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W N e

Abstract: During the present study, a double groove texture was designed on the surface of a piston
ring to improve the sealing performance between the piston ring and cylinder liner. The experimental
design method was used to fabricate the test plan according to the groove width, depth, and spacing.
By using the thermal-structural coupling analysis method, the finite element analysis of the standard
piston ring and the textured piston ring was carried out to simulate the deformation state of the
cylinder liner system of the piston ring group during the working stroke. The piston rings with
different parameters designed by the test scheme were manufactured by wire electrical discharge
machining, and the self-made experiment device carried out the sealing test. The results showed that
the groove texture could improve the sealing performance of the piston ring, and the analyzed results
demonstrated that the groove texture had little effect on the maximum deformation of the piston ring.
Still, it could significantly reduce the minimum deformation of the piston ring group. A piston ring
with groove texture would improve the sealing performance and reduce the deformation during the
work stroke. During the test, the average deformation of the No.7 piston ring group, with a groove
depth of 1 mm, a groove width of 0.5 mm, and a groove spacing of 0.1 mm, was the smallest, about
29.6% lower than that of the standard piston ring group. The sealing performance of the No.7 piston
ring group was the best, and the reduction rate of the top gas leakage rate was 52.18%. During the
present study, the sealing performance of the piston ring was improved by designing the grooved
structure on the piston ring surface, thereby improving the fuel economy and power performance of
the engine. The present study could provide a reference for the engineering field to design a piston
ring with high sealing performance.

Keywords: vehicle engineering; piston ring; groove; texture; finite element analysis; deformation;
sealing

1. Introduction

The internal combustion engine is a thermal engine that directly converts the heat
energy released by the combustion of the mixture of fuel and air in the machine into power.
Internal combustion engines can provide power for ground machines and vehicles. As
the key component of the internal combustion engine, the piston ring group plays an
important role in sealing, the formation of lubricating oil film, guiding, etc. [1-5]. The
piston ring is close to the inner wall of the cylinder liner of its elastic compensation. During
the compression and working stroke, the piston ring is pressed against the inner wall of the
cylinder liner and the ring groove by gas pressure. Since the piston rings are broken and
have openings, the regular distribution of the upper and lower adjacent piston rings also
has a specific sealing effect on the piston [6,7]. The sealing performance of the piston ring
is very important to improve the output efficiency of the engine and reduce the emission of
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pollutants. It also plays a vital role in the energy utilization and environmental protection of
the internal combustion engine [8-11]. Although various energy sources, such as electricity,
hydrogen, and biofuels, have begun to be promoted, they have a low starting point and
still face huge challenges. By 2040, about 85-90% of transportation energy will still come
from internal combustion engines driven by traditional liquid fuels [12].

The failure of the seal between the piston ring and the cylinder liner is a major
cause of internal combustion engine failure and one of the reasons for increased vehicle
emissions [12-14]. Increasing the sealing performance between the piston ring and the
cylinder liner is of great significance for improving the efficiency and life of the internal
combustion engine. By selecting an appropriate compression ratio and distribution distance
for the piston ring, the sealing characteristics can be improved, and leakage loss can be
reduced [7,8,15,16]. Researchers have improved the sealing performance of the piston ring
by changing the distribution spacing, material, and coating of the piston ring surface [17-23].
For example, Delprete et al. [24] studied the effect of ring gap, ring mass, elastic properties,
and ring static torsional parameters on piston ring sealing efficiency.

Meanwhile, researchers have committed to using simulation methods to analyze the
sealing performance of piston rings [25-28]. For example, Atkinson et al. [25] developed
PRIME 3D software to solve the physics of compressible fluid flow through piston and
ring closure gaps under engine operating conditions. Dai et al. [28] studied the sealing
properties of piston rings through numerical analysis and thermal-structural coupling
methods. With the continuous development of processing technology, surface texture has
been widely used to improve piston rings’ sealing and friction performance [29-37], and
the texture types mainly include groove shape and pit shape [37].

During the present study, the groove texture design was carried out on the surface of
the piston ring. The test scheme was compiled by using the design of experiment method,
and the structural parameters of the groove on the piston ring were designed. The sealing
performance of piston rings with different parameters was tested by using a self-made test
device. The present research could provide a piston ring with high sealing properties for
the engineering field, improve the working efficiency of the internal combustion engine,
and reduce the emission of harmful substances.

2. Design Groove Morphology on the Piston Ring Surface

In the present study, the Volkswagen EA211 1.4L 66kW MPI low-power engine was
taken as the combustion engine, and the groove texture was designed on the surface of
the piston ring. The engine piston and piston ring group were scanned by a hand-held
3D laser scanner (purchased from Creaform Co. Ltd., UNIscan of HandyScan, Lévis, QC,
Canada) to obtain the point clouds. After the point clouds were processed by the software,
the three-dimensional model of the piston and piston ring was established. The optical
resolution of the scanner was 0.1 mm. As shown in Figure 1, the annular rectangular groove
was machined on the side of the piston ring, and the groove dimensions were depth D,
width W, and groove spacing L.
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Figure 1. Piston ring with groove texture.
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Based on the size of the piston rings during the present study, the groove size parame-
ters of the piston rings were selected as the experiment factors, and the level values of the
designed factors are shown in Table 1.

Table 1. Factors and levels table of piston ring groove texture.

Depth Width Spacing
Level
D/mm W/mm L/mm
1 1(1) 0.1(1) 0.1(1)
2 2 (2) 0.3(2) 0.2(2)
3 3(3) 0.5 (3) 0.3 (3)

The test plan was compiled by the test design method [38] to carry out a comprehensive
test. Twenty-seven piston rings with different groove size parameters were designed, and
the sealing performance was compared with that of the standard piston rings. The design
parameters with different groove structures on the piston ring surface are shown in Table 2.

Table 2. Factor, level, and test number.

Test No. D (mm) W (mm) L (mm) Test No. D (mm) W (mm) L (mm)
1 1 0.1 0.1 15 2 0.3 0.3
2 1 0.1 0.2 16 2 0.5 0.1
3 1 0.1 0.3 17 2 0.5 0.2
4 1 0.3 0.1 18 2 0.5 0.3
5 1 0.3 0.2 19 3 0.1 0.1
6 1 0.3 0.3 20 3 0.1 0.2
7 1 0.5 0.1 21 3 0.1 0.3
8 1 0.5 0.2 22 3 0.3 0.1
9 1 0.5 0.3 23 3 0.3 0.2
10 2 0.1 0.1 24 3 0.3 0.3
11 2 0.1 0.2 25 3 0.5 0.1
12 2 0.1 0.3 26 3 0.5 0.2
13 2 0.3 0.1 27 3 0.5 0.3
14 2 0.3 0.2 28 (standard piston ring) 0 0 0

After investigation and consultation, the piston ring material of the Volkswagen EA211
1.4 L 66 kW MPI low-power engine during the present study was 1Cr13, and the piston
material was ZL108.

3. Finite Element Analysis of Piston Ring
3.1. Analytical Models for Engine Piston and Piston Rings

The engine piston and piston ring were scanned, and the model was reconstructed.
The piston and piston ring were assembled using 2016-Solidworks (Dassault Systemes,
USA) software according to the actual model, as shown in Figure 2.

Due to the complexity of the working conditions of the piston, the thermal-structural
coupling finite element simulation method was used to analyze the deformation of the
piston during the power stroke. The model shown in Figure 2 was imported into ANSYS
software, and the materials of the piston and piston ring were set with the engineering data
of ANSYS software. The hexahedron-dominant method was used to divide the mesh of the
piston and piston ring. The mesh size was 1 mm, and the piston ring and groove texture
position were refined locally with a mesh of level two. After the assembly of piston ring
No. 7 and the piston, the mesh model was generated, as shown in Figure 3.
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Figure 2. Piston ring group and piston assembly model.

Figure 3. Mesh divided after piston and piston ring assembly.

3.2. Boundary Conditions for Analysis Models

When performing finite element analysis, it is necessary to determine the boundary
conditions of the analysis model. Because the working conditions of the engine are variable
and complex, the boundary conditions in the process of the power stroke of the piston and
piston ring are simplified. In the present study, the method of heat-structure coupling was
used to simulate and analyze the moving components of the piston assembly. Firstly, the
temperature field of the engine piston and piston rings during the power stroke was calcu-
lated. The analysis result was taken as one of the boundary conditions of the mechanical
analysis and imported into the corresponding analysis module to simulate the deformation
of the piston and piston ring during the work-forming process.

The steady-state temperature field was calculated using the third type of thermal
boundary conditions, and the boundary conditions and initial conditions were determined.
During the power stroke, the high-temperature and high-pressure gas in the piston ring
group and cylinder liner system would first act on the top of the piston. The gas with high
temperature and pressure pushed the engine piston to work and transfer heat. The heat
transfer coefficient a, at the top of the piston was calculated using the Eickelberg equation,

shown in Equation (1):

where &, is the convective heat transfer coefficient of the mixed gas at the top of the piston,
W/(m?-K). K is the correction factor. Pq is the instantaneous pressure of the gas at the top
of the piston and can be obtained from the indicator diagram of the engine, Mpa. Ty is the
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instantaneous temperature of the gas at the top of the piston, K. C;;, is the average speed of
the engine piston, m/s, and can be calculated by Equation (2):

_§_Sn

Co t 30

@)
where S is the engine piston stroke, m; T is the time taken for the piston to run one cycle, s;
and n is the crankshaft speed, r/min.

The average convection heat transfer coefficient of gas at the top of the piston, a,, and
the average temperature, Ty, during one cycle of engine piston operation can be obtained
by Equations (3) and (4):

1 47
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where ¢ is the rotation angle of the crankshaft, rad.
Based on the reference [39], the heat transfer coefficient of the piston junk, piston ring
zone, and piston bottom was calculated by Equation (5):

1 o 1

W B ®
where ¢; is the thickness of the oil film, piston ring, and cylinder liner, m, and A; is the
corresponding heat transfer coefficient. a;, is the heat exchange coefficient between the
cylinder liner and the cooling water, which is calculated according to Equation (6):

&y = 300 + 1800+ / % (6)

where G, is the flow of cooling water, m3/s; A is the average sectional area of the water
cooling groove of the cylinder liner.

According to Equations (1)-(6) and the engine design parameters, the average temper-
ature of the piston rings and engine piston was calculated during the power stroke. The
calculated results were applied to the engine piston and piston rings with ANSYS software.
The steady-state temperature field of the system composed of piston rings and a cylinder
liner system is shown in Figure 4.

A: Steady-State Thermal
Figure

Temperature 1: 202.6 °C

P
Bl Temperature 2:194.7 °C
8 Temperature 3: 180.4 °C
B Temperature 4: 176.5 °C
[l Temperature 5: 148.5 °C
Temperature 6: 140.6 °C

P

"z 0.000 0.045 0.090 (m)
I I
0.022 0.068

Figure 4. Temperature boundary conditions of the engine piston and piston rings.
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When the compressed gas in the engine was ignited, the axial gas pressure, recipro-
cating inertia force, and radial pressure were applied to the piston rings during the power
stroke process. During the power stroke process, the high-temperature and high-pressure
gas acting on the top of the engine piston was transferred to the piston ring surface in a
certain proportion [40]. The pressure distribution of the engine piston and piston rings is
shown in Figure 5, wherein P is about 10 Mpa according to the engine indicator diagram.

Je— TV

| %> 0.76P

Figure 5. Pressure distribution of piston ring group and cylinder liner system.

According to the operational characteristics of the engine piston, the piston ring and
piston are driven by the connecting rod to make a reciprocating linear motion along the
cylinder liner axis, and they are subject to the reciprocating inertial force F;, as shown in
Equation (7):

Fj:mj-ocj:mj-r-wz(c089+lc0529) 7)

where m; is the mass of the piston ring group, kg. 4; is the acceleration of the piston ring
group in the reciprocating process, m/s?. 6 is the angle of crankshaft rotation, rad. ! is the
length of the connecting rod, m. w is the rotational angular velocity of the crankshaft, rad/s.

Meanwhile, the piston ring group reciprocates in the cylinder liner and generates
side pressure under the action of the crank and connecting rod mechanism. This makes
the piston ring group produce a second-order movement and greatly impacts the radial
direction of the piston ring. The reaction force of the connecting rod on the piston ring
group can be divided into axial force and radial force. The radial force pressing against the
cylinder liner is the lateral pressure, which can be calculated by Equation (8):

F, =F -tana (8)

where F is the resultant force of gas pressure and inertia force acting on the piston ring, N.
« is the swing angle of the connecting rod, rad.

4. Finite Element Analysis Results

Based on the characteristic parameters of the engine used in the test and the above
equations, the deformation of the piston ring during the power stroke of the piston was
analyzed by using the thermal-structural coupling method. The maximum and minimum
deformations of the standard piston rings and grooved piston rings in the test are shown in
Figure 6.

Compared to the maximum deformation of standard piston rings, the maximum
deformation of 27 kinds of piston rings with the groove texture had no significant change.
Among them, the largest deformation of the No. 7 and No. 26 piston ring groups was
the smallest overall. However, it can be seen from Figure 6 that the groove texture could
significantly reduce the minimum deformation of piston rings, and the gap between the
minimum deformation of the groove-textured piston rings with different design parameters
was similar.
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0.20 1

0.15 1

Deformation of piston ring/ mm

0 5 10 15 20 25

Test number

Bionic piston ring: . Maximum deformation . Minimum deformation

Standard piston ring: [J| Maximum deformation || Minimum deformation

Figure 6. Maximum and minimum deformation of the piston ring group.

According to the analysis results in Figure 6, the average deformation of the standard
piston ring and the piston ring with the groove texture during the power stroke was
calculated, as shown in Figure 7. The average deformation of the piston rings with the
groove texture was significantly lower than that of the standard piston ring. This showed
that the groove texture could improve the strength of the piston ring and reduce the
deformation of the piston ring during the power stroke. Thus, the sealing performance of
the piston ring could be improved.

0.14 4 [] Bionic piston ring
] Standard piston ring

2
)
1

Average deformation/ mm

s o o o
el < < —_
I~ N o0 )
1 1 | |

0.02 +

0.00 +
0 5 10 15 20 25
Test number

Figure 7. Average deformation of the piston ring group.
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B: Static Structural
Figure

Type: Total Deformation
Unit: mm

0.18939 Max
0.18345
017752
017159
0.16566
0.15972
0.15379
0.14786
0.14193
0.13599
0.13006
0.12413
0.1182
0.11227
0.10633 Min

(a)

Among 27 kinds of piston rings with different groove texture parameters, the average
deformation of the No. 7 and No. 26 piston rings was small. The average deformation of
piston ring No. 7 was the smallest, about 29.6% lower than the standard piston ring, as
shown in Figure 8.

B: Static Structural
Figure

Type: Total Deformation
Unit: mm

0.15725 Max
0.14925
0.14125
0.13326
0.12526
0.11726
0.10926
0.10126
0.093264
0.085266
0.077268

| 0.069269
0.061271
0.053273
0.045274 Min

0.00 25.00 50.00 (mm) (b) 0.00 25.00 50.00 (mm)
I I

12.50 37.50 12.50 37.50

Figure 8. Deformation of piston ring group: (a) standard piston ring group and (b) piston ring No. 7
with groove texture.

5. Piston Ring Sealing Performance Test

To verify the sealing performance of textured piston rings, a static seal test device
for piston rings was self-built during the present study, as shown in Figure 9. The inner
diameter of the sealing chamber was the same as that of the engine cylinder liner during the
test. The piston rings in the engine were used as the base, and the grooves were machined
on the piston ring surface according to the design parameters of the piston ring grooves of
No. 7 and No. 26. During the test, the grooves on the piston ring surface were machined
by wire electrical discharge machining. The burr on the groove edge was removed, and
the edge of the groove was grinded to avoid affecting the test results. The standard piston
ring, piston ring No. 26, and piston ring No. 7 were assembled with the engine piston
respectively. The sealing chamber was pressurized by an air pump.

Pressure gauge

Control box

Sealed f/: Throttle valve

chamber

Piston

Fixed and supported part

Figure 9. Static seal test bench for the piston ring.

Before the static seal test, the piston ring surface should be thoroughly cleaned with
an ultrasonic cleaner. Then, the piston ring group surface should be evenly coated with
lubricating oil for installation. At the beginning of the test, the throttle valve was opened,
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and the pressurized gas was injected into the sealing chamber. The throttle valve was
closed when the pressure in the space at the top of the engine piston reached 0.8 Mpa,
and the closing time was recorded. The gas leakage time in the sealing chamber was
recorded, and the time was recorded when the pressure dropped by 0.05 Mpa. The static
sealing performance of each piston ring was repeatedly tested, and the average value was
calculated. The change in gas pressure at the top of the engine piston is shown in Figure 10.

. % —s— Standard piston ring
b —e— No.7 bionic piston ring
R No.26 bionic piston rin
064 P s

Piston top gas pressure/ Mpa
o o
\S) EES
| |

=
o
|

v I v I i I T 1 v 1
0 100 200 300 400 500
Time/ s

Figure 10. Change curve of gas pressure in the engine piston’s top chamber.

It can be seen from Figure 10 that the gas pressure at the top of the piston ring group
decreased gradually. When the pressure change curve slope was large, it indicated that the
piston ring had poor sealing performance. It can be seen from Figure 10 that piston rings
No. 7 and No. 26 had similar sealing performances, superior to the sealing performance
of standard piston rings. The average air leakage rate of each piston ring was based on
Equation (9):

p

U= T )

where P is the initial pressure of the sealing chamber, Pa. t is the time when the pressure in
the sealing chamber decreases from the initial state to the ambient pressure.

According to Equation (10), the average air leakage rate of the piston ring with groove
texture was relative to the average air leakage rate of the standard piston ring.

(Y —0
§ = tanderd 1000 o 100% (10)
Ustandard

The experimental results are shown in Table 3. Compared to the sealing performance
of standard piston rings, piston ring No. 7, with a groove depth of 1 mm, a width of
0.5 mm, and spacing of 0.1 mm, could significantly reduce the gas leakage rate, and the
sealing performance was improved. The average reduction rate of piston ring No. 7, J,
was 55.26%. The sealing performance of the No. 26 piston ring group was close to that of
the No. 7 piston ring group, and the rate reduction rate was 52.29%. No. 26 could also
greatly improve the sealing performance of piston rings. The static sealing performance
test results of the piston rings were consistent with the thermal-structural coupling finite
element analysis results.
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Table 3. Average leakage rate and rate reduction ratio.
Leakage Time Average Leakage Rate Ratio
Number

tls v/MPa-s~1 é
Standard piston ring 222.48 3595.83 /

Piston ring No. 7 497.23 1608.91 55.26%

Piston ring No. 26 466.27 1715.74 52.29%

References

6. Conclusions

The groove texture was designed on the surface of the piston ring to improve the
sealing performance. The depth, width, and spacing of the groove texture were selected to
design the test scheme, the piston ring was constructed according to the design parameters,
and the finite element analysis was carried out. Groove texture had little effect on the
maximum deformation of the piston ring, but it could significantly reduce the minimum
deformation of the piston ring. Meanwhile, the groove texture could improve the strength
of the piston ring. Due to reducing the deformation of the piston ring during the power
stroke, the sealing performance of the piston ring was improved.

The average deformation of piston ring No. 7, with a groove depth of 1 mm, a width
of 0.5 mm, and a spacing of 0.1 mm, was the smallest, which was about 29.6% lower than
the standard piston ring. Piston ring No. 7 had the best sealing performance during the
experiment, and the average pressure reduction rate of piston ring No. 7 increased by
55.26% compared to the average pressure reduction rate of the standard piston ring. During
the present study, the piston ring sealing performance was improved by designing a groove
texture on the piston ring to reduce the deformation of the piston ring during the work
stroke without changing the material and structure of the piston ring. The present study
could provide a reference for the engineering field to design a piston ring with high sealing
performance. Meanwhile, it could help to improve the fuel economy of the engine and the
power performance of the vehicle.
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