
ORIGINAL ARTICLE

An improved soft abrasive flow finishing method based on fluid
collision theory

Da-peng Tan1,2
& Shi-ming Ji1 & You-zhi Fu1

Received: 17 July 2015 /Accepted: 25 October 2015 /Published online: 4 November 2015
# Springer-Verlag London 2015

Abstract Soft abrasive flow (SAF) finishing has advantages
in precise processing for the workpieces with tiny scale or
irregular geometric surfaces. However, current SAF finishing
methods have surface quality problem caused by uneven flow
field profile. To resolve the problem, a novel double-inlet SAF
finishing method is proposed based on the fluid collision the-
ory. Taking two constrained processing apparatuses (single-
inlet and double-inlet) as the objectives, in combination with
the shear stress transport (SST) k-ω turbulence model, the
fluid mechanic models for the two apparatuses are set up,
and the preliminary abrasive flow field characteristics are ac-
quired. Referring to the collision conservation principles, the
profiles of dynamical pressure and turbulence intensity in
double-inlet constrained passage are obtained. The simulated
results show that the flow field distribution of single-inlet
passage is in a steady state and non-uniform, a periodic oscil-
lation phenomenon appears in double-inlet passage, and it can
enhance the turbulence intensity and movement randomness
of abrasive flow. The processing experiments show that the
proposed SAF finishing method can make the roughness on
parallel flowing direction less than 50 nm and can improve the
finishing uniformity and efficiency.
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1 Introduction

During the course of precise workpiece processing, the
finishing procedure has the most intensive labor quantities
and occupies more than 15 % of total processing cost [1, 2].
Considering the workpieces with simple or normal geometric
structures, it can adopt traditional processingmethods, such as
precise turning, milling, or grinding. However, if a workpiece
has complex structure, the traditional processing methods are
hard to satisfy the technical requirements, while the loose
abrasive particles with multiple cutting edges can resolve the
matter [3–5].

The fluid-based processing is an effective method with
loose abrasive particles, and it can break through the process-
ing bottleneck of workpieces with complex structures. It is a
flexible, precisely controlled, and thereby repeatable process-
ing method of edge conditioning and surface enhancement in
which the medium consisting of abrasive particles and fluid
carrier is driven through or across the component for finishing
[6]. Owing to the fluid flow characteristics, fluid-based pro-
cessing can provide the desired, customized surface finishes
on a broad range of simple as well as complex shaped or
micro-size components [7]. Of course, concerning the ran-
domness of fluid motion, the medium regulation is an impor-
tant task to guarantee the material removal rate and surface
quality.

According to the difference of operation mode, fluid-based
processing can be divided into two categories: constrained and
non-constrained. The first category contains the abrasive flow
machining (AFM) [8], magnetorheological finishing (MRF)
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[9], and hydrodynamic suspension polishing (HSP) [10]. The
other one includes all kinds of jet processing methods, such as
abrasive water jet (AWJ) [11] or magnetorheological jet
polishing (MJP) [12]. With respect to the above methods,
AFM requires to construct enclosed space in which the ma-
chined chips cannot be drained out and make the finished
surface re-damaged. Moreover, MRF and MJP are limited
by the magnetic components and hard to perform the precise
processing for the complex workpieces. Therefore, with re-
spect to the workpieces with tiny scale or irregular geometric
shape surfaces, such as micro holes, helical grooves, thin slots,
or large curvature passages, the above methods are hard to
satisfy the expected technical requirements. For instance,
there are four automobile part molds as shown in Fig. 1; the
traditional processing methods would face serious challenges
for all kinds of tiny scale or irregular geometric surfaces.

To resolve the matter, a novel no-tool finishing method, the
so-called soft abrasive flow (SAF), is put forward [13, 14]. As
shown in Fig. 2a, the traditional rotary grinding head cannot
cope with the triangular slot. The SAF finishing method is
composed of four fundamental components (shown in
Fig. 2b), which makes a constrained tooling on the workpiece
surface and constructs a constrained re-circulating flow pas-
sage. In the constrained passage, the loose abrasive particles
and fluid medium mix into the abrasive flow with low viscos-
ity and high velocity and can adapt the triangular slot as well
as other geometric shape surfaces.

During the course of processing, the abrasive flow can pass
through the constrained passage with high velocity and form
the turbulent flow state with different vortices. Accordingly,
the turbulent flow drives the abrasive particles to generate
unordered motions and processing effects on the surface.
Owing to the random particle motions, SAF finishing can
obtain more uniform surface quality. Moreover, the chips

can be drained out by the re-circulating flow passage and
avoid the damage of finished surface.

In view of the merits of the SAF finishing, it had been
applied in some engineering areas, such as mold manufactur-
ing and automobile accessories [13–16]. In 2010, Ji et al.
adopted the discrete phase model (DPM) to set up a two-
phase dynamic model oriented to SAF, and the simulation
results showed that the abrasive flowmachining process main-
ly appeared as translation of ablating location with the influ-
ence by granular pressure and as the variation of machining
efficiency with the influence by near-wall particle velocity
[17]. In 2012, Tan et al. presented a two-dimensional SAF
dynamic model based on the topological structure transforma-
tion 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 [18]. Li et al. proposed a SAF near-wall region

Fig. 1 Workpieces with tiny
scale or irregular geometric
surfaces

Fig. 2 SAF finishing working principle. a Traditional finishing method.
b SAF finishing. 1 Traditional finishing tool (rotary grinding head). 2
Workpiece with tiny scale or irregular geometric surfaces. 3
Constrained tooling. 4 Constrained re-circulating flow passage. 5 Fixture
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modelingmethod based on the Nikuradse’s experimental prin-
ciples. The variation trends of SAF turbulent parameters and
flow passage pressure distribution with different inlet veloci-
ties were acquired by semi-implicit method for pressure-
linked equation consistent algorithm. Experiment results
showed that SAF could increase mold structural surface pre-
cision more than ten times, and the surface roughness in Ra
value was less than 62 nm [19]. In 2014, Ji et al. put forward
an ultrasound-enhanced SAF finishing method to increase the
machining efficiency. The machining experiments showed
that there are large numbers of bubbles that were growing
and hitting on the wall continuously; the SAF coupled with
ultrasound wave could reduce the machining time effectively
[20].

Regarding the above studies of SAF, they all adopted the
constrained flow passages with single-inlet. Because of the
influences of the physical space restrictions and passage hy-
draulic diameter variations, the processed region of the work-
piece surface takes on apparent non-uniformity. It is necessary
to change the constrained tooling and working station to finish
the total processing procedures, so the global working effi-
ciency will be limited. To resolve the problem, we propose
an improved double-inlet SAF finishing method. The method
installs two inlets on the constrained passage with an angle
and make two channels of fluid generate collision. The colli-
sion process can enhance the internal disturbance of abrasive
flow in the passage, strengthen unordered movement and the
turbulent intensity, and improve the profile uniformity of the
flow field characteristics.

Apparently, the modeling and solution of fluid collision
are the key scientific tasks of the paper. To address the
above target, the corresponding research procedures are
as follows. Firstly, based on the shear tress transport
(SST) k-ω turbulence model and two-phase mixture model,
the fluid mechanic models of the two kinds of constrained
processing apparatuses (single-inlet and double-inlet) are
set up, and the preliminary abrasive flow field characteris-
tics are acquired. Then, according to the elliptic fluid col-
lision theories, the fluid mechanic model is revised, and the
profiles of dynamical pressure, turbulence intensity, and
velocity in double-inlet passage are obtained. Finally, the
double-inlet processing experiment devices are developed,
and the experiments are performed to check the effective-
ness of the proposed method.

It is well known that the issues of fluid collision are with
big difficulties in the fluid mechanic area. The main scien-
tific contribution of this paper is introducing the fluid col-
lision theory into the fluid-based processing area and pro-
viding the modeling and solving methods. It not only can
provide direct suggestions for the research works of the
multi-channel fluid–solid contacting matters of constrained
or non-constrained fluidic processing methods but can
offer universal references to the engineering areas of

large-scale hydraulic machinery design, chemical reactor
internal state monitoring, and fluid–solid coupling resis-
tance optimization.

This paper is organized as follows. In Section 2, the two-
phase fluid mechanic model of SAF is set up based on SST
k-ω turbulence model. In Section 3, the physical boundary
conditions of the improved double-inlet constrained flow pas-
sage are described, and the fluid collision mechanic model is
built. In Section 4, the numerical simulations for the flow field
characteristics of the two constrained passages are performed,
and the comparison analysis and discussions are given. In
Section 5, a SAF finishing experimental platform is devel-
oped, and the experiments are finished. In Section 6, the con-
clusions are presented.

2 Fluid mechanic model of SAF

2.1 Fundamental control equations

According to the mechanical structure and working mode, we
can find that the research objective of the paper is a two-phase
incompressible fluid in a finite physical space and accords
with the incompressible continuity equation and Navier–
Stokes (N-S) equation [21–23]:
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¼ 0 ð1Þ

ρ uj
∂ui
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þ ∂ui
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 !
¼ ρKi−

∂p
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þ ∂τ
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where ui and u j (i, j=1, 2, 3) represent the components of
velocity vector u on three coordinate directions, xi and x j

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:

τ ¼ −ρui0uj
0 ¼ η

∂ui
∂xj

þ ∂uj

∂xi

 !
ð3Þ

where ui
0 and uj

0 are the fluctuation velocity values, and η is
the fluid turbulent viscosity.

Therefore, by solving the continuity equation and N-S
equation, the profiles of pressure and velocity in the
constrained flow passage can be obtained. Moreover, with
respect to the SAF finishing, the abrasive flow is a kind of
sparse two-phase flow, and the particle fraction is less than
30 %. In this hypothesis, SAF should have good fluidity and
continuity, so the particle phase can be regarded as the pseudo-
fluid for the fluid mechanic modeling.
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2.2 SST k-ω-based fluid mechanic model

During the course of N-S equation solution, six Reynolds
stress items will be generated and make the equation unclosed.
Accordingly, the turbulent dynamic models should be com-
bined to resolve the matter. Currently, there are some effective
turbulent dynamic models, such as the standard k-ε model for
high Reynolds number fluid, the renormalization group
(RNG) k-ε model for large curvature passage, realizable k-ε
model for high speed jet flow, and standard k-ωmodel for low
Reynolds number fluid [24–26].

As shown in Fig. 2, SAF drives the abrasive particles
through the constrained passage formed by the workpiece
and tooling and uses the particle-wall collision process to re-
move materials. When the medium passes through the
constrained passage, the processing action occurs at the fluid
boundary layer of surface, i.e., the so-called near-wall region.
It is well known that the study on near-wall flow field is a
difficult point in fluid mechanic area. Traditional two-phase
flow theories assume that the velocity of wall fluid is zero, and
the second phase matter (solid) is commonly regarded as the
pseudo-fluid [27, 28]. Because the abrasive flow in near-wall
region is with lower Reynolds number, the turbulent models
for high Reynolds number fluid are hard to obtain ideal com-
putation accuracy.

As indicated above, the two-phase SAF has the following
features: rotational flow, low viscosity, low Reynolds number,
wall shear, and turbulence, while the SST k-ω turbulent model
is suitable for the above features. Similar with other double-
equation turbulent models, SST k-ω turbulent model contains
a turbulent kinetic energy equation and a special dissipation
equation [29, 30]:
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where Dð Þ
Dt is the material derivative, τ i j

∂ui
∂x j

is the partial deriv-

ative of the velocity vector, and τij is the shear stress:
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In Eq. 6, uk and xk are the velocity component and direction
vector on the third coordinate direction, respectively, and δij is
the Kronecker function:

δi j ¼ 1 i ¼ j
0 i ≠ j

�
ð7Þ

So, the partial derivative can be expressed as:

τ i j
∂ui
∂x j

¼ μt
∂uii

∂x j
þ ∂u j

∂xi

� �2

−
2

3

∂uk
∂xk

� �2
" #

−
2

3
ρk

∂uk
∂xk

ð8Þ

In Eqs. 4 and 5, Γk and Γω are the effective diffusion items
of k and ω; β∗ρkω and βρω2 are the dissipation items of k and
ω; and F is the switch function. The last item in Eq. 5 is the
normal dissipation item for dissipation rate.

The effective diffusion equations are as follows:

Γω ¼ μþ σωμt ð9Þ
Γ k ¼ μþ σkμt ð10Þ
σk ¼ Fσk;1 þ 1−Fð Þσk;2 ð11Þ
σω ¼ Fσω;1 þ 1−Fð Þσω;2 ð12Þ

where σk,1, σk,2, σω,1, and σω,2 are empirical constants. The
switch function is

Fig. 4 Schematic illustration of the double-inlet SAF processing
apparatus. 1 Passage inlet. 2 Input buffer hole. 3 Constrained passage. 4
Outlet. 5 Output buffer hole. 6 Constrained tooling. 7 Passage inlet

Fig. 3 Schematic illustration of the single-inlet SAF processing
apparatus. 1 Passage inlet. 2 Foundation. 3 Constrained tooling. 4
Outlet. 5 Constrained passage. 6 Buffer hole
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In Eqs. 14 and 15, y is the distance of current target mass
point to objective plane, and D+ is the positive direction of
normal dissipation item.

Apparently, the SST k-ω turbulent model, standard k-ω
model, and standard k-ε model have tight internal relations.
It is assumed that there are three correlation parameters, ϕ, ϕ1,
and ϕ2, which represent the three models, respectively, and
accord with the expression:

ϕ ¼ Fϕ1 þ 1−Fð Þϕ2 ð17Þ

If F→0, then ϕ=ϕ2, and the SST k-ω turbulent model can
transform into the standard k-ε model. The relevant empirical
constants are as follows: σk,1=0.85, σω,1=0.5, σk,2=1.0, σω,2=

Fig. 8 Simplified geometric models of the two constrained processing
apparatuses. a Single-inlet passage. b Double-inlet passage. 1 Inlet. 2
Buffer hole. 3 Constrained passage

Fig. 7 Abridged view of abrasive collision process

Fig. 6 Solution-elliptic model of fluid collision process

Fig. 5 Abridged view of fluid oblique collision
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0.856, α1=0.31, β
∗=0.09, κ=0.41, βi,1=0.075, βi,2=0.0828,
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p
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It is assumed that the vortex coefficient is
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If F→1, then ϕ=ϕ1, and the SST k-ω turbulent model will
become the standard k-ω model. The relevant empirical con-
stants are as follows: σk,1=0.5, σω,1=0.5, βi,1=0.075, β

∗=
0.09, γ1=5/9, and νt=k/ω.

Therefore, we can find that the above three models can
transform each other during the transmission course from cen-
tral turbulent region to near-wall region. It means that the
models have adequate working flexibility oriented to different
engineering computation instances and can obtain more accu-
rate computation results. Moreover, the SST k-ω turbulent
model is with mixing processing function that is designed
for the near-wall region specially, so it can acquire reasonable
flow field characteristics of SAF.

3 Double-inlet constrained passage and fluid collision
model

3.1 The improved double-inlet processing apparatus

The single-inlet processing apparatus is shown in Fig. 3,
where the SAF is exported from the pump and flows into
the buffer hole by the passage inlet. Then, collision with the
wall in buffer hole occurs and generates spiral backflow that
can increase the disorder extent of abrasive particle move-
ment. Subsequently, it enters the constrained passage and
forms micro-force/quantity cutting effects by the particle-
wall collision process.

As mentioned in Section 1, because of the influences of the
physical space restrictions and passage hydraulic diameter
variations, the single-inlet passage is hard to obtain ideal sur-
face uniformity and high working efficiency of the integral
finishing procedures. Therefore, we design a double-inlet
constrained processing apparatus according to fluid collision
principles, as shown in Fig. 4. It has two inlets with an angle,
so the two channels of fluid will converge and collide in buffer
hole and generate the required flow field with high disorder
movement.

3.2 Fluid collision mechanic model

If the two inlets have the same parameters (pressure, velocity,
geometric size, angle), the collision of two channels of fluid
should be a symmetric collision. Supposing the angle of the
two inlets is θ (0°<θ<180°), the collision regular will be de-
termined by the angle, i.e., the so-called oblique collision.
Currently, the studies on fluid oblique collision are being the

Table 1 Physical parameters of two constrained processing apparatuses

Inlet diameter/mm Inlet velocity/(m s−1) Reynolds number Turbulent kinetic energy/(m2 s−2) Dissipation rate/s−1

Single-inlet passage 10 40 8,695.65 6.37 6,580.22

Double-inlet passage 5 80 8,695.65 25.46 26,320.89

Fig. 9 Finite element models of the two constrained apparatuses. a
Single-inlet passage. b Double-inlet passage; intensive meshing is
performed on buffer hole and bottom surface of constrained passages

Fig. 10 Dynamical pressure profile cloud chart of single-inlet
constrained apparatus
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exploration stage that is caused by the uncertain steady solu-
tion. Therefore, the solution-elliptic model is a simple and
effective research method for ideal fluid collision process
[31–33].

Supposing the incompressible fluid pressure in which it
is with infinite distance from the buffer hole is zero, the
out-flow velocity along the streamline direction is equal to
the in-flow velocity according to the mass and energy con-
servation equations. Apparently, the fluid oblique collision
satisfies the above conversation equations. In this hypoth-
esis, as shown in Fig. 5, it is assumed that the densities of
two channels of in-flow are equal, the in-flow depths are δ1
and δ2, respectively, the in-flow velocities are equal, the in-
flow direction vectors are e1 and e2, the out-flow depths are
δ3 and δ4, and the out-flow direction vectors are e3 and e4,
so the fluid collision conversation equations can be
expressed as:

δ1 þ δ2 ¼ δ3 þ δ4 ¼ 2a
δ1e1 þ δ2e2 ¼ δ3e3 þ δ4e4 ¼ 2cep

�
ð21Þ

where a and c are characteristic constants, and ep is the vector
sum of e1 and e2.

Supposing there are two in-flow vectors, F1I=δ1e1,
IF2=δ2e2, the in-flow triangle expression is

δ1e1 þ δ2e2 ¼ 2cep ð22Þ

where I is the intersection point of δ1e1 and δ2e2, i.e., the
theoretical collision point of two channels of abrasive flow

in buffer hole. Then, taking 2cep as the baseline, and the
out-flow triangle expression is

δ3e3 þ δ4e4 ¼ 2cep ð23Þ

where F1J=δ3e3,JF2=δ4e4, J is the intersection point of two
channels of asymmetric out-flow vectors, and Jd is the inter-
section point of two channels of symmetric out-flow vectors.

Apparently, the vertices of the in-/out-flow vector triangles
are all on an elliptic, as shown in Fig. 6, where OJd is the
major axis, and OJd=2a=δ1+δ2; F1 and F2 are the focus
points that are the two endpoints of in-flow vector sum 2cep;
F1F2 is the focal length 2c, and it is the base line of the in-flow
triangle; and the vertex J of out-flow vector triangle is the
solution of the fluid collision process.

As mentioned above, the out-flow solution of symmet-
ric oblique fluid collision is Jd on elliptic. In the ideal
hypothesis , the inlet parameters of double-inlet
constrained passage should be equal, but the manufactur-
ing and locating errors make the above conditions hard to
satisfy.

The turbulent abrasive flow is with high-frequency fluctu-
ation, which can lead to flow field variation of two channels of
abrasive flow and make the out-flow intersection point oscil-
late around the theoretical solution. The oscillation will make
the two channels of abrasive flow interpenetrate each other
and increase the pulse pressure and movement randomness
of particles, as shown in Fig. 7.

Fig. 12 Turbulence profile
of single-inlet apparatus.
a Turbulent kinetic energy.
b Turbulent flow intensity

Fig. 11 Particle volume fraction cloud chart of single-inlet constrained
apparatus

Fig. 13 Dynamical pressure profile cloud chart of double-inlet
constrained apparatus
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4 Numerical simulation and comparison analysis

4.1 Model simplification and mesh generation

In order to reduce the computation load of numerical model-
ing, some parts in geometric model should be simplified, as
shown in Fig. 8. The simplified model only conserves the
kernel components of SAF finishing apparatus, i.e., inlet, out-
let, buffer hole, and constrained passage.

Mesh generation is the discrete processing of geometric
model and influences the accuracy of numerical computation
directly. Because the buffer hole and bottom surface of
constrained passage easily appear stress concentration in the
processing course, so they are meshed intensively by the
hexahedral elements, as shown in Fig. 9.

4.2 Boundary conditions

In the processing procedures, the flow rate of pump requires to
be kept constant and guarantees the processing stability; there-
fore, the pump flow can be regarded as a constant for numer-
ical computation. For the double-inlet constrained processing
apparatus, the pump flow is divided into two parts. If the head
energy loss is neglected, so the flow rate of one inlet is half of
that of the pump.

According to the above assumption, the boundary condi-
tions are described as follows: the two-phase fluid model is the
mixture model, the diameter of single-inlet passage is 10 mm,
the diameter of double-inlet passage is 5 mm, the inlet condi-
tion is velocity inlet, the outlet condition is out-flow, the wall
condition is solid wall, the first phase of abrasive flow is water,
the second phase (solid particle) is SiC, the particle

Fig. 15 Dynamical pressure
profile cloud charts of double-
inlet processing apparatus at
different unsteady iteration time
points

Fig. 14 Particle volume fraction cloud chart of double-inlet constrained
apparatus
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concentration is 20 %, and particle diameter is 5 μm, and the
other numerical parameters are shown in Table 1.

As mentioned in Section 3, the fluid collision can cause
the flow field oscillation in constrained passage, which is a
classical unsteady flow process. Therefore, in order to ob-
serve the evolution mechanism of abrasive flow with the
time variation, an unsteady solving method is selected to
obtain flow field regulars, where the iteration step number
is 400, and the time interval is 0.01 ms. Because the SAF is
with higher velocity, a flow filed oscillation period should
be less than in 2 ms. Accordingly, the iteration computa-
tion can contain at least two oscillation periods and satisfy
the observation requirements of constrained passage flow
field.

4.3 Numerical simulation of single-inlet processing
apparatus

According to the Preston equation, it can be inferred that the
dynamical pressure and velocity are the two key factors for
material removal. The expression of dynamical pressure is

pd ¼
1

2
ρui

2 ð24Þ

From Eq. 24, we can find that dynamical pressure is
relevant to density and velocity, so the profile regulars
should be similar with that of velocity. Figure 10 is the
pressure profile cloud chart of single-inlet constrained ap-
paratus. In the buffer hole, the abrasive flow is with lower
dynamical pressure, and the movement of abrasive parti-
cles is not intensive relatively. In the constrained passage,
the dynamical pressure takes on the regular of two high
lateral regions and low middle. At the inlet of constrained
passage, there are two extreme values: the central region
with minimum and the lateral region with maximum.
Moreover, the global profile regulars of other time points
in unsteady computation have not apparent variation.

The abrasive particle fraction is a key factor to finishing
quality and efficiency. Figure 11 is the solid particle (SiC)
volume fraction cloud chart of single-inlet constrained ap-
paratus. In the buffer hole, there is higher and uneven par-
ticle fraction, which proves that the buffer hole can im-
prove the intensity and randomness of particle movement.
In the constrained passage, there is an apparent triangle
region in which the particle fraction is lower, and the pro-
file regular is similar with that of dynamical pressure.
Moreover, the global particle fraction in the passage keeps
unchanged by the variation of iteration time step.

As indicated above, turbulence is an important feature of
SAF and with direct influence to the finishing effects.
Turbulence is a symbol of internal energy of abrasive flow
and can characterize the intensity of particle movement.

Figure 12 is the turbulence profile cloud chart of single-inlet
constrained apparatus. From the figure, we can find that the
profile regular of turbulent kinetic energy and turbulent inten-
sity is consistent; after entering the buffer hole, the turbulent
characteristics increase apparently; the bilateral regions of the
constrained passage are with higher turbulent kinetic energy
and intensity; and the maximum appears at the position near
the inlet.

According to the above results, we can obtain the following
regulars: the dynamical pressure, particle fraction, turbulent
kinetic energy, and turbulent intensity of single-inlet apparatus
are with fixed profiles and not relevant to the variation of time
step in unsteady numerical computation; the profile character-
istics of the above four parameters take on apparent non-
uniformity that will cause negative influence to the processing
quality and efficiency.

Fig. 17 Dynamical pressure variation curves of the two processing
apparatuses

Fig. 16 Velocity variation curves of the two processing apparatuses
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4.4 Numerical simulation of double-inlet processing
apparatus

Figures 13 and 14 are the profile cloud charts of dynamical
pressure and particle fraction in double-inlet apparatus, re-
spectively. In the buffer hole, by the fluid convergence and
collision process, two channels of abrasive flow interpen-
etrate and swap each other and enter constrained passage
with higher turbulence intensity. In the constrained pas-
sage, the dynamical pressure and particle fraction break
the stable triangle profiles of single-inlet passage and take
on irregular profiles and better uniformities. Apparently,
the above profile features are beneficial to improve the
surface quality.

To observe the movement regulars of SAF in double-inlet
processing apparatus, six iteration time points in unsteady
computation are selected to analyze the variation of dynamical
pressure, as shown in Fig. 15.

From the figures, we can find that the triangle low-
pressure region in single-inlet processing apparatus is dis-
turbed by the fluid collision and oscillates periodically
around the medial axis of the constrained passage; there
is a high-pressure region, which appears at the passage
inlet firstly, moves to the passage outlet with the time var-
iation, and disappears at the outlet finally. Accordingly, the
above periodical pressure variation makes all the passage
surfaces to have the same liquid–solid contacting condi-
tions and improve the finishing uniformity and efficiency.

The inlet is a key position of the constrained passage
and can characterize the flow field features of the passage.
Taking the inlet medial point Q as the observation point
(shown in Fig. 8), the corresponding velocity and dynam-
ical pressure curves are shown in Figs 16 and 17, where the
horizontal coordinate is the unsteady iteration time Ti, and
the vertical coordinates are velocity v and dynamical pres-
sure Pd, respectively. The initial influx velocity of single
processing apparatus is 40 m/s, and the particles require to
take 1.5 ms to arrive at Q. The initial velocity of double-
inlet apparatus is 80 m/s, and the time flowing to point Q is
0.75 ms.

From the figures, we can obtain the following regulars:
(1) Velocity and dynamical pressure in single-inlet appara-
tus enter the steady state on 1.5 ms, and the steady time of
double-inlet is 1 ms. (2) In the transition process to steady
state (0 ms<Ti<0.5 ms), the double-inlet is with lower
velocity and pressure that are caused by the negative-
pressure back flow of fluid collision; after converging of
two channels of fluid, because they have higher initial in-
flux velocities, the velocity and pressure increase rapidly
and take on serious fluctuations. 3) The steady mean values
of velocity and dynamical pressure of double-inlet appara-
tus are higher than that of single-inlet apparatus apparently.
4) The velocity and dynamical pressure at steady state are
with limited fluctuations, and fluctuation amplitudes of
double-inlet apparatus are larger than that of single-inlet
apparatus.

Fig. 18 Processing experimental platform. a Abridged view. b Physical entity of the double-inlet processing apparatus. 1 Motor. 2 Mixing blade. 3
Abrasive flow container. 4 Pump. 5 Thermometer. 6 Pressure meter. 7 Flow meter. 8 Processing apparatus. 9 Pipe

Fig. 19 Surface morphology
comparison of the two processing
apparatuses. a The processed
surface by single-inlet apparatus.
b The processed surface by
double-inlet apparatus
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5 Processing experiments and results analysis

5.1 Experimental platform and processing device

To check the effectiveness of the proposed method, a process-
ing experimental platform is developed, as shown in Fig. 18.

5.2 Experimental result analysis

The experiments using the two processing apparatuses are
performed, and the surface morphologies after 10-h process-
ing are shown in Fig. 19. In Fig. 19a, there are no apparent
material removal phenomena in the elliptic region; the rectan-
gle region is with uniform processing effects and less material
removal quantities; and the bilateral regions have higher light-
ness in which there are more apparent processing effects than
other regions. Moreover, a photomicrographic apparatus with
500 amplification times is used to observe the micro morphol-
ogy, and the results are shown in Fig. 20. In the central region,
the original processing traces still exist, while the lateral re-
gion is with better surface quality. The above results prove that
the single-inlet apparatus can cause apparent non-uniformity
on surface quality and accord with the numerical simulation
regulars in Section 4.3. In Fig. 19a, there are two etch pits in
the rectangle region, which accords with numerical results in
Section 4.4. In the other regions, apparent and even processing
effects appear, and it can be inferred that the double-inlet
processing method can resolve the non-uniformity problem
of single-inlet method.

Figure 21 is the workpiece surface after 35-h processing by
the double-inlet processing apparatus. From the figure, we can
find that the processed surface can reach mirror level, which
can reflect clear image, and has better uniformity.

In order to observe the processing effects of the parallel
flowing direction and vertical flowing direction and analyze
the surface roughness distribution regulars of the double-inlet
processing method, the 16 observation points are selected, as
shown in Fig. 22.

Figures 23 and 24 are the surface roughness curves of the
processed surfaces after 40-h processing. On the vertical
flowing direction, the average roughness processed by the
single-inlet method can reach less than 0.4μm, but the vertical
1 point has no apparent finishing effects, which is caused by
the triangle region with lower dynamical pressure and particle
fraction (shown in Figs. 10 and 11). Moreover, the roughness
curves of other three observation points take on dispersion
phenomena, which prove that the processing uniformity of
single-inlet method requires to be improved. The average
roughness processed by the double-inlet method is less than
0.2 μm, and curves of four observation points take on higher
convergence, especially for the first one. Moreover, the
double-inlet method only requires 15 h to reach the roughness
level of single-inlet after 40-h processing, which prove that the

double-inlet method can improve the processing efficiency
apparently.

On the parallel flowing direction, the roughness of work-
piece surface bilateral points (A and C) processed by the
single-inlet apparatus is in the interval of 0.3–0.4 μm.
Similar with the vertical flowing direction, the points A1,
B1, and C1 are with the worst processing effects that are
caused by the triangle low-pressure region. The roughness of
central region (B) is in the interval of 0.2–0.3 μm, and with
dispersed distribution. The results prove that single-inlet
method can obtain better roughness in central region of
constrained passage, but the processing uniformity still needs
to be improved. The average roughness of the three surface
regions (A, B, and C) processed by the double-inlet apparatus
is less than 0.05 μm, and the curves are with better conver-
gence and descending rate compared with the single-inlet
method.

From the results of Figs. 19, 20, 21, 22, and 24, we can find
that the double-inlet processing method has better finishing
uniformity, precision, and efficiency than the single-inlet pro-
cessing method, which might be caused by the following fluid
mechanic regulars: (1) When the two channels of abrasive
flow converge in the buffer hole, the intensive fluid collision
process can increase the motion energy of abrasive particles,
disturb the particle aggregation phenomenon, and improve the
profile uniformity of the abrasive flow field. (2) In the single-
inlet processing apparatus, because there are no flow
disturbing factors, the profile characteristics in the constrained

Fig. 20 The workpiece surface morphology using the single-inlet
processing apparatus (lens ×50)

Fig. 21 The machined workpiece surface by the double-inlet processing
apparatus
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passage are steady. The double-inlet apparatuses introduce the
interference flow, which cause the flow field profile oscillate,
and make all the surface regions to have equal processing
probability.

6 Conclusions

To address the processing non-uniformity problem of single-
inlet SAF finishing, a novel double-inlet SAF finishing

Fig. 22 The distribution of
roughness measurement points.
a Vertical flowing direction with
four observation points. b Parallel
flowing direction with twelve
observation points

Fig. 23 Roughness variation curves of single-inlet processing method. a Vertical flowing direction. b Parallel flowing direction A. c Parallel flowing
direction B. d Parallel flowing direction C
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method is proposed based on the fluid collision theory.
Considering the above research target, the corresponding the-
oretical modeling, and processing experiments performed, the
main conclusions are as follows:

1. Based on the SST k-ω turbulence model and two-phase
mixture model, the fluid mechanic models of the two
processing apparatuses are built up. In combination with
the fluid oblique collision conservation principles, the
profiles of dynamical pressure and turbulence intensity
in constrained passages are obtained.

2. In the single-inlet processing apparatus, owing to the var-
iation of system hydraulic diameter and the limitation of
constrained passage wall, there is a low-value region in
the constrained passage, and the turbulent energy takes on

decreasing tendency along the parallel flowing direction.
If the boundary conditions are invariable, the flow field
distribution of single-inlet passage is in steady state,
which causes apparent non-uniformity on the processed
surface.

3. In the double-inlet processing apparatus, the intensive col-
lision of two channels of flow generates a periodic oscil-
lation phenomenon on flow field profile in constrained
passage. The oscillation can disturb the steady profile in
single-inlet passage, enhance the turbulence intensity and
disorderly movement of abrasive flow, and improve the
processing uniformity and efficiency.

4. A SAF finishing experimental platform is developed, and
the experiments have been performed. The experimental
results accord with the numerical computation regulars

Fig. 24 Roughness variation curves of double-inlet processing method. a Vertical flowing direction. b Parallel flowing direction A. c Parallel flowing
direction B. d Parallel flowing direction C
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and prove that the proposed SAF finishing method can
improve the uniformity, precision, and efficiency..

In general, the key scientific contribution of this paper is in-
troducing the fluid collision theory into the fluid-based process-
ing area and providing the modeling and solving methods. It not
only can provide direct suggestions for the research works of
multi-channel fluid–solid contactingmatters of fluidic processing
methods but can offer universal references to the engineering
areas of hydraulic machineries or chemical equipment. The sub-
sequent research works will be carried out around the facets of
processing apparatus structure optimization and ultrasonic-based
compound flow filed enhancing method.
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