This makes it possible to manufacture
solid-launch vehicles with high performance and ultralong range [6-8]. Achieving uniform
dispersion of each component is the most critical step in the preparation of composite
materials. For a given system, the dispersion effect of each component largely determines
the final performance of the material. However, due to the poor fluidity of high-viscosity
liquid, its mixing with ultrafine powder has always been a technical bottleneck for the
further development of high-performance composites [9].

Under the excitation of acoustic vibration, the fluid inside the container creates various
complex phenomena such as Faraday waves [10-12]. Some scholars have long tried to
introduce low-frequency vibration excitation to enhance the mixing effect, notably in the
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mixing of low-viscosity liquids such as water and alcohol [10,11,13]. However, normal-
intensity vibration cannot promote effective convection in high-viscosity fluids, which
makes it difficult to enhance the mixing of high-viscosity materials. In recent years, U.S.
researchers have disclosed a resonant acoustic mixing (RAM) system specially developed
to achieve the uniform mixing of difficult-to-mix materials such as high-viscosity materials.
Through mechanical resonance, this system can obtain acoustic vibration excitation with
an acceleration of up to 981 m/s? [12,14]. Under high-intensity vibration excitation, the
high-viscosity fluid flows sufficiently to achieve uniform mixing. No blades are used in the
acoustic vibration mixing process, so the shear force and friction of materials in the mixing
process are greatly reduced, and the local temperature does not increase significantly as in
ultrasonic vibration [15,16]. The mixing process is therefore safe, making it a new way to
mix solid propellants, PBX explosives and other high-viscosity solid-liquid phases.

In recent years, numerous scholars have carried out experimental research and simula-
tions of the mixing process of multiphase flow including liquid-liquid, solid-liquid and
gas-liquid—-solid, and have achieved various results, summarized in Table 1.

Table 1. Summary of the literature on multiphase flow mixing.

Authors

Research Theme

Key Finding

Osorio et al. [17]

Mixing characteristics of powder by
RAM experiment

Powder and tablet properties were significantly
affected by acceleration, mixing time and total
energy input.

Claydon et al. [18]

The effects of process parameters on
RAM efficiency

Partial vacuum application without degassing is
beneficial for mixing.

Bale et al. [19]

Free surface stability when mixing in an
oscillating column

The mixing time is highly nonlinear with respect to
the vibration frequency.

Zhan et al. [20]

Two miscible high-viscosity liquids under

vertical vibration

Fluid injection can promote the mixing of the two
liquids.

Khan et al. [21]

Parametric effects on the mixing
efficiency of RAM technology

Amplitude and frequency both have significant
influences on the mixing efficiency of the RAM
process.

Li et al. [22]

Mixing mass transfer mechanism of
gas-liquid—solid multiphase flow

The appropriate inflation rate can improve particle
suspension effects and promote interphase mixing
mass transfer.

Nemati et al. [23]

Modeling of liquid-vapor for
multi-phase flows

The scheme for the interparticle interaction force
term, as well as the force term incorporation method,
matters to achieve more accurate and stable results.

Pukkella et al. [24]

Mixing of solid suspensions in stirred
tanks

The effect of the novel interface baffle design on the
mixing uniformity in solid-liquid suspensions is
explored.

Lietal. [25]

Two-phase flow development and
flow-induced vibration

Vibration amplitudes are highly related to the gas
content rate and mixing velocity.

Garoosi and Hooman [26]

Numerical simulation of multiphase
flows using an enhanced VOF method

The proposed model has robust convergence
behavior in strongly coupled multiphysics problems.

Gu et al. [27]

CFD simulation of solid-liquid mixing
characteristics in a stirred tank

Larger particle diameter and higher initial solid
particle loading resulted in less homogenous
distribution of solid particles.

Leporini et al. [28]

Sand transport in multiphase flow
mixtures

Variation of the sand concentration and particle size
in air-water—sand flow causes a change in sand
deposition characteristics.

Toghraie et al. [29]

Numerical study of convective heat
transfer using two-phase mixture model

The nanofluid in a micro concentric annulus and its
hydro-thermal effects are simulated.
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However, to the best of our knowledge, there is scarcely any investigation focused on
the mixing characteristics of high-viscosity solid-liquid mixtures under acoustic vibration
and the relationship between the process parameters and desirable mixing conditions.
The flow field characteristics of high-viscosity solid-liquid phases mixing have not been
characterized under high-intensity acoustic vibration, and the effects of vibration frequency,
amplitude and their combination on the mixing process still remain unclear. Hence, more
studies should be conducted on the mixing characteristics and process parameters of
acoustic vibration mixing in order to promote its application in high-viscosity fluid mixing.

In order to systematically study the mixing characteristics of high-viscosity solid-liquid
mixtures under high-intensity acoustic vibration and elucidate the influence of vibration
parameters on the mixing efficiency, a solid-liquid—gas multiphase flow model based on
the VOF model and DPM model is developed and experimentally validated. The effects
of different vibration parameters on the mixing efficiency are examined by analyzing the
flow field and velocity field in the mixing process. Furthermore, a relationship that predicts
desirable mixing conditions as a function of amplitude and frequency is established.

2. Materials and Methods
2.1. Experimental Setup

The acoustic vibration mixing system utilized in this study is depicted in Figure 1.
A mixing container is fixed on an acoustic vibration platform, which drives the mixing
container to vibrate at a predetermined frequency and amplitude in the z-axis direction.
The diameter D of the container is 55 mm and the height H is 66 mm. The bottom of the
container is sand, the middle part is high-viscosity liquid, and the upper part is air. The
liquid and solid phases account for 50% of the entire container, in which the sand has a
mass of 0.009 kg. Additional details will be specified later in Table 2.

|< 55mm >

Acoustic vibration
z=A sin (21ft)

High speed camera

Acceleration sensor

66mm

Vibration system

Controller

Figure 1. Acoustic vibration mixing system.

The mixing container is fixed on the mechanical vibration platform and vibrates
vertically with the mechanical system. The displacement equation of its vibration is:

z = Asin(27ft) 1)
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where A is the vibration amplitude; f is the vibration frequency; ¢t is the time. Taking
the derivative of Equation (1) with respect to time, the vibration velocity equation of the
container can be obtained as follows:
dz
W= = 27t f Acos(27tft) ()
By differentiating the vibration velocity Equation (2) with respect to time, the vibration
acceleration equation of the container can be obtained as follows:

d?z

7= —47% f2 Asin (27t ft) ®)

a =

In the process of acoustic vibration mixing, three phases of air, high-viscosity liquid

and solid particles exist in the container simultaneously. This study utilizes glycerin as

the high-viscosity liquid and sand as the particle phase. The specific material parameters

are shown in Table 2. Glycerin and air are immiscible and there is no reaction between
the materials.

Table 2. Physical properties of materials.

Parameters Values
Density of glycerin (kg-m_3) 1260
Viscosity of glycerin (kg~m*1 571 0.8
Density of air (kg-m_3 ) 1.225
Viscosity of air (kg-m~1-s71) 1.79 x 1075
Surface tension between air and glycerin (N-m~!) 0.063
Density of sand (kg~m_3) 2650
Particle size of sand (m) 6.3 x 107>

2.2. Numerical Simulation

The process of vibration mixing of high-viscosity liquid and solid particles is inherently
complex and includes the flow of three phases: solid, liquid and gas. Under vibration
excitation, the materials in the container move relatively, causing consequential changes
to the gas-liquid free surface, which significantly influences the flow field in the mixing
process [30,31].

The VOF model in the continuum model can simulate the interface between two
immiscible continuous phases, so it is used to capture the gas-liquid interface in the mixing
process. In order to accurately simulate the movement and dispersion of solid particles
during mixing, the DPM model is employed to track the solid particles in the Lagrangian
coordinate system. The two-way coupling between the VOF model and the DPM model
is realized by the momentum exchange between the continuous phase and the particle
phase [32,33], ultimately establishing the solid-liquid—gas multiphase flow model.

The VOF model tracks the interface change between incompatible continuous phases
by introducing a phase volume fraction. In the solution process, all phases use the common
momentum equation and the obtained velocity field is shared by all phases [34,35]. The
momentum equation is as follows:

2 (pu) + V(o) = ~Vp+ V- [u(Vut (V)] 4 pg +Fesr + B @

where p is the density of continuous phase; u is the continuous phase velocity; p is the

pressure;  is the viscosity of fluid; g is the acceleration of gravity with a value of 9.81 m-s~2;

Fcgr is the surface tension; and Fs is the momentum exchange term.
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The surface tension in the VOF model is calculated using the continuous surface force
model proposed by Brackbill et al. [36]. In this model, the surface tension is calculated
using [37]:

FCSF = 0kVu (5)

where ¢ is the coefficient of surface tension; k is the curvature; and « is the volume fraction.

In the DPM model, the particle position and motion trajectory can be obtained by
solving the force balance equation of the particle phase using the Lagrangian method [38,39].
The differential equation of the particle phase force balance is as follows:

du —
‘i;)—fD(u_up)+‘g(‘()f;)‘o)+pa (6)
P
18u CpRep
fo=—% (7)
ppdy 24
d —
Rep:p P‘u Z/lp‘ (8)

H

where uy, is the particle velocity; fp is the drag function; p;, is the density of the particles; F,
is an additional force that includes the Saffman lift force, added mass force, and pressure
gradient force; dp, is the particle diameter; Cp is the drag coefficient; and Rey, is the particle
Reynolds number.

It is assumed that the particles are released at the bottom of the container at the initial
time, with the particle mass flow rate of 9 kg/s and the particle release time of 0.001 s.
This paper primarily concentrates on studying the movement characteristics of particles in
the flow field, and the coupling between continuous phase and discrete phase is realized
by momentum exchange. The momentum exchange term of the discrete phase is utilized
to solve the momentum equation of the continuous phase flow field. The momentum
exchange term of discrete phase is as follows [40,41]:

B 18BuCpRep g(op —p) .
F—Z W(ﬂp*ﬂ)+T+Fa mpAt (9)

where f is the coefficient of momentum exchange between particle phases; 1, is the mass
flow rate of the particles; At is the time step.

The calculation domain established in this paper is a cylinder with a diameter of
55 mm and a height of 66 mm, and ICEM 2020 software is used for structured meshing
to improve the calculation accuracy. In order to simulate the vibration mixing process of
materials in the mixing container, a slip-grid model is implemented to specify the vertical
vibration of the container. This model is able to describe a moving mesh scenario where the
mesh nodes move rigidly within a specific region of the moving mesh. The periodic motion
of the model is defined using the Fluent UDF macro DEFINE_TRANSIENT_PROFILE.
Given the high viscosity of the liquid, no slip boundary conditions are adopted for all
walls in this study. Figure 2a shows the boundary conditions employed in the vibration
mixing simulation.
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(a)

No slip wall

Gravity
Air

Mesh parameters
Mesh Type: Structured Hexahedral
Elements: 349,960
Nodes: 374,995
Maximum grid size: 0.8mm
Max. Skewness: 0.4152
Min. Orthogonal Quality: 0.7544

No
slip
wall

No
slip
wall

No slip wall z=A sin (2ft)y Y~
Figure 2. Boundary conditions (a) and mesh model (b).

In CFD numerical simulation, grid independence verification serves as the foundation
of the simulation. When the excitation parameters are set to a frequency of 60 Hz and
an amplitude of 4 mm, the velocity curve at various positions on the central axis under
four different grid types is illustrated in Figure 3. The results indicate that there are no
significant changes when the grid number increases from 349,960 to 583,899. Based on the
consideration of the accuracy and the computational time, a grid number of 349,960 is used
hereafter. The specific mesh parameters of the mesh model used in CFD simulations are
presented in Figure 2b.

1.0
—=#— Grid number 58,558
—o— Grid number 189,466
0.8 —&— Grid number 349,960
. —w— Grid number 583,899
0
€ 0.6
oy
8
T) 04"
>
0.2
0.0+ T T T T T o
0 10 20 30 40 50 60 70

Z-axis height (mm)
Figure 3. The velocity at different positions on the central axis under different grid types.

For vibration mixing, it is observed that the vibration Reynolds number Re, = pAwD/u
is always less than 200 within the considered frequency and amplitude range. Therefore,
the flow remains laminar under all unsteady conditions [42]. ANSYS Fluent is used to
solve the computational model, a separate pressure-based solver is selected [41], and the
pressure—velocity coupling scheme is PISO. In order to avoid failure of the solution due to
excessive Courant number, a variable time-stepping scheme with a maximum time step of
5 x 10~* s and a minimum time step of 10~° s is adopted. In addition, the Courant number
issetto 1.

2.3. Evaluation of Mixing Uniformity

In order to evaluate the uniformity of the mixing of the particle phase and the liquid
phase, the liquid phase area in the YZ plane and the XZ plane, aligned with the container’s
axis, are selected. The particle dispersion uniformity (Sp), which serves as an index for
evaluating mixing uniformity, is determined by calculating the ratio of the standard de-
viation of particle mass concentration in the liquid phase area during mixing (c.) to the
standard deviation of particle concentration in the liquid phase area when the particles
and liquid phase are completely separated (¢). When the value is 1, it means that there
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is no mixing at all. The smaller the value, the better the uniformity of the mixtures. The
calculation formula is given below [43]:

5, = o _ E(c(x) —¢)? (10)

% \JE(co(x) — )

In the formula, E (-) represents the expectation operator, while c(x) and ¢ denote
the particle mass concentration at a certain position x in the liquid phase region and the
average particle mass concentration in the liquid phase region at a certain time in the mixing
process, respectively. In addition, cy(x) and ¢y represent the particle mass concentration at a
certain position x in the liquid phase region and the average particle mass concentration
in the liquid phase region when the particle and the liquid phase is completely separated,
respectively.

3. Results and Discussion
3.1. Model Validation

To evaluate the accuracy of the CFD model, the solid particles and glycerin marked
with blue tracer were used as experimental materials with an amplitude of 2.5 mm and
different frequencies. A high-speed camera captured the motion of the liquid phase
inside the container at a rate of 790 frames per second and transmitted the image data
to a computer for image analysis. A transparent tape ruler was attached to the mixing
container to observe the surface wave size and peak height at the liquid level during the
mixing process. The test results and the numerical simulation results were compared in
Figures 4 and 5. When the excitation frequency was very low, the high-viscosity liquid in
the container remained nearly static. As the vibration frequency increased, the number of
wave peaks produced by the fluctuations of the liquid surface increased and the diameter
of the wave peaks decreased, indicating that the parameters exerted a significant impact on
the flow characteristics. The results showed that the experimental liquid level waveform
and the highest wave height were in excellent agreement with the numerical simulation
results, which proved the accuracy of the simulation results.

Omm[ (b) 10mm|: | 1@ 10mm|:\ i) 10mm|:7‘

Figure 4. Simulated liquid level fluctuation (upper part) and experimental liquid level fluctuation
(lower part) with amplitude of 2.5 mm and different frequencies. (a) f = 50 Hz. (b) f = 40 Hz.
(¢)f =25Hz. (d) f =15 Hz.
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Figure 5. Comparison of the highest peak height of the liquid level between experiment and numerical
simulation under the amplitude of 2.5 mm and different frequencies.

Furthermore, colorless glycerin and red sand particles were used as experimental
materials, and the gas-liquid free surface and particle distribution obtained by simulation
and experiment at different times with a vibration excitation frequency of 60 Hz and an
amplitude of 4 mm were recorded, as depicted in Figure 6. The experimental results
indicated that in the initial stage of mixing, particles gathered at the bottom of the container.
However, as the gas-liquid free surface moved near the bottom of the container, the
violently moving liquid phase moved and dispersed the particles to the entire field until
they were mixed evenly. The experimental results of the gas-liquid free surface and particle
distribution exhibited a strong agreement with the numerical simulation results, thereby
validating the accuracy of the numerical simulations.

Figure 6. Simulation (upper part) and experiment (lower part) of gas-liquid free surface and particle
distribution at different times. (a) t =0.05s. (b) t=0.3s. (¢)t=0.5s. (d) t=0.7s. (e)t=1.0s.

3.2. Flow Field Characteristics of High-Viscosity Fluid Excited by Acoustic Vibration

The vibration was initiated at ¢ = 0, when the fluid was at rest. After subjecting the
container to vertical vibrations, different flow regimes were observed depending on the
intensity of the vibration. Three typical particle-concentration fields and the liquid velocity
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field relative to the mixing container are shown in Figure 7. When the vibration intensity is
low, the liquid level almost does not fluctuate. The flow area is mainly concentrated near
the liquid level, and the velocity of the liquid phase at the bottom of the container is low.
Consequently, a large number of sand particles remain at the bottom of the container and
cannot be evenly dispersed in the liquid phase, and the particle phase and liquid phase are
completely separated, as exhibited in Figure 7a.

Particle (a) (b)

concentration
(kg-m™)
1668.14

1401.24

1050.93

700.62

7 350.31
| 0.00
X

Relative
velocity

Figure 7. Three typical cloud diagrams of particle concentration field (upper part) and vector diagram
of relative velocity field (lower part) under vibration excitation. (a) f =5 Hz, A =4 mm, (b) f =20 Hz,
A=4mm, (c)f=60Hz, A =4mm.

When the vibration intensity increases, the fluctuation of the liquid level becomes
larger and the relative velocity of the fluid near the liquid level increases, which is the main
flow region of the liquid phase. There are obvious Faraday waves and other phenomena
that contribute to enhance the contact area of the gas and liquid phases and accelerate
the mass transfer between them. However, outside the flow region, the fluid below still
exhibits a low velocity relative to the container. The fluid at the bottom of the container
remains relatively stagnant, which leads to a “dead zone” for mixing. Even if the operation
time is prolonged, the particle phase collected in this region will not disperse, as shown in
Figure 7b. In both cases, sand particles and the high-viscosity glycerin cannot be mixed
quickly and uniformly.

When the vibration intensity increases to a certain threshold, the liquid phase in the
mixing container moves violently in the entire field, driving the fluid to move relatively
from top to bottom, and the materials in the bottom are taken away from the bottom of the
container. As shown in Figure 7c, the high-viscosity glycerin moves and disperses with
the sand particles throughout the container, quickly and efficiently promoting the full-field
mixing of the glycerin and sand particles.

From the plot of the particle concentration field and the vector plot of the relative
velocity field under different vibration parameters, it becomes evident that the intensity
of the vibration must reach a certain threshold to achieve the mixing of the solid-liquid
phases with high viscosity. Once the threshold value is reached, full-field mixing can be

achieved in a very short time.
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3.3. Characteristic Analysis of the Full-Field Mixing

Full-field mixing is the premise of uniform mixing and is essential in actual production
mixing. Figure 8 shows the uniformity of particle dispersion at different times with a
vibration excitation frequency of 60 Hz and an amplitude of 4 mm. According to Figure 8,
the mixing process of the highly viscous liquid and particle phase can be divided into
three stages, namely, T;—the liquid level fluctuation stage, T,—the development stage,
and Tz—the stability stage.

1.0 N
) \.\.’.\-/. Ne—0—*—¢ Sp
0.8 | \
\.
0.6 -
(/)Q
0.4 \
0.2 1 \
\.\.‘. )~ —
T1 > T2 > 3
OO T T T T T T
00 02 04 06 08 10 12 14
Time (s)

Figure 8. Particle dispersion uniformity at different times in the whole mixing flow field.

In the initial stage of liquid level fluctuation (T), it can be seen from Figure 8 that the
uniformity of particle dispersion decreases slowly. The particle concentration field and
the liquid-phase relative velocity vector field in the XZ section of the mixing container
at this stage are shown in Figure 9a. From the figure, the gas-liquid interface starts to
fluctuate from the static state, and the fluctuation amplitude gradually increases, resulting
in liquid column sputtering. The violent movement area gradually moves from the top of
the mixing container to the bottom. The mixing dead zone gradually decreases, but the
relative velocity of fluid around the particle deposition area at the bottom is still low. In
this stage, the energy absorbed by the liquid phase is not much because of the operation
time limit. The velocity of the liquid phase in the entire field is relatively low, resulting in
no convection in the entire field.

In the stage of T, the flow field in the vessel is dominated by liquid level fluctuation
and liquid column sputtering. It can be seen from Figure 9b,c that the liquid column
generated at the liquid surface continuously splashes on the upper wall of the container.
Due to the effect of surface tension and wall adhesion, the liquid sputtered to the wall of the
container shows the characteristics of “sticking to the wall” movement and thus has more
time to return to the bottom of the container. Therefore, the lowest part of the liquid level
constantly moves to the bottom of the container. In this process, the gas-liquid interface
area and the overall velocity of the flow field both increase, improving the fluidity of the
liquid phase.

At the same time, from the perspective of the flow field, the flow field inside the liquid
phase is affected by the violent movement of the liquid surface, resulting in the formation
of several vortices in different flow directions. They meet and collide near the bottom of the
container, causing the fluid flow at the bottom of the container to become more complex
and the direction of the velocity vector to become very chaotic. In fact, this chaotic flow
leads to the dispersion of particles in the high-viscosity liquid. However, the improvement
in the liquid phase fluidity is from the top to the bottom, and the flow velocity of the liquid
phase near the bottom particles is relatively small throughout this stage, resulting in low
mixing efficiency of particles and a high-viscosity liquid phase.
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Figure 9. Cloud diagram of particle concentration field (upper part) and vector diagram of velocity
field (lower part) in the mixing container at different times of the whole mixing flow field. (a) t =0.1s,
(b)t=02s,(c)t=04s.

In the development stage (T5), it can be seen from Figure 8 that the particle dispersion
uniformity decreases rapidly, indicating that the particles are rapidly dispersed in the liquid
phase. This can be attributed to the violent and disorderly movement of the liquid phase
throughout the entire field, as well as the movement of the gas-liquid free surface across
the entire field. The overall speed of the liquid phase is high and the force on the particles
is strong, so the particles are bound and dispersed to the entire field.

In the stage of Ty, the liquid phase moves violently throughout the field and its flow
characteristics are complex, but still show certain rules as a whole. Figure 10a—c illustrate
that during this stage, the lowest liquid level has moved near the particles at the bottom
of the container. Under the influence of the sputtering movement of the liquid phase, the
particles are bound to move towards the upper part of the container and disperse. At the
same time, the liquid phase moving “against the wall” carries the particles from the upper
part of the container to the lower part of the container. Both of them together complete the
movement cycle of particles between the upper and lower parts of the container.

In this process, the liquid phase near the wall exhibits the characteristics of “sticking
to the wall” movement. When it reaches the corner of the container wall, the flow direction
changes and a vortex on the wall is formed here. This vortex is responsible for preventing
the accumulation of particles in the corner of the container. The movement and deformation
of the gas-liquid free surface generate tensile and shear flow fields around gas-liquid free
surface, which is a good mixing mechanism. As a result, the velocity of the fluid far from
the wall is relatively high and the flow is relatively irregular. The vortex flow is formed in
several local areas of the container and causes the particles to disperse rapidly in the liquid
phase over the entire field in a very short time.

In the stability stage (T3), the flow field movement characteristics in the mixing
container are consistent with those in the development stage, and the liquid phase maintains
its vigorous motion throughout the field. However, since the particles have been uniformly
dispersed into the liquid phase in the development stage, the particle dispersion uniformity
value in this stage is stable at a certain value, as shown in Figure 8.
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Figure 10. Cloud diagram of particle concentration field (upper part) and vector diagram of velocity
field (lower part) in the mixing container at different times of the whole mixing flow field. (a) t = 0.6 s,

(b)t=0.7s,(c)t=0.8s.

3.4. Influence of Vibration Parameters on Mixing Efficiency
3.4.1. Influence of Amplitude on Mixing Uniformity

Figure 11 shows the time-varying curve of particle dispersion uniformity Sp in the
container at 60 Hz and different amplitudes. Under the operating conditions of 2 mm and
3 mm amplitude, the curve decreases slowly and fluctuates around the initial value. This
is because the vibration intensity is very low and the liquid phase remains in the liquid
level fluctuation stage. This indicates that to achieve uniform mixing of particles and liquid
phase with high viscosity, the amplitude must reach a certain threshold where the excitation
frequency is constant.
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Figure 11. Particle dispersion uniformity at different times under different amplitudes at 60 Hz.

The uniformity of particle dispersion in the working conditions of the amplitude range
from 4 mm to 7 mm decreases rapidly and eventually stabilizes around a certain value.
This indicates that when the amplitude of excitation exceeds a certain value, the particles
can ultimately disperse uniformly in the liquid phase, and the dispersion uniformity is
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basically the same. Additionally, in order to compare the mixing efficiency under different
working conditions, the mixing time is used as an index to describe the mixing efficiency.
Mixing time is the time required for the particles to reach uniform dispersion in the liquid
phase. In this paper, the mixing time is defined as the moment when the particle dispersion
uniformity reaches a final stable value within a range of +5%. It can be seen from Figure 11
that the values of mixing time corresponding to the amplitude values of 4 mm, 5 mm, 6 mm
and 7 mm are 1.05 s, 0.55 s, 0.45 s and 0.3 s, respectively. As the amplitude increases, the
mixing time gradually decreases, which shows that increasing the amplitude is an effective
means of improving the mixing efficiency.

3.4.2. Influence of Frequency on Mixing Uniformity

Figure 12 shows the time-varying curve of particle dispersion uniformity Sp in the
container at different frequencies with an amplitude of 4 mm. From the figure, it can be
seen that the uniformity of particle dispersion in working conditions of 40 Hz and 50 Hz
fluctuates around the initial value. This suggests that there also exists a threshold limit
in the vibration frequency at a certain amplitude in order to achieve uniform mixing of
particles in the liquid phase. At the same time, it can be seen from the figure that within
1.2 s, under the working conditions ranging from 60 Hz to 90 Hz, the particle dispersion
uniformity decreases rapidly and eventually stabilizes around the same fixed value. As the
frequency increases, the mixing time shortens. Specifically, when the frequency increases
from 60 Hz to 90 Hz, the mixing time is reduced by 57% from 1.05 s to 0.45 s. This indicates
that increasing the vibration intensity with increasing frequency can also improve the
mixing efficiency and accelerate the mixing process of particles and high-viscosity liquid.
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Figure 12. Particle dispersion uniformity at different times under different frequencies with an
amplitude of 4 mm.

3.4.3. Influence of Amplitude and Frequency on Mixing Uniformity under Constant
Acceleration

Both frequency and amplitude have significant effects on the mixing process. In order
to further investigate the effects of frequency and amplitude, the mixing conditions are
analyzed under different amplitude and frequency combinations when the acceleration
value is 588.6 m/s?. See Table 3 for parameter combinations.



Processes 2023, 11, 2367

14 of 17

Table 3. Combinations under different amplitudes and frequencies at a certain peak acceleration.

Condition Acceleration (m/s?) Amplitude (mm) Frequency (Hz)
a 588.6 2 86.3
b 588.6 3 70.5
c 588.6 4 61.0
d 588.6 5 54.6.
e 588.6 6 49.8
f 588.6 7 46.1

The particle dispersion uniformity S, at different times under the acceleration of
588.6 m/s? and the combination of different amplitudes and frequencies are shown in
Figure 13. It can be seen from the figure that even if the acceleration value is the same, the
mixing effect of particles and high-viscosity liquid is quite different in the combination
of different amplitudes and frequencies. Within 1.5 s, the curve decreases slightly in the
working conditions of 2 mm and 3 mm amplitudes. This is because the number of waves
generated by the liquid level in high-frequency and low-amplitude working conditions
is greater, and the energy shared by a single wave is less. It is difficult to overcome the
gravity to splash on the upper wall of the container. As a result, the liquid level remains in
the fluctuation stage, impeding the uniform mixing of particles and high-viscosity liquid.
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Figure 13. Particle dispersion uniformity at different amplitudes and frequencies at different times
under acceleration of 588.6 m/s?.

However, under the working conditions of the amplitude from 4 mm to 7 mm, the
particle dispersion uniformity Sy, decreases rapidly and ultimately stabilizes at the constant
fixed value, and the mixing time is shortened with the increase in amplitude. When the
amplitude increases from 4 mm to 7 mm, the mixing time is reduced from 1 s to 0.45 s, and
the mixing time is reduced by 55%. It shows that in the condition of constant acceleration,
the mixing efficiency of materials is higher in the condition of low frequency and high
amplitude. This is because the low frequency and high amplitude are more likely to enhance
the sputtering intensity of the liquid column at the liquid level, increase the movement of
the liquid phase in the container, and promote the mixing between the particle phase and
the high-viscosity liquid phase.

3.5. Threshold of Vibration Parameters for the Full-Field Mixing

Figure 14 illustrates the correlation between amplitude and frequency for the liquid
phase to achieve the critical threshold of full-field flow. The criterion for reaching the
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threshold is that the mixing process enters the stability stage. The red symbols indicate that
full-field mixing can be attained at the corresponding amplitude and frequency, while the
blue symbols signify only local mixing. The black dashed line signifies the threshold curve
for achieving full-field mixing of the liquid phase. The power law relationship presented
on the graph represents the theoretical threshold. If the specific combination of vibration
parameters falls above the threshold curve, the vibration promotes complete and uniform
flow of the liquid phase. Furthermore, the expression of the threshold curve highlights
the significant effect that amplitude values have on the occurrence of full-field flow in the
liquid phase. This serves as a valuable reference for assessing the minimum requirements
when choosing operating parameters.
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Figure 14. The amplitude-frequency relationship for the liquid phase to reach the threshold of
full-field mixing.

4. Conclusions and Future Directions

In this paper, the mixing characteristics of high-viscosity solid-liquid phases under
high-intensity acoustic vibration are investigated using a combination of experiments
and numerical simulations. The results show that the movement and deformation of the
gas-liquid free surface significantly affect the movement of the surrounding liquid phase.
With increasing vibration intensity, the gas-liquid free surface experiences liquid level
fluctuations, liquid column sputtering, and full-field movement and deformation. The
movement and deformation of the gas-liquid free surface substantially promote the mixing
process. Throughout the process, the full-field movement and deformation of the gas-liquid
free surface are the primary conditions for the rapid mixing of the solid-liquid phases.

Achieving full-field rapid mixing of high-viscosity solid-liquid phases involves a
threshold limit on vibration parameters. Increasing the vibration intensity with increas-
ing amplitude or frequency can enhance the intensity of liquid phase movement, and
shorten the mixing time. For a given acceleration, the low-frequency and high-amplitude
conditions are more likely to stimulate the full-field movement and deformation of the
gas-liquid free surface, increasing the mixing efficiency. The findings establish a predictive
relationship between amplitude and frequency that enables the determination of optimal
mixing conditions. These insights deepen our understanding of the mixing characteristics
of high-viscosity materials under acoustic vibration, and have reference values for optimiz-
ing the application of high-intensity acoustic vibration in facilitating the efficient mixing of
highly viscous materials.

In this study, the influence of temperature field is not taken into account, and the
temperature parameter is a crucial index for the mixing process. In the future, the authors
plan to establish the heat—fluid coupling model to analyze the temperature change in the
mixing process.
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