
Strojniški vestnik - Journal of Mechanical Engineering 66(2020)6, 358-374 Received for review: 2020-01-14
© 2020 Journal of Mechanical Engineering. All rights reserved.  Received revised form: 2020-04-03
DOI:10.5545/sv-jme.2020.6554 Original Scientific Paper Accepted for publication: 2020-05-06

*Corr. Author’s Address: Ministry of Education Key Laboratory for Cross-Scale Micro and Nano Manufacturing, 
Changchun University of Science and Technology, Changchun 130022, China, fstving@163.com

358

Mechanism Research and Discussion of the Quality  
of Precision Machining of a Fifth-order Variable-diameter  

Pipe Using Abrasive Flow
Li, J. – Wang, L. – Zhang, H. – Hu, J. – Zhang, X. – Zhao, W.

Junye Li – Lixiong Wang – Hengfu Zhang – Jinglei Hu – Xinming Zhang* – Weihong Zhao
Ministry of Education, Key Laboratory for Cross-Scale Micro- and Nano-Manufacturing,  

Changchun University of Science and Technology, China

The solid-liquid two-phase abrasive flow precision machining technology is widely used in aerospace, precision machinery, the automotive 
industry and other fields, and is an advanced manufacturing technology that effectively improves the inner surface quality of workpieces. In 
this paper, the fifth-order variable-diameter pipe parts are researched. By discussing the collision between the abrasive particles and the wall 
surface, it is revealed that the material removal of the workpiece is caused by plastic deformation, and the mechanism of precision machining 
of the abrasive flow is clarified. Through numerical analysis and experimental research, it is found that the incident angle can affect the 
precision machining quality of the abrasive flow. When the inlet velocity of the abrasive flow is 45 m/s and the incident angle is 15°, the fifth-
order variable-diameter pipe can obtain the best surface quality. Abrasive flow machining improves the surface quality of small holes better 
than that of large holes. To obtain uniform surface quality, it is necessary to use two-way machining to perform abrasive flow machining. The 
surface texture of the fifth-order variable-diameter pipe workpiece after precision machining by abrasive flow becomes clear and smooth, and 
the surface quality is significantly improved. The research results can provide theoretical guidance and technical support for the popularization 
and application of solid-liquid two-phase abrasive flow precision machining technology, with significant academic value and application value.
Keywords: abrasive flow precision machining; numerical analysis; variable-diameter pipe; quality control

Highlights
•	 The computational fluid dynamics discrete element method (CFD-DEM) coupling theory and the removal mechanism of abrasive 

flow polishing materials were analysed.
•	 The surface quality of the fifth-order variable-diameter tube after polishing by abrasive particle flow was discussed from 

different inlet speeds and incident angles.
•	 Through numerical simulation, the optimal process parameters for polishing the fifth-order variable calibre tube with abrasive 

flow were obtained.
•	 Experiments using abrasive particle flow to polish a fifth-order variable calibre tube have verified the validity and reliability of the 

numerical analysis.

0  INTRODUCTION

With the rapid development of engineering technology, 
machining has begun to move from rough machining 
to precision and ultra-precision machining; abrasive 
particle flow polishing is an ultra-precision machining 
technology. During the abrasive flow polishing 
process, the abrasive is a mixture of abrasive particles 
and fluids, flowing through the inner hole channel or 
curved surface at a certain inlet speed [1] and [2]. The 
basic working principle of abrasive particle flow is to 
squeeze the abrasive fluid with specific rheological 
characteristics to make it flow through the closed flow 
channel constrained by the fixture and the workpiece. 
Precision machining is realized under the action of 
micro-cutting to obtain the inner surface of the part 
with high precision [3] to [5]. As abrasive tools, the 
abrasive particles continuously collide with the surface 
to be processed and finally achieve the purpose of 
polishing the surface to be processed. The abrasive is 

the most important processing medium in the process 
of abrasive flow polishing, and it is also the main 
factor controlling the polishing effect [6] to [8]. For the 
study of the flow field, a numerical simulation method 
is generally used. Traditional computational fluid 
dynamics (CFD) has certain limitations. The velocity 
of the fluid at the wall surface is zero by default, and 
the solid phase abrasive particles are mostly calculated 
by pseudo-fluid in the two-phase flow, so the velocity 
of the abrasive particles impacting the wall surface 
is also zero [9] to [11]. In the actual processing, the 
abrasive particles enter the fluid boundary layer and 
maintain the original motion state under the action of 
inertia, and then impact the wall surface to produce 
the cutting effect [12] to [14]. Discrete element method 
simulation of abrasive flow polishing process mainly 
refers to simulating the flow state of abrasive particles 
in the workpiece cavity and analysing the dynamic 
parameters between the abrasive particles and 
between the abrasive particles and the workpiece, so 



Strojniški vestnik - Journal of Mechanical Engineering 66(2020)6, 358-374

359Mechanism Research and Discussion of the Quality of Precision Machining of a Fifth-order Variable-diameter Pipe Using Abrasive Flow  

as to realize the quantitative and numerical analysis of 
the machining process [15] to [17].

Because abrasive flow precision machining 
technology can effectively deburr, polish, and round 
the workpiece, the workpiece can obtain higher 
precision; therefore, many scholars have conducted 
in-depth research on it [18] to [20]. Mohanty et al. 
[21] used the computational fluid dynamics-discrete 
element method (DEM-CFD) method to predict 
the flow behaviour of packed beds. Random filling 
was performed using the discrete element method 
(DEM) technology, and the flow of the packed bed 
was studied by a single-phase laminar flow model. 
The flow follows an oscillation mode with a similar 
radial void. The experimental results show that 
DEM and CFD simulations can predict the flow 
behaviour in packed beds. Kim et al. [22] studied the 
effects of various abrasive flow machining process 
parameters are investigated for holes intersecting at 
a right angle with offset. Through the use of the L8 
(2-(5)) orthogonal array to experimentally study 
the flow distance, abrasive particle size, abrasive 
concentration, abrasive viscosity, and flow velocity 
of AL6061 specimens. The results show that the flow 
distance has the greatest effect on the removal of 
burrs, and the flow velocity has the least effect on the 
removal of burrs. Li et al. [23] used the mesoscopic 
scale of particles as a research object in the molecular 
dynamics theory, combined with hydrodynamics, to 
carry out the numerical simulations. They analysed the 
collision between abrasive particles and wall surface, 
studied polishing temperature and different cutting 
angles of the abrasive flow precision machining. 
They also compared their work with experimental 
data. Their results show that the optimal temperature 
range between abrasive particle and wall collision 
processing is 300 K to 310 K. The small cutting 
angles can improve the surface quality and reduce the 
inside defects of the workpiece. In the ultra-precision 
machining process, the economics and sustainability 
of production also need to be considered. Tan et 
al. [24] adopted the new machining technology of 
ultrasonic elliptical vibration-assisted cutting (UEVC) 
to solve the processing difficulties of Ti-6Al-4V alloy 
in traditional dry ultra-precision cutting (TDUC) 
process. It not only improves the surface quality of 
the workpiece but also provides a sustainable process. 
Chetan et al. [25] compared the technology of low-
temperature cooling and low-temperature treatment 
with the cooling method of MQL based on Al2O3 
nanoparticles during the turning of nickel-based 
Nimonic 90 alloy. Based on the degree of wear of the 
tool face and the machining quality of the workpiece 

surface, it was concluded that a low-temperature 
cooling environment is the best way to process 
Nimonic 90 alloy.

Based on discrete element theory and method, 
this paper constructs a numerical analysis model of 
solid-liquid two-phase flow of 5th order variable-
diameter pipe parts and performs numerical simulation 
analysis under CFD-DEM coupled field conditions to 
discuss the influence of coupling fields, such as fluid-
dynamic pressure and total abrasive energy, on the 
polishing quality of 5th order variable-diameter pipe. 
Experiments on abrasive flow precision machining 
were carried out, and the surface quality of the inner 
surface before and after polishing is compared and 
analysed to study the surface quality effect of the 
abrasive flow precision machining of the variable 
diameter pipe parts. The research results can provide 
theoretical guidance and technical support for the 
popularization and application of solid-liquid two-
phase abrasive flow precision machining technology.

1  STUDY ON MATERIAL REMOVAL MECHANISM  
OF ABRASIVE FLOW PRECISION MACHINING

To study the effect of abrasive particles on the wall 
surface of the 5th order variable-diameter pipe in 
the process of abrasive flow precision machining, 
it is necessary to visually calculate and analyse the 
movement process of the abrasive particles in the 
workpiece. In the process of abrasive flow precision 
machining, the abrasive particles interact with the 
workpiece wall surface. By analyzing the removal of 
single abrasive particles on the wall material of the 
workpiece, the wear degree of the abrasive particles 
on the inner surface of the workpiece is discussed, 
the material removal mechanism of abrasive particles 
erosion on workpiece wall can be obtained.

1.1  CFD-DEM Coupling Theoretical Model

In solid-liquid two-phase flow, in addition to the 
transfer of heat, momentum and mass inside the liquid 
phase, there is also a transfer of heat, momentum and 
mass between the fluid and the particles. This section 
mainly describes the coupled theoretical model of 
computational fluid dynamics (CFD) and discrete 
element method (DEM).

1.1.1  CFD-DEM Resistance Model

The model is suitable for handling abrasive particles 
in two situations:
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(1)  Abrasive particles of the same size or smaller in 
volume than the fluid grid unit;

(2)  Abrasive particles whose fluid parameters 
(speed, density, viscosity, etc.) vary substantially 
constantly. The resistance coefficient CD depends 
on the Reynolds number Re:
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where CD is the resistance coefficient; Re is the 
Reynolds number; ρ is the fluid density; n is the 
viscosity of the fluid; L is the diameter of the abrasive 
ball; v is the relative velocity between the abrasive 
particles and the fluid; α is the free volume of the CFD 
grid element. In addition to resistance, the inherent 
buoyancy of the abrasive particles must also be 
considered. The formula for calculating buoyancy is:

 F gVB � � .  (3)

Generally, for Lagrangian coupling, this 
improved resistance law can be used to consider the 
effect of abrasive load; in the Eulerian coupling, the 
abrasive particle load needs to consider this effect by 
combining the volume fraction method.

1.1.2  CFD-DEM Lift Model

(1)  Saffman Lift Model
 Lifting force occurs when the abrasive particles 

are in a high-speed fluid, and the speed gradient 
causes a pressure difference on the surface of 
the abrasive particles. Saffman [26] lift can be 
expressed as:
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�c u� � � .

 However, this simple model must be very slow 
at the shear flow rate and satisfy the following 
conditions:

 

Re

Re
/

Re
.

Re

Re

/

s
p

G
p

c p p

G

s

u v d
v

dy dy d
v

d

v

�
�

�

� �

�
�

�

� �

�

1

1

0 5
1

1

2

2

1 2

� �

�

��

�

�
�
�
�
�

�

�
�
�
�
�

,  (5)

 where ωp is the angular velocity of the abrasive 
particles.

 To overcome the above constraints, Mei 
[27] proposed two correlation equations 
(0.1 < Res < 100):
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 This correlation equation needs to satisfy 
a limited shear rate: α = 1/2 Res ε2 where 
0.005 < α < 0.4.

(2)  Magnus Lift Model
 Magnus lift [27] is the lift due to the spin of the 

abrasive particles. The relationship between 
the resistance coefficient of the sphere and the 
Reynolds number can be expressed as:
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 This model is still applicable to abrasive particles 
with Reynolds numbers up to 2000.

1.2  Material Removal Mechanism of Abrasive Particles on 
Walls Impacted by Different Materials

The workpiece material used in the numerical 
calculation was stainless steel; to obtain abrasive 
particles with better polishing effect, the abrasive 
particles of three commonly used materials were 
selected in this article: SiC, Al2O3, and Garnet 
abrasive. The workpiece and abrasive material 
parameters are shown in Table 1.

To be able to observe the cutting effect of abrasive 
particles on the workpiece surface, the numerical 
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simulation was carried out by the impact of different 
materials on the same workpiece. The equivalent 
plastic strain cloud diagram of the abrasive particles 
of different materials on the workpiece is shown in 
Fig. 1.

As can be found in Fig. 1, the equivalent plastic 
strain of SiC is greater than the equivalent plastic 

strain of Al2O3 and garnet. Because SiC abrasive 
grains have the largest microhardness, SiC has the 
largest plastic deformation ability on the surface of the 
workpiece, the workpiece has the largest cutting force, 
and the polishing effect on the workpiece is the best. 
Therefore, SiC is the best abrasive grain. The abrasive 
particles used in this study are silicon carbide abrasive 
particles.

1.3  Study on Material Removal Mechanism of Single 
Abrasive Particles to Round the Workpiece

Abrasive flow precision machining can effectively 
round the corners, and the angularity of the variable-
diameter pipe parts will affect the performance of 
the workpiece directly. Abrasive flow precision 

a) 

b) 

c) 
Fig. 1.  Equivalent plastic strain cloud diagram of abrasive material of different materials on the target material;  

a) equivalent plastic strain cloud diagram of SiC abrasive particles on workpiece, b) equivalent plastic strain cloud diagram  
of Al2O3 abrasive particles on workpiece, and c) equivalent plastic strain cloud diagram of abrasive garnet particles on workpiece

Table 1.  Workpiece and abrasive material parameters

Material
Density 
[kg/m³]

Modulus of 
elasticity [GPa]

Poisson’s  
ratio

Stainless steel 7930 200 0.247
SiC 2975 322 0.142
Al2O3 3965 305 0.24
Abrasive garnet 4000 248 0.27
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machining can make the angularity of the workpiece 
smooth, improve the service life of the parts, improve 
the stability of the whole component, improve the 
working efficiency, and the rounding of the inner 
cavity of the abrasive flow has important application 
value.

To visually observe the effect of the abrasive 
particles on the workpiece rounding, according to 
the actual conditions of the abrasive flow precision 
machining, the incident velocity of the abrasive 

particle is set at 30 m/s, and the numerical analysis of 
abrasive flow precision machining collision is carried 
out at different incident angles. The total time of the 
numerical analysis is 8×10–5 s. The movement and 
velocity changes of the abrasive particle collision 
workpiece wall are shown in Figs. 2 to 5. 

It can be seen from the analysis of Figs. 2 to 5 
that after the abrasive particles collide with the wall 
surface, they rebound in a certain direction, and the 
speed of the abrasive particle decreases. Because 

a)    b) 
Fig. 2.  Spatial velocity nephograms of the abrasive particle rounded off the workpiece at an incident angle of 30°;  

a) t = 0, and b) t = 2×10–5 s

a)    b) 
Fig. 3.  Spatial velocity nephograms of the abrasive particle rounded off the workpiece at an incident angle of 45°;  

a) t = 0, and b) t = 2×10–5 s

a)    b) 
Fig. 4.  Spatial velocity nephograms of the abrasive particle rounded off the workpiece at an incident angle of 60°;  

a) t = 0, and b) t = 2×10–5 s

a)    b) 
Fig. 5.  Spatial velocity nephograms of the abrasive particle rounded off the workpiece at an incident angle of 90°;  

a) t = 0, and b) t = 2×10–5 s
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when the workpiece is rounded, the kinetic energy of 
the abrasive particle is transformed into the internal 
energy required for the deformation of the workpiece, 
so that the workpiece is plastically deformed; when 
the abrasive particles rebound, their velocity starts 
to increase again, because the reversible plastic 
deformation begins to recover, which produces 
reaction force on the abrasive particle and increases 
the velocity of the abrasive particle; the larger the 
incident angle, the more the kinetic energy of the 
abrasive particle is decreased, and the greater the 
plastic strain of the workpiece. After a plurality of 
collisions of the abrasive particle on the workpiece, 
the surface material of the workpiece is removed, 
thereby forming a rounding effect on the workpiece.

To study the material removal effect of the 
abrasive particles on the workpiece at different 
incident angles, five identical abrasive particles 
were selected to collide on the same position of 
the workpiece, and 45° and 90° were selected for 
numerical simulation analysis. The material failure 
and plastic deformation at different incident angles 
during the fifth collision are shown in Fig. 6.

It can be seen from Fig. 6 that the plastic strain 
is not obvious when the incident angle is 45°, but the 
impact of the abrasive particles has already caused 
material removal on the workpiece. The part of the 
workpiece surface removed is the maximum force of 
the abrasive particles on the workpiece wall. The part 
is also the angular part of the workpiece, which in turn 
forms the rounding effect of the abrasive particles on 
the workpiece. When the incident angle is 90°, the 
plastic strain of the workpiece is obvious. The groove 
after the impact of the abrasive particles is deeper 
than the incident angle of 45°, but the material is not 
removed from the workpiece.

1.4  Study on Material Removal Mechanism of Single 
Abrasive Particle on Wall Surface Sliding

To better reveal the material removal mechanism of 
the abrasive particle collision on the wall surface, 
numerical analysis of the workpiece and the abrasive 
particle was carried out. The workpiece wall target 
was set as a cuboid, the size of the target was 1000 
μm ×500 μm ×100 μm, the diameter of the abrasive 
particle was 300 meshes, the incident velocity of 
the abrasive particle was 30 m/s, and there was 
slight contact between the abrasive particle and the 
workpiece wall surface when the abrasive particle 

a)         b) 
Fig. 6.  Material failure and plastic deformation at different incident angles during the fifth collision;  

a) when the incident angle is 45°, and b) when the incident angle is 90°

Fig. 8.  Equivalent effective strain contour map of a single abrasive 
particle on wall surface sliding friction

Fig. 7.  Equivalent effective strain diagram of a single abrasive 
particle on wall surface sliding friction
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collided with the workpiece wall surface. The 
equivalent effective strain and equivalent effective 
strain contour maps of the single abrasive particle to 
wall surface sliding friction are obtained via numerical 
simulation of abrasive flow precision machining, as 
shown in Figs. 7 and 8.

From Fig. 7, it can be seen that in the process 
of solid-liquid two-phase abrasive flow precision 
machining, the abrasive particles are subjected to 
multiple random collisions on the surface of the 
workpiece under the action of fluid turbulence, and 
the normal load presses the abrasive particles into the 
surface of the workpiece. The tangential movement of 
abrasive particles causes relative sliding between the 
abrasive particles and the workpiece surface, causing 
plastic deformation on the surface of the workpiece, 
causing a scratch on the workpiece, causing plastic 
wear on the surface of the workpiece. After a number 
of the abrasive particles micro-slide on the surface of 
the workpiece, the final realization of the workpiece 
surface material is removal and finishing. It can be 
seen from Fig. 8 that the position of the abrasive 
particles extrusion on the workpiece is different, as 
is the amount of plastic deformation. This is because 
the force of the abrasive particles on the surface of 
the workpiece is different, and the location where the 
abrasive particles force on the workpiece is larger, the 
amount of plastic deformation is larger, the amount of 
wear on the workpiece is larger, the cutting ability is 
stronger, and the material removal ability is stronger.

2  RESULTS AND DISCUSSION

2.1  Numerical Analysis and Discussion on Precision 
Machining of Solid-liquid Two-phase Abrasive Flow

The research workpiece is a coaxial 5th order variable-
diameter pipe with symmetrical rotary structure 

features. The total length of the pipe is 12.7 mm ±0.05 
mm, and the diameter is 3.17 mm. The numerical 
analysis of the solid-liquid two-phase abrasive flow 
precision machining is based on the coupling of CFD-
DEM to keep abrasive concentration and abrasive 
particle size unchanged. The polishing performance 
of abrasive flow is studied and analysed by changing 
the inlet velocity and incident angle of the abrasive 
particles. CFD-DEM coupling requires a high quality 
of the flow channel model mesh. Therefore, the 
hexahedral mesh is selected to mesh the 5th order 
variable-diameter pipe, and the flow channel model is 
divided into blocks according to the geometric shape 
of the model. After meshing, the 5th order variable 
diameter pipe forms 490,113 nodes. In this paper, the 
common index detection of unstructured grid quality 
is carried out, and there is no negative volume, which 
indicates that the grid quality is reliable, and the grid 
quality is greater than 0.3 to meet the simulation 
requirements. The time step in DEM is set to 5e-7 
s and turns on track collisions. The total time for 
numerical simulation is 1 s. The two-dimensional 
model of the 5th order variable-diameter pipe and its 
flow channel meshing are shown in Fig. 9.

To facilitate the analysis of the numerical 
variation trend of the 5th order variable-diameter pipe, 
the 5th order variable-diameter pipe is divided into 
1st order region, 2nd order region, 3rd order region, 
4th order region and 5th order region. The 1st order 
region, 2nd order region, 3rd order region, 4th order 
region and 5th order region are, respectively, set up 
with 1st order centreline, 2nd order centreline, 3rd order 
centreline, 4th order centreline and 5th order centreline. 
The centreline of workpiece rotation is defined as 
the origin of the centreline of each order region. The 
centreline of workpiece rotation is positive above and 
negative below. The abrasive inlet is defined as the 
origin of the workpiece rotation centreline. The wall 

a) 

b) 
Fig. 9.  Two-dimensional model of the 5th order variable-diameter pipe and its flow channel meshing;  

a) two-dimensional model of the 5th order variable-diameter pipe, and b) the flow channel meshing of the 5th order variable-diameter pipe
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surface in the positive direction of Y-axis is defined 
as the upper wall surface, while the wall surface in the 
negative direction of Y-axis is the lower wall surface. 
The incident angle of abrasive is set to α, the regional 
division of the flow channel of the two-dimensional 
model of the 5th order variable-diameter pipe is shown 
in Fig. 10.

2.1.1 Numerical Simulation Analysis of Precision Machining 
of Inlet Velocity on 5th order Variable-diameter Pipe

(1)  Coupled field analysis of fluid-dynamic pressure 
and total energy of abrasive particles in 5th order 
variable-diameter pipe machined at different inlet 
velocities. The abrasive concentration was set to 
10 %, the abrasive particle size was 300 mesh (48 
μm), and the inlet velocity was 30 m/s and 45 m/s 
for CFD-DEM coupling numerical simulation 
analysis. Cloud dynamic pressure and total 
particle energy cloud diagrams of CFD-DEM 
coupling fields at different inlet velocities were 
obtained, as shown in Fig. 11.

 It can be seen from Fig. 11 that the dynamic 
pressure increases stepwise when the abrasive 
flow flows from the 1st order region to the 3rd 
order region. This is because the dynamic pressure 

is increased by the aperture reduction, the more 
intense the abrasive movement, and the increased 
chance of wall surface collision. Thereby, the 
polishing effect of the abrasive flow on the small 
aperture can be improved. The 3rd order region 
has the highest dynamic pressure and the best 
polishing effect on the 3rd order region. When the 
abrasive flows from the 3rd order region to the 5th 
order region, due to the influence of the inertia of 
abrasive, the dynamic pressure at the intersection 
of the large hole and the small hole remains 
relatively high. With the abrasive flowing out, the 
dynamic pressure decreases gradually. Because 
of the enlargement of the aperture, the abrasive 
rarely reaches the workpiece near the wall 
surface, and the abrasive directly flows out of the 
workpiece from the fluid centre, so the dynamic 
pressure near the wall surface is the lowest value, 
which is not conducive to the finishing of the 4th 
order region and the 5th order region. To improve 
the uniformity of abrasive flow precision-
machining workpiece, the workpiece can be 
processed in two directions.

(2)  Coupled field analysis of shear force on the 
fluid wall of the 5th order variable-diameter pipe 
machined at different inlet velocities

Fig. 10.  Schematic diagram of the regional division of the flow channel in the two-dimensional model of the 5th order variable-diameter pipe

a) 

b) 
Fig. 11.  Coupled field nephograms of fluid-dynamic pressure and total energy of abrasive particles at different inlet velocities;  

a) inlet velocity is 30 m/s, and b) inlet velocity is 45 m/s
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 Since the abrasive is a viscous liquid, it has a 
certain viscous effect on the wall surface, and 
the abrasive is similar to “adsorption” on the 
wall surface of the workpiece. When the abrasive 
particles in the fluid leave the wall surface of the 
workpiece, it is necessary to overcome the viscous 
resistance and the adsorption force between 
the abrasive particles in the fluid and the wall 
surface of the workpiece. At this time, a certain 
shear force is formed on the wall surface of the 
workpiece, and the shear force is greater than the 
ultimate stress of the workpiece surface material, 
the workpiece material falls off the surface of the 
workpiece. Under the same numerical simulation 
conditions, the coupled field nephograms of fluid 
wall surface shear force under different inlet 
velocity conditions is obtained, as shown in Fig. 
12. 
It can be seen from the colour change of each 

order region in Fig. 12 that the shear force of the 
fluid wall surface of the 1st order region to the 3rd 
order region is gradually increasing. Because the 
pore diameter is gradually smaller in this process, 
the pressure of the abrasive on the wall gradually 
increases, as does the wall shear force. In the 3rd order 
region, the wall shear force is the largest, and the 
polishing effect is the best. When the abrasive flows 
into the 5th order region from the 3rd order region, 
the wall surface shear force decreases stepwise, 
because the aperture becomes larger, the pressure of 
the abrasive flow to the wall surface decreases, and in 
the 4th order region, the wall surface shear force near 
the 3rd order region is relatively small, and the middle 
and rear end wall surface shear force tends to increase, 
which is beneficial to the finishing of the middle and 
rear end in the 4th order region, and the polishing 

effect on the beginning of the 4th order region and the 
5th order region is poor.

2.1.2 Numerical Simulation Analysis of Precision Machining 
of 5th order Variable-diameter Pipe by Incident Angle

Since the above processing technology is not 
conducive to the polishing uniformity of each step 
of the 5th order variable-diameter pipe, in order 
to improve the polishing effect of each step of the 
workpiece, the abrasive flow precision machining for 
the workpiece at different incident angles is proposed, 
and the direction of the incident angle of the abrasive 
is defined as shown in Fig. 10. 
(1)  Coupled Field Analysis of Fluid Velocity and 

Abrasive Particles Velocity of 5th order Variable- 
diameter Pipe Machined at Different Incident 
Angles

 When the abrasive concentration is 10 %, the 
abrasive particle size is 300 meshes (48 μm) 
and the inlet velocity is 45 m/s, the incident 
angles were selected as 0° and 15° for coupled 
numerical simulation analysis. The fluid velocity 
and the abrasive particles velocity nephograms 
for the different incident angles at the coupled 
field are shown in Fig. 13. 

 It can be seen from Fig. 13 that the fluid velocity 
distribution changes when the incident angle is 
changed; the larger the incident angle is, the more 
obviously the fluid velocity distribution changes. 
When the incident angle is 0°, the fluid velocity 
distribution is symmetric about the workpiece 
rotation centreline, but when the incident angle 
is greater than 0°, the fluid velocity is no longer 
symmetrical about the centreline of the workpiece 
rotation, and the fluid velocity at the lower end 

a) 

b) 
Fig. 12.  Coupled field nephograms of fluid wall surface shear force under different inlet velocity conditions;  

a) when the inlet velocity is 30 m/s, and b) when the inlet velocity is 45 m/s
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of the centreline of the workpiece is greater than 
that at the upper end, but the fluid velocity near 
the wall surface of the lower end of the centreline 
of the workpiece in the 4th order region and 5th 
order regions is significantly improved. The 
polishing effect of the lower end wall surface of 
the workpiece rotation centreline is better than 
that of the upper end wall surface. Similarly, the 
3rd order region has the greatest fluid velocity 
and uniform fluid velocity distribution, so the 
polishing effect is best for the 3rd order region. 
The larger the incident angle is, the more times 
the abrasive particles collide with the workpiece 
wall surface, so that the polishing effect of the 
lower wall surface of the 4th order region and the 
5th order region can be improved to some extent.

(2)  Coupled field analysis of the fluid-dynamic 
pressure and total energy of abrasive particles 

of 5th order variable-diameter pipe machined at 
different incident angles

 Under the same numerical simulation conditions, 
the coupled field nephograms of fluid-dynamic 
pressure and total energy of abrasive particles at 
different incident angles are obtained, as shown 
in Fig. 14. 

 It can be seen from Fig. 14 that when the 
incident angle is 0°, the fluid dynamic pressure 
distribution is symmetric about the workpiece 
rotation centreline, and when the incident angle 
is greater than 0°, the fluid-dynamic pressure is 
no longer symmetric about the workpiece rotation 
centreline, but the fluid-dynamic pressure near the 
lower wall of the 4th order region and the 5th order 
region is improved. The polishing effect of the 
lower end wall surface of the workpiece rotation 
centreline is better than that of the upper end wall 

a) 

b) 
Fig. 13.  Coupled field nephograms of fluid velocity and abrasive particle velocity at different incident angles;  

a) when the incident angle is 0°, and b) when the incident angle is 15°

a) 

b) 
Fig. 14. Coupled field nephograms of fluid-dynamic pressure and total energy of abrasive particles at different incident angles;  

a) when the incident angle is 0°, and b) when the incident angle is 15°
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surface, and the upper wall surface polishing 
effect is worse. Similarly, the dynamic pressure 
of the 3rd order region is the largest, and the 
fluid dynamic pressure distribution is relatively 
uniform, so the polishing effect is best for the 
3rd order region. The total energy of the abrasive 
particles increases first and then decreases. The 

total energy of the abrasive particles reaches the 
maximum at the junction of the 3rd order region 
and the 4th order region, and the larger the incident 
angle, the more the number of collisions between 
the abrasive particles and the lower wall surface 
of the workpiece, thus, the polishing effect of the 
lower wall surface of the 4th order region and the 

a) 

b) 

c) 

d) 

e) 
Fig. 15.  The movement of the abrasive particles in the fifth-order variable-diameter when the incident angle is 0°;  

when machining time is a) 6e-5 s, b) 1.1e-4 s, c) 1.4e-4 s, d) 1.6e-4 s, and e) 1.7e-4 s

a) 

b) 

c) 

d) 

e) 
Fig. 16.  The movement of the abrasive particles in the fifth-order variable-diameter when the incident angle is 15°;  

when machining time is a) 6e-5 s, b) 1.2e-4 s, c) 1.5e-4 s, d) 1.7e-4 s, and e) 1.8e-4 s
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5th order region is improved to a certain extent, 
and the polishing effect of upper wall surface is 
poor.

(3)  Distribution of abrasive particles in the 5th order 
variable-diameter pipe at different times when the 
incident angle is 0° and 15°

 The movement of the abrasive particles at 
different times in the 5th order variable-diameter 
pipe was analysed. The numerical simulation was 
carried out by selecting the incident angles of 
0° and 15°, and the distribution of the abrasive 
particles at different times was obtained, as 
shown in Figs. 15 and 16. 
From the comparison of Figs. 15 and 16, it can 

be seen that the distribution of the abrasive particles 
when the incident angles are 0° and 15°, respectively, 
the time required for the abrasive particles to flow out 
of the workpiece when the incident angle is 0° is less 
than that when the incident angle is 15°. It means that 
the abrasive particles collide with the wall surface for 
a long time when the incident angle is 15°, which is 
beneficial to the polishing of the workpiece. When the 
incident angle is 0°, the distribution of the abrasive 
particles is uniform. When the incident angle is 15°, 
the distribution of the abrasive particles is not uniform, 
and it is concluded that the polishing is uniform when 
the incident angle is 0°.

2.2  Test Analysis and Discussion on abrasive Flow 
Precision Machining of 5th Order Variable-Diameter Pipe

Many scholars have researched new methods to 
improve the surface quality of the workpieces being 
processed. Lopez et al. [28] proposed the use of newly 
developed utility programmes in the preparation 
stage for the processing of advanced high-strength 
steel (AHSS) forming tools, and the use of CAM 
software to write computer navigated control (CNC) 
programmes to improve the finishing. Zou et al. [29] 
verified the feasibility of a flexible grinding method 
for the precision machining of TiAl-based alloys 
from the aspects of material removal rate, abrasive 
wear, surface roughness and residual stress. Gou et al. 
[30] and other scholars used a UV-curing resin plate 
grinding process to improve the surface roughness 
of the workpiece by 12 % and reduce the material 
removal rate by 25 %. Wang et al. [31] developed a 
new atomic force microscope and studied the effects 
of abrasive media and process parameters on new 
abrasive particle flow processing. Wei [32] proposed 
a new abrasive particle flow machining material 
removal prediction model, which can predict material 
removal based on the change of the contour height 

and the mass change of the material. To verify the 
effectiveness of abrasive flow polishing variable-
calibre pipe parts, the abrasive flow polishing 
process parameters were selected with an inlet speed 
of 45 m/s, an abrasive concentration of 10 %, and 
an abrasive particle size of 800 mesh. Comparative 
tests of unidirectional and bidirectional abrasive flow 
polishing were performed.

2.2.1  Surface Roughness Analysis of Abrasive Flow 
Precision Machining of 5th order Variable-diameter Pipe

A 5th order variable-calibre pipe made of stainless 
steel 304 was selected as the abrasive flow polishing 
test object. The physical diagram of the 5th order 
variable-diameter pipe after cutting is shown in Fig. 
17.

Fig. 17.  Physical diagram of the 5th order variable-diameter pipe 
after cutting

To analyse the internal surface roughness of 
the workpiece before and after the abrasive flow 
polishing, a Mahr stylus gauge is selected for surface 
roughness detection on the inner surface of the 5th 
order variable calibre tube. The inner surface of the 
5th order variable-calibre pipe is contact-tested by a 
probe. The surface roughness Ra value of the 5th order 
variable-calibre pipe is shown in Table 2.

Table 2.  Surface roughness Ra values of the 5th order variable- 
diameter pipe before and after one-way and two-way abrasive flow 
precision machining

Region
Surface roughness Ra value [μm]

Original
After one-way 

machining
After two-way 

machining
1st order region 1.422 0.430 0.329
2nd order region 1.413 0.306 0.279
3rd order region 1.476 0.257 0.218
4th order region 1.465 0.571 0.294
5th order region 1.458 0.710 0.367

It can be seen from Table 2 that the surface 
roughness after one-way and two-way abrasive flow 
precision machining is significantly reduced, and the 
surface quality of the workpiece is improved. Through 
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the comparison and analysis of each order region of 
one-way abrasive flow precision machining, the inner 
surface roughness value is 5th order region > 4th order 
region > 1nd order region > 2st order region > 3rd 
order region. This shows that the size of the aperture 
will affect the inner surface roughness value. The 
smaller the aperture, the larger the amount of material 
removed, and the better the polishing effect on the 
workpiece, but the polishing of each order region is 
uneven, and the two-way abrasive flow precision 
machining improves the unevenness of polishing. To 
visually observe the trend of the original, one-way 
and two-way surface roughness values, a surface 
roughness line chart of each order region, as shown in 
Fig. 18, is drawn. 

Fig. 18.  Surface roughness line chart of each order region before 
and after  abrasive flow precision machining

From Fig. 18, it can be seen that the surface 
roughness of each order region after one-way and two-
way abrasive flow precision machining is reduced. 
The surface roughness of the 4th order region and the 
5th order region after one-way abrasive flow precision 
machining was larger, and the polishing effect is not 
good. The inner surface roughness value of each 
order region after two-way abrasive flow precision 
machining is relatively flat, which is beneficial to 
improve the inner surface quality of the workpiece.

2.2.2  Surface Morphology Analysis of Abrasive Flow 
Precision Machining of 5th order Variable-diameter Pipe

To better analyse the surface quality of abrasive 
flow precision machining the 5th order variable-
diameter pipe, scanning electron microscopy (SEM) 
is used to detect the surface morphology of the 5th 
order variable-diameter pipe before and after one-
way abrasive flow precision machining. The surface 
morphology of the 5th order variable-diameter pipe 
before and after abrasive flow precision machining is 
obtained, as shown in Figs. 19 and 20.

It can be determined from Figs. 19 and 20 that a 
large number of uneven spots and burrs are distributed 
on the inner surface of the 5th order variable-aperture 
pipe workpiece before the abrasive flow polishing, the 
distribution is relatively disordered, and the surface 
quality is poor. After polishing with a unidirectional 
abrasive flow, many striped scratches appeared on 
the surface of the workpiece, and the spots and burrs 

a)    b) 

c)    d)    e) 
Fig. 19.  Surface morphology of the 5th order variable-diameter pipe before abrasive flow precision machining;  

a) 1st order region,  b) 2nd order region, c) 3rd order region, d) 4th order region, and e) 5th order region
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on the workpiece surface basically disappeared, 
the surface was smoother, and the surface quality is 
significantly improved. A comparative analysis of 
each step region of the 5th order variable-calibre pipe 
can be seen: the smoothness of the 1st order region and 
the 2nd order region is better, and the surface quality 
is significantly improved. The 3rd order region has 
the best finish and the best polishing effect. A small 
amount of glitches are found in the 4th order region, 
and the surface quality of the 5th order region is the 

worst. The surface roughness Ra value of each area 
of the 5th order variable-calibre tube after precision 
machining by the abrasive flow is 5th order region > 4th 
order region > 1st order region > 2nd order region > 3rd 
order region. The detection results are consistent with 
the numerical simulation results, which verifies the 
accuracy of the numerical simulation. By examining 
the surface morphology after polishing with bi-
directional abrasive flow, and the surface morphology 
diagram shown in Fig. 21 is obtained.

a)     b) 

c)    d)    e) 
Fig. 20.  Surface morphology of the 5th order variable-diameter pipe after one-way abrasive flow precision machining;  

a) 1st order region, b) 2nd order region, c) 3rd order region, d) 4th order region, and e) 5th order region

a)    b) 

c)    d)    e) 
Fig. 21.  Surface morphology of the 5th order variable-diameter pipe after two-way abrasive flow precision machining;  

a) 1st order region, b) 2nd order region, c) 3rd order region,  d) 4th order region, and e) 5th order region
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It can be seen from Fig. 21 that the stripe-like 
scratches on the surface of the 5th order variable-
aperture pipe are clearer after the bidirectional 
abrasive flow polishing, the burr on the surface of 
the workpiece disappears, the surface is smoother, 
and the surface quality is significantly improved. A 
comparative analysis of each order region shows that 
the processing effect of the 1st order region and the 
5th order region is close; the surface quality of the 
2nd order region and the 4th order region are also very 
close; the inner surface of the 3rd order region is the 
smoothest and has the best polishing effect. Compared 
with the effect of unidirectional abrasive flow 
polishing, the internal surface quality of each step 
region after polishing by bidirectional abrasive flow is 
significantly improved. Therefore, polishing the five-
step variable-calibre pipe parts with bi-directional 
abrasive flow can make the processing more uniform, 
which is more conducive to improving the quality of 
the inner surface of the workpiece.

3  CONCLUSION

(1) During the precision machining with solid-liquid 
two-phase abrasive flow, the surface finishing 
of the workpiece is formed by the interaction 
between the abrasive particles and the wall 
surface. After the abrasive particles collide 
with the wall surface, the abrasive particles will 
rebound in a certain direction, and the kinetic 
energy of the abrasive particles is converted into 
the internal energy required for the deformation 
of the workpiece, so that the surface of the 
workpiece is plastically deformed; the larger 
the incident angle, the more kinetic energy of 
abrasive particles loss, the greater the plastic 
strain of the workpiece; after multiple collisions 
of the abrasive particles on the workpiece, the 
normal load presses the abrasive particles into 
the surface of the workpiece, and the tangential 
movement of the abrasive particles causes 
the abrasive particles to slide relative to the 
surface, causing plastic deformation to occur on 
the surface of the workpiece, a scratch on the 
workpiece, plastic wear on the workpiece surface, 
when the shear force is greater than the ultimate 
stress of the workpiece surface material, and after 
several repetitions of micro-sliding friction on the 
surface of the workpiece, the abrasive particles 
eventually achieve the material removal and 
finishing of the workpiece surface.

(2) Through the numerical analysis of the solid-liquid 
two-phase abrasive flow precision machining, it 

is found that the dynamic pressure increases when 
the abrasive particles flow into the small aperture 
from the large aperture, and the dynamic pressure 
decreases when the abrasive particles flow into 
the large aperture from the small aperture; the 
greater the dynamic pressure is, the more violent 
the abrasive particles movement is, the more 
chance the abrasive particles collide with the wall 
surface; the dynamic pressure data at the rotation 
centreline of the 5th order variable-diameter pipe 
is 3rd order region > 4th order region> 5th order 
region > 2nd order region > 1st order region, the 
finishing effect of the 3rd order region is the best. 
The wall surface shear force at the centre of the 
fluid is 0, and only the shear force is generated at 
the wall surface. In the 5th order region, the wall 
surface shear force is the smallest, the number of 
collisions between the abrasive particles and the 
5th order region wall surface is small, the amount 
of material removal on the workpiece surface 
is less, and the polishing effect in the 5th order 
region is the worst.

(3) Changing the incident angle can change the 
velocity distribution of the abrasive flow. The 
larger the incident angle, the more obvious 
the change of the fluid velocity distribution. 
When the incident angle is 0°, the fluid velocity 
distribution is symmetric about the centreline 
of the workpiece rotation, which can effectively 
improve the polishing effect of the 4th order 
region and 5th order regions; when the incident 
angle is greater than 0°, the fluid velocity is no 
longer symmetrical about the centreline of the 
workpiece rotation, and the fluid velocity at the 
lower end of the workpiece rotation centreline 
is greater than that at the upper end; when the 
incident angle is 90°, the workpiece has obvious 
plastic deformation; the larger the incident 
angle, the more collisions between the abrasive 
particles and the workpiece wall surface, the 
more favourable the abrasive particles to remove 
the workpiece material, the more favourable the 
precision processing effect of the abrasive flow.

(4) Before abrasive flow precision machining, the 
inner surface of the 5th order variable-diameter 
pipe workpiece has many uneven spots and 
burrs, which are disorderly and diminish the 
surface quality. After abrasive flow precision 
machining, the streaky scratches on the surface 
of the 5th order variable-diameter pipe workpiece 
are clearer, the spots and burrs on the workpiece 
surface disappear, the surface is smoother and 
the surface quality is obviously improved. 
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The surface roughness of each order region 
after precision machining by abrasive flow is 
improved, and the surface finishing of the 3rd 
order region is the best. The two-way machining 
can obtain a uniform surface better than one-way 
machining can, and can produce better surface 
quality.
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