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Multi-physical modeling and adjusting for ultrasonic 

assisted soft abrasive flow processing 

Yesha Ni, Yunfeng Tan, Dapeng Tan* 

(Key Lab of E & M, Ministry of Education & Zhejiang Province, Zhejiang University of 

Technology, Hangzhou 310014, China) 

Abstract: The polishing efficiency of the soft abrasive flow (SAF) method is low, which is not in line 

with the concept of carbon emission reduction in industrial production. To address the above issue, a 

two-phase fluid multi-physics modeling method for the ultrasonic assisted SAF processing is proposed. 

The turbulence kinetic energy at different ultrasonic frequencies are studied. Simulation results show 

that the ultrasonic vibration can induce cavitation effect in the constrained flow channel and promote 

the turbulence intensity and uniformity of the abrasive flow. A set of comparative polishing 

experiments with or without ultrasonic vibration are conducted to explore the performance of the 

proposed method. It can be found that the ultrasonic assisted SAF method can improve the machining 

efficiency and uniformity, so as to achieve the purpose of carbon emission reduction. 

Key words: soft abrasive flow; ultrasonic vibration; cavitation effect; polishing efficiency, turbulent 

kinetic energy. 

1. Introduction 

Precision and ultra-precision mechanical parts play a major role in the development of 

aerospace industry, national defense industry and microelectronics industry. Finishing 

technology is a common means to improve the surface quality of parts and reduce the surface 

roughness of work-piece[1]. However, the traditional mechanical finishing method is not 

competent for some structural surfaces with small size and complex structure[2][3].  

 

1—Tank; 2—Soft abrasive flow; 3—Mixing blade; 4—Motor; 5—Outlet; 6—Pump; 7—Polishing tool; 

8—Experiment table; 9—Circular entrance; 10—Turbulent region; 11—Constrained flow channel. 

Fig. 1 Schematic of soft abrasive flow processing 

The soft abrasive flow (SAF) machining method[4] is a new method of abrasive flow 

finishing processing for various structured surfaces, the whole polishing process of the 



proposed method is as follows. The SAF characterized by low viscosity is firstly mixed in the 

tank, then the abrasive flow is continuously pumped into the polishing tool. Due to the 

restriction of the constrained module, the abrasive flow enters into the constrained flow 

channel, in which the flow velocity is up to the maximum, and the particle accumulation 

effect occurs. The work-piece surface locates in the constrained flow channel is continuously 

impacted by the abrasive particles to achieve the surface polishing, as shown in Fig. 1. 

However, the SAF processing method is inefficient and time-consuming, and the 

high-pressure pump used for fluid circulation has high power. Therefore, the whole system 

consumes large energy, which is not in line with the concept of carbon emission reduction in 

industrial production[5]. 

To resolve the above matter, many research works had been performed. In 2011, Ji et al 

proposed a design method of sliding constraint module and verified the finishing efficiency 

by the experiment[6]. In 2012, Tan et al researched the abrasive particle group distribution, 

dynamic characteristics and near-wall micro-cutting mechanism in the constrained flow 

channel, and verified the feasibility and reliability of the SAF polishing method[7]. In 2012, Ji 

et al. presented a two-dimensional SAF dynamic model based on the topological structure 

transformation of level set method (LSM). The model could describe the movement of the 

particles in turbulent flow and reveal the dynamical variation regulars of phase surface of 

two-phase abrasive flow [8]. In 2016, Tan et al. redesigned the constrained flow passage using 

the fluid collision theory and presented a double-inlet SAF polishing method[9]. In their study, 

the fluid turbulent motion was described by the shear stress transport model, and the 

comparative polishing experiments proved that the double-inlet flow passage can increase the 

polishing efficiency. In 2018, Ji et al. established a gas-liquid-solid three-phase abrasive flow 

mechanics model based on computational fluid dynamics-population balance model coupled 

method and concluded that the effect of bubble collapse can effectively improve the 

processing efficiency and precision of the SAF method[10]. In 2021, Man et al. adopted an 

innovative technique of a cavitation-based gas-liquid-solid abrasive flow polishing process to 

conclude that controlled polishing with cavitation erosion and abrasion can achieve a much 

higher quality surface on a large work-piece[11]. 

From the above references, it can be inferred that current studies on the SAF method 

mainly focus on the facets of physical simulation and numerical modeling. The development 

degree of fluid turbulence is the main factor affecting the finishing effect of the SAF 

method[12]. However, the research on strengthening the turbulence intensity of solid-liquid 

two-phase flow is insufficient. Due to the structure of the constrained flow channel, the 

turbulence intensity in some local regions is insufficient, which leads to the dead Angle of 



processing. In addition, there are some problems such as long processing time, low efficiency 

and high energy consumption. Therefore, it is necessary to research the dynamic 

characteristics of the SAF method, acquire the flow law of abrasive flow in the constrained 

flow channel, and improve the processing efficiency of the SAF method, so as to achieve the 

purpose of carbon emission reduction. To resolve the above problems, a SAF polishing 

method using boundary ultrasonic vibration is presented in this paper. As an acoustic emission 

technology, ultrasonic vibration can generate sound pressure and cavitation energy stably. 

Apparently, the two-phase ultrasonic assisted SAF polishing process is a complex 

acoustics-fluid multi-physical issue with high nonlinear features, and the modeling-solving 

requires large computation load[13]. 

In this paper, the corresponding multi-physical model is built. Then, the calculation 

parameters are given, and the polishing process of the proposed method is analyzed by 

CFD-based calculation results. Finally, a polishing system is developed according to the 

processing principle involved by the proposed method, and the comparative polishing 

experiments are conducted to check the effectiveness of the proposed method. 

2. Multi-physical models 

2.1 Fluid control equations and multi-phase flow model 

The soft abrasive flow is a typical viscous fluid, and keeps the continuity in the 

processing. Therefore, it accords with the continuity equation and Navier-Stokes (N-S) 

equation[14] 

 0



i

i

x


                               (1) 

 
jjj

i

j

i
i

j

i

xxxx

p
K

tx 



























 

2

j              (2) 

where μi, μj (i, j=1, 2, 3) represent the components of velocity vector μ on three coordinate 
directions, xi, xj represent the direction vector on three coordinate directions, p is the fluid 
pressure, ρ is the fluid density, μ is the kinetic viscosity, Ki is the gravity component, t is the 
time, and τ is the turbulent Reynolds stress:  
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where i  , j  are the fluctuation velocity values, and η is the fluid turbulent viscosity. 

Accordingly, by solving the continuity equation and N-S equation, the profiles of 
pressure and velocity in the constrained flow channel can be obtained. Moreover, the soft 
abrasive flow is a kind of sparse two-phase flow, and the abrasive fraction is less than 15%. In 



this hypothesis, the soft abrasive flow should have good fluidity and continuity. 

It is assumed that the solid phase abrasive particles are uniformly distributed in the liquid 
phase in the constrained flow channel. The selection of solid-liquid two-phase flow model 
mainly depends on the volume fraction of soft abrasive in solution. Then the abrasive fraction 
is less than 15% and the equivalent diameter is small. As a multi-phase flow model, the 
Mixture model is suitable for simulating solid-liquid two-phase flow with sparse density[15]. 
Therefore, the Mixture model is used as the basic numerical model in this paper. 

The Mixture model solves the momentum equation of the two-phase flow, and describes 
the discrete phase through the relative velocity. The continuous equation of the mixed phase is 
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where ρm is the mixture density, mv


 is the average velocity, m is the mass transfer caused 

by the user-defined quality source or cavitation.  

The momentum equation of the mixed phase is 
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2.2 Turbulence model 
The soft abrasive flow polishing is a complex nonlinear mechanic matter, and the 

disordered turbulent motion makes the work-piece surface obtain relatively uniform surface 
texture. The soft abrasive flow field can be described by the turbulence models.    

Under the condition of larger time-averaged strain rate, standard k-ε turbulence model 
might cause negative normal stress. Then, the normal stress item requires one or several 
mathematical constraints, so as to make the turbulence computation accord with factual fluid 
motion regulars. To resolve the above problem, the realizable k-ε model is proposed. It takes 
the empirical coefficient as a variable involving the turbulent kinetic viscosity and fluid strain 
rate, and contains a new pair of turbulence viscosity equation and dissipation rate 
equation[16][17]: 
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where k is the turbulent kinetic energy, μt is the turbulent viscosity coefficient, μ is the 
turbulent dissipation rate, σk, σε are the Prandtl number of k and ε respectively, Gk is turbulent 
kinetic energy caused by average velocity gradient, E is the fluid strain, v is the kinematic 
viscosity, C1= 1.44, and C2= 1.92. 

For the standard k-ε model, the expression of turbulent viscosity coefficient is  
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where Cμ is a constant. On the contrary, realizable k-ε model takes Cμ as a variable: 
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From the above formulae, it can be inferred that is a function about the time-averaged 
strain, coordinate rotating velocity, angular velocity and turbulent parameters. Therefore, the 
realizable k-ε model can accurately describe the inertial components of boundary layer fluid. 
Compared with the standard k-ε model and the renormalization group (RNG) k-ε model, it has 
the mathematical expression for Reynolds stress, which accords with the factual physical 
features of turbulent flow, adapting for multi-phase flow, shear flow and jet flow. Based on 
realizable k-ε model, the flow process of soft abrasive flow in the boundary layer near the 
work-piece surface can be described. 
2.3 Acoustics model 

The equations used to describe the propagation of sound in a fluid are derived from the 
governing equations for fluid flow. Most acoustic phenomena can be accurately described by 
classical pressure acoustics, in which flows are assumed to be lossless and adiabatic, viscous 
effects are ignored, and linear isentropic equations of state are used. 

Based on the above assumptions, the sound field can be described as a variable, namely 
pressure p, which is controlled by the wave equation: 
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where t is the time, ρ0 is the fluid density, c is the sound velocity. 

Acoustic problems often involve simple harmonics, such as sine waves. In general, any 
signal can be extended to harmonic components through its Fourier series. The wave equation 
can then be solved in the frequency domain for one frequency at a time. The form of 
harmonic solution is as 

    iwt
exptxp ,                            (11) 

The actual (instantaneous) physical value of the pressure is the real part of the above 
equation. Based on this hypothetical pressure field, the transient wave equation can be 
reduced to the well-known Helmholtz equation. 
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The periodic sound pressure fluctuation caused by ultrasonic vibration on the liquid 
phase can be described based on the above acoustic wave governing equation. 

2.4 Cavitation effect and modification of turbulence model 



Ultrasonic wave in the flow channel mainly produces the corresponding periodic 
pressure and the cavitation phenomenon[18][19]. At present, there is no perfect solution to the 
simulation of ultrasonic cavitation in turbulent flow field. In this paper, the turbulence 
parameters are modified based on the existing turbulence model for the cavitation effect 
caused by ultrasonic vibration, so as to carry out more accurate simulation research. The 
sound power of sound field acts on the soft abrasive flow through sound pressure and its 
various effects. Sound power is the total energy radiated by sound source in space per unit 
time. In order to obtain the expression of sound power, it is necessary to derive the average 
sound energy density of the sound field. The energy provided by the sound vibration in sound 
field is 
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where ρ0 is the fluid density, and its corresponding potential energy is 
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The energy density of sound is 
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When the energy of the sound field is applied to the liquid phase, 4%-35% of the energy 
is transferred through the cavitation effect. Based on the realizable k-ε model, the transport 
equation of turbulent kinetic energy k is modified as
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where Sk is the customized correction term of the model, which is based on the energy transfer 

generated by the cavitation effect, reflecting the influence of the cavitation effect on the flow 

field. 

For the SAF method, the polishing is achieved by the collision and friction of the 

abrasive particles on the work-piece surface. In particular, a large amount of turbulent kinetic 

energy is consumed by the friction collision between the particles and the work-piece surfaces 

after the ultrasonic vibration. However, the turbulence dissipation caused by the friction is not 

reflected in the above transport equation of turbulent kinetic energy dissipation. Therefore, the 

turbulent kinetic energy dissipation equation of the realizable k-ε model is modified as 
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where Sε is the modification of the dissipation equation. 



The essence of turbulent dissipation of soft abrasive flow in near wall region is the 

energy conversion and transfer. The energy transformation is caused by the reaction force 

when the abrasive particles are micro-cutting the work-piece surface, and the reaction force 

can be regarded as the friction force of the soft abrasive flow. In addition, the SAF polishing 

is carried out by the shear stress of abrasive flow on the work-piece surface, so the friction 

force of fluid can also be expressed by the shear stress. The shear stress of the turbulent soft 

abrasive flow on the work-piece surface is composed of two parts, one is the viscous shear 

stress caused by the relative motion of the time-homogeneous flow layer, the other one is the 

inertial shear stress caused by turbulence pulsation and momentum exchange between upper 

and lower layers of particles, its expression is  

**

21 vu
dy
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where μ is the fluid viscosity, u*, v* are the instantaneous fluctuating velocity. 

 To sum up, through the analysis of the turbulent state of the soft abrasive flow in the 

near wall region, and the turbulence model is modified. Hence, the effect of cavitation on 

turbulent kinetic energy and the friction caused by the shear force are introduced into the 

model. Therefore, the modified realizable k-ε model can completely describe the turbulence 

dissipation in the SAF method. 

3. Numerical simulations 

3.1 Numerical model 

The soft abrasive flow machining device is mainly composed of abrasive flow inlet, 

turbulence generating device, constrained flow channel, work-piece surface and abrasive flow 

outlet, as shown in Fig. 1(7). Among them, the constrained flow channel is the research object 

in this paper, as shown in Fig. 1(11). 

 

1—Inlet; 2—Turbulence generator; 3—Detection line; 4—Constrained flow channel; 5—Outlet; 



6—Monitoring point a; 7—Monitoring point b; 8—Monitoring point c; 9—Ultrasonic vibration; 

10—Work-piece surface.  

Fig. 2 Numerical model for ultrasonic assisted soft abrasive flow processing 

According to the above device, a 3D numerical model for the soft abrasive flow field is 

set up (shown in Fig. 2), and the physical conditions are as follows: the inlet of the flow 

channel is a circular passage with a diameter of 10mm; the cylinder is a turbulence generator; 

the cuboid is the constrained flow channel, and it is 100mm long, 10mm wide, 5mm high. The 

soft abrasive flow develops into turbulence in the turbulence generating device and enters the 

constrained flow channel to polish the work-piece surface. The ultrasonic vibration acts on the 

upper surface of the constrained flow channel, and its function is regular sine function. The 

lower surface of the constrained flow channel is the work-piece surface. The physical 

parameters of soft abrasive flow are listed in Table 1. 

Table 1  Physical parameters of soft abrasive flow 

Parameters Values 

Particle-laden fluid Water 

Fluid viscosity / (Pa·s) 0.001 

Fluid density / (kg/m3) 998.2 

Abrasive particle  Al2O3 

Abrasive particle density / (kg/m3) 3500 

Abrasive particle fraction 10% 

Abrasive particle diameter / μm 10 

Because the ultrasonic vibration has an important influence on the flow field in the 

constrained flow channel, this paper analyzes the two-phase SAF method by different 

ultrasonic frequencies: 20 Hz and 40 Hz. The physical parameters of flow field are shown in 

Table 2. The pressure discretization is interpolated by the standard algorithm. The scheme of 

the pressure-velocity coupling is semi-implicit method for pressure-linked equations 

(SIMPLE), and the finite volume method is used to discretize the momentum, and turbulent 

kinetic energy according to the first-order upwind scheme. 

Table 2  Physical parameters of flow field 



Parameters Values 

Inlet velocity / (m/s)  20 

Outlet static pressure / Pa 0 

Boundary vibration amplitude / μm 20 

Boundary vibration frequency / kHz 0, 20, 40 

 

3.2 Cavitation effect 

After loading the ultrasonic vibration, the cavitation effect produced by ultrasonic in the 

liquid disturbs the distribution of velocity and turbulent kinetic energy intensity in the 

constrained flow channel, so as to strengthen the diffusion of each phase and promote the 

distribution of abrasive particles. Therefore, the characteristics of velocity distribution and 

turbulence intensity distribution in the constrained flow channel are the focus of this paper. 

Since the velocity profile can reflect the flow field state of polishing process, the velocity 

profiles near the work-piece surface of the steady state about different ultrasonic frequencies 

are acquired, as shown in Fig. 3, where the legend represents the ultrasonic frequencies.  

 

(a) Stationary boundary; (b) f = 40 kHz. 

Fig. 3 Velocity profiles of the constrained flow channel 

In Fig. 3, different colors represent different velocity of the abrasive flow. The flow rate 

of the left inlet is stable at 20m/s, and the right constrained flow channel is the main research 

object of this paper. After loading ultrasonic vibration, the velocity in the constrained flow 

channel is enhanced and the distribution is more uniform. Especially at the edge of 

work-piece surface, its uniformity is improved. In the region of ultrasonic vibration, local 



deceleration spots appear randomly in the flow field, as shown in Fig. 3(b). The main reason 

for the deceleration spots is the ultrasonic cavitation effect caused by the loading ultrasonic 

vibration, which leads to the local high pressure and high temperature and cause the 

stagnation of the flow field. From the perspective of velocity distribution, the ultrasonic 

vibration makes the whole work-piece surface get better uniformity, and it can improve the 

machining accuracy and efficiency of soft abrasive flow.  

3.3 Effect of ultrasonic vibration on turbulent kinetic energy 

The turbulent kinetic energy is also a necessary physical parameter to characterize the 

turbulent performance of the constrained flow channel. Turbulent kinetic energy reflects the 

magnitude of turbulent pulsation energy. With the increase of turbulent kinetic energy, the 

abrasive particles collide more frequently with the work-piece surface, and the disordered 

motion of abrasive particles can improve the machining efficiency and precision. Therefore, 

the turbulent kinetic energy profile of the stable state in the absence of ultrasonic action is 

acquired, as shown in Fig. 4, and different colors represent different turbulent kinetic energy. 

 

Fig. 4 Turbulent kinetic energy profile of the constrained flow channel 

As the fluid flows from the turbulence generator to the constrained flow channel, the 

turbulent kinetic energy is reduced because of the molecular viscosity. The turbulent kinetic 

energy of the fluid near the wall decreases faster due to the viscous resistance of the wall. 

Apparently, the dissipation of turbulent kinetic energy not only reduces the efficiency of SAF 

polishing, but also affects the polishing uniformity.  

In the transition region between the turbulence generator and the confined flow channel, 

the turbulent kinetic energy increases sharply due to the change of the flow channel size. 

However, the turbulent kinetic energy of the transition region is too strong to observe the 

distribution of the turbulent kinetic energy clearly in the constrained flow channel, and the 

transition region is not within the scope of processing. Hence, in order to facilitate the 

comparative analysis of the turbulent kinetic energy of the work-piece surface, the turbulent 

kinetic energy of the transition region should be filtered out. With respect to the issue, the 

turbulent kinetic energy profiles of the stable states about different ultrasonic frequencies are 

obtained, as shown in Fig. 5, where the legend represents the ultrasonic frequencies.   



 

(a) Stationary boundary; (b) f = 20 kHz; (c) f = 40 kHz. 

Fig. 5 Turbulent kinetic energy profiles for different ultrasonic frequencies 

It is easy to see that the turbulent kinetic energy in the core processing region is 

enhanced after loading the ultrasonic vibration. Accordingly, the higher ultrasonic frequency 

will cause the stronger turbulent kinetic energy, which proves that the turbulent kinetic energy 

dissipation can be alleviated by the ultrasonic vibration. In Fig. 5(b) and Fig. 5(c), owing to 

the higher ultrasonic frequency, the stronger turbulent kinetic energy is distributed in the core 

processing region, and form a uniform processing surface. The above results show that the 

enhancement of ultrasonic frequency not only improves the processing efficiency, but also 

greatly improves the polishing uniformity. 

As for a further study on the relation of ultrasonic vibration and flow field, the three 

monitoring points near the work-piece surface are selected, as shown in Fig. 2(6) ~ Fig. 2(8). 

Subsequently, the turbulent kinetic energy time-varied waves of the three monitoring points 

are obtained, as shown in Fig. 6, where the legend represents the x coordinate of each point. 

From the figure, it can be inferred that the turbulent kinetic energy of each monitoring point is 

affected by the ultrasonic vibration, and its turbulent kinetic energy intensity is positively 

correlated with the ultrasonic frequency. Moreover, each monitoring point has a smooth 

transition region in which the turbulent kinetic energy reaches a stable value and does not 

change with time. The smooth transition region divides the entire curve into two parts, the 

front part is called region A, and the back part is called region B. The increase of turbulent 

kinetic energy in region A is mainly caused by the ultrasonic vibration of flow channel. Then 

in the smooth transition region, the turbulent kinetic energy dissipation in the constrained 

flow channel is consistent with the turbulent kinetic energy generated by the ultrasonic 

vibration. After the smooth transition region, the soft abrasive flow passes through the 

turbulence generator into the constrained flow channel. At this point, under the combined 



action of the ultrasonic vibration and the turbulent abrasive flow, the turbulent kinetic energy 

of the flow field continues to rise and finally reaches a stable state. 

   

(a) x = 40 mm; (b) x = 70 mm; (c) x = 100 mm. 

Fig. 6 Turbulent kinetic energy time-varied waves for different monitoring points 

By comparing the three monitoring points, it is easy to see that the turbulent kinetic 

energy of the point a almost remains unchanged in region A, while the turbulent kinetic 

energy of the point c increases most rapidly. Apparently, the turbulent kinetic energy increases 

faster with the increase of ultrasonic frequency. The above results show that the turbulent 

kinetic energy of each point in region A is related to its location, and the effect of ultrasonic 

vibration is more obvious when the monitoring point is farther away from the turbulence 

generator. 

However, the variation of the turbulent kinetic energy of each point in region B is 

opposite to that in region A, and the turbulent kinetic energy of point a rises rapidly in region 

B with the largest increase amplitude. The increase of turbulent kinetic energy in region B is 

mainly caused by the abrasive flow from the turbulence generator. The above results show 

that the turbulent kinetic energy of each point in region B is also related to its location, and 

the effect of the abrasive flow from the turbulence generator is more obvious when the 

monitoring point is closer to the turbulence generator. 

In order to study further the relation of ultrasonic vibration and flow field, the detection 

line near the work-piece surface are selected, as shown in Fig. 2(3). Then the turbulent kinetic 

energy waves of the stable states along the detection line about different ultrasonic 

frequencies are extracted, as is shown in Fig. 7. With the increase of x coordinate, the energy 

dissipation caused by the viscous resistance of the flow channel wall reduces the turbulent 

kinetic energy of the flow field. In the absence of ultrasonic vibration, the turbulent kinetic 

energy decreases rapidly. Especially in the latter half of the constrained flow channel, the 

turbulent kinetic energy tends to zero. This phenomenon of energy dissipation not only 

reduces the machining efficiency of the SAF method, but also affects the uniformity of the 

work-piece surface. By comparing the three simulation curves, it can be inferred that the 

turbulent kinetic energy of the whole flow channel is enhanced after loading ultrasonic 



vibration. The turbulent kinetic energy of f = 40 kHz is twice that of f = 20 kHz, and the curve 

of f = 40 kHz has the best uniformity. So that the machining efficiency and uniformity depend 

on the ultrasonic frequency, and they have a positive correlation.  

 

Fig. 7 Turbulent kinetic energy waves for different ultrasonic frequencies  

The above phenomenon is with important reference value for the ultrasonic assisted SAF 

processing technologies, i.e. the ultrasonic vibration method might improve machining 

efficiency of the SAF method. 

4. Polishing experiments and result discussion 

4.1 Experimental setup 

  In order to verify the correctness and effectiveness of the flow field strengthening 

method in this paper, it is necessary to carry out the machining experiment. With respect to 

the issue, an ultrasonic assisted machining device for the SAF method is built in this paper, as 

shown in Fig. 8. The ultrasonic vibrator transmits the ultrasonic vibration to the constrained 

flow channel through the constraint module, and the soft abrasive flow in the flow channel 

will polish the test sample.  

 

1—Ultrasonic transducer; 2—Ultrasonic vibrator; 3—Cover plate; 4—Constraint module; 5—Base and 
constraint flow channel; 6—Test sample. 

Fig. 8 Turbulent kinetic energy waves for different ultrasonic frequencies 



  In this paper, two rectangular metal test samples with the same material and roughness 

are selected for comparison. One of them is processed by the SAF processing without 

ultrasonic excitation, while the other one is processed by the ultrasonic assisted SAF 

processing. The test samples are 100mm long, 10mm wide, 5mm high, and the initial surface 

roughness is 1μm.  

 Fig. 8(6) shows the position of measuring points on the work-piece surface, there are nine 

measuring points and they are located at the entrance, middle and exit of the work-piece 

surface. The surface roughness of each region is the average roughness of the three points in 

the corresponding region. In this paper, the processing experiment is carried out for 24 hours, 

and the samples are measured every two hours. 

4.2 Polishing results and discussion 

  It is well that the surface roughness is a necessary physical parameter to characterize the  

polishing effect. Therefore, the surface roughness time-varied waves of the three regions are 

acquired, as shown in Fig. 9.  

  From the Fig. 9(a), the following regulars can be acquired. It takes about 16 hours for the 

surface roughness to reach 0.1μm at the entrance of the sample without the ultrasonic 

vibration, and then the surface roughness increase slightly. The motion track of abrasive 

particles is single due to the weak turbulent kinetic energy, so the surface roughness is 

increased by micro-cutting in a single direction. However, it only takes about 10 hours for the 

surface roughness to reach 0.1μm with the ultrasonic vibration, and the surface roughness 

remains constant after reaching the minimum value. The result indicates that ultrasonic 

cavitation enhances the turbulence intensity and makes the motion track of the abrasive 

particles complex and changeable, thus avoiding continuous cutting in a single direction. 

   

(a) Entrance; (b) Middle; (c) Exit. 

Fig. 9 Surface roughness time-varied waves for different regions 

From the Fig. 9(b), the regulars at the middle of the sample can be described. The 

surface roughness of the sample with the ultrasonic vibration reach the minimum value about 

4 hours earlier than that without ultrasonic vibration. The material removal efficiency is 



significantly improved, and the stability of the SAF processing is maintained. The Fig. 9(c) 

shows the variation of turbulent kinetic energy of the sample exit. After 18 hours of 

processing, the surface roughness of the sample with ultrasonic vibration remains at about 

0.1μm, and the processing effect of ultrasonic vibration is still better than that without 

ultrasonic vibration. 

The above results fully prove that the surface roughness of the sample with ultrasonic 

vibration decreases significantly faster at any position, and the polishing efficiency of the 

SAF method is improved by loading ultrasonic vibration.  

 

Fig. 10 Surface roughness time-varied waves 

Subsequently, to analyze the overall uniformity of the ultrasonic assisted SAF processing 

method, the surface roughness time-varied waves of each region are shown in Fig. 10. As can 

be seen from the figure, the decrease rate of the surface roughness at the entrance is 

significantly faster than that at the other two positions, because the turbulence intensity is the 

strongest at the entrance. Moreover, in combination with the results in Fig. 9, it can be 

inferred that although the surface roughness of the exit decreases at the slowest rate, the 

ultrasonic vibration can increase the processing efficiency appropriately. 

(a)

 

(b)

 

(c)

 

(d)

 

(e)

 

(f)

 



(a) t = 0 h; (b) t =8 h; (c) t = 24 h; (d) t = 0 h; (e) t = 8 h; (f) t = 24 h. 

Fig. 11 Surface topographies of the sample inlets 

Fig. 11(a) ~ Fig. 11(c) shows the surface topographies of the sample inlets without 

ultrasonic vibration magnified by 500 times, and Fig. 11(d) ~ Fig. 11(f) shows the surface 

topographies with ultrasonic vibration. As shown in the figure, the sample surfaces become 

more smooth after 8 hours of processing. By comparing Fig. 11(b) with Fig. 11(e), it is 

obvious that the ultrasonic assisted SAF method presents better processing effect. 

After 24 hours of processing, some surface textures parallel to the flow direction of the 

soft abrasive flow appear on the surface of the sample in Fig. 11(c), which is consistent with 

the increase of the surface roughness in the later stage in Fig. 9(a). The above situation is not 

obvious in Fig. 11(f), which indicates that ultrasonic vibration can effectively inhibit the 

secondary processing of the sample by abrasive particles, and the uneven machining effect of 

the sample surface caused by the uneven distribution of turbulent kinetic energy can be 

improved. 

5. Conclusions 

To acquire the ultrasonic assisted mechanism and flow field profile regulars of the SAF 

processing, a two-phase 3D fluid mechanic modeling-solving method is proposed. The 

corresponding research works have been performed, and the main conclusions are as follows. 

(1) Ultrasonic vibration can induce the cavitation effect and enhance the turbulence 

intensity of soft abrasive flow in the constrained flow channel. By the increment of ultrasonic 

frequency, the turbulence intensity of flow increases. 

(2) The influence of ultrasonic vibration on the middle and outlet of the confined flow 

passage is more significant. 

(3) At the late stage of the SAF polishing, the abrasive particles continuously cut the 

work-piece surface in a single direction, which improves the surface roughness of the 

work-piece. The above problem can be improved obviously by ultrasonic vibration. 

(4) Ultrasonic assisted soft abrasive flow method can improve the machining efficiency 

and uniformity, so as to achieve the purpose of carbon emission reduction. 
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