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Abstract. Aiming at the problem that the complex parts are difficult to process precisely, a
flexible processing method, abrasive flow technology, is proposed. Based on the FLUENT
software, a realizable k-& model was adopted and a Z-tube was used as the research object for
numerical analysis. Parameters such as turbulence intensity, turbulent kinetic energy, and flow
field pressure under different inlet pressures were simulated and discussed. The simulation results
show that with the increase of inlet pressure, the turbulence intensity, turbulent kinetic energy and
fluid pressure also increase, and the turbulent effect of the fluid is more obvious, which indicates
that the processing effect of the abrasive flow will be better, and the final experiment will be
performed. The experimental results are consistent with the simulation results, and the accuracy
of the numerical simulation is proved. The abrasive grain flow processing technology is
effectively verified.
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1. Introduction

Abrasive flow processing technology is a new surface processing technology, which can
achieve rounding, deburring, reducing residual stress, etc. The basic working principle is to use
the numerous hard particles in the liquid and flow to the processing surface under the action of
external pressure. Through the collision and shear between the particles and the wall, so as to
achieve the purpose of precision machining [1-5]. Li Chen et al. [6] applied the Preston equation
to carry out force analysis of solid particles in the flow field, and then analyzed the polishing
mechanism of the abrasive flow and verified the use of complex parts in automobiles. Li Junye et
al. [7, 8] used the common rail tube as the research object to study the effect of particle volume
fraction and particle size on the polishing effect of the abrasive flow. The best particle volume
fraction and particle size were obtained through simulation analysis and verified through
experiments. S. Singh et al. [9] added a magnetic field during the processing of the abrasive flow
and found that the magnetic field would significantly affect the material removal rate and
conducted a Taguchi experimental design. J. Kenda et al. [10] used the electrical discharge
pre-machined hardened tool steel AISI D2 samples to investigate the effect of process parameters
on surface roughness and induced residual stress. The results show that the abrasive flow can
remove the damaged surface produced by EDM and improve greatly the surface quality.

2. Fluid control equation

All problems in the flow range must follow the law of conservation of mass and the law of
conservation of momentum. The equations are:

dp

d
5t +a—xi(Puz) = Sm, (1
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where: P is the static pressure, 7;; is the stress tensor, g; is the gravity in the i direction, and F; is
the external volumetric force in the i direction.

The abrasive flow is turbulent in the machining process. Therefore, the turbulence model needs
to be selected. At present, the standard k-& model is commonly used. However, since this model
assumes that the turbulent flow is an isotropic turbulent flow, there is a large error. In this paper,
the turbulence model for realizable k-& model was chosen, because the turbulent model can
achieve better performance for the flow of jets and mixed flows, as well as the flow within pipes
and boundary layer flows. In the realizable k- model, the transport equation for k and ¢ is as
follows [11]:

opk d(pku;)) 0 ugN 0k
—at + —axi = a—XL (u + a) a—x] + Gk — pE, (3)
d(pe) d(psy;)) 0 [< /Jt> ds] g?
P —_ — Ee — J—
at + 0x; 0x; mt 0./ 0x; tplEe=pt k 4+ \ve @

where: p is the fluid density; oy, is the Prandtl number of the turbulent kinetic energy k, o, = 1.0;
o, is the Prandtl number of the dissipation rate &, o, = 1.2; Gy is the turbulent kinetic energy
caused by the average velocity gradient; u is the molecular viscosity coefficient; p, is

1
the turbulent viscosity coefficient; C, = 1.9, C; = max (0.43,7’%) , n= (ZEU-EU)ES,
e %)
yT Z(axi + dx; :

3. Calculation objects and boundary conditions

E

The Z-shaped flow channel is selected as the research object. The specific geometric
dimensions are shown in Fig. 1. The right side is the inlet and the left are the outlet. Mesh software
is used to divide the calculation area into grids. The divided grids are shown in Fig. 2.

d=4mm
H=20mm

L=30mm

L
Fig. 1. Diagram of Z-tube geometry Fig. 2. Mesh diagram

The boundary condition and basic parameters of this simulation are as follows: Using
FLUENT software, the realizable k-& model is applied with the combination of the MIXTURE
model and adopt the pressure-base solver and SIMPLE algorithm to solve. The boundary
conditions are set to pressure-inlet and pressure-outlet, the inlet pressure is 1 MPa, 3 MPa and
5 MPa, respectively. The first phase is aviation hydraulic oil, the second phase is silicon carbide
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particles, and the volume fraction is set to 20 %. The standard of wall surface is used for the near
wall surface. The force between the particles is not considered. The momentum and turbulent flow
energy are in the second-order upwind. The score uses a first-order upwind.

4. Simulation analysis

The pressure distribution has a great influence on the polishing effect of the abrasive flow. The
greater the pressure, the greater the contact force between the abrasive flow and the wall, and the
greater the shear force of the particles on the wall. The pressure distribution under different inlet
pressures is shown in Fig. 3.

6 339*05. 1.89e+0¢ 314040
/ 5.000+05} / 1 46e+o:. / zaiew]
3.626+05 1.030+06 1676406
224405 5.99¢+05 9.43¢405
8.53e+04 1.67e+05 2.11e+05,
-5.290+04, -2.648+05, -5.21e+05,

-1.91e+05) -6.96+05. -1.25e+08]

-3.29¢+05] -1.13e+06. -1.980+06

/ ~4.680+05 / 1560406, / -2.726406,
-6. UEB*UEI -1 Sﬁeﬂ)bl 3. 45540]
a) Pressure-inlet = 1 MPa b) Pressure-inlet = 2 MPa c¢) Pressure-inlet =3 MPa
Fig. 3. Flow field pressure distribution under different pressure

From Fig. 3, it can be seen that under the same inlet pressure, the pressure has a trend of
increasing-decreasing-increasing. This is because when the flow of the abrasive particles just
enters the flow channel, it hits the right angle-1, and the fluid encounters a violent collision with
the wall and causes pressure increased instantaneously. But it was found that the pressure inside
and outside at the right angle-1 is not the same, there is a pressure difference, because the fluid
will produce centrifugal force at the right angle-1, resulting in a pressure difference; Between the
right angle-1 and the right angle-2, there are pressure decays in a stepwise manner, because in this
section, the fluid makes frictional contact with the wall, the pressure slowly decreases; when the
right angle-2 is reached, the pressure increases again, just like the right angle-1. And when the
outlet is reached, the pressure is also attenuated. The entire simulation shows that the polishing
effect at the right angle-1 and the right angle-2 is better, and the polishing effect of the upper half
of the Z-shaped tube is better than the lower half. So, in the actual processing, the outlet should
be taken as an inlet, and then polished it once, it will get a uniform surface. When under different
inlet pressures, the fluid pressure increases with the increase of the inlet pressure, and there will
produce a greater pressure and friction force between fluid and surface. Numerous particles
generate cyclic shearing and collision on the wall surface, the grinding efficiency will be
improved. The turbulent kinetic energy is a indicator of turbulent flow development or decline.
The greater the turbulent kinetic energy, the more severe the turbulent flow, the better the
processing effect of abrasive flow, and the turbulent kinetic energy at different inlet pressures is
shown in Fig. 4.

Fig. 4 shows that when the abrasive flow is at the same inlet pressure, the turbulent flow energy
from the inlet to the right angle-1 is a slowly increasing process, because the fluid encounters a
violent impact at the right angle-1, resulting in an increase in the turbulent flow energy, but It can
be seen that the increasing turbulent kinetic energy is not too obvious, which also indicates that
turbulence has not been fully developed. From the right angle-1 to the right angle 2, the turbulent
kinetic energy slowly decreases. When reaching the right angle-2, the turbulent flow energy
increases rapidly, the turbulence is fully developed, the turbulent flow effect is good, and the fluid
is in close contact with the wall and a strong friction occurs to increase the material removal rate.
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When the fluid is at different pressures, the turbulent intensity increases as the inlet pressure
increases. The greater the turbulence intensity, the better the polishing effect. To further analyze
the change trend of the abrasive flow during processing, the turbulence intensity and fluid velocity
at different inlet pressures were analyzed, as shown in Fig. 5 and Fig. 6.
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a) Pressure-inlet = 1 MPa b) Pressure-inlet = 2 MPa c¢) Pressure-inlet =3 MPa
Fig. 4. Distribution of turbulent kinetic energy at different inlet pressures

Fig. 5 shows that there are two inflection points corresponding to the right angle-1 and the
right angle-2 of the Z-shaped flow channel, respectively. At these two inflection points, the
turbulent intensity reaches its maximum. At two right angles, when the flow channel changes
drastically, the collision of the fluid with the wall causes the velocity to increase, and the
turbulence intensity also increases. There is a slight decrease in turbulent intensity due to velocity
decay after the fluid hits the wall. As shown in Fig. 6, there are two inflection points, and the
formation process is similar to Fig. 5.

i 80
50 -
- Inlet <y Inlet
é pressure -:: pressure
= —e— 1 Mpa = 60 . " —+— 1 Mpa
£ : -
£ —-a—- 3 Mpa 8 RN 7 N —-a—- 3 Mpa
- S

E 5 Mpa 25” //.’ '\\\ // \\ 5 Mpa
¢ v w” - .
H 2 an
z 2
= =

F 20 T T T T T T T

i 10 20 30 10 50 60 0 10 20 30 40 50 60

The flow path length(mm ) The flow path length (mm)
Fig. 5. Trend of turbulence intensity Fig. 6. Trend of fluid velocity

5. Experimental analysis

Through the above simulation analysis, it is found that the inlet pressure is directly proportional
to the material removal rate. The appropriate pressure can not only improve the grinding speed
and efficiency, but also obtain a relatively smooth surface. To verify the accuracy of the simulation
results, a self-developed abrasive flow polishing machine was used to polish the Z-shaped tube.
The inlet pressures were 1 MPa, 3 MPa, and 5 MPa, respectively, and the experimental
workpieces were marked as 1#, 2# and 3#, respectively, and the unprocessed workpiece is marked
as O#. A surface roughness test was performed on the four positions of the Z-shaped tube using a
grating surface roughness measuring instrument, and the positions was inlet, right angle-1, right
angle-2 and an outlet. And these were respectively marked as position-1, position-2, position-3,
and position-4.

In order to facilitate analysis and comparison, the above test data is organized as shown in
Table 1 and Fig. 11.

From Table 1 and Fig. 11, it can be seen that the surface roughness gradually decreases with
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the increase of the inlet pressure. Compared with the inlet and outlet, the surface roughness
decreases more clearly at two right angles. This is because the collision between the abrasive flow
and the wall at two right angles causes the speed to increase, and the abrasive and wall surfaces
have better cutting and friction effects, so the surface roughness is lower. In order to further
observe the surface topography, a scanning electron microscope was used to observe the inner
surface of the part, as shown in Fig. 12.

Table 1. Surface roughness at different locations

Workpiece Surface roughness (um)
number Position-1 | Position-2 | Position-3 | Position-4
O# 1.37 1.38 1.35 1.32
1# 1.06 0.93 0.97 1.13
24 0.82 0.76 0.77 0.84
3# 0.56 0.50 0.55 0.59

a) Position-1 b) Position-2 ¢) Position-3 d) Position-4
Fig. 7. 0#

a) Position-1 ¢) Position-3 d) Position-4

Fig. 8. 14

v

a) }’051t10n-1 b) Position-2

3
Fig. 9. 2#

a) Position-1 b) osition—2 c) Position-3 d) Position-4
Fig. 10. 3#
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Fig. 12 shows that as the inlet pressure increases, the inner surface of the part becomes
smoother, the surface quality is greatly improved, and the use performance of the part is also
improved. The abrasive flow processing technology becomes an effective means in the field of
precision machining.
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Fig. 11. Surface roughness comparison chart

b) 1# c) 2# d) 3#
Fig. 12. Surface topography at different inlet pressures

6. Conclusions

In this paper, the FLUENT software is used to simulate the Z-tube flow through the realizable
k-& model. The turbulence intensity, the turbulent kinetic energy and the flow field pressure under
different pressures are simulated and analyzed, and the correctness of the simulation is verified
through experiments. Numerical simulation has become an effective theoretical tool for studying
abrasive flow. The experimental results show that the inlet pressure has a significant influence on
the surface roughness, and the reasonable pressure can efficiently process the parts to achieve the
required surface quality and meet the requirements for use.
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