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Abstract Soft abrasive flow (SAF) processing presents ad-
vantages in avoiding surface damages and adapting complex
workpiece shapes. However, the current SAF method exhibits
low processing efficiency for materials. To solve this problem,
a gas-liquid-solid three-phase abrasive flow processing meth-
od (GLSP) based on bubble collapsing is proposed. Through a
surface constrained module, a multi-inlet constrained flow
passage for silicon wafer processing is constructed, in which
the bubbles are injected into the abrasive flow to strengthen
the processing efficiency. On the basis of the Euler multi-
phase model and population balance model (PBM), a GLSP
fluid mechanic model is set up. Simulation results show that
the bubble collapse region can be controlled by designing the
flow passage structure and that the near-wall particle turbulent
motion can be strengthened by decreasing the fluid viscosity.
The observation and processing experiments show that the
most violent bubble collapsing occurs in the initial constrained
surface region. Bubble collapsing can result in an average
particle velocity increase from 12.90 to 15.97 m/s. The pro-
posed GLSPmethod can increase the processing efficiency by
50% compared with the SAF method, and the average surface
roughness can reach 2.84 nm.

Keywords Gas-liquid-solid three-phase abrasive flow .

Bubble collapsing . Hard-brittlematerial . Processing
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1 Introduction

Monocrystalline silicon, optical glass, and functional ceramic
are typical hard-brittle materials and are widely applied in the
precise device manufacturing involved in modern optics, elec-
tronic information, and thin film science [1–5]. The surface
quality of precise devices determines their reliabilities and
performances; therefore, it is essential to perform the precision
processing on the surfaces of various precise devices.

According to the differences in processing principles, the
current precision processing methods for hard-brittle materials
can be divided into two categories: tool-contact processing
and fluid-based processing. The irregular scratches and sur-
face damages in the former method are easily created if the
grinding force is non-uniform, especially when the sizes of
abrasive particles and impurities are inconsistent [6–11].
Meanwhile, the fluid in the latter method drives the particles
to impact on the workpiece surface and the intensity of
particle-wall collision is soft. When a particle with large size
contacts with the workpiece, the fluid can buffer the over-
impacting effects and the deep scratches and surface repeated
damages can be reduced.

The fluid-based processing methods mainly involve
magnetorheological finishing (MRF) [12], abrasive flow ma-
chining (AFM) [13], elastic emission machining (EEM) [14],
and different types of jet processing methods, such as abrasive
water jet (AWJ) [15] or magnetorheological jet polishing
(MJP) [16]. MRF and EEM can obtain extremely high preci-
sion surface and do not result in subsurface damage. AFM
needs to construct enclosed space on the workpiece and is
particularly suited for the processing of curved pipe. Jet pro-
cessing methods can realize deterministic processing of com-
plex cavity surface characterized by large length-diameter ra-
tio. When working on workpieces with irregular geometric
shape surfaces, such as curved holes, helical grooves, thin
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slots, or large curvature passages, the above-mentioned
methods are hard to satisfy the expected technical require-
ments. Consequently, a no-tool processing method, the so-
called soft abrasive flow (SAF) processing, is put forward
[17]. During the course of SAF processing, one or several
mechanical constrained modules are covered on the surface
of workpiece and an enclosed and re-circulating flow passage
can be constructed. The fluid medium of SAF is of low vis-
cosity and high flow velocity. Therefore, SAF can easily gen-
erate the turbulent flow state, which can improve the surface
quality and adapt complex geometric shapes.

SAF processing has been researched and applied in many
engineering fields, such as micro-electro-mechanical compo-
nents, precise molds, and complex titanium alloy surfaces,
because of its technical advantages. Ji et al. adopted the dis-
crete phase model (DPM) to set up the dynamic model orient-
ed to SAF, and the processing mechanism of SAF was re-
vealed. Their simulation results showed that the near-wall par-
ticle trajectories are disordered and that a uniform surface
quality is obtained [18]. According to the Nikuradse’s exper-
imental principles, Li et al. studied the motion regulars of SAF
and acquired the friction coefficient formulas suited for SAF
processing. Their experimental results showed that SAFmeth-
od can increase mold structural surface precision more than 10
times [19]. Zhang et al. used SAF processing to process tita-
nium alloy artificial joints and validated the effectiveness and
feasibility of this method by particle image velocimetry (PIV)
[20]. Tan et al. addressed the processing non-uniformity prob-
lem and improved the surface quality of single-inlet SAF pro-
cessing by introducing the fluid collision theory into the fluid-
based processing area and proposing a double-inlet
constrained passage. Their experimental results showed that
the average roughness on the parallel flowing direction proc-
essed by the double-inlet apparatus is less than 50 nm and that
the roughness curves show good convergence [21].

From the above-mentioned references, it can be inferred
that the SAF processing method can cover irregular geometric
surfaces and possess larger effective processing region. The
particle kinetic energy is provided mainly by pump, and the
flow passage structure can significantly influence the near-
wall particle turbulent motion. Owing to the restrictions of
flow passage structure and pump power, the current SAF
method exhibits low processing efficiency, especially on
hard-brittle materials. In addition, further strengthening the
near-wall particle turbulent motion can improve the process-
ing quality.

Related researches have suggested that gas bubbles may
collapse under certain conditions, such as intensive pressure
fluctuation, high turbulent disturbance, and multi-phase fluid
collision [22–24]. The collapse of a large number of bubbles
can generate innumerable micro-jets [25, 26], which can
strengthen the local flow velocity and turbulent kinetic energy.
In this study, bubbles are continuously injected into the SAF

to utilize the positive effects of bubble collapsing.
Furthermore, an improved fluid-based processing method for
the hard-brittle materials, namely, the gas-liquid-solid three-
phase abrasive flow processing method (GLSP), is proposed.
The bubble collapsing region can be controlled by designing
the flow passage structure and regulating the flow field pro-
files. According to the Preston equation, the kinetic energy of
particles is the key factor of material removal rate and the
randomness movement of particles is a necessary condition
to obtain a uniform surface texture. Under the effects of bub-
ble collapsing, the kinetic energy of particles can be enhanced
and the movement can be highly disordered.

Apparently, the solution of gas-liquid-solid three-phase flow
field and the validation of bubble injection effect are the key
scientific tasks of the paper. To address the above-mentioned
goals, the corresponding research procedures are conducted as
follows. First, on the basis of Euler multi-phase model and
population balance model (PBM), a GLSP fluid mechanical
model is set up. Accordingly, the preliminary flow field char-
acteristics and the bubble collapsing distribution are acquired.
On this basis, the optimal control parameters can be obtained.
Then, the simulation results for three-phase abrasive flow field
can be validated and the motion regulars and collapsing evo-
lution process of bubbles can be revealed using the PIV meth-
od. Finally, a GLSP processing experimental platform is devel-
oped, and the processing experiments for silicon wafer are
performed to check the effectiveness of the proposed method.

This paper is organized as follows. In Section 2, the work-
ing principle of GLSP method is presented. In Section 3, the
GLSP fluid mechanic model is set up. In Section 4, the bound-
ary conditions of the GLSP flow passage are described and the
numerical simulations for the flow field characteristics of the
constrained passage are performed. In Section 5, a PIV-based
observation platform is established and the observation results
are analyzed. In Section 6, a GLSP experimental platform is
developed, and the experiments are implemented. In
Section 7, the conclusions are presented.

2 Working principle and fluid mechanic model
of GLSP

The flow medium of GLSP is the gas-liquid-solid three-phase
abrasive flow with weak viscosity, in which the gas phase
contains large number of millimeter-size bubbles. First, the
liquid and the abrasive particles are mixed in advance (particle
concentration is approximately 10%) and the two-phase flow
medium is created. Then, the two-phase flow medium and the
gas are respectively pumped into a valve, thereby creating the
flow medium of GLSP (gas volume fraction is approximately
15%). After being mixed together, the three-phase flow medi-
um is injected into the inlets of the processing tool, as shown
in Fig. 1. Three brushes of abrasive flow from three inlets
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converge together in a non-constrained space, in which a
Rankine vortex is created by the fluid collision effects
(Fig. 1b). At the same time, the bubbles will collapse owing
to the fluid collision and the movements of abrasive particles
will become highly disordered. Finally, the mixed three-phase
abrasive flow enters into the constrained space, and the veloc-
ity reaches its maximum. The workpiece surface is processed
by the continuous particle-wall plow effects. When the abra-
sive flow enters into constrained space, a large number of
bubbles will collapse violently because of turbulent vortex,
and as a result, the particle motion will be enhanced.

From the above-mentioned processing principle, we can
find that the constrained flow passage, multi-directional abra-
sive flow injection, and the bubble injection are the three key

technological factors of GLSP. As shown in Fig. 1c, setting
the constrained flow passage can form the particle accumula-
tion effect, which will increase the number of effective pro-
cessing particles. Before entering into the constrained flow
passage, the effective processing particles locate mainly in
region B and are in a small amount. After entering into
constrained flow passage, the effective processing particles
locate in region A and the amount of it increases apparently.

The abrasive flow injecting from three different directions
can effectively promote the formation of turbulent vortex in
the constrained space, which can in turn increase the motion
randomness of particles and bubbles. Bubble injection mainly
aims to further improve the processing capabilities of parti-
cles. When a large number of bubbles collapse in a finite
physical space, the innumerable micro-jets will appear.
Accordingly, the kinetic energy and the disorder motion of
particles in the near-wall region can be strengthened.

2.1 Flow field control equations

According to the mechanical structure and working mode of
GLSPmethod, the research objective of this paper is the three-
phase fluid in a finite physical space and it should be described
by a multi-phase model. Euler multi-phase model can accu-
rately simulate the three-phase flow and the interaction among
the three phases through calculating the governing equations
of each phase [27–29]. The continuity and momentum equa-
tion of phase p are expressed as follows:

∂
∂t

αpρp
� �

þ ∇⋅ αpρpvp
� �

¼ ∑
n

p¼1
m˙ pq ð1Þ

∂
∂t

αpρpvp
� �

þ ∇⋅ αpρpvpvp
� �

¼ −αp∇pp þ ∇⋅τp

þ ∑
n

q¼1
Rpq þm˙ pqvpq
� �þ αpqρpqF

ð2Þ

where F =Fp +Flif, p +Fvm, p, αp, and ρp are the volume frac-
tion and fluid density of the phase p respectively, vp is the
velocity of the phase p, ṁpq is the mass transfer from the phase
p to phase q, Rpq is the interacting force between two phases,
pp is the pressure, vpq is the relative velocity between the phase
p and q,Fp is the external body force, andFlif, p is the lift force
acting on the phase q by phase p:

Flif ;p ¼ −0:5ρpαq vp−vq
�� ��� ∇� vp

� � ð3Þ

Fvm, p is the virtual mass force acting on the phase q by
phase p:

Fvm;p ¼ 0:5ρpαq
d pvp
� �
dt

−
d qvq
� �
dt

� �
ð4Þ

Fig. 1 Abridged view of GLSP method. a Orthogonal view of
processing tool. b Vertical view of processing tool. c Constrained
physical space structure: 1 inlet, 2 non-constrained space, 3 gas-liquid-
solid three-phase abrasive flow, 4 constrained module, 5 workpiece, 6
constrained flow passage, 7 fixture, 8 bubbles, 9 abrasive particle
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τp is the stress-strain tensor and is given as:

τp ¼ αpμp ∇vp þ ∇vTp
� �

þ αp λp−
2

3
μp

� �
∇⋅vpI ð5Þ

where λp is the volume viscosity and I is the turbulent intensity.
As indicated in Section 1, GLSP possesses similar physical

characters to SAF, including low viscosity, high flow velocity,
and constrained space. Thus, GLSP easily evolves into turbu-
lent flow. According to the Reynolds equation:

Re ¼ ρLvLd=μL

where ρL andvL are the density and velocity of fluid, μL is the
fluid dynamic viscosity, d is the hydraulic diameter, and the
minimumReynolds number of GLSP (Re ≥ 6506) is larger than
the threshold Reynolds number of turbulence. Accordingly, the
turbulence can be judged as a fully developed one, and the
turbulencemodel should be considered in the control equations.
As a classical turbulence model, the standard k ‐ ε model has
been used in a few industrial fields owing to its reliable robust-
ness. Therefore, the standard k ‐ ε turbulence model is adopted
to describe the turbulent motion of three-phase abrasive flow:

ρL
dk
dt

¼ ∂
∂xi

μþ μt

σk

� �
∂k
∂xi

	 

þ Gk þ Gb−ρε−YM ð6Þ

ρL
dε
dt

¼ ∂
∂xi

μþ μt

σε

� �
∂ε
∂xi

	 

þ C1ε

ε

k
Gk þ C3εGbð Þ−C2ερ

ε2

k

ð7Þ
where σk and σε are the Prandtl number of the turbulent kinetic
energy k and dissipation rate ε, respectively,Gk is the turbulent
kinetic energy caused by the average velocity gradient, Gb is
the turbulent kinetic energy caused by buoyancy, YM is the
total dissipation rate affected by the compressible turbulent
pulsation, μ is the molecular viscosity coefficient, μt is the
turbulent viscosity coefficient, and can be solved by
μt = ρCμk

2/ε. The other empirical parameters used in this pa-
per are as follows:C1ε = 1.44, C2ε = 1.92,C3ε = 0.09, σk = 1.0,
and σε = 1.3 [18, 19].

Using the above-mentioned models, the flow field profiles
can be acquired, such as dynamic pressure, abrasive volume
fraction, and turbulent kinetic energy. However, given that the
bubble size is assumed to be of a constant value, the above
models cannot be used to calculate the bubble collapsing pro-
cess. To address this matter, PBM is introduced into the fluid
mechanic model of GLSP.

2.2 GLSP-PBM

In the process of GLSP, bubble collapsing will occur cease-
lessly under the effect of fluid turbulent motion and will
strengthen the particle motion capacity. The distribution of
the bubble collapsing on workpiece surface can reveal the

effective processing region. Bubble collapsing may create
small bubbles, and the PBM can be used to describe the bub-
ble size distribution after collapsing or aggregation [30].
Therefore, the bubble collapsing region can be acquired by
use of the bubble size distribution.

In this study, the discretization PBM model is adopted and
is defined as Eq. 8. The model is based on the continuous
bubble size distribution in terms of discrete size groups. The
bubbles of GLSP are assumed to be spherical in shape. The
sizes of collapsed bubbles are discretized into six groups to
show the collapse and aggregation. The volume ratio between
two groups is discretized as Vi + 1/Vi = 2, and the governing
equation of bubble group i is:

∂
∂t

ρgαi

� �
þ ∇⋅ ρguiαi

� �
¼ ρgVi Bag;i−Dag;i þ Bbr;i−Dbr;i

� �
ð8Þ

where ρg is the density of the gas, ui andαi are the local velocity
and volume fraction of bubble group i, and αi is defined as:

αi ¼ ViNi tð Þ ¼ Vi∫
Viþ1

Vi
n V ; tð ÞdV ; i ¼ 0; 1;⋯;N−1 ð9Þ

where n(V, t)dV is the number of bubbles that the volume is
from V to (V + dV) at time t and Bag, i and Dag, i are the birth
rate and death rate of bubble group i owing to aggregation and
are defined as follows:

Bag;i ¼ ∑
N

k¼1
∑
N

j¼1
a Vk ;V j
� �

Nk tð ÞN j tð Þxkjξkj ð10Þ

Dag;i ¼ ∑
N

j¼1
a Vi;V j
� �

Ni tð ÞN j tð Þ ð11Þ

where N is the number of bubble groups, a(Vi, Vj) is the ag-
gregation kernel between the bubble of volume Vi and the
bubble of volume Vj, and ξkj is given by:

ξkj ¼ 1 for Vi < Vag < Viþ1; i≤N−1ð Þ
0 otherwise

�
ð12Þ

Vag is the bubble volume resulting from the aggregation of
bubble k and j and is defined as:

Vag ¼ xkjVi þ 1−xkj
� �

Viþ1

�  ð13Þ

where xkj can be estimated by:

xkj ¼ Vag−Viþ1

Vi−Viþ1
ð14Þ

Bbr, i andDbr, i are the birth rate and death rate of the bubble
group i owing to bubble collapsing:

Bbr;i ¼ ∑
N

j¼iþ1
g V j
� �

N j tð Þβ Vi V j
��� � ð15Þ
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Dbr;i ¼ g Við ÞNi tð Þ ð16Þ
where g(Vi) is the collapse frequency, and β(Vi|Vj) is the prob-
ability density function of bubble collapsing from volume Vj
to the bubble of volume Vi.

To solve Eq. 8, the parameters of bubble aggregation
kernel a(Vi, Vj), bubble collapse frequency g(Vi), and prob-
ability density function β(Vi|Vj) need to be obtained. For
the GLSP method, the fluid turbulent motion is the main
cause for the disorderly movement of abrasive particles
and is also the key factor of the aggregation and collapsing
of bubbles. Accordingly, the Luo model that mainly considers
the effects of turbulent motion is adopted to calculate the
above-mentioned three functions [31]. Subsequently, the vol-
ume fraction of bubble group i (αi) can be obtained. In this
way, the five other groups of volume fractions can be calcu-
lated. On the basis of the aforementioned results, the volume
fraction distributions of differently sized bubbles are acquired
and the bubble collapsing regions on the workpiece can be
solved.

3 Numerical simulations and parameter optimization

3.1 Constrained flow passage model and mesh generation

Regarding the proposed GLSP method, a constrained flow
passage physical model is set up, as shown in Fig. 2. The
bottom surface of the model is the workpiece surface, and
the gas-liquid-solid three-phase abrasive flow is injected into
three inlets continuously and flows out from the passage
outlet.

On the basis of the flow passage model, a finite element
model can be built (Fig. 3). The finite element model is the
discretization of physical model, and the quality of meshes
determines the simulation accuracy. Concerning the flow pas-
sagemodel of GLSP, a large velocity gradient occurs while the
abrasive flow enters into the constrained space. Therefore,
mesh encryption method must be conducted in the interface
of constrained and non-constrained spaces, as shown in
Fig. 3d. Owing to the large structural scale variation in flow
passage, tetrahedral mesh with improved adaptive is adopted
to obtain enhanced mesh quality at the interfaces and the
number of meshes is set at 498,637.

3.2 Boundary conditions

During the course of GLSP, the bubble and the abrasive
flows are continuously supplied by air and liquid pumps.
In order to obtain stable processing effect, the flow rate
must be steady. If the fluid resistance loss is neglected,
then the injection velocities of bubble and abrasive flows

can be calculated in accordance with the flow rate and
hydraulic diameter.

On the basis of the above-mentioned hypothesis, the
boundary conditions are described as follows: the inlet condi-
tion is velocity inlet, the outlet condition is outflow, the wall
condition is no-slip boundary condition, the diameter of inlet
is 27 mm, the distance between the processing tool and work-
piece is 5 mm, the abrasive particle is SiO2, the abrasive con-
centration is 10%, and the particle diameter is 10 μm. Other
numerical parameters are listed in Table 1.

The fluid dynamic viscosity of GLSP is the research object
in this paper and will be analyzed in Section 3.3. Semi-implicit
method for pressure-linked equations (SIMPLE) algorithm
and standard algorithm are adopted to deal with the
pressure-velocity coupling and pressure discrete interpolation.
A finite volumemethod based on first-order upwind scheme is
used to discretize the momentum, turbulent kinetic energy,
and turbulent dissipation rate.

Fig. 2 GLSP flow passage model. a Orthogonal view. b Vertical view. c
Axis view: 1 inlet, 2 outlet; D = 200 mm, θ = 27°. a initial constrained
surface, b non-constrained surface
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3.3 Numerical results and discussion

3.3.1 GLSP flow field characteristics

Numerical analysis of three-phase flow field in flow passage
can offer useful references to the optimization of GLSP tech-
nical procedures. According to the Preston equation, abrasive
particle volume fraction, granular pressure, and particle dy-
namic pressure are the three key factors of processing efficien-
cy. The turbulence can characterize the intensity of particle
movement and the uniformity of workpiece surface texture
can be improved through increasing the turbulent kinetic en-
ergy [7, 19]. Accordingly, the numerical analysis in this paper
mainly conducted around the above-mentioned four key
factors.

Figure 4 shows the flow field profiles of GLSP on the
workpiece surface (ul = 0.001 kg/m s). The processing effect
that locates in the initial constrained surface is evident, and the
effective processing surface is an annular shape. Figure 4aa
describes the near-wall granular pressure profile. We can find
that the high granular pressure remains in the initial

constrained surface and decreases rapidly as the abrasive par-
ticles flow outward. Figure 4b presents the particle dynamic
pressure profile on the workpiece. According to the dynamic
pressure formula, the particle dynamic pressure profile should
be similar with that of velocity. Owing to the sharp decrease in
hydraulic diameter, the particle velocities increase rapidly as
particles flow into the constrained space. Subsequently, the
velocities decrease gradually under the effect of flow resis-
tance. Figure 4c shows the particle volume fraction profile
of GLSP. It can be found that there are a large number of
abrasive particles in the initial constrained surface. The
above-mentioned phenomenon indicates that the particle ac-
cumulation effect is quite evident due to the decrease of flow
passage scale. Moreover, the positive effect can increase the
number of effective processing particles, thereby improving
the processing efficiency. As indicated above, turbulence is an
important feature of GLSP. The turbulent motion of abrasive
particles can improve the processing randomness, and the par-
ticle turbulent kinetic energy can reflect the turbulent motion
intensity. Figure 4d shows the particle turbulent kinetic energy
profile on the workpiece.We can find that the most disordered
motion of abrasive particles also occurs in the initial region of
constrained surface.

3.3.2 Bubble collapsing profiles

Innumerable micro-jets will appear when a large number of
bubbles collapse and can improve the processing capability of
three-phase abrasive flow. Therefore, it is necessary to obtain
the bubble collapsing profiles.

Fig. 3 Mesh generation and
boundary conditions. a
Orthogonal view. b Section view
of B-B side. c Vertical view. d
Local enlarged view of A region.
1 velocity inlet, 2 outflow, 3 wall

Table 1 Physical parameters of GLSP

Parameters Values

Abrasive flow injection rate (m/s) 10

Bubble injection rate (m/s) 5

Initial bubble diameter/m 0.003

Fluid dynamic viscosity (kg/m s) ul
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The volume fraction profiles of the differently scaled bub-
bles created by collapsing or aggregation are shown in Fig. 5.
As mentioned in PBM theory, the sizes of collapsed bubbles
are discretized into six groups to describe the bubble collaps-
ing regions. The groups are arranged according to the magni-
tude of bubble size, in the following sequence: group 0 >
group 1 > group 2 > group 3 > group 4 > group 5. Notably,
group 0 bubbles are the initial injected bubbles.

From Fig. 5a–f, the following regulars can be inferred. (a)
Owing to the bubble collapsing and aggregation, differently
scaled bubbles locate in different near-wall regions.
Accordingly, the collapsing and aggregation regions can be
confirmed. (b) In the center region of workpiece surface,
group 1 fraction presents the highest value among those of
other groups. The phenomenon indicates that group 0 bubbles
mainly collapse into group 1 bubbles and that the initial bub-
ble collapsing occurs in this region. (c) As shown in Fig. 5a–f,
distinct low bubble volume fraction regions locate in the initial
constrained surface. On the contrary, group 5 fraction is larger
than 0.9 in the same region, as shown in Fig. 5f. The above
results show that the collapse of a large number of bubbles
generates small bubbles (group 5) in the initial constrained
surface. In other words, the most violent collapsing occurs in
this region.

Combined with the simulation results of flow field profiles,
the following regulars can be obtained. (a) For the flow

passage model, the effective processing region locates in the
initial constrained surface. Decreasing the hydraulic diameter
not only can strengthen the processing capability but also can
improve the processing uniformity of workpiece surface tex-
ture. (b) Two positive effects are observed after injecting the
bubble flow. On the one hand, the bubble flow can disturb the
flow field and reduce the flow resistance. As a result, the four
key factors which are the measurements of processing capa-
bility can be strengthened. On the other hand, the violent
bubble collapsing in the initial constrained surface can further
improve the intensity of particle movement and increase the
processing capability.

3.3.3 Numerical simulations about different fluid viscosities

According to Nikuradse’s experiment principle [19] for study-
ing the delamination of turbulence in circular tube, high
Reynolds number is necessary to obtain a stable turbulent flow
in a smooth wall. Given that the initial workpiece surface
roughness is with a low value of approximately 0.5 μm, stable
near-wall turbulence can be obtained by decreasing the fluid
viscosity. For this research, six different fluid viscosities are
selected in performing comparative simulation analysis
(ul = 0.015, 0.012, 0.009, 0.006, 0.003, 0.001 kg/m s). The
data in the radial channel positions (the x direction in Fig. 2a)
are extracted, as shown in Fig. 6.

Fig. 4 Flow field profiles on the
surface of workpiece. a Granular
pressure. b Particle dynamic
pressure. c Particle volume
fraction. d Particle turbulent
kinetic energy
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Figure 6 shows that the processing capability can be im-
proved by decreasing the fluid viscosity. Figure 6a shows the
distribution of the granular pressure. As shown in the figure, the
granular pressure in the initial constrained surface is improved
significantly with the decreases in fluid viscosity. The abrasive
particle volume fraction increases as fluid viscosity decreases,
as is shown in Fig. 6b. Meanwhile, it can be found in Fig. 6c
that the particle dynamic pressure actually changes slightly with
the variation in fluid viscosity. The aforementioned results can
be explained by near-wall turbulent motion theory. Owing to
the decreases in fluid viscosity, the flow passage viscous resis-
tance decreases apparently, which in turn reduces the turbulent

dissipation rate (Fig. 6d). As a result, the inhibition effect on the
abrasive particles becomes weak and the particle vertical mo-
tion becomes intense, which in turn enhances the granular
pressure. Accordingly, the capability of fluid-transporting par-
ticles becomes weak, which in turn causes the particle accu-
mulation in the non-constrained surface. Such accumulation
increases the number of effective processing particles.

Furthermore, the effect of fluid viscosity on the bubble
collapsing should be considered, and the results are shown
in Fig. 7.

Figure 7a shows the bubble fraction distribution along the
radial channel direction. It can be found that a large number of

Fig. 5 Bubble collapsing fraction
profiles on the surface of
workpiece. a Group 0. bGroup 1.
c Group 2. d Group 3. e Group 4.
f Group 5
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group 5 bubbles are created in the initial constrained surface,
which indicates that the bubble collapsing in this region is
violent (also can be showed in Fig. 5). Figure 7b shows the
bubble fraction distribution of group 5 under the condition of
different viscosities. We can find that the group 5 bubble frac-
tions are nearly the same as those in the initial constrained
surface. Regarding the GLSP flow passage model, this

illustrates that the variation in fluid viscosity has not apparent-
ly impact on the bubble collapsing. As bubbles move out, the
group 5 bubbles aggregate into the large bubbles and its frac-
tion decreases. Meanwhile, the aggregation effect becomes
intense with the decrease in fluid viscosity. This finding indi-
cates that the bubble-bubble collision becomes violent with
the decrease in fluid viscosity. The above results reveal that

Fig. 6 Comparative results of different fluid viscosities. a Granular pressure. b Particle dynamic pressure. c Particle volume fraction. d Turbulent
dissipation rate

Fig. 7 Variation curves of bubble fraction. a Bubble group fraction with a viscosity of 0.001 kg/m s. b Group 5 bubble fraction of different viscosities
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the near-wall particle turbulent motion can be strengthened by
decreasing the fluid viscosity.

4 PIV observation experiments and result discussion

PIVis an effective observation technique in experimental fluid
mechanics. The instantaneous velocity vector field can be ac-
quired by tracking the displacement of tracer particles [32]. To
obtain the reality velocity vector profile of GLSP, and verify
the effectiveness of the proposed method, the PIVobservation

experiments are performed. The observation experiments
mainly verify two targets: the flow field of GLSP and the
effect of bubble collapsing.

To obtain the real-time flow field data of GLSP, a
constrained flow passage physical model that is made of trans-
parent acrylic material is developed for the PIV observation
experiments, as shown in Fig. 8a1, b1. In addition, referring to
the fluid-flowing similarity principle, the observation bound-
ary conditions are consistent with the simulation boundary
conditions. The experimental temperature is approximately
20 °C, and the fluid dynamic viscosity is 0.001 kg/m s. The

Fig. 8 Vertical view of the GLSP
flow field. a1 Photograph without
bubble injection. b1 Photograph
with bubble injection. a2Average
velocity vector without bubble
injection. b2 Average velocity
vector with bubble injection. a3
Vorticity profile without bubble
injection. b3Vorticity profile with
bubble injection
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parameters of PIV apparatus are as follows: the trigger rate is
7 Hz, the time between pulses is 400 μs, and one-time acqui-
sition includes 200 images.

The images of continuous 180 moments, that is, the time
from 0 to 30 s, are analyzed by the vector analysis algorithms,
and then the 180 velocity vector maps can be obtained. From
the above-mentioned results, the average velocity vector fields
can be acquired, as shown in Fig. 8a2, b2. Furthermore, the
vorticity fields that can reflect the turbulent characteristics are
acquired, as shown in Fig. 8a3, b3.

Figure 8a1–a3 describes the GLSP flow field without
bubble injection, and Fig. 8b1–b3 shows the case with
bubble injection. We can find that under the effect of
multi-directional injection, low-velocity regions form the
center of workpiece (regions A1 and A2), velocity en-
hancement regions that present circular shape can form
(regions B1 and B2), and the variation regulars of the

above velocity vectors accord with the simulation results,
as illustrated in Fig. 4b.

For the case without bubble injection, the velocity vector
field can be divided into three regions: A1, B1, and C1. First,
in the central region of flow field (region A1), a stable vortex
with the lowest velocity is created, which can be regarded as a
rigid core of Rankine vortex. Then, owing to the decrease in
flow passage scale, the velocities arrive at the maximum am-
plitude in the initial constrained surface (region B1). It also
can be noticed that the max velocity can reach approximately
29.4 m/s. Finally, the velocities decrease in the periphery flow
field (region C1) under the effect of flow resistance.

The above-mentioned regulars also can be found in the
case of bubble injection. Moreover, the following characteris-
tics can be obtained from Fig. 8b1–b3: (1) The velocities are
strengthened obviously under the acceleration effect of the
injection bubbles, especially in the initial constrained surface

Fig. 9 Local front view of the
GLSP flow field: a1 Photograph
without bubble injection. a2
Instantaneous velocity vector
field without bubble injection. a3
Instantaneous vorticity field
without bubble injection. b1
Photograph with bubble injection.
b2 Instantaneous velocity vector
field with bubble injection. b3
Instantaneous vorticity field with
bubble injection
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(region B2), and the maximum velocity can reach approxi-
mately 40.8 m/s. (2) From Fig. 8b1, we can find that the scales
of the bubbles in region B2 are smaller than the scales of the
bubbles in region B1. It indicates that the intensely collapsing
happens here, which accords with the simulation results
(Fig. 5f). (3) Vorticity is one of the most important physical
quantities for describing turbulent vortex motion. Compared
with the result in Fig. 8a3, the strength and breadth of vorticity
in Fig. 8b3 are enhanced and the turbulent motion of tracer
particles is intense.

To further illustrate the effects of bubble collapsing on the
near-wall region, a rectangular channel for the cross section of
constrained flow passage is constructed, as shown in Fig. 9a1,
b1, and the comparative observation experiments under the
conditions without and with bubble injection are also
performed.

Figure 9a1–a3 presents the flow field state without bubble
injection at 11.33 s, and we can obtain the following regulars.

(1) Given the existence of wall effect, the magnitude and di-
rection of the near-wall particle velocities tend to be stable and
the particle motion is ordered. The disordered motion of par-
ticles contributes to the processing uniformity of workpiece
texture. Therefore, it is necessary to disturb the near-wall par-
ticle motion. (2) In Fig. 9a3, the velocity vortices randomly
exist in the flow passage owing to the fluid turbulence effect,
which illustrates that the surface constrained structure of the
proposed processing tool can produce disordered processing
effects.

Figure 9b1–b3 is one of the bubble collapsing moment
(11.17 s), and the following regulars can be inferred. (1)
Figure 9b1 shows that the bubbles mainly concentrate in the
upper space of flow passage as a result of the low density.
Therefore, the existence of bubbles will not obstruct the
particle-wall collision. (2) As shown in Fig. 9b2, the velocities
are enhanced under the effects of bubble collapsing (the max-
imum velocity can reach 39.3 m/s) and the directions are dis-
ordered. Moreover, the vortex motion of tracer particles be-
comes intense, as shown in Fig. 9b3. Apparently, the bubble
collapsing is beneficial for improving the surface quality.

Furthermore, the statistical analysis of average velocity
within the sample time is completed. First, five points are
selected in the near-wall region, as shown in Fig. 9a2. Then,
the average velocity of five points can be obtained and is
plotted in the figure. Consequently, the average velocities of
180 continuous moments are calculated (the total time is 30 s,
and the time interval is 0.17 s), and the results are shown in
Fig. 10.

Obviously, the bubble injection can increase the tracer par-
ticles’ velocities, and the average velocity of the total sample
time increases from 12.90 to 15.97 m/s. In the case without
bubble injection, the velocities of most moments range from
12.5 to 13.5 m/s. If the bubbles are injected, then this

Fig. 10 Comparative results of average velocity variation

Fig. 11 GLSP experimental
platform. 1 Processing tool. 2
Flow meter. 3 Pressure meter. 4
Bubble flow. 5 Proportional
valve. 6 Computer. 7 Bubble
pump. 8 Self-priming pump. 9
Abrasive flow. 10 Abrasive flow
container. 11 Workpiece
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amplitude range increases to 15–17 m/s and the maximum
velocity can reach approximately 20.00 m/s. Moreover, it
can be noticed that the variation in velocity amplitude be-
comes intense, which indicates that the bubble collapse is
chaotic, with positive effects to improve the processing uni-
formity. The above-mentioned statistical analysis reveals that
the bubble collapsing can improve the processing quality and
efficiency.

5 Processing experiments and result discussion

5.1 GLSP experimental platform

To check the effectiveness of the proposed method, a GLSP
experimental platform is developed, as shown in Fig. 11. The
processing workpiece is a silicon wafer with a diameter of
100 mm, and the processing experiment conditions are listed
in Table 2.

First, the abrasive particles and deionized water are mixed
in the abrasive flow container, and the SAF processing medi-
um can be created (particle concentration is approximately
10%). Then, the SAF and bubble flow are respectively
pumped into a three-way valve (gas volume fraction is ap-
proximately 15%). After being mixed together, the gas-
liquid-solid three-phase abrasive flow is created and injected
into the processing tool. The bubble and abrasive flow rates
are controlled by the proportional valves.

5.2 Experimental result discussion

Based on the above experimental platform, two groups of
comparative processing experiments are performed. The first
group has no bubble injection, that is, the SAF processing
method and the other is the GLSP method. According to the
technical procedures for silicon wafer, the processing experi-
ments include three stages: rough processing, semi-process-
ing, and fine processing. For the first stage, 1500# SiO2 par-
ticles are used to eliminate the machining marks with a pro-
cessing time of 4 h. The second adopts 6000# SiO2 particles,
and the processing time is 8 h. Finally, 10000# SiO2 particles
are adopted to perform the final surface processing.

Figure 12a shows the initial surface of silicon wafer, and
Fig. 12b shows the surface after 28 h processing by the GLSP
method. We can find that the workpiece can reflect clear im-
age and has better uniformity.

Surface roughness and surface topography are the most
basic technical parameters of surface quality. In order to ob-
serve the processing effects and validate the effectiveness of
GLSP method, the eight measurement points are selected on
the workpiece surface, as shown in Fig. 13.

Figures 14 and 15 show the surface roughness curves of the
measurement points after 28 h processing, and the following
regulars can be obtained. (1) The roughness variation curves
decrease sharply first and then drop slightly to a stable rough-
ness. (2) The bubble collapsing effects can be reflected in the
rough processing stage, in which the proposed GLSP method
only requires 4 h to reach the roughness of less than
100.00 nm, whereas the SAF method needs 8 h. (3) The final
roughness processed by the GLSP method can reach 2.84 nm,

Fig. 12 The processed surface by the GLSP method. a Before
processing. b After processing

Table 2 Experimental conditions

Experimental items Experimental conditions

Material of workpiece Silicon wafer; diameter = 100 mm

Self-priming pump Power = 3 kW; flow rate = 25 m3/h

Bubble pump Power = 1.6 kW; flow rate = 7.2 m3/h

Abrasive particle SiO2 = 1500#, 6000#, 10000#

Liquid medium Deionized water
Fig. 13 The distribution of roughness measurement points
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with roughness distribution of high uniformity; the final
roughness processed by the SAF is 7.12 nm, with the need
of much time to reach the same level. (4) In the first group of
experiments, the roughness of inner circle decreases more
rapidly than the roughness of outer circle; in the second group
of experiments, the inner and outer circles can nearly reach the
same roughness decrease rate. The aforementioned results
prove that the bubble injection can expand the effective pro-
cessing region of abrasive flow, thereby improving the pro-
cessing efficiency and precision.

Another traditional method of processing the hard-brittle
material is surface grinding. Many scholars have studied on
it. According to their reports, the average surface roughness
obtained by them is less than 10 nm (Ra = 6.60 nm) [33].
However, this is a tool-contact processing method, and it can-
not be used to process the workpiece with complex geometric
shapes. The processing conditions (such as wheel rotation
speed, feed rate) must be controlled strictly to reduce the deep
scratches and surface repeated damages [34]. GLSP method
can process the workpiece with complex geometric shapes.
Meanwhile, it is a fluid-based processing method, and the

fluid can buffer the over-impacting effects, thereby the surface
damages can be reduced.

Figure 16 shows the 3D surface topography after
28 h processing, measured by a white light interferometer.
Figure 16a1–a4 shows the surface topographies of points 1–4
processed by SAF. Figure 16b1–b4 shows the surface topogra-
phies of the same points processed by GLSP. From the figure,
the following regulars can be obtained.

(1) The uniformity of workpiece surface texture processed
byGLSP is better than the processing result of SAF, especially
for the segment of point 1. (2) Compared with that of the SAF
method, the GLSPmethod can obtain lower surface roughness
(point 4: Ra = 2.84 nm). (3) In the second group of experi-
ments, point 4 can reach the minimum roughness and the most
uniform surface texture. Combined with the results in Figs. 4
and 5, it can be inferred that this phenomenon mainly caused
by the difference in particle distribution and bubble collapsing
distribution on the workpiece surface.

From the results in Figs. 8, 9, and 10 and 12, 13, 14, 15, and
16, we can find that the GLSP has better processing efficiency
and precision than those of the SAF method. This superiority

Fig. 14 Roughness variation curves of SAF method (first group). a The inner circle. b The outer circle

Fig. 15 Roughness variation curves of GLSP method (second group). a The inner circle. b The outer circle
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may be caused by the following fluid mechanic regulars. (1)
The high-speed injection of bubble flow disturbs the particle
aggregation phenomenon and improves the distribution uni-
formity of abrasive particles. (2) The effects of bubble collaps-
ing can strengthen the particle kinetic energy and can induce
disordered motion of the particles.

6 Conclusions

To address the low processing efficiency of SAF on hard-
brittle materials, a GLSP method based on the bubble collaps-
ing effects is proposed. The corresponding theoretical

modeling and processing experiments are performed to
achieve the research goals, and the main conclusions are as
follows:

1. Based on the Euler multi-phase model, standard k − ε tur-
bulence model, and PBM model, a GLSP fluid mechanic
model is built and the profiles of four key factors (granular
pressure, particle dynamic pressure, particle turbulent ki-
netic energy, and particle volume fraction) of abrasive
flow processing can be obtained. The results show that
the effective processing region locates in the initial
constrained surface. The bubble collapsing distributions
show that the most violent collapses occur in the initial

Fig. 16 Surface topography data
respectively obtained by SAF and
GLSP method. a1 First group
point 1. b1 Second group point 1.
a2 First group point 2. b2 Second
group point 2. a3 First group
point 3. b3 Second group point 3.
a4 First group point 4. b4 second
group point 4
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constrained surface region, and it can improve the process-
ing capability of abrasive particles in the effective process-
ing region. Fluid viscosity apparently influences the pro-
cessing characteristics of GLSP, and the fluidmediumwith
low fluid viscosity can exert good processing effects.

2. To verify the effectiveness of the proposed method, the
comparative observation experiments based on the PIV
method are completed. This part includes two observation
targets: global and local flow fields. By the global obser-
vation experiment, the instantaneous velocity vector field
of GLSP can be obtained and the simulation results are
validated. Through local observation experiment, the ef-
fects of the bubble collapsing on the near-wall region can
be revealed and the observation results show that the av-
erage particle velocity counted in the total sampling time
can increase from 12.90 to 15.97 m/s and that the maxi-
mum velocity can reach 20 m/s.

3. A GLSP experimental platform is developed, and the
comparative processing experiments for silicon wafer
are performed. The results show that the proposed
GLSP method exhibits better processing efficiency and
precision than those of the SAFmethod. The GLSPmeth-
od only requires 4 h to reach a roughness of less than
100.00 nm, whereas the SAF method needs 8 h. After
28-h processing, the roughness processed by the GLSP
method can reach approximately 2.84 nm, whereas the
roughness processed by the SAF is 7.12 nm.

In general, the main contribution of this paper is introduc-
ing the bubble collapsing effects into the abrasive flow pro-
cessing and providing an improved SAF method, that is, the
GLSP method. Bubble collapsing can increase the particle
kinetic energy and particle disordered motion. As a result,
the processing efficiency and quality can be improved. This
research not only can provide direct suggestions for the SAF
method but also can offer a universal reference to the three-
phase fluid mechanic modeling method for fluid-based pro-
cessing methods. Subsequent research works will be per-
formed on the mesoscopic dynamic modeling and multi-
phase abrasive flow energy transition mechanism.
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