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Abstract Soft abrasive flow(SAF) finishing can process
the irregular geometric surfaces, but with the matter of low
processing efficiency. To address the issue, an improved
SAF finishing method based on turbulent kinetic energy
enhancing is proposed. A constrained flow passage with
serration cross-section is constructed to increase the tur-
bulence intensity. Taking the constrained flow passage as
the objective, a two-phase fluid dynamic model is set up by
using particle trajectory model and standard k-¢ turbulence
model, and the flow field characteristics of the flow passage
are acquired. The numerical results show that the serration
flow passage can enhance the turbulence intensity, uniform
the particles distribution, and increase the particle con-
centration near the bottom wall. The observation results by
particle image velocimetry(PIV) show that the internal
vortex structures are formed in flow passage, and the
abrasive flow takes on turbulence concentrating phe-
nomenon in near-wall region. The finishing experiments
prove that the proposed method can obtain better surface
uniformity, and the processing efficiency can be improved
more 35%. This research provides an abrasive flow mod-
eling method to reveal the particle motion regulars, and can
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1 Introduction

With the rapid development of modern industry, new
products require high standard moulds or workpieces with
precise geometric size and uniform surface quality [1, 2].
With respect to the finishing for the surfaces of grooves,
holes, prisms, pyramids, narrow channels and other irreg-
ular shapes, which are the so-called structural surfaces and
involved a large number in mould manufacturing, the
conventional finishing methods with rotating tools are hard
to match the technical requirements of practical industry
production [3, 4].

It is well known that the loose abrasive particles with
multiple cutting edges can resolve the matter for the sur-
faces with irregular geometric shapes or complex struc-
tures. Accordingly, a no-tool fluid-based finishing method,
i.e. the soft abrasive flow(SAF) finishing, is put forward
[5, 6]. In the process of SAF finishing, abrasive particles in
the fluid media are used as cutting tools acting on
machining surfaces repeatedly, and the fluid media requires
to be with intensive turbulent state. Apparently, SAF is a
type of liquid-solid two-phase abrasive flow with a low
effective viscosity, which has a better flow behavior with
strong turbulence. The turbulence can be conducive to
realize micro cutting with micro force to the structural
surface of a mould for precision machining [7-9]. In view
of the merits of the SAF finishing, it had been applied in
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some engineering areas, such as mould manufacturing and
automobile accessories [10-12].

In 2010, JI et al. developed a SAF dynamic model
based on discrete phase method, and found that the
abrasive flow processing was of variable processing effi-
ciency caused by the influence of near-wall particle
velocity [5]. In 2012, TAN et al. introduced the level set
method(LSM) into fluid-based processing area, and pro-
posed a modeling method for two-phase abrasive flow by
LSM topological structure transformation. The method
could analyze the motion regulars of the abrasive particles
in turbulent state, and trace the interface variation regulars
of two-phase abrasive flow [6]. LI et al. presented a fluid
mechanic model for SAF near-wall region. The model
adopted Nikuradse’s experimental methods to acquire the
variation regulars of SAF turbulent parameters and flow
passage pressure profiles with different inlet velocities
[13]. In 2013, ZENG, et al. put forward a material
removal model by the modified Preston equation.
According to a series of simulation and practical experi-
ments, the size of abrasive, hardness of abrasive, and
hardness of surface were derived as important factors for
the material removal. The processing results showed that
the modified Preston equation was propitious to avoid
errors for calculation [14]. In 2014, JI, et al. set up an
ultrasound-based SAF processing apparatus to improve
the processing efficiency and surface quality. The pro-
cessing experiments showed that there are large numbers
of bubbles that were growing and hitting on the wall
continuously, and the SAF coupled with ultrasound wave
could reduce the processing time effectively [15]. In 2016,
TAN, et al. proposed a double-inlet SAF finishing method
based on the fluid collision theory. The processing
experiments showed that the double-inlet SAF finishing
method could improve the finishing uniformity and effi-
ciency [16]. ZENG et al. adopted the soft ball model to
analyze the normal and shear contact forces between two
particles. By introducing damping coefficient, formulas on
displacement and velocity were given for theory analysis
of creep deformation. Then, the force chains were estab-
lished by simulation, which proves that softness consoli-
dation abrasives possess more cutting force than free
abrasives [17]. KAVITHAA et al. proposed a model to
describe the nanometric surface finishing of typical pros-
thetic implants and an extrusion die used in bio-medical
and pharmaceutical industries, respectively. The finishing
and deburring for a propeller and a shuttle valve used in
aerospace applications are performed [18].

Although the SAF finishing method is of many benefits,
the soft abrasive flow mechanism with dilute particles in
complicated constrained channels is with high nonlinearity,
and still remains unclear. Moreover, owing to the low
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particle fraction of SAF, the processing efficiency require
to be improved.

From the above references, it can be inferred that par-
ticle motion mechanism is a difficult point of two-phase
abrasive flow, and with inherent relations to the internal
energy distribution, i.e. the turbulent kinetic energy.
Therefore, this paper introduces the particle trajectory
model into the SAF dynamic modeling area, in which the
particle concentration is 10%. Based on the above
hypothesis, a constrained flow passage with serration cross-
section is constructed to increase the turbulence intensity of
abrasive flow, and the processing efficiency of SAF fin-
ishing will be improved.

The main scientific contribution of the paper is provid-
ing an abrasive flow dynamical modeling method for par-
ticle motion regulars, and promoting an improved SAF
finishing method to increase the processing efficiency. The
research work not only can provide direct suggestions for
the researchers of the fluid-solid contacting matters of
constrained or non-constrained fluidic processing methods,
but also can offer universal references to the engineering
areas of large-scale hydraulic machinery design, chemical
reactor internal state monitoring and fluid-solid coupling
resistance optimization.

2 SAF Fluid Dynamic Model

Particles motion is an important issue to research the pro-
cessing mechanism of SAF, and reveal the corresponding
dynamical regulars. It focuses on the momentum transfers
between particles and the processing media, i.e. the fluid
phase. The liquid phase is usually considered to be con-
tinuous as the particle phase, and with two dynamic
modeling methods. The first one is behaved under the Euler
conference frame, and the particles are considered as quasi
fluid that can be regarded as the discrete phase. In this
assumption, the two-phase flow simulation for liquid and
particle phase is also called two-fluid model, but is not
applicable to the dilute particle-liquid flow. The other is
particle trajectory model under the Lagrange conference
frame. In combination with the continuous liquid phase
model, it constitutes the Euler-Lagrange model to solve the
Navier-Stokes(N-S) equation [19-22]. Accordingly, if the
continuous liquid phase flow field is obtained, the force of
particles is calculated together with flow field to obtain the
particles velocity, in which the trajectory tracking for each
particle is regarded as the discrete phase. This approach
assumes that the concentration of the discrete phase is
generally less than 10%—15%, so the interaction between
particles and the influence of the particle volume fraction
on the continuous phase can be ignored.
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2.1 Liquid Phase Governing Equations

As mentioned above, SAF is a kind of two-phase incom-
pressible fluid with lower particle phase concentration,
where continuous equation of the fluid phase is [5, 6]

O(prou)
ot

The momentum conservation equation of the continuous
phase is

+ Ve (pouuy) =0. (1)
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In Egs. (1) and (2), p, is the density of fluid phase, oy is
the liquid volume fraction, ¢ is the time variable, u; is the
velocity of liquid phase, u is the kinetic viscosity, p is the
pressure of the fluid phase, Fy is the force between the
phases, g is the acceleration of gravity, and Sy is the source
term written in the general form.

2.2 Particle Phase Motion Equations

By calculating the integral of the force balance equation of
particles under the Lagrange coordinates, the trajectories of
discrete phase particles can be obtained. In this paper, since
the particles concentration is rather low, the basset force,
virtual mass force, magnus force, saffman force and
buoyancy force [13—15] in particle motion equation are
ignored, and only the gravity and drag force are considered.
The particle motion equation is as follows:

g(pp, — p)

” FD(u—up)-l—T, (3)
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the first term of the right hand of Eq. (3) is the drag force
on per unit mass of the particle, and the F, can be written
as
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where u is the fluid phase velocity, u, is the particle
velocity, p is the fluid density, p, is the particle density, g
is the additional acceleration, d, is the particle diameter,
and R. is the particle Reynolds number:
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u
the drag coefficient Cp is given as [13]
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2.3 Turbulence Model

Turbulence is the key feature of SAF, and is the pre-con-
dition to guarantee the processing effects of SAF finishing
method. Considering the matter, the fluid mechanic model
requires to involve the turbulence model, in which the
equations of the turbulent kinetic energy and the dissipa-
tion rate are as follows:
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In Egs. (7)—(10), k is the turbulent kinetic energy, ¢ is the
dissipationrate, 4, is the turbulent viscosity, Gy is the turbulent
kinetic energy caused by the average velocity gradient, Cy,,
Cy,, C, are the experience constant with the value of 1.44,
1.92, 0.09 respectively, o, oy are the Prandtl numbers cor-
responding to the turbulent kinetic energy and the turbulent
dissipation rate with the value of 1.0 and 1.3, respectively.

3 Objective Physical Model and Boundary
Conditions

3.1 Physical Model

As shown in Fig. 1, the processing apparatus of SAF fin-
ishing is composed of four kernel parts: fixture, constrained
module, base entity and workpiece. As indicated above, the
constrained module is with serration cross-section, and
constructs the constrained flow passage with workpiece.

Fixture

Base entity

Workpiece

Constrained module

Fig. 1 Structural diagram of the SAF processing apparatus
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The geometric sizes of the flow passage are as follows:
length (100 mm), width (12 mm), and height (2 mm). In
the flow passage, SAF is extruded by a pump and form
turbulence state, and the micro-force and micro cutting
effects are performed on the surface of workpiece.

For the above objective, the grid meshing with
unstructured hexahedral units is implemented by ANA-
SYS—FLUENT®, as shown in Fig. 2. The calculation
region is the flow passage, and the length is 100 mm. The
total grid number is about 790 920. In order to guarantee
the modeling repeatability, and the grid independent veri-
fication is performed.

3.2 Boundary Conditions

Considering the grid model of constrained flow passage,
the boundary conditions can be defined as follows. The
inlet boundary is set as velocity entrance while the outlet is
outflow. The particles are put at the entrance of the flow
channel with the velocity vector direction perpendicular to
the cross-section. Discrete particles random orbital model
is used considering the interphase coupling effect between
continuous liquid phase and discrete particles. The equa-
tions are solved by the phase coupled SIMPLE algorithm
employing pressure and velocity coupling with the first-
order upwind discrete format. The iteration time step is
0.000 1 s.

The liquid phase is selected as 46# engine oil with the
initial velocity of 60 m-s™', assuming the flow has been
fully developed into turbulent flow. The turbulence inten-
sity can be given as

1=0.16(Repy) /2= 52%. (11)

The solid phase is SiC particles of which the average
diameter is 55 um. The density and the dynamic viscosity
are 3170 kg-m > and 2.064 x 107® m*s~', respectively.
The initial velocity is set to be 60 m-s~'and the mass flow
rate is 1.03 kg-s~' with the volume fraction of 10%. The
wall function method and no-slip boundary conditions are
used for the liquid phase. For the particle phase, the non-
equilibrium wall function approximation is used in the area
near the wall.

Fig. 2 Grid meshing of the constrained flow passage
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4 Numerical Simulation and Results Discussion

Relative research works [13—17] prove that the processing
effects for a structured surface in constrained flow passage
is closely related with the particle velocity, pressure and
other flow field parameters. Therefore, the velocity profiles,
turbulence properties and the particle dynamic character-
istics are mainly analyzed in the serration shape flow
passage.

According to the SAF dynamic model in Section 2, the
transverse velocity profile of constrained flow passage is
obtained, as shown in Fig. 3. Owing to the resistance and
disturbance effects of constrained module, the high-ve-
locity region is shifted to the bottom of flow passage, i.e.
the near-workpiece region with higher velocity amplitude,
which is helpful to improve the processing efficiency.

Figure 4 shows the velocity distribution along the flow
passage direction near the bottom wall which is the
machining surface of the workpiece. The velocity from the
position of 0.015 m to 0.095 m is displayed almost in sine
curve shape, with the minimum value of 60 m-s~! and the
maximum value of 110 m-s™". It indicates that the velocity
near the wall in the flow channel changes continuously.
This alternating velocity field can be advantageous for
micro cutting effect of the particles with micro force on the
workpiece surface with much more machining precision.

The turbulent kinetic energy reflects the length and time
scale of turbulence pulse in the flow channel (shown in
Fig. 5), which is one of the important factors to the fin-
ishing effects. If the turbulent kinetic energy of abrasive
flow becomes larger, the pulse intensity will be higher.
Because the simulated iteration of the flow field in the
constrained passage enters stable state at less than 0.03 s,
the 0.05 s is selected as the observation time point of
simulation results.

Figure 6 shows the velocity vector distribution of the
grinding particles group in the constrained flow passage for
the iteration time of 0.05 s. It can be seen that the distri-
bution of the grinding particles is uniform along the x-di-
rection and the particles are much more concentrated near
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Fig. 3 Transverse velocity profile of flow passage
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Fig. 6 Velocity vector distribution of particles

the bottom wall area with larger relative velocity. The
vortex exists between two grooves, which indicates that the
grinding particles have reached a disordered turbulent state.

To acquire the global profile of particle motion, the 3D
vector distribution of the particles is shown in Fig. 7. In the
figure, there is a clear and frequent collision trend for the
grinding particles to the wall, with a disorder distribution.
Apparently, the disorder motion can change the directions
of processing tracks, and the processing uniformity will be
improved.

Processing effects of SAF finishing are the final targets
of numerical simulation, so the simulated abrasion for the
workpiece surface is shown in Fig. 8. It indicates that the
surface abrasion gradually increases along the channel
from the entrance, and eventually reaches a uniform wear
at the outlet. If the constrained module moves along the

Fig. 7 3D vector distribution of particles
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Fig. 8 Wear of workpiece machining surface’

passage direction, the uniform machining to the workpiece
surface would be achieved.

5 Experimental Verifications
5.1 PIV Observation Experiments

As indicated above, particle motion is a key factor to the
processing effects of SAF finishing. To verify the numer-
ical results of particle motion, a PIV based observation
experimental platform is established [23-25], as shown in
Fig. 9.

The experimental platform is composed of four func-
tional components: a high-frequency laser transmitter, a
high-speed camera, a constrained flow passage and a PIV
post-processing system. To observe the internal flow field
of constrained flow passage, the constrained flow passage
is constructed by transparent materials. The processing
procedures of PIV observation for particle motion in flow
passage are described as follows. Firstly, the two single
particle images are divided into small areas. Then the
cross-correlation analysis is applied to the two particle
images on the area to get the velocity vectors, and finally
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Fig. 9 SAF observation experimental platform

the velocity vectors of the total area are obtained. Fig-
ure 10 shows the distribution of the particles in the con-
strained flow passage.

Figure 10 shows that the distribution of the particles is
approximately uniform along the axial direction. By pro-
cessing the local area of the images within the red rectangle
window as shown in Fig. 10, the local velocity vector
diagram of the grinding particles is obtained, as shown in
Fig. 11. It shows that some internal vortex structures are
formed in the flow filed. The vortex movement makes the
particles accelerate and decelerate constantly and disturbs
the particles flow state near the wall boundary layer.
Therefore, the abrasive flow takes on turbulence concen-
trating phenomenon in the near-wall region. The conse-
quent turbulence of the SAF in constrained flow channel
will help the particles cut the workpiece surface with dis-
orderly micro forces. The above results accord with the
numerical simulation results in Fig. 6 and Fig. 7.

5.2 Processing Experiments
In order to check the effectiveness of the proposed SAF

finishing method, a processing experimental platform is
developed, as shown in Fig. 12. The experimental platform

Fig. 10 Distribution of particles in the flow channel
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Diaphragm pump

Fig. 12 SAF processing experimental platform

contains a fixture apparatus, a constrained flow passage, a
SAF agitator and a diaphragm pump. The dimension,
structure and processing condition of the constrained flow
channel processed in the experiment are the same as those
in the numerical simulation.

The workpiece for the processing experiment is made of
45# steel, and with the geometric size of
100 mm x 12 mm x 5 mm. The constrained module is
with serration shape structure, and it constructs the con-
strained flow passage with the workpiece and the steel base
entity, as shown in Fig. 13.

To guarantee the mass transformation performance of
constrained flow passage, the average gap of the pas-
sage is 2 mm. The initial surface roughness value Ra of
the testing workpiece is 3 um. The processing media
with the grinding particles is the mixture of #46
hydraulic oil and the green silicon carbide particles
with the average diameter of 55 pm. The total mass of
the solid particles is 2.5 kg. The mixture is stirred by
the agitator during the entire experiment before entering
the finishing section to ensure the liquid phase blend
well with the particles. The initial velocity of the par-
ticles flow is 60 m-s~', and the particle volume fraction
is about 10%.
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Inlet Fixture Outlet

Base entity

Constrained module

Fig. 13 SAF processing apparatus with serration shape constrained
module

The surface roughness values for the testing workpiece
are measured every three hours during the experiment. The
measuring locations with the total number of 13 are regu-
larly distributed on the surface of the workpiece along both
the transverse and longitudinal direction, corresponding to
the embossments and grooves of the serration shape
structure. After 21 h processing, the surface quality varia-
tion is shown in Fig. 14. From the figure, we can find that
the proposed method can obtain better surface roughness
and uniformity.

To acquire the detail data and global profile of surface
roughness, the 3D distribution of the surface roughness
values for the testing workpiece is obtained, as shown in
Fig. 15. It can be seen that the average peak roughness
values on the surface of the testing workpiece drop a lot
obviously and the surface becomes smooth after it has been
processed for 21 h, indicating the good processing effects.

Subsequently, for verifying the advantages of processing
efficiency of the proposed SAF finishing method, two
groups of comparative experiments with traditional SAF
finishing method have been performed, and the results are
shown in Table 1 and Table 2. It can be seen that less
processing time is consumed for the same surface rough-
ness by using the proposed SAF finishing method.
Apparently, owing to the turbulent energy enhancing, the
proposed method can improve the processing efficiency
more 35%.

Moreover, to check the surface quality of the proposed
method, the comparative experiments for flatness have
been implemented. Similarly, the proposed method can
perform better processing efficiency, also accompanied
with on manifest performance advantages. Because SAF
processing is for the finishing stage of workpiece, it is with
limited ability to improve the geometric tolerance.

2011/10/07

(b) After processing

Fig. 14 Comparison of surface quality for the testing workpiece

6 Conclusions

(1) The concentration of the grinding particles is rather
low at the entrance of the whole flow passage. The
distribution of the particles becomes uniform with
the disorderly particle velocity vectors at the middle
segment and the outlet. The two-phase flow in the
flow passage has reached the turbulent state, which is
beneficial to the processing effects.

(2) Near the bottom surface of the passage, the turbulent
kinetic energy is much more uniform and larger,
which indicates that the turbulent pulse strength and
velocity are larger as well. Thus the cutting intensity
of the grinding particles to the workpiece surface is
stronger and much more frequent and disordered,
resulting in the improvement of the machining
efficiency.

@ Springer
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Fig. 15 Comparison of 3D morphology for testing workpiece

Table 1 Processing time of traditional method at different surface
roughness (h)

Exp. Surface roughness Ra/um

1.0 0.5 0.3 0.15
Group-1 5.5 20.5 25.5 355
Group-2 7.0 21.5 27.5 36

(3) By using the PIV techniques, the observation results
of the distribution and the velocity vectors of the
grinding particles in the constrained flow passage
have been obtained, verifying the simulated results.

(4) A processing experimental platform is established,
and the processing experiments have been finished.

@ Springer

Table 2 Processing time of proposed method at different surface
roughness (h)

Exp. Surface roughness Ra/um

1.0 0.5 0.3 0.15
Group-1 35 12.5 17.5 22
Group-2 4.5 13 18 21.5

The results show that the proposed SAF finishing
method can obtain better surface quality and pro-
cessing efficiency.
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