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Abstract

Investigating the conveying and mixing characteristics of high-viscosity fluids in an inclined flow channel under the excitation

of acoustic frequency vibrations using computational fluid dynamics (CFD) methods. As the intensity of the acoustic vibration

excitation increases, the free surface of the liquid transitions from generating Faraday waves to generating disordered jets.

Continued increase in the amplitude leads to the liquid filling most of the vessel space, causing a blockage. However, slowly

increasing the amplitude alleviates the blockage phenomenon. When high-viscosity materials are subjected to high-intensity

acoustic vibration, the flow field is dominated by shear flow, which is accompanied by efficient stretching and folding. Changing

the amplitude or frequency alone can cause blockage, and increasing the frequency of vibration excitation alone will not alleviate

the blockage. Instead, increasing the amplitude can generate more mixing-promoting reflux, effectively relieving blockage while

maintaining stable conveying capacity.
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Abstract 

 

Investigating the conveying and mixing characteristics of high-viscosity fluids in an 

inclined flow channel under the excitation of acoustic frequency vibrations using 

computational fluid dynamics (CFD) methods. As the intensity of the acoustic vibration 

excitation increases, the free surface of the liquid transitions from generating Faraday 

waves to generating disordered jets. Continued increase in the amplitude leads to the 

liquid filling most of the vessel space, causing a blockage. However, slowly increasing 

the amplitude alleviates the blockage phenomenon. When high-viscosity materials are 

subjected to high-intensity acoustic vibration, the flow field is dominated by shear flow, 

which is accompanied by efficient stretching and folding. Changing the amplitude or 

frequency alone can cause blockage, and increasing the frequency of vibration 

excitation alone will not alleviate the blockage. Instead, increasing the amplitude can 

generate more mixing-promoting reflux, effectively relieving blockage while 

maintaining stable conveying capacity. 
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1. Introduction 

Mixing is a critical process in numerous industries, where homogeneity in the product 

mixture is essential for further manufacturing processes. Traditionally, mixing has been 

performed in batch mode, which ensures accurate feeding and reliable quality control. 

However, scaling up this method has limitations and frequent manipulations are 

necessary during the operation. To address these challenges, in recent years, continuous 

mixing processes have been developed. These processes allow for efficient continuous 

mixing, while conveying materials, and offer several advantages, including reduced 

processing time and increased efficiency for large-scale production.1  

Continuous mixing process can achieve the homogeneity of the components 

while conveying the material, thereby enhancing mixing efficiency and reducing the 

time consumed by stopping, loading and unloading.2 This approach has found wide 

applications in the chemical, food and pharmaceutical industries,3 where efficient and 

precise mixing is essential for product quality. The viscosity characteristics of fluids are 

a major determinant of the mixing and conveying efficiency of continuous mixing 

systems, making it a critical factor in their performance.4 In various types of production 

practices, mixing high viscosity fluids can be challenging, as these fluids lack the 

turbulence and diffusion assistance necessary for efficient mixing,5,6 resulting in 

difficulties in achieving continuity. 

Twin-screw extrusion is currently the most commonly used continuous mixing 

method, and has been extensively studied with regard to its manufacturing, 

performance, and theory.7-9 However, due to the presence of paddle kneading in twin-

screw extrusion, the mixing of flammable and explosive substances is hazardous. To 

address this issue, Tran-Minh, Dong and Karlsen 9 proposed an elliptical planar micro-

mixer that operates passively in a laminar flow state and is suitable for lower viscosity 



 

substances. Oshino, Nishihama, Wakamatsu, Inoue, Matsui, Okui, Nakajima, Kuniyoshi 

and Nakamura 10 developed a peristaltic continuous mixing device that operates like an 

intestinal tract using pneumatic artificial muscles made of soft rubber material. 

Although this device can be used for mixing high viscosity substances, related research 

is still in its early stages. Continuous mixing technology offers numerous advantages, 

which make it a hot topic in both industrial and academic research. As a result, various 

implementation methods have been proposed repeatedly, highlighting the importance of 

this technology in different fields. 

The flow properties of fluids under acoustic vibration excitation are complex, 

with phenomena such as the generation of Faraday waves.11
 Kumar and Tuckerman 12 

derived an equation for the stability of the interface between two viscous fluids under 

the influence of vertical sinusoidal force and performed Floquet analysis. Hashimoto 

and Sudo 13 investigated the kinetic behavior of two fluids with free surfaces in a vessel 

subjected to vertical vibrations, and analyzed the stability of the free surfaces and 

interfaces of two fluids with different densities. Ito and Komori 14 proposed a vibration 

technique to enhance fluid mixing and chemical reactions in microchannels. Their 

experimental results demonstrated a significant improvement in fluid mixing and 

chemical reactions. Additionally, Resodyn, USA, has developed an acoustic resonance 

mixing technique.15 This method utilizes mechanical resonance to generate high-

intensity mechanical vibration, promoting fluid flow within the mixing vessel.16 Qu, Yi 

and Guan 17 conducted relevant simulations on acoustic resonance technology, 

analyzing and determining the relationship between vibration parameters, material 

properties, and the final mixing effect. They found that increasing frequency and 

amplitude can significantly enhance the mixing efficiency. Vandenberg and Wille 18 

conducted relevant research on acoustic resonance mixing technology for high-



 

performance concrete, comparing it with conventional paddle mixing and examining 

differences in mixing performance in terms of fluidity, compressive strength, and 

bending strength, among others. Zhang, Zhan, Zhang, Hou and Li 19 applied the 

acoustic resonance continuous mixing technique to the preparation of nano-TATB, and 

the experiments and simulations demonstrated that the technique could significantly 

improve the mixing efficiency of the fluid in the microreactor. 

Vibratory transport has also received significant attention and research. 

Numerical results from Bouarab, Mokhtari, Kaddeche, Henry, Botton and Medelfef 20
 

indicate that the flow can be amplified or damped depending on the direction of 

vibration, and critical vibration angles may even cause flow reversal. Kipriyanov and 

Savinykh 21 revealed the degree of influence of vibration amplitude on the conveying 

speed of grain materials, and obtained a mathematical model of amplitude change 

depending on the operating mode and settings of the vibratory conveying 

machine.Chen, Jiang, Shen, Weiwei and Li 22 proposed a harmonic horizontally 

vibratory conveying method based on a vibrating plate with zigzag morphology and the 

results showed that unidirectional conveying occurs when the vibration strength exceeds 

a certain value.  

Acoustic vibration is an effective method to drive rapid directional flow of fluids 

and enhance convection between fluids with density gradients. Acoustic frequency 

vibration excitation is also a viable option for achieving continuous flow mixing 

processes. In recent years, Resodyn, a US-based company, has developed a continuous 

mixing system based on an acoustic resonance mixer to explore the continuous transport 

and uniform dispersion of materials under 60 Hz vibration excitation. At present, the 

research on continuous mixing of high-viscosity fluids under acoustic frequency 

vibration excitation is still limited to the public, and the characteristics of the mixed 



 

flow field in the continuous mixing process have not been fully elucidated. The 

influence of process parameters such as frequency, amplitude, and their combination on 

mixing and conveying efficiency under acoustic frequency vibration is not yet fully 

understood. This knowledge gap currently limits the widespread application and further 

development of continuous mixing technology using acoustic frequency vibration.This 

paper presents a CFD simulation model to investigate the continuous mixing process of 

high viscosity materials under acoustic vibration excitation. The model is validated 

through experiments, and the continuous conveying and mixing characteristics of high 

viscosity materials are analyzed. Furthermore, the paper qualitatively and quantitatively 

describes the mixing and conveying effects under different vibration parameters, and 

elucidates the mechanism of acoustic resonance continuous mixing, which can promote 

its application in high viscosity fluids. 

2. Experimental setup and simulation model 

2.1. Experimental setup 

The experimental setup for acoustic vibration continuous mixing is depicted in Figure 1. 

The continuous mixing flow channel is mounted on a vertical vibration platform 

capable of generating controlled vibrations with amplitudes ranging from 0.5 to 10 mm 

and frequencies ranging from 1 to 100 Hz, with control accuracy within ±0.2 mm and 

±0.5 Hz, respectively. A piezoelectric accelerometer is employed to measure the 

vibration frequency and amplitude. A high-speed camera is positioned to capture the 

mixing process, providing high-definition photography under high-frequency vibration. 

 



 

 

Figure 1. Schematic diagram of the continuous mixing system of acoustic frequency 

vibration 

 

The continuous mixing flow channel is mounted on a mechanical vibration 

platform that applies high intensity mechanical vibration in the vertical direction to the 

vessel. To simplify the subsequent analysis and express the velocity equation as a 

sinusoidal function without an initial phase, the vibration displacement equation can be 

set as  

 cos(2 )z A ft= −  (1) 

Differentiating the above equation with respect to time, the vibration velocity 

equation of the vessel is obtained as follows: 

 2 sin(2 )
dz

v fA ft
dt

 = =  (2) 

By differentiating the vibration velocity, the vibration acceleration equation of 

the vessel is obtained as follows:  

 

2
2 2

2
4 cos(2 )

d z
a f A ft

dt
 = =  (3) 

Where the wave phase is φ=2π f t and the wave period is T=1/f. 

To facilitate observation, the continuous mixing vessel is constructed from 

transparent acrylic sheet, with the dimensions and boundary conditions shown in Figure 



 

2. The vessel has inlet and outlet connected to atmospheric pressure, and the inlets 

features two square inlets Inlet1 and Inlet2, each with a side length of 8 mm and 

symmetrically distributed in the plane. These inlets can be used to supply the two 

component liquids, respectively. The syrup and glycerol are fed to the two inlets via a 

dosing pump at a mass flow rate of 1:1, following the set flow rate. The vessel and the 

material are situated in an atmospheric environment at a temperature of 20 °C. The 

relevant material parameters are presented in Table 1. 

 

Figure 2. Geometry and boundary conditions of continuous mixing vessel 

Table 1. Material parameters 

Matter 

Density 

(kg/m3 ) 

Viscosity 

(Pa-s) 

Diffusion 

coefficient  

(m2 /s) 

Surface tension 

coefficient with 

space (N/m) 

Mass 

flow rate 

(g/s) 

Inlet flow 

rate (m/s) 

Air 1.225 1.8×10-5 - - - - 

Syrup 1045 1.12 1.24×10-9 0.0717 6.4512 0.0965 

Glycerin 1260 1.41 1.24×10-9 0.0636 6.4512 0.08 



 

 

The simulation model studied in this paper deals with two-phase flow of gas and liquid, 

where the gas phase and the liquid phase are immiscible, while the liquid phase is 

composed of two intermixable liquids. The Volume of Fluid (VOF) model is employed 

to capture the changes in the free surface between the immiscible gas phase and the 

liquid phase.23 In this study, the VOF model is utilized to simulate the unmixable gas-

liquid two-phase flow. For two mutually soluble liquids in the liquid phase, the VOF 

model tracks the gas-liquid interface by solving the continuity equation for the volume 

fraction of each phase,24 which takes the form  

 0Ui
i i

c
c

t


+ =


 (4) 

The momentum equation for each phase 24 is 

 ( )( )
U

U U U U g S
Ti i

i i i i i i ip
t


  


 + = − +  + + +
 

 (5) 

The sum of the volume fractions of each phase is 

 
1

1
n

i

i

c
=

=   (6) 

where ci denotes the volume fraction of each phase; Ui denotes the velocity vector of 

each phase; ρi denotes the density of each phase; μi denotes the viscosity of each phase; 

and S is the volume force source term due to surface tension; the subindex i = 1, 2, 

denotes the air phase and liquid phase, respectively. The volumetric force source term S 

is modeled using the continuous surface tension.25 This captures the effect of surface 

tension in the phase interface by calculating the surface tension as a volumetric force 

source term S based on the dispersion theorem. In addition, the material is assumed to 

be incompressible and isothermal, and there is no involvement of the energy 



 

conservation law. Furthermore, the mixing process is assumed to involve no chemical 

reactions. 

The component transport model can be utilized to describe the mixing process of 

two mutually soluble liquids in the liquid phase.26 In this study, the component transport 

model is employed to model the mutual solubility properties of two liquids. The 

component transport equation between liquids 24 is 

 
2,

2,

2,

, 2

2

, ,2 2( )U
j

j j

j

jj

c
c I c

t





+ = 


 (7) 

where ρ2,j denotes the density of each component in the liquid phase; c2,j denotes the 

volume fraction of each component in the liquid phase; U2,j denotes the velocity vector 

of each component in the liquid phase; I is the diffusion coefficient; and j = 1,2, for the 

two liquids. 

The density and viscosity of the liquid phase are determined, respectively, by the 

volume-weighted mixing method and the mass-weighted mixing method of the 

components, i.e. 

 
2
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1
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j

c




=

=


(8) 
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1

=
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j

c 
=

  (9) 

where
2, j indicates the viscosity of the components in the liquid phase. 

To achieve the effect of vibration mixing in the special case of grid motion, the 

slip grid technique can be used.27 In this paper, a slip-grid model is implemented to 

apply the vibration, such that the wall motion of the container becomes a function of the 

velocity described in (2). This model is able to describe a moving mesh scenario where 

the mesh nodes make rigid motions within a specific region of the moving mesh. The 



 

conservation equation in integral form for a generic scalar on a control body V with 

boundary motion and a moving grid can be written as: 

 ( )U Ug
V V V V

d
dV d dA dVS

dt
  

 
+ −   =   +     (10) 

where ρ is the fluid density; Ug is the grid velocity of the moving grid; is the diffusion 

coefficient; S
is the source term of ; B is the control surface area; and V is used to 

describe the control body boundary. 

In vibratory continuous mixing, the Reynolds number of the liquid phase is 

calculated using the equation Re = 2πρAfD/μ, where D is the equivalent diameter. For 

the range of vibration frequencies, vibration amplitudes, and inlet flow rates used in this 

study, the Reynolds number is always less than 250, which indicates laminar flow. 

Therefore, a laminar flow model simulation is used.28 Figure 2 shows a local view in the 

A-direction, which illustrates the placement of velocity inlet boundaries Inlet1 and 

Inlet2 in the plane. The rest of the area is set as the Outflow boundary, which allows air 

to enter and exit freely. The outlet is set as a pressure outlet boundary at 0 Pa, and the 

rest of the boundary is set as a no-slip Wall. 

 

The geometry was meshed using ICEM software with a hexahedral mesh type. To 

ensure mesh independence, a preliminary mesh convergence study was conducted. Two 

criteria were used: the first outflow time elapsed from t = 0 s until the liquid phase first 

reaches the outlet, and the outflow mass of the liquid phase from the outlet in the period 

from t = 0-25 s, for vibration parameters of f = 60 Hz and A = 4 mm. Figure 3 presents 

the results for different grid sizes. Both parameters exhibited differences of less than 

5.0% when the number of grids exceeded 600,000. Thus, a grid number of 600,000 can 

be chosen to ensure reasonable accuracy and a suitable calculation scale. 



 

 

Figure 3. Grid-independent verification 

 

To assess the accuracy of the computational model, the experiments were conducted 

using syrup (marked in red) and glycerin (marked in blue) with the properties outlined 

in Table 1. The experimental data were compared with the simulations results for 

corresponding parameters, which included waveforms at the gas-liquid interface for 

vessel vibration frequencies of f = 40 Hz and various amplitudes, as well as the first 

outflow time and the outflow mass of the liquid phase from the outlet within the time 

range t = 0-25 s. The inlet flow rate for Inlet1 was set to 0.048 m/s, while Inlet2 was set 

to 0.04 m/s, and the mass flow rate was 3.2 g/s.  

Figure 4 depicts the flow field pattern inside the container, as qualitatively 

compared through the gas-liquid interface obtained from both experimental and 

simulated data. By examining the shape of the simulated free surface, it is apparent that 

the number and amplitude of the ripples at the gas-liquid interface increase with higher 

vibration amplitudes A, which agrees well with the experimental observations.  



 

 

Figure 4. Experimental liquid level fluctuation (upper) and simulated liquid level 

fluctuation (lower) with f = 40 Hz and different A. 

Figure 5 shows the quantitative verification of simulation accuracy. The error 

between the simulated and experimental values for the first outflow time and outflow 

mass is within 8%, indicating that the simulation results can accurately reflect the flow 

characteristics. 

 

Figure 5. Comparison of the first outflow time and the outflow mass between 

experiment and numerical simulation was conducted at f = 40 Hz and different A. 

2.5. Evaluation Indicators 

In this study, Inlet1 and Inlet2 had equal mass flow rates, resulting in an ideal mixing 

outcome for the two-component liquid where the glycerol mass fraction at each 

sampling point in the liquid phase region was xi = 50%. To better understand the mixing 

characteristics of the two-component liquid and evaluate the gap between the mixing 

uniformity at each sampling point in the mixer vessel and the desired ideal mixing 



 

result, this study uses the Relative Standard Deviation (RSD) 29 of the mixing 

concentration and the uniform mixing concentration for evaluation, which is calculated 

as follows 

 ( )
2

1

1 1
50%

50% 1

n

M i
i

RSD x
n =

=  −
−

 (11) 

Where xi is the mass fraction of glycerol measured at n sampling points in the liquid 

phase region, at a certain time during the mixing process, and RTDM is the average mass 

fraction of glycerol across all sampling points in the liquid phase. 

The system’s conveying performance is assessed through the mean residence 

time RTDavg, i.e., the average time that a fluid micro-element spends in the vessel from 

inlet to outlet.30 Calculations were performed using discrete data 

 
1 1

( ) / ( )
m m

avg i i i i i

i i

RTD t E t t E t t
= =

=     (12) 

Where, ( )iE t  is the density function of residence time distribution, represents the 

percentage of total material that has been resident for a certain time ti, m is the number 

of sampling moments, and satisfies
1

( )
m

i i

i

E t t
=

  equal to 1. 

When subjected to vibration excitation, some of the fluid in the vessel flows in a 

backward direction, forming backflow. To quantify the extent of backflow in the flow 

field, the average backflow coefficient is used as an evaluation metric. The reflux 

coefficient is defined as the ratio of the return flow rate to the net flow rate in a cross 

section perpendicular to the flow direction.31 The average reflux coefficient, denoted by 

Gavg, is calculated as the average of the reflux coefficients obtained from N vertical 

cross sections within one cycle T, 

 , ,

1 1

( / ) / ( )
N m

avg l k l k

l k

G Q Q NT
= =

=  (13) 



 

where the number of cross sections N is set to 26 and are equally spaced and vertically 

distributed. The sampling moments k, with k = 1,2,.., m, are chosen in the first cycle T, 

and l denotes the l-th surface. Q and Q' denote the net flow rate and the return flow rate, 

respectively, where the positive direction of the y-axis indicates the flow direction. The 

distribution area of the cross sections is illustrated in Figure 2. 

To understand fluid mixing, one can consider it as interfacial stretching. 

Different types of flows have varying effects on interfacial stretching, leading to 

varying potential mixing capacities or mixing efficiencies. To differentiate between 

flow types and evaluate the potential mixing capacity of the flow field, a mixing index α 

is commonly used as a quantitative measure.32 The mixing index is defined as follows 

                    
:

: :

D D

D D
T

 =
+  

 (14) 

Where D denotes the Ω denotes the The mixing 

index α is used to distinguish the flow type and assess its potential mixing capacity: α 

α α 

α

𝛼̅ is obtained by 

calculating the arithmetic mean of the mixing index α all grid nodes on the object 

being analyzed. 

3. Results and discussions 

3.1. Process of mixing and flow induced by forced vibration 

At the initial moment t = 0 s, the liquid is introduced into the continuous mixing vessel 

through the Inlet1 and Inlet2, respectively, and the acoustic vibration excitation is 

applied. The initial stage of a continuous mixing processes is complex, but the stabilized 

state reflects the actual mixing and conveying characteristics more accurately. The 



 

steady state is defined as the point at which the change in RSDM at the outlet (Outlet) 

becomes less than 0.1 and t > 30 s, after which the flow states at the same vibration 

phase are similar. At the vibration phase around φ = 90°, the fluid exhibits significant 

characteristics. Therefore, the flow field is analyzed and compared at a vibration phase 

of 90° after stabilization. 

In the absence of vibration (i.e., vibration intensity is 0), the two-component 

liquid is subject to natural flow. The concentration and velocity fields at steady state are 

depicted in Figure 6. Since there is no vibration, the velocity gradient between the two 

liquid phases is not noticeable, resulting in the formation of a dividing line between the 

liquid-liquid phases. Furthermore, there is an evident mass concentration gradient at the 

outlet of the vessel, and some bubbles are mixed in the liquid phase. Once the vibration 

is initiated, the motion pattern of the liquid undergoes significant changes under 

different vibration amplitudes, giving rise to three typical mixing and flow processes as 

follows. 

 

Figure 6. (a) 3D mass concentration field without vibration applied; (b) YZ cross-

section mass concentration field; (c) YZ cross-section velocity field. 

At low vibration intensity, the two-component liquid can be effectively 

conveyed, the transport is normal, and the mass concentration gradient at the vessel 

outlet is greatly reduced compared to when no vibration is applied. Under the vibration 

excitation of A=3.5 mm, periodic standing waves (faraday waves) appear on the smooth 

free surface while the velocity field in the bottom region remains relatively stable 



 

(Figure 7c and f). This enhances the mixing effect near the free surface only (Figure 7b 

and e), with the phase interface remaining stable. However, as shown in Figure 7g-i, 

increasing the amplitude leads to intensified deformation of the free surface, making the 

velocity field in the nearby area turbulent and causing the standing wave to gradually 

take on an irregular form. This produces jets in the form of liquid columns, some of 

which are stripped from the free surface or ejected to the upper surface of the vessel. 

The phase interface of the two-component liquid begins to deform, and the degree of 

deformation of the phase interface is much smaller than that of the free surface, which 

indicates that the two-component liquid phase interface has a slightly higher 

deformation threshold than the free surface. The deformation of the phase interface can 

lead to an increase in the contact area between the two-component liquids, which in turn 

promotes mixing. As shown in Figure 7i, the deformation of the free surface generates 

multiple circulating convection flows that extend from the free surface towards the 

interior of the liquid phase. These convection flows effectively enhance the mixing 

effect. 



 

 

Figure 7. Three-dimensional mass concentration field (left), YZ cross-section mass 

concentration field (middle) and YZ cross-section velocity field (right) at a vibration 

frequency of 60 Hz with different amplitudes at low vibration intensity of f = 60 Hz.            

(a-c) A = 3 mm.(d-f) A = 3.5 mm. (g-i) A = 4 mm. 

As the vibration intensity increases, the flow of the two-component liquid is 

hindered, and the liquid gradually fills up most of the container, leading to changes in 

the concentration and velocity fields over time, as shown in Fig. 8. At the initial stage, 

the more intense vibration causes the free surface to deform further, resulting in the 

formation of narrower columnar jets. Simultaneously, the distance between the upper 

and lower walls of the vessel flow channel decreases as the liquid flows inside the 

vessel, causing the jets to reach the upper surface of the vessel more easily, as shown in 

Figure 8a and b. Some of the jets detach from the free surface and adhere to the upper 



 

surface downstream of the vessel runner, while the un-detached jets connect the fluids 

on the upper and lower surfaces, forming a "barrier" that hinders the flow of the liquid 

phase towards the outlet. This impediment causes the liquid phase to accumulate at the 

outlet and fill upstream, as illustrated in Figure 8c, d. As the buildup reaches a certain 

level, the system attains a steady state, as shown in Figure 8e, f. 

In the velocity field cloud map Figure 8f, it can be observed that the downstream 

liquid phase in the vessel is divided into two streams: one stream faces the outlet, but its 

velocity direction is oriented at an angle to the lower surface, while the other stream 

produces a backflow effect. The reflux effect, on one hand, can help to enhance mixing 

between the components and reduce the uniformity change caused by the fluctuation of 

the filling. However, at the same time, it can also slow down the rate of transport, and 

even cause fluid to be unable to discharge, leading to blockage in the flow channel. The 

two flow directions keep the filling rate of the liquid in the container consistently high, 

but also hinder the flow of liquid, producing the effect of blockage, and increasing the 

retention time of the liquid in the container. 

 

 

 



 

 

Figure 8. Three-dimensional mass concentration field (top), YZ cross-sectional velocity 

field (bottom) at different t for f = 60 Hz and A = 5 mm vibration intensity. (a-b) t = 10 

s. (c-d) t = 20 s. (e-f) t = 40 s. 

By increasing the intensity of vibration further, the liquid blockage in the 

container can be effectively relieved. As shown in Figure 9c2, high-intensity vibration 

imparts a large kinetic energy to the liquid, resulting in a jet velocity greater than 2 m/s. 

This helps the liquid to overcome the viscous force and disperse rapidly in the vessel, 

keeping the flow channel open. In comparison to the vibration intensity of f = 60 Hz, A 

= 5 mm, the high intensity vibration prevents local accumulation of materials and 

reduces the amount of liquid mixed in the container. The flow state at 60 Hz and 6 mm 

amplitude, as shown in Figure 9, achieves good mixing effect and also avoids liquid 

blockage, which improves the safety of mixing and equipment stability. In addition, the 

high intensity vibration increases the number of jets in the flow region, accompanied by 

more efficient stretching, shearing and folding. This serves as a stirring mechanism that 

significantly enhances the mixing effect. 

 



 

 

Figure 9. (a) 3D mass concentration field, (b) YZ cross-section mass concentration 

field, (c) YZ cross-section velocity field for φ = 90° at high intensity vibration intensity 

of f = 60 Hz, A = 3 mm. 

3.2.  Evaluation of mixing type and shear environment 

The flow field of the liquid phase under three different process parameters (A = 4, 5, 

and 6 mm at f = 60 Hz) exhibits three distinct flow field states. As shown in Figure 10, 

the mixing index 𝛼̅ of the liquid phase fluctuates over three cycles, then the flow 

reaches a steady state at all three process parameters. The mixing index under vibration 

fluctuates periodically with a period of about 0.5T. When the amplitude is increased 

from 4 mm to 5 mm, 𝛼̅ becomes larger, indicating an increase in the tensile flow in the 

vessel. However, when the amplitude is increased to 6 mm, 𝛼̅ decreases greatly, which 

indicates a decrease in the tensile flow and an increase in the shear flow field. 

 

Figure 10. Variation curves of the liquid phase in the flow field for 3T at f = 60 Hz and 

A = 4, 5, 6 mm vibration intensity 𝛼̅ 

 



 

The process parameters of f = 60 Hz and A = 6 mm result in efficient mixing 

without any blockage in the vessel, which is an ideal mixing situation. Figure 11a and b 

show the velocity field and mixing index at Point A and Point B (as shown in Figure 

10), located at about 30° phase of sine function, where the vessel is accelerating in the 

positive direction. Due to the effects of inertia and other factors, the liquid phase 

produces a downward velocity field relative to the direction of vessel motion. This 

results in the liquid phase above the vessel stretching downward, generating a small 

amount of efficient stretching flow. The liquid phase below the vessel is compressed 

downward, which causes the liquid phase to spread in all directions along the wall, also 

forming a small amount of tensile flow. At the same time, the stretching motion of the 

liquid phase below the vessel in all directions generates multiple convection flows, 

which promote the mixing effect, and their tendency to move upward allows the liquid 

phase to produce an upward ejected liquid column in the subsequent motion. 

The peak shown in Figure 11b is observed at approximately 223° phase of the 

velocity sine function, corresponding to when the vessel is moving in the negative 

direction. Due to multiple convection flows generated by the liquid phase under the 

previous motion, as shown in Figure 11a, and the inertia effect, the liquid phase 

generates an upward velocity field with respect to the direction of vessel motion, 

leading to the formation of more upward ejected liquid columns. As a result, the liquid 

phase below the vessel stretches upward, producing a large number of efficient 

stretching flows. On the other hand, the liquid phase above the vessel is compressed 

against the wall, which has a large inclination, forming only a unidirectional return flow 

along the wall and a large amount of tensile flow, similar to Figure 11a. These refluxes, 

promote the mixing effect and tend to move downward, together with the inertia effect, 

allowing the liquid phase to produce a downward ejected liquid column in the 



 

subsequent motion (Figure 11a). This process repeats in vibration, causing the mixing 

index to fluctuate approximately as a sinusoidal function with a period of about 0.5T 

and providing the acoustic resonance continuum device with its efficient mixing 

capability. The efficient tensile flow is mainly present in the interior of the liquid phase, 

while the shear flow dominates the gas-liquid free surface and the region near the 

contact between the liquid phase and the wall. 

 

Figure 11. α cloud diagram of the liquid phase of the YZ cross section, (a) Point A; (b) 

Point B. 

The probability distribution curves of α for the liquid phase were analyzed at the 

peak point and near the trough moment for the three process parameters of A = 4, 5 and 

6 mm at f = 60 Hz, as shown in Figure 12. It can be observed that the α probability 

distribution is similar for all cases, with the peak of the curve occurring at about 0.5, 

and α is mainly concentrated around 0.45-0.65, while it is almost null on 0-0.35. This 

indicates that the flow field of the acoustic resonance mixer is primarily dominated by 

shear flow, with a small amount of tensile flow, and the presence of rotational flow is 

relatively weak. 

 



 

 

Figure 12. Probability distribution curves of α at the peak and trough points  

3.3.  Effect of vibration parameters on mixing and flow 

In order to compare mixing at different amplitudes in steady state, the homogeneity of 

different cross sections in the flow channel was analyzed. Figure 13 shows the RSDM at 

the same moment on different positioned cross sections of the vessel flow channel after 

the flow field reaches steady state with φ = 90°, and the monitoring planes within the 

flow channel are set as in Figure 2. The overall mixing uniformity tends to improve as 

the flow proceeds (see Figure 13), and the RSDM obtained under the action of vibration 

has a significant decrease compared to the case without vibration. Among them, the 

amount of RSDM curve fluctuation increases after the amplitude reaches 4 mm, which is 

caused by the increased deformation of the free surface of the liquid phase in the mixing 

vessel and the appearance of a large number of jets. Some of the less mixed jets may fall 

to the downstream region or they may adhere to the upper wall surface of the vessel, 

resulting in little change in RSDM in the downstream cross-section region of the vessel 

compared to the upstream or even appearing larger than the RSDM in the upstream 

cross-section. After the amplitude is greater than 5.5 mm, the fluctuation of the RSDM 

curve is more significant because the liquid phase in the mixing vessel reaches the full-



 

field dispersion under high-intensity vibration, making the above phenomenon more 

pronounced. 

 

Figure 13. RSDM of liquid phase for no vibration and different amplitudes at f = 60Hz in 

the cross section of the vessel flow channel for φ = 90° 

By examining the RSDM at the starting interface (Number of section =1) for each 

amplitude, it was observed that the amplitude varies the most between 5 mm and 5.5 

mm, which is attributed to the formation of an ideal mixing state similar to Figure 9. 

This state effectively enhances the mixing capacity. At the end interface (Number of 

section = 26), the RSDM was analyzed for each amplitude, and it was found that it 

decreased with increasing amplitude from 3 mm to 4 mm. However, for amplitudes of 

4.5 mm and above, the RSDM remains stable at around 0.1. This indicates that a certain 

threshold of amplitude is necessary to achieve uniform mixing of two-component high-

viscosity liquids. 

After reaching a steady state, Figure 14 displays the RTDavg and Gavg curves for 

various amplitudes at 60 Hz. It is evident that as the amplitude increases below 5.5 mm, 

the RTDavg rises rapidly. However, as the amplitude continues to increase beyond 5.5 

mm, the growth of RTDavg starts to slow down. This is because before the amplitude of 

5.5 mm, the reflux of the liquid phase and the increase in RTDavg become more 

significant as the amplitude increases. After 5.5 mm, the liquid phase can be dispersed 



 

rapidly under high intensity vibration, relieving the blockage of the liquid phase in the 

vessel. As a result, the RTDavg does not continue to increase rapidly with an increase in 

amplitude. 

 

Figure 14. RTDavg for different A at f = 60Hz, Gavg at φ = 90° and RSDM at Outlet 

The Gavg curve shows an initial increase with increasing amplitude, followed by 

a decrease, and then another increase. This behavior can be attributed to the fact that as 

the amplitude increases within the 4-5 mm range, the blockage of the liquid phase in the 

vessel becomes more severe, resulting in a higher filling rate of the liquid phase in the 

vessel and a lack of spare space to produce reflux. However, when the amplitude is 

increased beyond 5 mm, the liquid phase is rapidly dispersed, leading to a decrease in 

the filling rate of the liquid phase inside the vessel and an enhancement in the reflux 

effect, which in turn increases Gavg. In the tested range of A, there was a roughly 

negative correlation between RSDM and RTDavg, while there was no significant 

relationship between RSDM and Gavg. 

Figure 15 shows the variation of the RSDM of the liquid phase at the same 

moment in the cross section set up in the vessel flow channel at different frequencies 

with an amplitude of 4 mm and phase φ = 90°. It can be observed from Figure 15 that 

the RSDM at the end interface (Number of section = 26) decreases by about 65% at 40 

Hz compared to the case without vibration. The overlap of the RSDM curves at 50 Hz, 



 

60 Hz and 70 Hz is significant, indicating that the increase in frequency does not bring 

about a significant mixing effect. This is due to the fact that the increase in frequency 

leads to an increase in the agglomeration and blockage of the liquid phase in the vessel, 

making it impossible to achieve full-field dispersion in the mixing vessel. 

 

Figure 15. RSDM of the liquid phase at φ = 90° for different f without vibration and A = 

4 mm over the cross section of the vessel flow channel 

The RTDavg increases with the amplitude, unlike the case shown in Figure 14. 

This is because higher vibration frequencies results in more significant liquid phase 

agglomeration and blockage in the vessel. The Gavg curve increases and then decreases 

with the amplitude. This is also due to the blockage of the liquid phase inside the vessel, 

resulting in a lack of space to generate reflux when the frequency increases between 70-

90 Hz (as shown in the 60 and 90 Hz flow patterns in Figure 16). In the f range tested, 

RSDM and RTDavg exhibit a negative correlation, whereas RSDM and Gavg show no 

significant relationship. Furthermore, a minimum threshold value of about 0.08 exists 

for RSDM at Outlet, which is similar to the situation at f = 60 Hz for different 

amplitudes. 



 

 

Figure 16. RTDavg at different f for A = 4mm, Gavg at φ = 90° and RSDM at Outlet 

The mixing process is significantly influenced by both frequency and amplitude. 

In order to further investigate their effects, the mixing behavior was analyzed for 

various combinations of frequency and amplitude at an acceleration value of 588 m/s2. 

The specific parameter combinations tested are outlined in Table 2. 

Table 2. Combinations of a = 588 m/s2 , different A and f 

Work Condition A (mm) f (Hz) 

a 2 86.3 

b 3 70.5 

c 4 61.0 

d 5 54.6 

e 6 49.8 

f 7 46.1 

 

Figure 17 illustrates that, even when using the same acceleration value, the 

mixing effect can vary significantly for different combinations of amplitude and 

frequency. Under high frequency and low amplitude conditions (condition b in Figure 

18), a large number of surface waves are produced on the liquid surface, which keeps 

the liquid phase in a fluctuating state and results in low mixing capacity. This is similar 

to the vibration parameters of f = 60 Hz and A = 3.5 mm, as shown in Figure 7d-f. On 



 

the other hand, the mixing quality is significantly higher in the case of high amplitude at 

low frequencies than that in the case of low amplitude at high frequencies. This is 

because, under the low-frequency high-amplitude condition (condition f in Figure 18), 

the liquid phase in the vessel is rapidly dispersed, which is similar to the vibration 

parameters of f = 60 Hz and A = 6 mm, as shown in Figure 9. This facilitates the full-

field motion of the liquid phase in the vessel and relieves the blockage condition in the 

vessel, resulting in higher mixing efficiency. This suggests that, to some extent, 

increasing the amplitude is more beneficial for improving the mixing effect compared to 

increasing the vibration frequency under the same acceleration.

 

Figure 17. RSDM of the liquid phase at φ = 90° and a = 588m/s2, for different A and f 

over the cross section of the vessel flow channel 

 

The effect of increasing amplitude at constant acceleration on RTDavg and Gavg is 

comparable to that of increasing amplitude at constant frequency, as shown by Figure 

18 and 14. As observed in Figure 18, the RTDavg increases with amplitude until it 

reaches 6 mm (condition e), after which it decreases considerably. Gavg increases with 

amplitude up to A = 4 mm (condition c), beyond which an increase in amplitude causes 

blockage and a decrease in Gavg (condition d). However, when the amplitude is further 

increased to 7 mm, Gavg can be enhanced (condition f). Figure 18 also shows that RSDM 



 

and RTDavg exhibit a negative correlation, while RSDM does not show a significant 

relationship with Gavg, which is consistent with the previous findings. 

 

Figure 18. 3D mass concentration fields with a = 588 m/s2 for different A and f, RTDavg, 

RSDM and Gavg at Outlet for φ = 90° 

4. Data Availability and Reproducibility Statement 

The numerical data from Figures 3, 5, 10, 12–18 are tabulated in the Supplementary 

Material. The simulation model setup case file in Fluent can be obtained in the. zip file 

as Supplementary Material. 

5. Conclusion 

This paper presents a numerical simulation model coupled with the VOF and 

component transport models to investigate the continuous mixing process of high-

viscosity fluids in a flow channel under acoustic frequency vibration excitation. The 

model is experimentally validated and the mixing and transport characteristics are 

evaluated using RSDM, RTDavg and Gavg indexes. Results show that at lower amplitude 

acoustic vibration excitation, Faraday waves are generated on the free surface of the 

liquid, and as the amplitude is gradually increased, the standing waves form disordered 

jets, deforming the phase interface inside the liquid, and generating a convection field 



 

that effectively promotes mixing. However, increasing the amplitude beyond a certain 

threshold value causes blockage. If the amplitude is further increased, the high-intensity 

vibration excitation quickly disperses the liquid in the container, which alleviates the 

blockage and leads to superior mixing. In this case, the flow field is dominated by shear 

flow, accompanied by efficient stretching and folding. To achieve efficient mixing at a 

defined frequency or amplitude, the amplitude and frequency need to reach a certain 

threshold value.  

While changing the amplitude or frequency at a fixed value of the other 

parameter may lead to a blocking condition, increasing the amplitude at a fixed 

frequency can alleviate the blockage by promoting full-field dispersion, providing more 

reflux, and improving mixing without significantly increasing transport time. On the 

other hand, increasing the frequency at a fixed amplitude not only fails to alleviate the 

blockage but also hinders reflux generation.  

These findings suggest that increasing the amplitude is more effective than 

increasing the frequency. Moreover, under equal acceleration, low-frequency and high-

amplitude conditions are more likely to excite the full-field motion and deformation of 

the gas-liquid free surface, thereby enhancing reflux and promoting mixing. Overall, 

this study presents a new approach for continuous mixing of high-viscosity fluids, 

which has the potential to be applied in various industrial settings. 
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