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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 ultrasonic-assisted SAF processing is proposed. The acoustics-fluid coupling mechanic model based on
the realizable k- model and Helmholtz equation is built to analyze the cavitation effect. The results show that the pro-
posed modeling and solution method oriented to ultrasonic-assisted SAF processing have better revealed the flow
field evolution mechanism. The turbulence kinetic energy at different ultrasonic frequencies and amplitudes is stud-
ied. Simulation results show that the ultrasonic vibration can induce a cavitation effect in the constrained flow chan-
nel and promote the turbulence intensity and uniformity of the abrasive flow. A set of comparative polishing experi-
ments 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, to achieve
the purpose of carbon emission reduction. The relevant result can offer a helpful reference for the SAF method.
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1 Introduction

Precision and ultra-precision mechanical parts play a sig-
nificant role in the development of the aerospace indus-
try, national defence industry, and microelectronics
industry [1-3]. Finishing technology is a typical means to
improve the surface quality of parts and reduce the sur-
face roughness of work-piece [4, 5]. However, the tradi-
tional mechanical finishing method is not competent for
some structured surfaces with small sizes and complex
structures [6—8].
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The soft abrasive flow (SAF) machining method [9] 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 charac-
terized by low viscosity is firstly mixed in the tank, and
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, where the flow velocity is up to the maxi-
mum, and the particle accumulation effect occurs. The
work-piece surface located in the constrained flow chan-
nel is continuously impacted by the abrasive particles to
achieve the surface polishing, as shown in Figure 1. How-
ever, 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 enormous energy, which is not in line with the
concept of carbon emission reduction in industrial pro-
duction [10].
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Figure 1 Schematic of soft abrasive flow processing: 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

To resolve the above matter, many research works
have been performed. In 2011, Ji et al. proposed a
design method for the sliding constraint module and
verified the finishing efficiency through the experi-
ment [11]. In 2012, Tan et al. researched the abrasive
particle group distribution, dynamic characteristics,
and near-wall micro-cutting mechanism in the con-
strained flow channel. They verified the feasibility and
reliability of the SAF polishing method [12]. In 2012,
Ji et al. presented a two-dimensional SAF dynamic
model based on the topological structure transforma-
tion of the level set method (LSM). The model could
describe the movement of the particles in turbulent
flow and reveal the dynamical variation regulars of
the phase surface of two-phase abrasive flow [13]. In
2016, Tan et al. redesigned the constrained flow pas-
sage using the fluid collision theory and presented a
double-inlet SAF polishing method [14]. 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 the computational
fluid dynamics-population balance model coupled
method. They concluded that the effect of bubble col-
lapse can effectively improve the processing efficiency
and precision of the SAF method [15]. In 2018, Zhang
et al. analyzed the processing mechanism on the cur-
vature surface of the titanium alloy work-piece by the
abrasive flow, and proposed a new material removal
model of abrasive flow to reveal the processing regu-
larities for complex geometric surfaces of titanium
alloy artificial joints [16]. In 2018, Zhang et al. con-
ducted a numerical simulation and experiment, and
found that the lapping flow polishing efficiency and
quality of complex titanium alloy surfaces could be
improved by the triangular-constrained plates [17].
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In 2020, Li et al. simulated the SAF field, and meas-
ured the SAF field by particle image velocimetry (PIV)
to obtain its flow field characteristics [18]. In 2020,
Li et al. proposed a calculation model to predict the
motion locus of particles moving to a wall in boundary
layers [19]. In 2021, Ge et al. proposed an ultrasonic
assisted SAF method to resolve the low-polishing effi-
ciency problem caused by the turbulent layer separa-
tion in SAF processing [20]. In 2021, Ge et al. adopted
an innovative technique of a cavitation-based gas-liq-
uid-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 [21]. In 2021, Hu et al. analyzed the
mechanism of the three-phase abrasive flow polishing
method and built the three-phase abrasive flow model
by the volume of fluid (VOF) method. It shows the
jet effect produced by bubble collapse can effectively
enhance the velocity and turbulent kinetic energy of
local fluid [22]. In 2022, Zhou et al. built a basic SAF
polishing mode with universal guiding significance
and studied the effect of the spatial structure of con-
strained space on SAF polishing [23]. In 2023, Tan
et al. established a mechanical dynamic model of the
machining apparatus to obtain the flow field distribu-
tion of different structural parameters and developed
an optimized processing apparatus to improve the
machining efficiency [24].

From the above references, it can be inferred that cur-
rent studies on the SAF method mainly focus on the fac-
ets of physical simulation and numerical modeling. The
development degree of fluid turbulence is the main fac-
tor affecting the finishing effect of the SAF method [25].
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 inadequate,
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 process-
ing efficiency of the SAF method to achieve the purpose
of carbon emission reduction. To resolve the above prob-
lems, a SAF polishing method using boundary ultrasonic
vibration is presented in this paper [26]. As an acoustic
emission technology, ultrasonic vibration can generate
sound pressure and cavitation energy stably [27, 28]. 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 a
large computation load [29]. The relevant difficult point is
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the technological absence of a sound-fluid coupling mod-
eling method for the SAF, which makes it challenging to
reveal the ultrasonic assisted SAF processing mechanism.

In this paper, the leading scientific contribution is to
propose a sound-fluid coupling modeling method ori-
ented on the SAF, which can provide theoretical guides
for researchers studying the ultrasonic assisted SAF pro-
cessing mechanism. The multi-physical model, which
includes a sound field and the flow field 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 of the
proposed method, and the comparative polishing experi-
ments 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 incompressible viscous
fluid and keeps the continuity in the processing [30].
Therefore, it accords with the continuity equation and
Navier-Stokes (N-S) equation [31, 32]
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where 4, p; (i, j=1, 2, 3) represent the components of
velocity vector y in three coordinate directions; x;, x;
represent the direction vector in three coordinate direc-
tions, p is the fluid pressure; p is the fluid density; p is
the kinetic viscosity; K; is the gravity component; ¢ is the

time, and 7 is the turbulent Reynolds stress:

T=—puiu; =1 @+Tm’ (3)

where p1;, ;" are the fluctuation velocity values, and 7 is
the 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 [33, 34]. More-
over, the soft abrasive flow is a sparse two-phase flow
[35]. 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 con-
strained flow channel [36]. The selection of a solid-liquid
two-phase flow model mainly depends on the volume
fraction of soft abrasive in solution. The abrasive fraction
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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 [37]. Therefore, the Mixture model is used as the
basic numerical model in this paper [38].

The Mixture model solves the momentum equation
of the two-phase flow and describes the discrete phase
through the relative velocity [39, 40]. The continuous
equation of the mixed phase is

%(pm) + V- (omVm) = m, (4)

where p,, is the mixture density; v,, is the average veloc-
ity, and m is the mass transfer caused by the user-defined
quality source or cavitation.

The momentum equation of the mixed phase is

d
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2.2 Turbulence Model

Soft abrasive flow polishing is a complex nonlinear
mechanic matter, and the disordered turbulent motion
makes the work-piece surface obtain a relatively uni-
form surface texture. The soft abrasive flow field can be
described by the turbulence models.

Under the larger time-averaged strain rate, the stand-
ard k-¢ turbulence model might cause negative normal
stress. Then, the normal stress item requires one or sev-
eral mathematical constraints to make the turbulence
computation accord with factual fluid motion regulars
[41]. To resolve the above problem, the realizable k-¢
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 viscos-
ity equation and dissipation rate equation [42, 43]:
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S TR 2 ZL) 2 £ Gy — pe,
ot + 0x; 8xj M+Gk axj + G~ pe
(6)
d(pe)  d(peu;)
ot 0X;
d e\ 0€ g2
=—|(pu+—|—| +CiEpe — Cop—,
32 o: ) 3% k + (ve)2
(7)



Ni et al. Chinese Journal of Mechanical Engineering (2023) 36:75

where k is the turbulent kinetic energy; 4, is the turbulent
viscosity coefficient; y is the turbulent dissipation rate; oy,
o, are the Prandtl number of k and ¢ respectively; G is
turbulent kinetic energy caused by average velocity gradi-
ent; E is the fluid strain; v is the kinematic viscosity; C;=
1.44, and C,=1.92.
For the standard k-¢ model, the expression of the tur-
bulent viscosity coefficient is
2
e = pC,Lk? (8)

where C, is a constant. On the contrary, the realizable k-¢
model takes C, as a variable:
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From the above equation, it can be inferred that it is a
function of the time-averaged strain, coordinate rotat-
ing velocity, angular velocity, and turbulent parameters
[44]. Therefore, the realizable k-¢ model can accurately
describe the inertial components of boundary layer fluid.
Compared with the standard k-¢ model and the renor-
malization group (RNG) k-€ model, it has the mathemati-
cal 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
the realizable k-¢ 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 sound propagation
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 con-
trolled by the wave equation:

1
V. (—Vp> =0,
L0

where ¢ is the time, p, is the fluid density, and 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 har-
monic solution is as

1 3%

— 10
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px, t) = p(x)e™. (11)

The actual (instantaneous) physical value of the pressure
is the real part of the above equation. Based on this hypo-
thetical pressure field, the transient wave equation can be
reduced to the well-known Helmholtz equation:

(12)

The periodic sound pressure fluctuation caused by ultra-
sonic 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 phe-
nomenon [45, 46]. There is no perfect solution to the simu-
lation of ultrasonic cavitation in the 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 to carry out more accu-
rate simulation research [47, 48]. The sound power of the
sound field acts on the soft abrasive flow through sound
pressure and its various effects. Sound power is the total
energy radiated by a sound source per unit of time in space.
In order to obtain the expression of sound power, it is nec-
essary to derive the average sound energy density of the
sound field. The energy provided by the sound vibration in
the sound field is
1

Ex = 7:00/1“2 v,

: (13)

where p, is the fluid density, and its corresponding poten-
tial energy is

P
E, = —/ PdV = Ap®. 14
Y 0 2p0ch (14)
The energy density of sound is
E,+Ex 1 5, 1Ap?
£=— =Pkt 2 ook (15)

When the energy of the sound field is applied to the lig-
uid phase, 4%—35% of the energy is transferred through
the cavitation effect. Based on the realizable k-¢ model, the
transport equation of turbulent kinetic energy k is modified
as
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where S, 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, polishing is achieved by the
collision and friction of the abrasive particles on the
work-piece surface. In particular, a large amount of tur-
bulent kinetic energy is consumed by the friction colli-
sion between the particles and the work-piece surfaces
after the ultrasonic vibration. However, the turbulence
dissipation caused by friction is not reflected in the above
transport equation of turbulent kinetic energy dissipa-
tion. Therefore, the turbulent kinetic energy dissipation
equation of the realizable k-¢ model is modified as
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where Se 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 reac-
tion 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, and the other one
is the inertial shear stress caused by turbulence pulsation
and momentum exchange between upper and lower lay-
ers of particles, its expression is

du k_ ok
T=1+0=pnr— —pu'v,

&y (18)

where y is the fluid viscosity; #* and v* are the instanta-
neous fluctuating velocity.

To sum up, through the analysis of the turbulent state
of the soft abrasive flow in the near wall region, the tur-
bulence model is modified [49]. Hence, the effect of
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cavitation on turbulent kinetic energy and the friction
caused by the shear force is introduced into the model
[50]. Therefore, the modified realizable k-¢ 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 com-
posed of abrasive flow inlet, turbulence generating
device, constrained flow channel, work-piece surface,
and abrasive flow outlet, as shown in Figure 1(7). Among
them, the constrained flow channel is the research object
in this paper, as shown in Figure 1(11).

According to the above device, a 3D numerical model
for the soft abrasive flow field is set up (shown in Fig-
ure 2). The numerical model adopts the free tetrahedral
structure mesh and the total number of grid cells used for
the flow passage is 130390. The physical conditions are as
follows: the inlet of the flow channel is a circular passage
with a diameter of 10 mm, and its boundary condition is
the flow velocity inlet; the cylinder is a turbulence gen-
erator; the cuboid is the constrained flow channel, and
it is 100 mm long, 10 mm wide, 5 mm high; the bound-
ary condition of the outlet is the pressure outlet. The soft
abrasive flow develops into turbulence in the turbulence
generating device and enters the constrained flow chan-
nel to polish the work-piece surface. The ultrasonic vibra-
tion acts on the upper surface of the constrained flow
channel, and its function is

W = Asin (2nft), (19)
where A is the ultrasonic vibration amplitude, and f'is the
vibration ultrasonic frequency.

) .\I/, hy
0

Figure 2 Numerical model for ultrasonic assisted soft abrasive
flow processing: 1. Inlet, 2. Turbulence generator, 3. Detection line,
4. Constrained flow channel, 5. Outlet, 6. Monitoring point g, 7.
Monitoring point b, 8. Monitoring point ¢, 9. Ultrasonic vibration, 10.
Work-piece surface
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Table 1 Physical parameters of soft abrasive flow

Parameters Values
Particle-laden fluid Water
Fluid viscosity (Pa-s) 0.001
Fluid density (kg/m?) 998.2
Abrasive particle AlLO;
Abrasive particle density (kg/m?) 3500
Abrasive particle fraction 10%
Abrasive particle diameter (um) 10
Table 2 Physical parameters of the flow field

Parameters Values
Inlet velocity (m/s) 20
Outlet static pressure (Pa) 0
Boundary vibration amplitude (um) 10,20
Boundary vibration frequency (kHz) 0,20 40

The lower surface of the constrained flow channel is the
work-piece surface. The physical parameters of soft abra-
sive flow are listed in Table 1.

Due to the effect of ultrasonic vibration on SAF pol-
ishing, the flow field at the different frequencies and
amplitudes were calculated respectively. The physical
parameters of the flow field are shown in Table 2. The
pressure discretization is interpolated by the standard
algorithm. The scheme of the pressure-velocity cou-
pling is the 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 [51, 52].

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 charac-
teristics 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 the polishing process, the velocity profiles near the
work-piece surface of the steady state are acquired, as
shown in Figure 3.
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Figure 3 Velocity profiles of the constrained flow channel: (a)
Stationary boundary, (b) A= 20 um, f= 40 kHz
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Figure 4 Turbulent kinetic energy profile of the constrained flow
channel

In Figure 3, different colors represent different veloci-
ties of the abrasive flow. The flow rate of the left inlet is
stable at 20 m/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 uni-
form. Especially at the edge of the work-piece surface, its
uniformity is improved. In the region of ultrasonic vibra-
tion, local deceleration spots appear randomly in the
flow field, as shown in Figure 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 causes
the stagnation of the flow field. From the perspective
of velocity distribution, the ultrasonic vibration makes
the whole work-piece surface more uniform, 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 abra-
sive particles collide more frequently with the work-piece
surface, and the disordered motion of abrasive particles
can improve the machining efficiency and precision.



Ni et al. Chinese Journal of Mechanical Engineering (2023) 36:75

Therefore, the turbulent kinetic energy profile of the sta-
ble state in the absence of ultrasonic action is acquired, as
shown in Figure 4, and different colors represent different
turbulent kinetic energy.

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 pol-
ishing uniformity.

In the transition region between the turbulence genera-
tor 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 with different ultrasonic frequencies are
obtained, as shown in Figure 5, where the ultrasound
amplitude is 20 pm.

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 a stronger turbulent kinetic energy,
which proves that the turbulent kinetic energy dissipa-
tion can be alleviated by ultrasonic vibration. In Fig-
ure 5(b and c), owing to the higher ultrasonic frequency,
the stronger turbulent kinetic energy is distributed in the
core processing region, and forms a uniform processing
surface. The above results show that the enhancement
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Figure 5 Turbulent kinetic energy profiles for different ultrasonic
frequencies: (a) Stationary boundary, (b) f= 20 kHz; (c) f= 40 kHz
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Figure 6 Turbulent kinetic energy profiles for different ultrasonic
amplitudes: (a) Stationary boundary, (b) A= 10 um, (c) A =20 um

of ultrasonic frequency not only improves the process-
ing efficiency, but also markedly improves the polishing
uniformity.

In order to study the effect of the ultrasonic amplitude
on the SAF polishing, the turbulent kinetic energy pro-
files of the stable states with different ultrasonic ampli-
tudes are obtained, as shown in Figure 6, where the
ultrasound frequency is 40 kHz. In Figure 6, the increase
of the ultrasonic vibration amplitude can improve the
turbulent kinetic energy near the work-piece, which indi-
cates that the high vibration amplitude is beneficial to the
increase of the particle-wall impacting frequency.

As for a further study on the relationship between
ultrasonic vibration and flow field, the three monitor-
ing points near the work-piece surface are selected, as
shown in Figure 2(6-8). Subsequently, the turbulent
kinetic energy time-varied waves of the three monitor-
ing points are obtained, as shown in Figure 7, where the
legend represents the x coordinate of each point, and the
ultrasound amplitude is 20 pum. From the figure, it can be
inferred that the turbulent kinetic energy of each moni-
toring point is affected by the ultrasonic vibration, and its
turbulent kinetic energy intensity is positively correlated
with the ultrasonic frequency. Moreover, each monitor-
ing 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 the flow chan-
nel. 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 turbu-
lence generator into the constrained flow channel. At this



Ni et al. Chinese Journal of Mechanical Engineering (2023) 36:75

(a)

10

—a— Stationary boundary
—e— 20kHz
—&— 40kHz s

PP PR O U7 S e Ty

oe
T

=]

Turbulent kinetic energy (m*/s*)

[35]

Time (ms)

(c)

Page 8 of 14
(b)
8
—&— Stationary boundary
—eo— 20kHz
»;6 —&— 40kHz bl b
E
-y
23
5
5
24r
2
£
s
o
=2k
22
1 , -f".l'...— | |
0 3 6 9 12 15

Time (ms)

—o— 20kHz
—A— 40kHz

2,9

>N
T

—a=— Stationary boundary

Turbulent kinetic energy (m*/s*)

0 1

0 3 6

Time (ms)

Figure 7 Turbulent kinetic energy time-varied waves for different monitoring points: (@) x =40 mm, (b) x = 70 mm, (c) x = 100 mm

point, under the combined action of the ultrasonic vibra-
tion and the turbulent abrasive flow, the turbulent kinetic
energy of the flow field continues to rise and finally
reaches a stable state.

By comparing the three monitoring points, it is easy
to see that the turbulent kinetic energy of point a almost
remains unchanged in region A, while the turbulent
kinetic energy of point ¢ increases most rapidly. Appar-
ently, 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 pronounced 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 most significant increase
in 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
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flow from the turbulence generator is more pronounced
when the monitoring point is closer to the turbulence
generator.

The turbulent kinetic energy in the constrained flow
channel is also related to the ultrasonic amplitude. The
time-varied waves of the three monitoring points are
obtained, as shown in Figure 8, where the ultrasound
frequency is 40 kHz. The trend of the turbulent kinetic
energy at different ultrasound amplitudes is the same.
If the ultrasound amplitude rise, the turbulent kinetic
energy curve becomes steeper. It indicates that the
rate of the turbulent kinetic energy change is faster at
higher ultrasound amplitude.

In order to study further the relationship between
ultrasonic vibration and flow field, the detection line
near the work-piece surface is selected, as shown in Fig-
ure 2(3). Then the turbulent kinetic energy waves of the
stable states along the detection line about different ultra-
sonic frequencies are extracted, as is shown in Figure 9.
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 be zero. This phenomenon of energy dis-
sipation not only reduces the machining efficiency of the
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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 the flow chan-
nel loaded with 40 kHz ultrasonic vibration is twice that
of the flow channel loaded with 20 kHz, and the curve of
40 kHz ultrasonic vibration has the best uniformity. So
the machining efficiency and uniformity depend on the
ultrasonic frequency, and they have a positive correlation.

Figure 10 shows the cases with different amplitudes,
and the frequency is 40 kHz. The curve of turbulent
kinetic energy is similar to Figure 9, and it shows a
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downward trend. Figure 10 shows that increasing the
amplitude of ultrasonic vibration can also increase the
turbulent kinetic energy. The effect of the ultrasonic
wave with an amplitude of 20 pm on the turbulent
kinetic energy is much more significant than that of 10
pm.

The above phenomenon is with a significant refer-
ence value for the ultrasonic assisted SAF processing
technologies, that is, the ultrasonic vibration method
might improve the 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 nec-
essary to carry out the machining experiment[53]. For
the issue, an ultrasonic assisted machining device for the
SAF method is built in this paper, as shown in Figure 11.
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.

In this paper, two rectangular metal test samples with
the same material and roughness are selected for com-
parison. One of them is processed by SAF processing
without ultrasonic excitation, while the other one is pro-
cessed by ultrasonic assisted SAF processing. The test
samples are 100 mm long, 10 mm wide, 5 mm high, and
the initial surface roughness is 1 um.

Figure 11(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 h, and the samples are
measured every two hours.

¢
\|
v

- N
- e e NOL

; Entrance Exit |

) I N
e S

Figure 11 The ultrasonic assisted machining device: 1. Ultrasonic
transducer, 2. Ultrasonic vibrator, 3. Cover plate, 4. Constraint module,
5. Base and constraint flow channel, 6. Test sample
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4.2 Polishing Results and Discussion

It is well that 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 Figure 12.

From Figure 12(a), the following regulars can be
acquired. It takes about 16 h for the surface roughness
to reach 0.1 pm at the entrance of the sample without
the ultrasonic vibration, and then the surface rough-
ness increase slightly. The motion track of abrasive par-
ticles 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 h
for the surface roughness to reach 0.1 pm with ultrasonic

vibration, and the surface roughness remains constant
after reaching the minimum value. The result indicates
that ultrasonic cavitation enhances the turbulence inten-
sity and makes the motion track of the abrasive particles
complex and changeable, thus avoiding continuous cut-
ting in a single direction.

From Figure 12(b), the regulars in the middle of the
sample can be described. The surface roughness of the
sample with the ultrasonic vibration reaches the mini-
mum value about 4 h earlier than that without ultrasonic
vibration. The material removal efficiency is signifi-
cantly improved, and the stability of the SAF processing
is maintained. Figure 12(c) shows the variation of the
turbulent kinetic energy of the sample exit. After 18 h
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of processing, the surface roughness of the sample with
ultrasonic vibration remains at about 0.1 pum, 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 signifi-
cantly faster at any position, and the polishing efficiency
of the SAF method is improved by loading ultrasonic
vibration.

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
Figure 13. As can be seen from the figure, the decrease
rate of the surface roughness at the entrance is signifi-
cantly 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 Figure 12,
it can be inferred that although the surface roughness of
the exit decreases at the slowest rate, the ultrasonic vibra-
tion can increase the processing efficiency appropriately.

Figure 14(a—c) shows the surface topographies of the
sample inlets without ultrasonic vibration magnified by
500 times, and Figure 14(d—f) shows the surface topog-
raphies with ultrasonic vibration. As shown in the figure,
the sample surfaces become more smooth after 8 h of
processing. By comparing Figure 14(b) with Figure 14(e),
it is evident that the ultrasonic assisted SAF method pre-
sents a better processing effect.

After 24 h of processing, some surface textures paral-
lel to the flow direction of the soft abrasive flow appear
on the sample’s surface in Figure 14(c), which is consist-
ent with the increase of the surface roughness in the later
stage in Figure 12(a). The above situation is not apparent
in Figure 14(f), which indicates that ultrasonic vibration
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Figure 14 Surface topographies of the sample inlets: (@) t =0 h, (b) t
=8h,(©t=24h(d)t=0h,(e)t=8hf)t=24h

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 distri-
bution of turbulent kinetic energy can be improved.

5 Conclusions

The soft abrasive flow (SAF) machining method is an
effective method for various structured surfaces, but its
processing efficiency is low. In view of the shortcom-
ings of the current SAF machining method, this paper
presents the ultrasonic assisted SAF method. The corre-
sponding research works have been performed, and the
main conclusions are as follows.

(1) An acoustics-fluid coupling mechanic model is set
up based on the realizable k-¢ model and Helmholtz
equation. Combined with the velocity profiles of the
flow fields, it can be found that ultrasonic vibration
can excite the cavitation effect in the flow field.

(2) The result of the simulation analysis shows the
amplitude and frequency of ultrasonic vibration
are the key factors affecting the turbulent kinetic
energy in the flow field. With the increment of
ultrasonic frequency and amplitude, the turbulence
intensity of the flow field increases. The turbulent
kinetic energy of the flow channel loaded with 40
kHz ultrasonic vibration is twice that of the flow
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channel loaded with 20 kHz, and the curve of 40
kHz ultrasonic vibration has the best uniformity.

(3) A set of comparative polishing experiments with
or without ultrasonic vibration are conducted to
explore the performance of the ultrasonic assisted
method. 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. The experiments show that ultrasonic
vibration can improve the processing efficiency and
uniformity of the SAF method.
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