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Abstract: To accurately analysis and improve the performance of
abrasive flow machining (AFM) in machining complex and special-shaped
channel-parts, this study carried on a digital twin analysis, integrated with
numerical and experimental approaches of cycloid special-shaped inner curved
workpieces. The different sub-grid models are analysed and compared through
large eddy simulation (LES), and the influence of processing factors is explored
via the simulation and verified through experiments. The numerical results
show that the dynamic kinetic energy sub-grid scale model can reflect the
turbulent characteristics in the channel more accurately. The orthogonal test
results show that the workpiece surface quality under AFM is greatly improved,
and the surface roughness is reduced from 1.635 pm to 0.305 um under the best
combination of processing parameters. It reveals the fundamental behaviour of
surface material removal and provide basis for the AFM processing of the
special-shaped inner surface polished.
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1 Introduction

The rapid development of modern engineering technology puts forward higher
requirements for product quality, but the problem of small burrs or scratches on complex
and special-shaped workpiece surfaces has not been solved effectively. Traditional
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machining process is applicable to simple geometric shapes but is not suitable for
complex geometric shapes and profiles. Abrasive flow machining (AFM) technology is
not limited to the shape and size of the workpiece and can achieve good polishing effects
on parts such as micro holes, irregular holes, complex internal cavity structures and
uneven surfaces (Sambharia and Mali, 2019; Kum et al., 2020; Mali and Manna, 2009;
Cheema et al., 2012). Its working principle is to squeeze the abrasive fluid with special
rheological characteristics to move repeatedly in the closed channel constrained by
fixture and workpiece and obtain a high-precision inner surface of parts under the action
of micro-cutting (Petare and Jain, 2018; Jung et al., 2008).

Due to unique advantages of flexibility of AFM, many researchers have paid high
attention for developing high efficient and accurate AFMs. Sato et al. (2016) took the
chromium nickel-iron alloy 718 cylinders after electrical discharge machining as the
research object and studied the influence of media degradation on the characteristics of
AFM. The results showed that media degradation did not have much effect on surface
roughness, but the material removal rate decreased exponentially. Sankar et al. (2016)
proposed a rotatable AFM process and conducted experiments on AISI 4340 round tubes,
the experimental results revealed the material removal rate was significantly improved,
the processing time was shortened. Bremerstein et al. (2015) proposed that the increase of
abrasive medium viscosity and the gradual roundness of large abrasive particles were the
main factors leading to the decrease of material removal rate and surface quality. Petare
et al. (2019) used laser-assisted AFM technology to finish machining spur gears. It has
found that the productivity of the AFM process can be significantly improved. Ali et al.
(2020) proposed the thermal additive centrifugal AFM technology, and the experimental
results showed that the average material removal rate and surface finish of this
technology were increased by 44.34% and 39.74%, respectively. Duval-Chaneac
et al. (2018) used abrasive flow to process selective laser melted parts, which revealed the
effect of abrasive flow processing medium on surface roughness and the interaction
between abrasive and selective laser melted parts surface. Guo et al. (2020) analysed and
experimentally studied the internal surface quality of Inconel 718 by AFM, which
concluded that good surface roughness was obtained under the medium conditions of
high viscosity, large particle size, low extrusion pressure, and low temperature. Liu et al.
(2020) studied the relationship between abrasive hardness and erosion effect in AFM
process. Through erosion experiments, it was concluded that when the ratio of abrasive
hardness (Ha) and material hardness (Hm) was less than 2.6, it belonged to soft abrasive
impact. When Ha/Hm > 3, it belonged to hard abrasive impact.

A digital twin analysis of combining experiment with numerical simulation is an
efficient approach to understand and thus more accurately control abrasive flow
processing (Mullany et al., 2017; Wiens, 2019). Li et al. (2019, 2020) used the approach
of combining numerical simulation and experiment to analyse the machining mechanism
of abrasive flow particles on the wall, the flow path of abrasive flow and the influence of
eddy current on the wall surface of workpiece. Finally, the experimental results and
numerical simulation results confirmed each other, which proved that AFM can
effectively improve the surface finish of workpiece. Chih-Hua et al. (2020) studied the
response of abrasives in different branch channels and concluded that the degradation of
qualitative properties would affect the flow pattern distribution in the workpiece. Fu et al.
(2016) proposed a new type of fixture with a guide block to perform abrasive flow
processing on the integral blisk of a straight blade. It has found that a reasonably
designed abrasive flow processing fixture can effectively improve the uniformity of the
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blade surface finish. These achievements have demonstrated the great advantages of the
digital twin-based approach in AFM with large number of uncertainties. However, the
current research has not evaluated the simulation effects of various calculation models of
large eddy simulation (LES).

Complex and special-shaped inner surface parts are widely used in modern
engineering technology, but the above-mentioned research on this type of parts is rare. To
fill this knowledge gap, a cycloid-shaped complex inner surface parts of the direct flow
channel (DC) are selected as the research object in this study. By analysing the flow field
distribution of AFM under different sub-grid models, the optimal sub-grid model is
selected to judge the processing effect, and further machining experiments are carried out
to reveal the law of abrasive flow on the surface material removal of special-shaped inner
curved workpieces. The innovation of this paper is to obtain a best simulation model to
guide the processing of other complex inner surfaces through mutual verification of
simulation and experiment. Through simulation, the effect of abrasive flow on the
workpiece is obtained. At the same time, common problems can be identified in the
processing process, which includes poor processing quality of the workpiece. This
method of combining simulation and experiment has been proven by many scholars to be
accurate and feasible (Li et al., 2021; Singh et al., 2019; Bouland et al., 2019; Fu et al.,
2019) but it is the first time to comprehensively study such different digital twin
approaches in the AFM of complex shaped inner surfaces. The main contribution of this
study is the comprehensive evaluation of different digital twin approaches in the AFM of
complex shaped inner surfaces.

2 LES theory

During the abrasive flow processing, the fluid field exhibits a very complex turbulent
state with high degree of randomness, rotations and statistics of the flow (Cinefra, 2019).
LES in computational fluid dynamics (CFD) provides a more reliable means for the study
of many flow mechanism problems and can be used to solve a large number of practical
engineering problems, so it is chosen as the research method in this paper (Salvetti et al.,
2018).

2.1 LES method

The basic idea of solving LES is to distinguish large-scale vortex from small-scale vortex
through filtering operation. Among them, large-scale vortices are directly solved by the
Navier-Stokes equation, and the equation is filtered to obtain the LES control equation;
the small-scale vortex is solved by establishing the connection with the large-scale vortex
through the sub-grid model. For the filter function and control equation used in the LES,
please refer to the relevant literature for understanding (Hearing et al., 2019).

2.2 Sub-grid model

The four sub-grid models commonly used in LES includes Smagorinsky-Lilly model,
wall-adapting local eddy-viscosity (WALE) model, algebraic wall-modelled large eddy
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simulation (WMLES) model and dynamic kinetic energy sub-grid scale model (KET). To
make comparative studies, these models are overview in this section.

2.2.1 Smagorinsky-Lilly model

According to the theory of isotropic turbulence, in the inertial sub-region, the internal
energy transfer is in a local equilibrium state. Let ¢ be the sub-grid dissipation be
(2v,S;S;), then:

8:<§zj1’y>:<2"t§y§g> 1

Use the average sub-grid eddy viscosity coefficient (v;) in uniform turbulence and
assume:

<2Vt§ij§ij > = <Vt ><2§ij§ij > (2
where t;; is the sub-grid stress and S_’,-j is the strain rate tensor.
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In the isotropic turbulence, there are:
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The equilibrium energy spectrum E(k) is as follows:

E(k) = Cee? k" (5)

Substituting equation (5) into equation (4), where k. = = / A, A is the filtering grid scale,
inferred:
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where C; is the Kolmogorov constant and is taken as 1.5 and C; = 0.18.

2.2.2 WALE model

In this model, the eddy viscosity is defined as follows:
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where C,, is a constant value, which is generally 0.325. 5,;’ and S; respectively satisfy:
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2.2.3 WMLES model
The eddy viscosity is defined as:
= min] (kd, )’ (Cuneg)’ |- 5-{1-exp ~(+/25)' ]} (15)

where d,, is the distance between the calculated point and the wall, £ = 0.14, Cypeg = 0.2,
S is the speed at which it should be deformed. Where A is:

A=min|:max(cw'dw;Cw'hmax;hwn);hmax:I (16)

where /max 1s the maximum step size of the wall mesh and 4., is the mesh step size in the
normal direction of the wall, C,, = 0.15.

2.2.4 KET model

The kinetic energy sub-grid model is defined:
s =5 (12 -2) a”

Eddy viscosity z; is defined as:
1 = Cupkl2a (18)

where Ayis the filter size.
The sub-grid stress can be written as:

2 —

The four sub-lattice models given in this section provide a theoretical basis for LES
calculations. The key to LES is the selection of sub-lattice models, while the different
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sub-lattice models adapt to different flow field requirements. The LES method is a
transient solution, which can capture the transient changes of the entire flow field and
obtain the maximum value of the abrasive flow during the polishing process. The
different sub-grid models will obtain different numerical calculation results, thus, the
next work in this paper will observe the differences and advantages between different
sub-grid models and determine the appropriate sub-grid model for numerical simulation
of AFM.

3 Numerical simulations

3.1 Modelling of the DC

To more accurately represent the turbulent distribution characteristics of the
special-shaped surface parts processed by abrasive flow, the cycloid cross section inner
surface parts of the DC were selected as the research object, and the turbulent
characteristics of the flow field under the above four sub-grid models were analysed. The
flow channel was extracted in three-dimensional form to visually display the internal
geometry of the flow channel of the research object, in which the length of the channel
was 30 mm, the cross-sectional diameter was 8 mm, and the maximum distance of the
inner cavity was 5 mm. Then divided it into the structured hexahedral mesh, the inlet
speed was selected as 10 m/s, the number of DC grid was 321,000 and the number of
nodes was 337,183. After checked, the grid scheme meets the requirements of numerical
analysis in terms accuracy and computing efficiency. A schematic diagram of DC
channel can be seen in Figure 1.

3.2 Numerical analysis

Accorded to the actual solid-liquid two-phase abrasive flow processing conditions,
silicon carbide particles are selected as the solid phase, which are with particle size of
300 mesh, density of 3,170 kg/m? and the volume fraction of 12%, and liquid phase is
aviation kerosene with the density of 780 kg/m? and its kinematic viscosity is 6 mm?/s.
Since the inlet diameter is not a regular circle, the inlet hydraulic diameter adopted the
maximum diameter of the flow channel, which is 5 mm.

Figure 1 Schematic diagram of DC channel, (a) the internal structure of the DC channel
(b) cross-sectional dimensions of the DC channel (c¢) grid diagram of DC channel

30mm
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Figure 1 Schematic diagram of DC channel, (a) the internal structure of the DC channel
(b) cross-sectional dimensions of the DC channel (c) grid diagram of DC channel
(continued)

(b)

(©

Previous studies on abrasive flow (Li et al., 2021, 2020) showed that the surface quality
of the workpiece was mainly affected by the pressure difference, and the machining
effect of abrasive flow was better at 2 MPa. Thus, the boundary conditions were 2 MPa at
the inlet and standard atmospheric pressure at the outlet. The discrete method adopted the
finite volume method, the momentum equation adopted the boundary centre difference
format, the volume fraction adopted the first-order upwind style, and the transient
equation adopted the second-order implicit format.

3.2.1 Static pressure analysis of AFM

As the structure of the flow channel is symmetrical, the effect of fluid on the wall surface
is also symmetrical. So, half of the wall surface is based for graphics display and
performance analysis. The static pressure distribution of the flow channel is shown in
Figure 2. It can be seen that the lower side is the inlet, and the upper side is the outlet.
The numerical results of the four sub-grid models show the same changing trend, the
colour of the pipe wall change from shallow to deep, the pressure at the inlet is the
highest, the pressure at the outlet is the lowest, and the pressure distribution present an
obvious ladder shape, it shows that the polishing effect is from strong to weak. This is
because the abrasive flow collides with the wall at the inlet, and the fluid flow carries
most of the abrasive particles away from the middle of the flow channel, which gradually
reduce the contact force between the abrasive flow and the wall of the workpiece.
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Consequently, the abrasive flow and the wall surface cannot produce the effective friction
and the collision.

Figure 2 Cloud diagram of static pressure distribution, (a) Smagorinsky model (b) WALE model
(¢) WMLES model (d) KET model (see online version for colours)
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In addition, Figure 2 also reveals that different sub-grid models have different numerical
calculation accuracy under the same initial conditions. From the numerical bar, it can be
found that the maximum value calculated by the KET sub-grid model is 1.17 MPa, which
is 9.3%, 17.0% and 1.7% larger than Smagorinsky model, WALE model and WMLES
model, respectively, this shows KET model can more effectively reflect the flow
behaviour. Combining with the law of AFM, the quality of the machined surface
becomes better with the increase of pressure, so the KET model can be is selected for
modelling and analysing the abrasive flow processing.

3.2.2 Dynamic pressure analysis of AFM

The dynamic pressure reflects a dynamic change process, the wall surface is fixed, and no
change can be observed by directly observing the wall, so the middle of the flow channel
was selected as the section to observe the change of internal fluid. The cross-section
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diagram is shown in Figure 3, the middle section of the channel is 1-3 section, and the
maximum width of the runner is 5 mm.

Figure 3 Cross-sectional position distribution

Figure 4 Cloud diagram of dynamic pressure distribution, (a) Smagorinsky model (b) WALE
model (¢) WMLES model (d) KET model (see online version for colours)
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Figure 4 shows that the dynamic pressures of different models have the same changing
trend. In the middle of the flow channel, the dynamic pressure is a gradually increasing
process, while on the wall, the dynamic pressure decreases slowly, this changing trend
and Figure 2 are mutually verified. The above occurs because the abrasive flow would
inevitably collide with the wall of the workpiece when it enters the flow path. After the
collision, part of the fluid kinetic energy would be lost, and part of the fluid kinetic
energy would be converted into cutting energy. The abrasive flow fluid that does not
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participate in the actual processing outflows from the middle flow path, and there is
almost no loss of kinetic energy. Therefore, the dynamic pressure in the first half is lower
than that in the second half. With the increase of the flow channel distance, the force of
the abrasive flow on the wall is weakened, and the dynamic pressure at the wall gradually
decreases. The polishing effect of the first half is better than the second half, which
shows that the uniformity of the abrasive flow polishing on the irregular inner surface is
slightly insufficient.

To facilitate the observation of the radical change of the dynamic pressure at the
outlet, the dynamic pressure change curve is drawn. The abscissa is based on the upper
end of the flow channel as the initial position and the lower end of the flow channel is as
the endpoint. The curve change diagram is shown in Figure 5 and the wall surface can be
seen that the dynamic pressure at the position is less than the dynamic pressure at the
middle of the flow channel.

Figure 5 The radial dynamic pressure change curve at the outlet, (a) Smagorinsky model
(b) WALE model (c) WMLES model (d) KET model

2 2e+006 2.2e+006

E 2.0e+006 M £ 20e+006
2 1.8e+006 g

3 ( t\ 5 1.8e+006
% 1.6e+006 Y

=3 5 1.6e+006
9 1.4e+006 @
2 2

E 1 004006 ’ ] = 1.4e+006
] I

z: 1.0e+006 £, 1.26+006
: | -

8 0a+005 . + + : - + - + : ]
0 | 2 3 4 ;o 10er00g | ) 3 3 5
Location(mm) Location(mm)
(a) (b)

2 2e+006 2.2e+006
= =

& 2e+006 & 2.0e+006
© )
= =1

3 1 Be+006 7 1.8e+006
2 3

£ 1.6e+006 £ 1.6e+006
w
wy 9

2 14e+006 ‘E 1.4e+006
§ E

% 1.2e+006 S\ 1.2e+006

1e+006 il 1.0e+006

0 1 2 3 Bl 5 0 1 2 3 4 5
Location(mm) Location(mm)
(© (d)

In Figures 4 and 5, the values of these models are basically identical, but there are still
slight differences. The numerical result of the KET model is 2.08 MPa, which is the
largest among these models. According to the influence law of abrasive flow polishing
quality, the inlet pressure is proportional to the polishing quality within a certain range,
the processing quality is better with the increase of pressure, so the KET model is more
appropriate than others.
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3.2.3 Speed and analysis of AFM

Through the velocity distribution cloud diagrams in Figure 6, it can be seen that the
numerical calculations of these models are basically identical. With the increased
velocity, the interaction between the abrasive flow and the wall is stronger. The greater
the shear force of abrasive flow on the wall, the better the polishing quality of the inner
surface of the workpiece. From the velocity distribution cloud diagram, it is found that at
the inlet, the velocity decreases slightly due to the collision between the abrasive and the
wall. At the outlet, the velocity in the middle of the channel is higher than that near the
wall, and there is green on both sides of the red colour, which indicates that the velocity
of the abrasive flow is on the same cross-section. The radial velocity at the wall decreases
sharply, which is mainly due to the friction between the abrasive flow and the wall on the
axial section, resulting in the decrease of the velocity. The fluid at the centre does not
participate in the polishing process, and the kinetic energy loss is small.

Figure 6 The velocity distribution cloud diagram, (a) Smagorinsky model (b) WALE model
(c) WMLES model (d) KET model (see online version for colours)
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Figure 7 is the graph of the velocity distribution which shows the variation trend of outlet
velocity is shown in detail, its abscissa is the same as the dynamic pressure, with the
upper end of the flow path as the initial position and the lower end of the flow path as the
endpoint. Compared the position of the outlet and the middle position of the flow
channel, it is found that the velocity of abrasive flow decreases as the abrasive flow is
closer to the wall. There is an obvious velocity difference, which indicates that there is
less energy exchange between the fluid and the wall at the centre of the runner, only a
small amount of kinetic energy degrades the quality of the cutting process.
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Figure 7 Radial velocity change curve at the outlet, (a) Smagorinsky model (b) WALE model
(c) WMLES model (d) KET model
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It can be seen from Figure 6 and Figure 7 that the velocity cloud distribution and the
numerical value of these models are very similar, but the value of the KET model is
maximal. The velocity cloud diagram shows that the red part of the WALE and KET
models is earlier than the other two models, while Smagorinsky and WMLES models are
slightly delayed, which show that WALE and KET models can capture small transient
flow field changes with high numerical simulation accuracy.

3.2.4 Wall shear force and analysis of AFM

Through the comprehensive analysis of the above three parameters, the final
consideration of the polishing effect depends on the wall shear force, which can be used
to judge the numerical simulation accuracy of different sub-grid models.

Figure 8 shows that the wall shear force at the inlet is bigger than that at the outlet,
and the wall shearing force becomes smaller as it moves away from the inlet, indicating
that the inlet polishing effect is better than the outlet. Near the inlet, the colours of the
four positions are relatively the same, indicating that the polishing effect at the inlet is
relatively uniform. But in the middle and the second half of the flow channel, the wall
shear force at Positions 1 and 3 is smaller than that at Positions 2 and 4, indicating that
the closer to the centre of the flow channel, the greater the velocity and pressure of the
fluid, which in turn reflects the abrasive flow polishing at Positions 1 and 3 is poorer than
that at Positions 2 and 4.
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Figure 8 Cloud diagram of wall shear force distribution, (a) Smagorinsky model (b) WALE
model (¢c) WMLES model (d) KET model (see online version for colours)
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There are faults in the colour distribution on the cloud diagrams of Smagorinsky and
WMLES models. The transition between different colours is very rough, and there is no
gradual decrease process, indicating that the capture capabilities and simulation accuracy
of the two models are poor. The colour change of WALE and KET models is relatively
uniform from shallow to deep, and the transition is relatively smooth, indicating that the
numerical simulation accuracy of the two models is high. It can capture the flow details
of the flow field and reflect the transient motion of the fluid in real-time by WALE and
KET models. But the KET model has the maximum numerical value that is consistent
with the distribution of pressure, velocity and dynamic pressure.

3.2.5 Analysis of vortex and trace in AFM

The trajectory of the fluid (streamline diagram) can be analysed to reflect the fluid
motion, in which the size and density of the vortex can be used to infer the kinetic energy
and energy transfer at this position, thereby infers the processing effect of the position.
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To facilitate the analysis of each section, the section of the flow channel is cut, and
four sections are taken for analysis. The specific position and analysis are shown in
Figures 9 and 10.

Figure 9 Schematic diagram of section division
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Through analysis, it founds that the distribution of vortices is basically concentrated in
the middle of Positions 2 and 4, especially the large vortices, while the distributions of
Positions 1 and 3 are smaller. This is because the middle of the flow channel is the
mainstream area, and the large vortices can be developed. Large vortices are formed in
the mainstream region, between Positions 2 and 4, and small vortices appears in four
positions such as Positions 1 and 3, indicating that the fluid kinetic energy in the
mainstream region is fully developed and the energy is larger. When the energy carried
by the large vortex is greater, the distribution of the large vortex is greater, the kinetic
energy is greater, and the processing effect on the wall is better. Therefore, the effect of
fluid on Positions 2 and 4 is more obvious than that on Positions 1 and 3. From Figure 10,
it can understand that the vortex distributions of the WALE and KET sub-grid models are
denser, and the vortex distributions are larger than the other two sub-grid models. It
shows that the WALE and KET sub-grid models have a stronger ability to capture the
flow field change and simulate the dynamic change and flow details of the fluid more
accurately. The simulation results of WALE and KET models have more small vortices,
while the remaining two models are less distributed, indicating that the WALE and KET
models grasp the weak flow of fluid more carefully and get more accurate simulation
results. Through comprehensive analysis of the fluid trajectory, it concludes the WALE
and KET models cannot only simulate large eddies but also simulate small eddies more
accurately. The simulation accuracy of WALE and KET models is higher than that of
Smagorinsky and WMLES models.

Through the comprehensive analysis of the above content, it can be seen that the KET
sub-grid model has higher simulation accuracy than the other three sub-grid models,
whether it is from the uniformity of the cloud diagram distribution, the size of the
numerical calculation results, and the density distribution and size of the vortices. The
ability to capture flow field details and weak dynamic changes is stronger, so the KET
sub-grid model is more suitable for the numerical analysis of precision machining of
solid-liquid two-phase abrasive flow.
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Figure 10 Streamline diagram of four sub-grid models, (a) Smagorinsky model (b) WALE model
(c) WMLES model (d) KET model
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4 Experimental studies

From the numerical calculation of the DC channel with the irregular inner surface, KET
model is determined to be the most suitable sub-grid model for the numerical calculation,
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and the parameter distribution of the abrasive flow in the DC channel is obtained. Since
our research group has simulated the machining of a special-shaped inner surface with
the solid-liquid two-phase abrasive flow according to KET sub-grid model, an orthogonal
test method is directly taken to explore the influence of different parameters on abrasive
flow polishing quality.

The physical drawing of workpieces is illustrated in Figure 11(a). There are 10 of
them in total. The first one is the original one without any machining and rest of 9 are
machined with different machine parameters depicted in Tables 1 and 2. The machining
was completed by the AFM shown in Figure 11(b) which can operate at maximum
pressure of 6 MPa and set the predetermined polishing times.

Figure 11 Physical drawing of workpieces and abrasive flow machine, (a) physical drawing of
workpieces (b) abrasive flow machine (see online version for colours)

(b)
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4.1 Test procedure

According to the actual working configuration of the machine tool (Butola et al., 2018;
Sankar et al., 2016; Li et al., 2020), the inlet pressure parameter is set to 2, 3 and 4 MPa.
Based on previous research experience and actual experimental conditions, the polishing
times are selected as 150, 200, and 250 times, and the abrasive concentration is set to be
10%, 15% and 20%. Other simulation parameters are the same as the simulation
parameter settings. Subsequently, the orthogonal test with three factors and three levels is
adopted in this experiment. The specific parameters are shown in Table 1, and the
orthogonal test table is shown in Table 2.

Table 1 Distribution table of test parameters
Number Inlet pressure (MPa) Polishing times (times) Abrasive concentration (%)
1 2 150 10
2 3 200 15
4 250 20

Table 2 Orthogonal test distribution table

Sample Inlet pressure (MPa) Polishing times (times) Abrasive concentration (%)
01# 2 150 10
02# 2 200 15
03# 2 250 20
04# 3 150 15
05# 3 200 20
06# 3 250 10
07# 4 150 20
08# 4 200 10
09# 4 250 15

4.2 Inspection and analysis of processing test

In this experiment, silicon carbide particles with a diameter of 40 pm—50 pum are selected
as the solid phase. Aviation kerosene is used as the liquid phase carrier because of its
suitable density, good fluidity and thermal stability, almost no corrosion to the
workpiece, high purity, and no harmful impurities, which meet the processing
requirements. In addition, some additives are added according to the actual situation.
Numbered the test pieces in order of sample 01# to 09#, and the original is not marked.
After machined, the workpiece is placed in a sealed box with oil to avoid oxidation of the
processed workpiece surface, which can affect the test results. Due to the limitation of
detection method, the workpieces need to be wire-cut. After the use of wire-cutting, it is
necessary to use an ultrasonic cleaning machine to remove the oil stain on the surface of
the workpiece, and then clean it with absolute ethanol for detection.
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4.2.1 Analysis of 3D surface profile detection

To observe the machining effect of abrasive flow on the longitudinal and transverse
abrasive flow processing, four specific positions were taken for measurements and
comparison, which are denoted as Positions A, B, C and D as illustrated in Figure 12.
Position A is the groove of the workpiece at inlet, Position B is the arc surface at inlet,
and Positions C and D are the groove and arc surface outlet, respectively. The polishing
quality and surface properties are analysed at different positions after machining. The
specific detection positions are shown in Figure 12.

Figure 12 Measuring positions of workpiece (see online version for colours)

— Flow direction
7
[ J

|
§ 5

L ]

)

P>

ve]

T

NT1100 3D surface roughness profilometer from Veeco Precision Instrument Company
was used to measure the surface parameters for examining the surface quality of the
workpiece, and the surface profiles of the samples 03#, 06#, and 09# were obtained. The
three-dimensional surface profiles are shown in Figure 13.

It can be observed from Figure 13(a) that the surface of the workpiece is very uneven
before the processing. Such surfaces with the presence of burrs and impurities not only
reduce the service performance but also shorten the service life. Comparatively, samples
of 03#, 06#, and 09# shown in Figures 13(b), 13(c) and 13(d) respectively show that the
surface quality has improved significantly. Particularly, from different positions, the
surface quality of Positions A and B is observed to be better than the other two positions.
This is because Positions A and B are inlets, the collision and friction of abrasive flow at
this position are more severe, and the processing effect is better. At the outlet, the kinetic
energy and pressure are reduced due to the effect of abrasive flow on the wall at the inlet,
and the polishing effect of abrasive flow on the outlet is weaker than that at the inlet
position. What is more, it can be found that the surface roughness of Position A is slightly
higher than that of Position B, and the surface roughness of Position C is greater than that
of Position D. This is because the distance at Position B is closer than that of Position A,
and the kinetic energy of the main flow area is greater. This proves the outstanding
effectiveness of abrasive flow processing complex curved surfaces.

To sum up, the effect of abrasive flow on the longitudinal machining of the cycloid
inner curved surface workpiece is better in Position B than Position A, and the horizontal
machining effect of Positions A and B is better than that of Positions C and D.

4.2.2 Analysis of surface roughness

The surface contour detection can roughly display the three-dimensional shape of the
surface of the workpiece, determine the material removal of the surface of the workpiece,
and initially predict the processing effect of the abrasive flow. Since the test piece is a
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curved part, the spot is curved when it is detected, which will cause the surface roughness
to be inaccurately detected, and the obtained data result is also practical. To obtain a clear
surface roughness of the DC oscillating inner curved surface, the German Mahr LD 120
stylus measuring instrument was used to detect the surface of the workpiece. Due to the
detection limitations of the instrument, only Position A and Position C were measured.
The surface roughness data of the workpiece before and after the abrasive flow
processing is as shown in Table 3 and Figure 14.

Figure 13 Surface profile drawing, (a) surface profile before AFM (b) surface profile drawing of
sample 03# (c) surface profile drawing of sample 06# (d) surface profile drawing of
sample 09# (see online version for colours)

Position A Position B Position C Position D

(b)

(d

Table 3 Surface roughness Ra before and after abrasive flow processing (um)

Position Original ~ 01#  02#  03#  04#  05#  06#  O07#  08#  09#
Position A 1.636 0935 0.758 0.627 0.614 0.527 0.564 0.414 0.460 0.305
Position C 1416  1.041 0.808 0.664 0.622 0.539 0.571 0.405 0.472 0.306

After analysis, it is found that the surface roughness of the DC oscillating curved surface
workpiece is large before the abrasive flow is processed, which indicates that the surface
of the workpiece is not smooth, and the surface quality is poor. After the abrasive flow
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processing, the surface roughness of the DC oscillating inner curved surface workpiece is
significantly reduced, and the surface roughness of Positions A and C is reduced from
1.636 um and 1.416 pm to 0.306 um and 0.305 pm, and the surface quality is improved.
The surface roughness of Position A is lower than Position C, and the detection result
trend is consistent with the grating surface contour detection result. With the increase of
inlet pressure, abrasive concentration and polishing times, the processing effect of the
abrasive flow is gradually enhanced, which can effectively improve the surface quality.
But this is not absolute. Excessive pressure will also damage the surface of the
workpiece. It should be reasonably selected according to the actual processing to meet the
processing requirements of the abrasive flow.

Figure 14 Surface roughness curve (see online version for colours)
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The value of Position A is smaller than the Position C, and the abrasive flow is better
than the outlet for the processing at the inlet. With the increase of inlet pressure, abrasive
concentration and polishing times, the surface roughness is gradually reduced, the surface
quality is greatly improved, and the superiority and effectiveness of abrasive flow
processing are reflected. In summary, the numerical curves from Position A and
Position C show that the difference between the two decreases with the increase of inlet
pressure, abrasive concentration, and polishing times. It shows that increasing the
polishing parameters can improve the uniformity of the abrasive flow processing, reduce
the roughness difference, and obtain better surface quality.

4.2.3 Analysis of scanning electron microscopy

To observe the surface morphology characteristics of the workpiece before and after
machining, the German ZEISS EVO MA25 scanning electron microscope was taken to
judge the surface morphology. The scanning electron microscope magnification is
500 times, and the detection results are shown in Figure 15.
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Figure 15 Surface morphology drawing, (a)unprocessed surface morphology of the workpiece
(b) surface morphology of sample 01# (c) surface morphology of sample 03#
(d) surface morphology of sample 04# (e) surface morphology of sample 06#
(f) surface morphology of sample 07# (g) surface morphology of sample 09#
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Figure 15 Surface morphology drawing, (a)unprocessed surface morphology of the workpiece
(b) surface morphology of sample 01# (c) surface morphology of sample 03#
(d) surface morphology of sample 04+# (e) surface morphology of sample 06#
(f) surface morphology of sample 07# (g) surface morphology of sample 09#
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Figure 15 Surface morphology drawing, (a)unprocessed surface morphology of the workpiece
(b) surface morphology of sample 01# (c) surface morphology of sample 03#
(d) surface morphology of sample 04# (e) surface morphology of sample 06#
(f) surface morphology of sample 07# (g) surface morphology of sample 09#
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After machined, the surface morphology of the workpiece becomes smooth and flat.
Some impurities, burr, pits, point, and strip protrusions on the surface are removed, and
the surface quality is significantly improved. Although the surface topography has
effectively improved, it can be found that the texture veins of the workpiece surface are
different under different abrasive concentrations. When the abrasive concentration is
10%, the scratch on the surface of the workpiece is obvious, and with the increase of the
abrasive concentration, the scratch on the surface of the workpiece gradually decreases.
This is because most of the abrasives flow out of the middle of the channel during
machining, when the concentration of abrasive is low, it would cause uneven particle
distribution area. The particle distribution is not uniform and cannot be supplemented
between different positions, and the scratch would only become more and more serious
with the time, which would reduce the surface quality. With the increase of abrasive
concentration, the number of particles increases, the distribution trend tends to be
consistent, the force on the workpiece surface is more uniform, and the scratches are less.

4.3 Orthogonal test data analysis

Based on the surface roughness of Position A, the range analysis method and the variance
analysis method were adopted to establish the orthogonal test table to determine the best
parameter combination of abrasive flow polishing.

4.3.1 Orthogonal test range analysis

Accorded to the abrasive flow polishing parameters and the surface roughness obtained,
the range analysis table was drawn, as shown in Table 4.

Referred the standard for determining primary and secondary factors by range A4, it
can be seen from Table 3 that the order of primary and secondary factors affected test
indexes is R4 > Rp > R, that is, inlet pressure > polishing times > abrasive concentration,
indicating that R, is the main factor affecting surface roughness. The purpose of this test
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is to obtain as low surface roughness as possible, so it needs to observe the minimum
values of k1, k> and k3. Taken the inlet pressure as an example, it is observed that k43 < k42
< k41, and k43 can be judged to be an excellent level. Therefore, it can be judged that kg;
and ks are the optimal levels of factors B and C, and the optimal level combination of A4,
B, and C is the optimal level combination of 43B3C; for this experiment. The results show
that the optimum process conditions for AFM of the workpiece are as follows: the inlet
pressure is 4 MPa, the polishing times are 250, and the abrasive concentration is 15%.

Table 4 Range analysis table

Sample A . B . ¢ . Test index
Inlet pressure Polishing times Abrasive

number (MPa) (times) concentration (%) Ra (um)

1# 2 150 10 0.935

2# 2 200 15 0.758

3# 2 250 20 0.627

4# 3 150 15 0.614

S# 3 200 20 0.527

6# 3 250 10 0.546

T# 4 150 20 0.414

8# 4 200 10 0.460

ot 4 250 15 0.305

K 232 1.963 1.941 T:z:5.186

K> 1.687 1.745 1.677

Kj3 1.179 1.478 1.568

kit 0.773 0.654 0.647

ki 0.562 0.582 0.559

ki3 0.393 0.493 0.523

Ri 0.380 0.161 0.124

4.3.2 Orthogonal test variance analysis

The test data was processed by analysis of variance to obtain an analysis table of
variance, as shown in Table 5.

Table 5 Analysis of variance
Source Freedom  Seq. SS Adj. SS  Adj. MS F P
Inlet pressure 2 0.217848 0.217848 0.108924  278.26 0.004
Polishing times 2 0.039338  0.039338 0.019669 50.25 0.020
Abrasive concentration 2 0.024523  0.024523 0.012261 31.32 0.031
Error 2 0.000783  0.000783  0.000391
Total 8 0.282492

S =0.0197850, R-sq. = 99.72%, R-sq. (adjustment) = 98.89%
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Figure 16 The main effect diagram of each factor level and surface roughness (see online version
for colours)
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From the analysis in Table 5, it is found that the P values of inlet pressure, polishing
times, and abrasive concentration are 0.004, 0.020 and 0.031, respectively. According to
the value of P, the order of significance of the three factors can be judged as follows: inlet
pressure > polishing times > abrasive concentration. The P values of the above factors are
all less than 0.05, indicating that the main effects of the three factors are significant, and
have a great influence on the surface roughness. Figure 15 shows that when the inlet
pressure is 4 MPa, the polishing times is 250 and the abrasive concentration is 15%, the
abrasive flow has the best polishing effect. The analysis results are consistent with the
range analysis results, indicating the correctness of the above conclusions.

4.3.3 Orthogonal test regression analysis

Since the surface roughness is related to multiple variables, the relationship between
roughness and variables cannot be determined. Mathematical models can be established
by multiple linear regression and polynomial regression methods respectively, and the
significance between the two is observed. Regression analysis is performed to determine
the regression equation.

4.3.3.1 Establishment of multiple linear regression equation

Assuming that there is a linear relationship between the dependent variable y (surface
roughness) and the independent variables x; (inlet pressure), x, (number of processing),
and x; (abrasive concentration), the mathematical model is:

y=ag+ax +arx, +asx; (20)

After the statistical calculation of the data, the results obtained are shown in Table 6.

It can be obtained from Table 6: constant term of the regression equation is
ap = 1.65656, the coefficient of the independent variable x; is a; = —0.19017, the
coefficient of the independent variable x, is a» = —0.0016167, and the coefficient of the
independent variable x3 is a3 = —0.01243. Through the P value of the t-test, it can be
found that all P values are less than 0.05. All parameters in the formula must be present,
and all three variables are significant. Thus, the regression equation can be derived as:
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y=1.65656-0.19017x; —0.0016167x, —0.012433x; (21)
Table 6 Regression parameter table
Independent variable Coefficient  Coefficient standard deviation T P
Constant 1.65656 0.06004 27.59 0.000
Inlet pressure —0.19017 0.01020 —-18.65 0.000
Polishing times —0.0016167 0.0002039 -7.93 0.001
Abrasive concentration —0.012433 0.002039 —6.10 0.002

S =0.0249762, R-sq. = 98.9%, R-sq. (adjustment) = 98.2%

After obtaining the regression equation, it needs to be tested for significance, and the
F test is applied here. The test results are shown in Table 7. The P value is less than 0.05,
indicating that the regression equation is valid.

Table 7 Test table

Source Degree of freedom SS MS F P
Return 3 0.279373 0.093124 149.28 0.000
Residual error 5 0.003119 0.000624

Total 8 0.282492

Figure 17 Roughness residual diagram (see online version for colours)
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The regression model is appropriate by residual analysis. The whole result is incomplete
from the variance analysis table and the coefficient test analysis. The result of the
judgement is shown in Figure 17 and Figure 18.
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Figure 18 Scatter plot between residual and respective variables, (a) residual and inlet pressure
(b) residual and polishing times (c) residual and abrasive concentration (see online
version for colours)
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Figure 17 is mainly to observe whether the residual is normally distributed, and whether
the points in the sequential scatter plot fluctuate randomly on the horizontal axis, and
whether the fitted value has a ‘flare’ or ‘funnel shape’. Figure 18 focuses on whether
there is a tendency to bend, in the results of this test, the figures are normal, and there is
no obvious tendency to bend.

The residual is by the normal distribution, and the fitting value in the upper right
corner is normal, and the order in the lower right corner also conforms to the changing
trend. Therefore, the regression equation is consistent with this test, and there is no large
deviation, which proves that the regression equation is reasonable.

4.3.3.2 Establishment of a polynomial regression equation

Assume that the relationship between the dependent variable y (surface roughness) and
the independent variables x; (inlet pressure), x, (number of processing), and x3 (abrasive
concentration) is a nonlinear function. Since the independent variables are three, a ternary
cubic polynomial regression equation is established, as follows:

_ 2 2
Y =ap+aix; +axx; +azxs +asx)x; +asxi X3 +agX2X3 + ar Xy +agx;
+ agx? + ayoxixXa X3 + ayxtxs + anpxtx, +apxix; + agx X3 + ajsx X3 22)

+a16x2x32 +(117)C]3 +a18x§ +a19x§

Let zi=x1,2)=Xy,23 =X3,24 = X1 X2, ...... , 219 = xg, and this translates into a

19-element linear regression equation:



164 J. Lietal.

Yy=aot+aztarzy+azzz +asz4 +aszs +aeZe +...... + a9z (23)

Since there are 19 independent variables, it is not conducive to parameter optimisation.
Therefore, the stepwise regression method is used to screen the independent variables,
and then the multiple linear regression analysis is performed according to the screening
results. The stepwise regression calculation results are obtained as shown in Table 8.

Table 8 Stepwise regression table

Step 1 2
Constant 0.8602 1.1252
z1 —0.00015 —0.00015
T value -5.31 -10.09
P value 0.001 0.000
z3 -0.0168
T value —4.17
P value 0.006
S 0.0896 0.0490
R-sq. 80.10 94.89
R-sq. (adjustment) 77.25 93.19

Result analysis: there are 1 and 2 after the step. After the step, there are two steps to filter

the factor. The variables selected are zi; and z3, that is x?x, and x3, so you can get the

regression equation:

»=1.1252-0.0168x; —0.00015x2x, 24)

Then, according to the selected independent variables, regression analysis is performed as
shown in Table 9.

Table 9 Regression parameter table
Independent variable Coefficient  Coefficient standard deviation T P
Constant 1.12521 0.07187 15.66 0.000
X, —0.00015371 0.00001523 -10.09 0.000
x3 —0.016788 0.004028 —4.17 0.006

S =0.0490435, R-sq. = 94.9%, R-sq. (adjustment) = 93.2%

From the last column of Table 9, it can be found that all the ‘P’ values of the t-test
performed on the three parameters are less than 0.05. It is proved that all the items in the
formula are significant, and the regression equation is also available. But from the
regression model error as a percentage of the total error (R-sq.), the R-sq. of the
polynomial regression is 94.9%, while the R-sq. of the multiple linear regression is
98.9% shown in Table 6. The larger the value, the better the regression model and the
data agree, indicating that the regression equation obtained by multiple linear regression
has a better fit with the experimental data.
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5 Conclusions

This paper discusses the ability of four sub-lattice models to capture the turbulence
characteristics of the flow channel when the irregular curved inner channel is processed
by the abrasive flow, and the machining experiments are carried out with numerical
analysis. The following conclusions are drawn:

1 Analysing the turbulence characteristics of the flow field under the four sub-grid
models of Smagorinsky, WALE, WMLES and KET, it can be found that the middle
part of the flow channel is the mainstream area, where the large vortices are
concentrated, and the processing effect on the workpiece wall is better than other
small vortices. The KET model can effectively capture the minute details of the flow
field and the transient flow field changes, clearly distinguish the density and size of
the vortex, and have high numerical calculation accuracy.

2 The experimental results of AFM show that the surface quality of the cycloidal inner
surface workpiece with the DC has been significantly improved, and the surface
roughness is reduced from 1.635 pum to 0.305 pum. The surface quality at the inlet is
better than that at the outlet, and the two-way machining can help solve the problem
of inconsistent processing quality.

3 The closer the wall is to the centre of the flow channel, the greater the force, and the
better the precision machining quality of abrasive flow. Through the range analysis
and variance analysis of the experimental data, it is found that the order of
significance of the factors affecting AFM is as follows: inlet pressure > polishing
times > abrasive concentration. The best combination of parameters for AFM of
irregular inner surface is as follows: inlet pressure is 4 MPa, polishing times is
250 times and abrasive concentration is 15%.
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