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Abstract To resolve the problems of uniformity and efficiency
of soft abrasive flow (SAF) processing for complex titanium
alloy surfaces, a gas compensation-based abrasive flow
(GCAF) processing method is proposed. By the constrained
modules, an enclosed flow passage covering the titanium alloy
surface is built up, in which the gas phase is injected to enhance
the turbulence intensity of abrasive flow. Taking the constrained
flow passage as the objective, a three-phase fluid mechanic
model for GCAF is set up based on the realizable k-ε model
and the mixture model. The profiles of velocity and dynamical
pressure of abrasive flow field in the constrained flow passage
are obtained, and the turbulence variation regulars caused by
gas compensation are revealed. Numerical results show that the
proposed method can strengthen the turbulence intensity of
abrasive and improve the distribution uniformity of dynamical
pressure. A GCAF processing experimental platform is devel-
oped, and the experiments are performed. The results prove that
the proposed method can obtain better processing efficiency
and uniformity, the average surface roughness is less than Ra
0.3, and the surface topograph of micro-peak and micro-valley
can reach less than 50 and 10 μm, respectively.
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1 Introduction

Titanium alloy materials possess perfect mechanic perfor-
mances, such as low density (4.5 g/cm3), good corrosion re-
sistance, and biocompatibility [1–4], so they have been ap-
plied in many engineering areas, especially for the artificial
joints manufacturing. The technical procedures of titanium
artificial joints contain casting, forging, hot static pressing,
and machining. The surface quality of artificial joints deter-
mines the surface friction properties. As the artificial organs,
they cannot be directly applied for implantation without
finishing; otherwise, the higher roughness might increase the
contact probabilities between the joint surfaces and micro-
convex bodies and result in larger adhesion wear [5, 6].

Generally, the artificial joints have the body surfaces with
complex or irregular geometric shape (shown in Fig. 1); there-
by, traditional mechanical processing methods are hard to sat-
isfy the technical requirements [7, 8]. Moreover, the titanium
alloy materials have higher visco-elasticities and lower heat
conductivities, so the abrasive flow machining (AFM) methods
are apt to create surface scratches and heat damages [9, 10]. To
resolve the problems, the soft abrasive flow (SAF) processing
method is proposed [11–13]. It uses one or several mechanical
constrainedmodules to cover the joint surface and constructs an
enclosed re-circulating flow passage. The fluid medium has
lower viscosity, particle faction, and higher velocity, so it has
better flow performance. Therefore, SAF is easy to generate the
turbulent flow state, which can improve the surface quality and
adapt the complex geometric surfaces of artificial joints.

Owing to the technical advantages of SAF processing
method, it has been widely applied in the mechanical
manufacturing area including micro-electro-mechanical com-
ponents, precise molds, and automobile accessories [14–16].
In 2010, Ji et al. used the Newton multiple-phase method to
describe the SAF flow field in constrained flow passage and
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obtained the motion trails of abrasive particles in the
near-wall region by discrete phase model (DPM) [10].
In 2012, Tan et al. proposed a level set method (LSM)
based fluid mechanic modeling method for SAF pro-
cessing and adopted the higher-order essentially non-
oscillatory (ENO) and total variation diminishing
(TVD) methods to reveal the dynamical variation regu-
lars of phase surface of two-phase abrasive flow [17].
Li et al. presented a two-phase fluid mechanic model
for SAF near-wall region. The profiles of SAF turbulent
energy, velocity, and dynamical pressure with different
boundary conditions were obtained by the semi-implicit
method for pressure-l inked equation consistent
(SIMPLEC) algorithm. The processing experiment for
a micro U-shape workpiece proved that SAF method
could improve the processing precision of irregular geo-
metric surfaces [4]. In 2014, Ji et al. put forward a SAF
finishing method based on ultrasound enhancing. The
particle image velocimetry (PIV) observation results
showed that there are large numbers of bubbles that
were growing and hitting on the wall continuously,
which could lead to positive effects for the processing
efficiency [18]. In 2015, Zhang et al. used the SAF to
process titanium alloy artificial joints, and then found
that fluid resistance caused path losses, local losses,
and uneven profiles of velocity and dynamic pressure
of abrasive flow field. Those ultimately result in uneven
processing effects and lower efficiency [19]. In 2016,
Tan et al. introduced the fluid collision theory into
fluid-based processing area and proposed a double-inlet
SAF finishing method. The processing experiments
show that the proposed SAF finishing method can make
the roughness on parallel flowing direction be less than
50 nm and can improve the finishing uniformity and
efficiency [20]. Ji et al. proposed a gas-liquid-solid
three-phase abrasive flow finishing method. By intro-
ducing micro-nano gas into a SAF field, the method
utilized the energy released by the gas collapsing to
accelerate the motions of abrasive particles and to im-
prove the processing efficiency [21].

From the above references, it can be inferred that SAF
processing has the problem of low processing efficiency and

apt to form uneven surface quality in the larger curvature
region or static flow corner. For the special processing char-
acteristics of titanium alloy, the above problemsmight become
apparent. Consequently, to address the matter, we propose a
gas compensation-based abrasive flow (GCAF) processing
method, in which the gas is drove to the constrained passage
at a suitable combination of compensation velocity, compen-
sation area, and incident angle.

Apparently, different from the traditional SAF and other
fluid-based processing methods, GCAF is with the three-
phase fluid medium. The gas phase is injected into the
constrained flow passage by several inlets, disturbs the flow
field distribution, and avoids the processing dead regions.
Moreover, the energy of gas phase can enhance the turbulence
intensity of SAF, and the collision probabilities between abra-
sive particles and workpiece surface would be increased.

This paper is organized as follows. In Sect. 2, a three-phase
fluid mechanic model of GCAF is set up based on the realizable
k-εmodel and themixturemodel. In Sect. 3, the physical bound-
ary conditions of the constrained flow passage are described, the
numerical simulations for the flow field characteristics of the
constrained passages are performed, and the comparison analy-
sis and discussion are given. In Sect. 4, a GCAF finishing ex-
perimental platform is developed, and the experiments are im-
plemented. In Sect. 5, the conclusions are presented.

2 Fluid mechanic model of GCAF

2.1 Turbulence model

As indicated in Sect. 1, GCAF has the similar physical char-
acters with SAF, i.e., low viscosity and high flow velocity, so
it easily develops into turbulent flow state. As a classical tur-
bulence model, the standard k-ε model is one of the most
widely used models, but it may have nonphysical results
caused by high mean shear stress. Moreover, considering the
modeling of strong swirl flow, curved wall flow, or streamline
flow, it can lead to flow stress distortion or negative normal
stress [22]. For above reasons, the realizable k-ε model is
proposed [23], where the rotation speed and correlated vari-
ables of curvature are considered in the model function.

Fig. 1 Titanium alloy artificial
joints with complex geometric
surfaces
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Therefore, it has a better computation performance on the flow
fields with strong streamline curvature, vortex, and rotation.

The turbulent kinetic energy and its dissipation rate trans-
port equation of realizable k-ε can be described as
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The turbulent viscosity μt is the key parameter for turbu-
lence computation. Different from other turbulence models,
realizable k-ε model regards μt as a variable:
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where Ωij is the time-averaged strain rate tensor,
~Ωij ¼ Ωij−2εijkωk , Ωij ¼ Ωij−εijkωk , and ωk is the angular ve-
locity [24–26].

According to the Eqs. 3–6, it is found that Cμ is a key
variable of μt, and it can be regarded as function containing
the parameters of rotating velocity, time-averaged strain, tur-
bulent parameters, and angular velocity. In view of the above
character, realizable k-ε model has the ability to simulate the
flow field profiles of boundary layer fluid [27, 28]. Therefore,
it can obtain more accurate Reynolds stress than the standard
k-ε model or renormalization group (RNG) k-ε model and

accords with the factual physical features of turbulent flow,
adapting for multi-phase flow, jet flow, and shear flow.
Accordingly, the above merits can offer adequate theoretical
references to the research works of boundary layer division
and two-phase interface coupling involved by the GCAF
modeling.

2.2 Multiphase flow model

As indicated in Sect. 1, the research objective of the paper is
the three-phase abrasive flow in a limited physical space, and
it should be described by a multiphase flow model. Presently,
volume of fluid (VOF) model and mixture model are the most
commonly used models for multiphase flow. The mixture
model can simulate the multiphase flow fields with two or
more phases at different velocities. It can solve the momentum
equation and describe the discrete phase by relative velocity.
Furthermore, the mixture model allows the penetration of each
phase; so, it can accurately simulate the abrasive flow under
unclear drag force regular [29–32]. Because the velocity of
gas is different from that of the SAF, and all phases in the
constrained passage are mixed with each other during the
processing, the mixture model is more consistent with the
actual case of the GCAF.

The momentum equation of the mixture model can be ob-
tained by the individual momentum equation and can be de-
scribed as follows:
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where m represents the mixture fluid mass, ρm ¼ ∑
n

k¼1
αkρk

represents the mixture fluid density, αk means the volume

fraction of k phase, ρk is the density of k phase, ν*m ¼
∑n
k¼1αkρk ν

*
k
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is the average velocity of mixed phase, ν*k is the
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ator [33–35].
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Based on the above hypothesis, the energy equation of the
mixture model can be described as follows:
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where Ek = hk represents the energy of k phase, hk represents
the sensible enthalpy of k phase, keff represents the effective
conduction rate, T represents the temperature of mixture fluid,
and SE represents the heat sources.

3 Numerical simulations

3.1 Objective and its boundary conditions

For the constrained flow passage of the proposed GCAF pro-
cessing method, a fluid mechanic model is set up, as shown in

Fig. 2. Taking the thigh-bone joint as an instance, an enclosed
constrained flow passage is constructed by eight pieces of
constrained modules, which can completely cover the external
surface of the joint.

The two-phase abrasive flow enters from the passage inlet,
and the gas phase is injected into the flow passage by four gas
inlets, with different velocities, compensation areas, or inci-
dence angles. Then, the fluid medium becomes the three-
phase abrasive flow and flows out from the passage outlet.
Actually, the gas phase brings forward new energy component
for fluid medium, the interactions between the abrasive flow
and wall are enhanced, and the motion distortion of the abra-
sive flow will be strengthened.

Grid meshing directly influences the precision and effec-
tiveness of the numerical simulation, so it is performed by the
spatial discretization method. Based on the above operation, a
mesh encryption method is adopted for the iterations of veloc-
ity and pressure [36]. Since pressure does not always trans-
form laminar flow into turbulent flow, which is related to the
velocity, all the inlets choose the velocity inlet, and the outlet
uses the outflow. Moreover, referring to the gas injection
points, the constrained passage can be divided into three seg-
ments: front, intermediate, and back, as shown in Fig. 3.

3.2 Numerical instances and result discussion

Numerical analysis of multiple-phase flow field in constrained
passage can offer useful references to the technical optimiza-
tion of GCAF processing. To address the issue, four numerical
instances about different velocities, compensation areas, and
incidence angles are provided, and the corresponding simula-
tion parameters are listed in Table 1.

(1) Velocity profiles for different gas inlet velocities

As a fundamental flow field parameter, velocity vector can
directly reflect the motion regulars of abrasive flow in the
constrained flow passage. Under the conditions of incidence
angle 90° and 2# gas inlet global area, the velocity profiles for
different gas inlet velocities are obtained, as shown in Fig. 4.

Fig. 2 Constrained flow passage model of the GCAF processing
method: 1 workpiece (joint) surface, 2 passage inlet (two-phase
abrasive flow), 3 gas inlets, 4 constrained module, 5 passage outlet
(three-phase abrasive flow), 6 constrained flow passage

Fig. 3 Grid meshing for the
constrained flow passage: 1
velocity inlet for two-phase
abrasive flow, 2 velocity inlets for
gas phase, 3 passage outlet for
three-phase abrasive flow, 4 wall
for workpiece surface
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From the figure, we can find that the velocity profiles take
on apparent uneven distributions in constrained passage, and
the low-pressure regions appear on the area with larger curva-
ture. The injection of gas phase can increase the velocity am-
plitude of abrasive, especially for the posterior area of gas
injecting point, and can eliminate the low-pressure regions,
which can cause positive effects for the processing uniformity.
With the increment of gas inlet velocity, a high-velocity region
is generated on the near-upper-wall area.

Since the near-wall flow field is the key region of GCAF
simulation, the detailed velocity data near the workpiece sur-
face along the fluid flow direction is obtained, as shown in the
Fig. 5. Because the hydraulic diameter of passage inlet is
larger than that of constrained flow passage, the velocities of
GCAF are all low in the passage inlet. GCAF being entered
the constrained passage, the velocities become larger, andwith
two times of magnitude of inlet velocities. The velocity pro-
files without gas compensation are with apparent fluctuation
phenomena, which is caused by the water-head losing and
resistance backflow. On the contrary, because of the energy
supplement and flow disturbance, the velocity profiles with
gas compensation have smaller variation ranges, and with
higher amplitudes. Moreover, the velocity curves are varied
by the shape of constrained flow passage, and it is proven that
GCAF can approximate the surface of artificial joint because
of the better flow motion performance.

(2) Dynamic pressure profiles for different gas inlet
velocities

Dynamic pressure is converted from kinetic energy, which
is the key parameter of Preston equation, and can characterize
the material removing process. Considering the matter, the
profiles of dynamical pressure in constrained passage are ac-
quired, as shown in Fig. 6. Under the condition of gas com-
pensation, the pressure profile takes on uneven distribution,
especially at the vicinities of passage inlet, bottom concave,
and passage outlet. Apparently, the gas compensation makes
dynamical pressures near the workpiece surface tend to be
uniform with the increment of constrained passage depth
and with maximum value at the end of constrained passage.

With respect to the near-wall flow field, the detailed dy-
namical pressure data near the workpiece surface along the
fluid flow direction is obtained, as shown in the Fig. 7.
Under the condition of no gas compensation, the pressure
profile is with uneven distribution and takes on apparent
pressure shock phenomenon at the region with larger cur-
vature. When the gas velocity is less than 5 m/s, the non-
uniformity of profiles of dynamical pressure never change
in front of bottom concave. However, when gas velocity is
10 m/s, dynamical pressure is divided into three areas that
are the vicinity of bottom concave, the front and back of
minimum concave. If the gas velocity is larger than 10 m/s,
the dynamical pressure gradually expands and jumps at the
end of constrained passage. Form the above phenomena,
we can find that the gas compensation cannot increase the
pressure amplitude but can improve the distribution unifor-
mity of dynamical pressure.

Table 1 Parameters of numerical
instances Parameters Values

Gas inlet hydraulic diameter D/(mm) 54

Gas inlet velocity Vg/(m/s) 0, 5, 7.5, 10, 12.5

Gas compensation area front, intermediate, back

Gas incidence angle θ/(°) 115°, 90°, 68°, 45°, 23°, 0°

Two-phase abrasive flow inlet velocity Vf/(m/s) 20

Abrasive particle fraction ϕB (%) 10

Velocity (m/s)

(a) (b)

(c) (d)

(e)

300

260

220

180

140

100

60

20

Fig. 4 Velocity profiles of GCAF
in constrained passage about
different gas inlet velocities: a
0m/s, b 5m/s, c 8m/s, d 10m/s, e
12.5 m/s
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It is impossible for gas entirely mixed with abrasive flow
due to hydraulic resistance. From the Fig. 8, it is seen that the
gas volume forms three areas in the constrained passage. The
first area close to gas inlet which appears dark red can be
defined as gas concentrating area, because of its maximum
gas volume fraction. The above phenomenon proves that the
gas radial movement is blocked, and the transverse velocities
increase rapidly by movement resistance when air enters the
constrained passage. The second area that appears green at
bottom of the gas concentrating area is defined as the mixture
area, because the gas volume is about 0.5. The third blue area
appears near the workpiece surface, in which the gas volume
is less than 0.1. The thicknesses of gas concentrating area and
mixing area become larger with gas velocity increment.
Especially, the thickness of two areas in back of bottommost
concave increases more quickly than that in front of bottom-
most concave. When the gas velocity is 12 m/s, the thickness
of GCAF shrinks to a narrow slit which might lead to abrasive
flow drying up at the end of channel.

Apparently, the gas compensation can generate effective
regulation effects on velocity and dynamical pressure in the
front and back bottom concave of the constrained passage. It
suggests that the uneven profiles of velocity and dynamical
pressure of GCAF can be compensated, due to the SAF
squeezed and permeated by gas phase.

(3) Profiles of velocity and dynamical pressure for different
gas compensation areas

The selection of gas phase injection points is of im-
portant influence to the compensation effects. In order
to analyze the flow field characteristics about different
gas compensation areas, the corresponding profiles of
velocity and dynamical pressure are shown in Figs. 9
and 10, in which the compensation areas are divided
into three schemes: global (front-intermediate-back) ar-
ea, front-intermediate area, front area; the incidence an-
gle of gas injection is 90°; the velocity of gas inlet is
10 m/s.

From the figures, the following regulars can be obtained.
The variation of gas injection points can cause apparent ve-
locity differences, while the changes of dynamic pressure pro-
files seem less remarkable. The global gas compensation
scheme can obtain the most uniform flow field profiles, espe-
cially for the intermediate-back segment of the constrained
flow passage. Therefore, if the flow direction of GCAF is
changed, the surface quality of total workpiece surface would
be guaranteed.

(4) Profiles of velocity and dynamical pressure for different
incidence angles
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Fig. 5 Near-wall velocity curves
at different gas compensation
velocities
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Pressure (Pa)
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1E+07
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Fig. 6 Dynamical pressure
profiles of GCAF in constrained
passage about different gas inlet
velocities: a 0 m/s, b 5 m/s, c 8 m/
s, d 10 m/s, e 12.5 m/s
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Fig. 7 Near-wall dynamical
pressure curves at different gas
compensation velocities
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Fig. 8 The profiles of gas
volume fraction of GCAF: a 5 m/
s, b 8 m/s, c 10 m/s, d 12.5 m/s

Fig. 9 Velocity profiles about
different gas compensation areas:
a global (front-intermediate-back)
area, b front-intermediate area, c
front area

Fig. 10 Dynamic pressure
profiles about different gas
compensation areas: a global
(front-intermediate-back) area, b
front-intermediate area, c front
area
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Fig. 11 Velocity profiles about
different gas compensation
incidence angles: a 115°, b 90°, c
68°, d 45°, e 23°, f 0°
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Fig. 12 Dynamical pressure
profiles about different gas
compensation incidence angles: a
115°, b 90°, c 68°, d 45°, e 23°, f
0°

Fig. 13 GCAF experimental platform: a physical entity, b schematic diagram; 1 passage outlet, 2 constrained base entity, 3workpiece (artificial joint), 4
passage inlet, 5 gas chamber, 6 gas inlet, 7 end cap, 8 constrained profiling modules, 9 sealing ring
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Considering the three-phase fluid mixing process, the inci-
dence angle of gas phase is a key parameter. Accordingly, to
study the flow field characteristics about different incidence
angles of gas compensation, the corresponding profiles of ve-
locity and dynamical pressure are shown in Figs. 11 and 12, in
which the six incidence angles are selected from 0° to 115°,
referring to the flow direction; the gas compensation area is
front-intermediate area; the velocity of gas inlet is 10 m/s.

From the figures, it can be found that incidence angle of gas
compensation has an apparent influence to flow field of
GCAF, in which the intermediate-back segment takes on the
best regulation effects, and the flow variation of the middle
concave tends to be not remarkable. From 0° to 90°, the in-
fluence effects of incidence angle increase gradually and be-
come weaker when the angle is larger than 90°. With respect
to the dynamical pressure profile, the uniformity of front seg-
ment tends to be improved at 115°. Therefore, vertical gas
injection can perform better regulation effects for the flow
field of GCAF.

4 Processing experiments

4.1 GCAF experimental platform

To check the effectiveness of the proposed processingmethod,
a GCAG processing experimental platform is developed, as

shown in Fig. 13. As the key apparatus, the constrained flow
passage is mainly composed of a base component, several
constrained profiling modules, and a complex curved work-
piece surface. A cylinder is retained at the top of constrained
profiling component. A gas chamber is placed in the cylinder
and sealed by an end cap. A layer of impermeable membrane
is installed in the internal surface of constrained flow passage
to prevent water and abrasive into the air chamber.

For the processing course, GCAF enters from the passage
inlet and develops into turbulence flow because of the regu-
lating effects of constrained flow passage. Then, the gas filled
into the gas chamber whose flow quantity can be adjusted by a
control valve. Concerning the three-phase fluid medium, liq-
uid phase is water, and the density is 0.9982 × 103 kg/m3; the
solid phase is SiC particle (600# and 1200#); the medium is
mixed by 90% liquid phase and 10% solid phase; the gas
phase is air driven by a compressor. Workpiece is a base-
entity of artificial thigh-bone joint with curved surface.
GCAF is transported by a submersible pump with the flow
quantity of 18 m3/h.

4.2 Experiment results and discussion

According to the technical procedures for titanium alloy ma-
terials, the processing experiments contain two stages: rough
erasing and finishing. For the first stage, the 600# SiC parti-
cles are used to erase the surface burr caused by the machining

Fig. 14 Processing effects of
artificial joint base entity by the
traditional SAF processing
method: a before processing, b
after 20 h processing

Fig. 15 Processing effects of
artificial joint base entity by the
proposed GCAF processing
method: a before processing, b
after 20 h processing
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operations. The second adopts the 1200# SiC particles to per-
form the final surface finishing. In order to obtain better sur-
face quality, besides the regulation for gas inlet velocity, gas
compensation area, and incidence angle, the flow direction
requires to be changed one time per 2 h. The three roughness
observation points, so-called P1, P2, and P3, are selected, with
the distances of 10, 30, and 50 cm to the passage inlet, as
shown in Figs. 14 and 15.

Based on the experimental platform, taking the base enti-
ties of artificial thigh-bone joints (shown in Figs. 14 and 15) as
the object processed, two groups of processing experiments
are performed. The first group processing experiment has no
gas compensation, i.e., the traditional SAF processing meth-
od, and the other adopts the gas compensation, with the con-
ditions of gas inlet 10 m/s, global compensation, and inci-
dence angle 90°.

In Fig. 14, the traditional SAF processing method can de-
crease the surface roughness of artificial joint. However, ow-
ing to the special processing characteristics of the titanium
alloy materials, it cannot perform the mirror level surface
quality and not satisfy the practical requirements of artificial
joints. Moreover, in the middle concave of the workpiece sur-
face, the processing effects are worse than other regions,
which accords with the numerical simulation results in Sect.
3. In Fig. 15, compared with the SAF method, the proposed
method can obtain more less surface roughness, and the sur-
face quality can reach the mirror level. Moreover, the surface
quality of the middle concave segment is improved
apparently.

It is well known that the surface roughness is the most
important parameter for the surface quality. By a laser-based
roughness measurement instrument, the roughness data of the
three observation points (P1, P2, P3) are shown in Figs. 16
and 17.

According to the data in the above two figures, it can be
found that the surface roughness of two groups of experiments
are all decreased after 20 h processing. Regarding the same
surface roughness, the second group requires less processing
time, which proves that the gas compensation can increase the
processing efficiency effectively. The final average surface

roughness of the second group is less than one-third of that
of the first group; apparently, the proposed processing method
can improve the surface quality. For the roughness observa-
tion points, P1 is with the best surface quality, and P2 is the
worst one. Due to the gas compensation and regular exchange
of processing direction of the workpiece, the processing ef-
fects of P1 and P3 are with consistent states, while the P2 still
has a certain progress effect.

Surface topography is an important technical index to
assess the working performance of a processing method.
Taking the finishing surface of artificial joint as the
observation object, the two groups of surface topogra-
phy data are by using a microscope with 500 times, as
shown in Fig. 18. Similarly, the first group of experi-
ment has no gas compensation, and the second adopts
the proposed processing method. From the figure, we
can find that the proposed can obtain better surface
topography, and the original machining marks are obvi-
ously removed on P1 and P3. Due to the micro cutting
effect of GCAF, the processed workpiece obtains a high
shape accuracy, size precision, surface roughness, and
surface integrity.

To obtain the detailed surface topography data of the
processing surface, the 3D surface topography is acquired
by a white-light interferometry system, as shown in
Fig. 19. From the figures, we can refer the following
regulars. (1) The two processing method can decrease
the surface roughness level effectively, and the proposed
GCAF method can obtain more uniform 3D topography
results, especially for the back segment of workpiece sur-
face (P3). (2) Because the gas phase enhances the turbu-
lence intensity of the abrasive flow, the proposed method
can form disorder surface texture. (3) Compared with the
traditional SAF method, the proposed method can make
the average topography amplitude decrease more than
50%, and the surface roughness of micro-peak and
micro-valley can reach less than 50 and 10 μm, respec-
tively. (4) For the front segment (P1), it is with the highest
surface quality, but the roughness value only decrease
33%, which accords with the simulated results in Sect. 3.

Fig. 16 Surface roughness data of the first group experiment (no gas
compensation)

Fig. 17 Surface roughness data of the second group experiment (gas
compensation)
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5 Conclusions

As the special metal objectives, titanium alloy materials
make the traditional fluid-based processing methods be
subject to many difficulties. To address the matter, we
propose a GCAF processing method for titanium alloy
artificial joints, and the corresponding conclusions are
as follows.

(1) Taking a titanium alloy thigh-bone joint as the
research objective, a constrained flow passage
covering the titanium alloy surface is constructed
by the multiple constrained modules. A three-
phase fluid mechanic model for GCAF is set
up based on the realizable k-ε model and the
mixture model. Numerical results show that the
gas compensation can generate effective regula-
tion effects on velocity and dynamical pressure

in the front and bot tom concave of the
constrained passage; the global gas compensation
scheme can obtain the most uniform flow field
profiles, especially for the intermediate-back seg-
ment of the constrained flow passage; incidence
angle of gas compensation has an apparent influ-
ence to flow field of GCAF, and the vertical gas
injection can perform better regulation effects.

(2) A GCAF processing experimental platform is
established, and the comparative experiments with the
SAF method are performed. The experiment results
show that the proposed method can obtain more less
surface roughness, and the surface quality can reach
the mirror level; for the same surface roughness, the
proposed method requires less processing time, which
proves that the gas compensation can increase the pro-
cessing efficiency; the surface topography amplitude

(ap1)                            (bp1) 

(ap2)                           (bp2) 

(ap3)                            (bp3) 

Fig. 18 Surface topography data
of the two groups of processing
experiments: (ap1) first-group-P1,
(bp1) second-group-P1, (ap2) first-
group-P2, (bp2) second-group-P2,
(ap3) first-group-P3, (bp3) second-
group-P3
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can decrease more than 50%, and the surface roughness
of micro-peak and micro-valley can reach less than 50
and 10 μm, which prove that the method can perform
better surface uniformity.

In general, the main contribution of the paper is providing a
three-phase abrasive flow processing method with several gas
inlets. The gas injection increases the internal energy and tur-
bulence intensity of fluid medium, so the processing efficien-
cy and surface quality are improved. This research not only
can offer theoretical references to the three-phase fluid me-
chanic modeling-solving for fluid-based processing methods,
but can supply direct technical supports for the optimization of
abrasive flow processing. The subsequent research works will
be performed on the level-set based multi-phase fluid model-
ing method for titanium alloy joint finishing.
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