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Abstract: In this study, the mechanical properties of a combined seal ring under different loads were
numerically calculated using ANSYS. The effect of the working pressure and pre-compression ratio
of a rubber O-ring on the contact stress of the combined seal ring was studied. The influence of the
wear ring’s chamfer, thickness, and width on the contact stress and contact force of the combined
seal ring was analyzed. Studies have shown that it is particularly important to select a compression
ratio that is suitable for the working conditions. Under the same conditions of working pressure and
compression ratio, upon increasing the wear ring chamfer, the contact pressure is decreased due to
the decreasing contact bandwidth between the wear ring and the cylinder wall. This has little effect
on the contact stress of the combined seal ring as well as the contact force, while the width of the
wear ring is proportional to the latter.

Keywords: rubber O-ring; wear ring; contact stress; contact force

1. Introduction

Sealing performance is one of the most important indicators used to measure the
performance of hydraulic cylinders. The main seals used for hydraulic cylinders can be
divided into two groups: extrusion seals and gap seals [1]. A squeeze seal means that in
the gap of the sealed area, two surfaces are pressed together to prevent the leakage of a
fluid medium. The seal will be elastically deformed when it is subjected to pressure so as to
close the cover to prevent leakage and achieve a sealing effect [2]. Gap sealing is achieved
through a micron-level matching gap between a piston surface and a cylinder wall; the
idea is to use the throttling effect of the gap to control leakage [3].

The combined seal ring is a kind of extrusion seal. Combined seals are widely used
in hydraulic cylinder piston seals due to their good sealing performance, high pressure
resistance, low friction, and high-speed of operation [4,5]. During installation, the O-
ring acts on the wear ring through a pre-tightening force produced by radial interference
compression deformation, which moves the wear ring close to the cylinder wall, thus
achieving the purpose of reducing or preventing fluid leakage [6,7].

Ylinen A et al. [8] structured a simulation model of a complex hydraulic cylinder.
He, Q. et al. [9], studied the influence of the contact state of the seal ring and the static
pressure mechanical end face sealing performance. S. Mezghani et al. [10] used numer-
ical analysis methods to explore the influence of piston groove structure parameters on
lubrication conditions and friction. Staffan Johansson et al. [11] studied the impact of
the piston ring surface micro-topography on friction and wear through a hydraulic cylin-
der in motion tests. Murat Kapsiz et al. [12] and Wieslaw Grabon et al. [13] used the
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Taguchi method and comparative experiment method to explore the friction and the
wear relationship between a piston ring and the cylinder wall of a hydraulic cylinder.
Xuan Bo Tran et al. [14] established a hydraulic cylinder dynamic model based on the
results of previous research and studied its friction characteristics. Yang, C.Z. et al. [15];
Hingawe et al. [16]; Quan, S. et al. [17]; Shen, C. et al. [18]; and Guo, Z. et al. [19] studied
the effect of the pattern and depth of the surface texture of a piston or cylinder on its
friction. Studies have shown that the use of reasonable texture patterns and depth helps
to reduce the wear between the seal ring and the hydraulic cylinder. By numerical sim-
ulations, Chuanxiang Yan et al. [20] investigated the influence of oil temperature on the
sealing performance of lip seals. Zhang Jian et al. [21] carried out parameterized modeling
of the Glyy ring based on the finite element software Abaqus and explored the factors
influencing its sealing performance. Wang Bingqing et al. [22] explored the effect of work-
ing pressure, O-ring pre-compression rate, and friction coefficient on a high-pressure star.
Brando H.C. et al. [23] investigated the influence of parameters such as the ring gap. Due
to extreme pressure conditions, the greatest gas loss in the crankcase occurs during the
compression and combustion stages. Flavien Foko et al. [24] studied wear simulation for
the radial shaft sealing ring and uncovered a method to calculate the wear rate.

In summary, many researchers have studied the sealing, friction, and wear of re-
ciprocating seals and analyzed the influence of material parameters, working condition
parameters, and compressibility on the sealing performance. However, few researchers
have designed the structural parameters of a combined seal. Additionally, few researchers
have analyzed the key factors affecting the sealing performance of the combined seal ring.
In this study, ANSYS was used to analyze the mechanical characteristics of a combined seal
ring under a load, the key factors affecting the sealing performance of the combined seal
ring were studied, and the influence of the working pressure and the pre-compression rate
of the rubber O-ring on the contact stress of the combined seal ring was analyzed. We also
analyzed the influence of the chamfer R, thickness H, and width L of the wear ring on the
contact stress and contact pressure of the combined seal ring. The analysis results will be
perfectly useful for improving the sealing function of the combined sealing ring.

2. Structure Drawing, Material, and Simulation Method of the Combined Sealing Ring
2.1. Assembly Structure Diagram of Combination Seal Ring

A sectional view of the structure of the combined sealing ring is shown in Figure 1.
This paper mainly studies the contact stress of the three sealing faces of I, II, and III in the
figure and the contact force F at I. The contact stress on contact surface I is integrated along
the contact length to obtain the contact force F and the friction force f as follows:

X2
F = 27'(R/ Pd, (x is the contact length, xy =0,xp = L) 1)

X1

f=mF @)

nu1—Coefficient of the friction of the inner wall of the cylinder against the wear ring.

2.2. Material Table of Hydraulic Cylinder and Combined Sealing Ring

The analysis model selected was the Mooney-Rivlin model at room temperature,
where Cy; = 2.6529 and Cyy = 4.4349 [25]. The coefficients Cy; and Cpg are determined
through experiments and used to determine the Mooney—Rivlin material mechanical con-
stants. The material table for the hydraulic cylinder and combined sealing ring is shown
in Table 1.
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Figure 1. Combined sealing structure and force section view.
Table 1. Material table of the hydraulic cylinder and combined sealing ring.
Name Material Elastic Modulus Poisson’s Ratio
Piston ASTM (1.1191/C45E): 1045 (HRC55) 210 GPa 0.3
Cylinder ASTM (1.1191/C45E): 1045 (HRC55) 210 GPa 0.3
Wear ring PTFE (polytetrafluoroethylene) 280 MPa 0.4
O-ring nitrile-butadiene rubber 7.8 MPa 0.499

The friction coefficient of steel to PTFE is 0.04 [26], and the friction coefficient of steel
to nitrile rubber is 0.75 [27].

2.3. Define Contact and Meshing

In the combined sealing structure, there are mainly four contact situations including
the piston and the O-ring, the piston and the wear ring, the O-ring and the wear ring,
and the wear ring and the cylinder wall. In the contact analysis setting, select Frictional
or Bonded contact form for contact type, select Asymmetric for contact behavior, select
Augmented Lagrange for rubber material advanced, and select On Gauss Point for detection
method. The Combination seal ring contact analysis settings are shown in Figure 2.

“Relevance Center-Fine” is selected to refine the nodes and adjust the number of cells,
which ensures the smooth transition of each contact element and the better mesh quality of
the O-ring. The meshes are all 4-node quadrilateral elements. The grid size of the piston is
set to 0.1 mm, the grid size of the O-ring is set to 0.1 mm, the grid size of the wear ring is
set to 0.1 mm, the grid size of the cylinder wall is set to 0.1 mm, and the number of nodes is
7276. The combined sealing mesh model is shown in Figure 3.

As shown in Figure 4, Convergence analysis shows that when the nodes of the ana-
lyzed body increase by 20%, the change in deformation is 0.017% and the change in stress
is 3.5%. The increase of the nodes has very little effect on strain and stress, which can be
considered as convergent.



Appl. Sci. 2022, 12, 714 40f11

i [

a O-ring and piston contact setting b Wear ring and piston contact setting

¢ O-ring and wear ring contact setting d Cylinder wall and wear ring contact

Figure 2. Combination seal ring contact analysis settings.

Figure 3. Combined sealing structure grid model.
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Figure 4. Combination seal ring convergence analysis.

2.4. Boundary Condition Setting and Simulation Method for Combined Sealing Ring

The combined sealing ring and groove were completely symmetrical in structure and
were handled according to the two-dimensional axisymmetric problem in finite element
modeling. It set the initial boundary conditions, selected the piston ring surface and the
cylinder barrel as the fixed surfaces, and added fixed constraints to ensure that the cylinder
wall and the piston surface had a sealing gap of 0.4 mm after the installation was complete.
As shown in Figure 1, the piston ring surface and the cylinder tube were selected as fixed
surfaces, and the gap 0 between the cylinder wall and the piston surface was set to 0.4 mm,
in which groove depth h and width B were set to 5.1 mm and 4.2 mm, respectively. The
width L and the thickness H of the wear ring were set to 3.5 mm and 2.5 mm, respectively,
while the O-ring cross-sectional diameter d was set to 3.5 mm and the inner diameter was
set to 58 mm.

In order to study the sealing performance of combined seals in medium- and high-
pressure situations, under the same structural parameters, the working pressures of
P1 =10 MPa, P2 = 15 MPa, P3 = 20 MPa, and P4 = 25 MPa were compared and analyzed.

3. Analysis and Results
3.1. Effect of Operating Conditions on Sealing Performance

As can be seen from Figure 5, the maximum stress occurs at the position where the
wear ring comes into contact with the chamfer of the cylinder wall, at which time the wear
ring is sheared. The maximum stress on the combined seal ring is on the seal ring and is
proportional to the working pressure. When the working pressure reaches 25 MPa, the
maximum stress reaches 49.836 MPa, but this value is still much less than the allowable
stress of the material, which is 280 MPa.
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Figure 5. Stress cloud diagram of combined sealing structure. (a) P1 = 10 MPa; (b) P2 = 15 MPa;
(c) P3 = 20 MPa; (d) P4 = 25 MPa.

3.2. Effect of O-Ring Pre-Compression (Compression Ratio) on Sealing Performance

The compression ratio of the O-ring directly determines the contact stress of the II
and III sealing surfaces. Working pressures of 10 MPa, 15 MPa, 20 MPa, and 25 MPa and
compression rates of 15~25% (the size of each increment is 2.5%) were analyzed. The
contact stress of the three sealing surfaces I, II, and III and the maximum stress of the
combined sealing ring were obtained as shown in Tables 2-5.

Table 2. Contact stress and compression ratio (working pressure 10 MPa).

Compression Ratio 15% 17.5% 20% 22.5% 25%

Von-mises stress (MPa) 28.991 23.562 25.373 19.367 20.633
Contact stress at I (MPa) 10.941 10.679 11.239 11.972 13.292
Contact stress at IT (MPa) 16.53 17.426 18.575 19.067 19.731

Contact stress at Il (MPa)  12.779 13.707 14.563 15.416 16.251
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Table 3. Contact stress and compression ratio (working pressure 15 MPa).
Compression Ratio 15% 17.5% 20% 22.5% 25%
Von-mises stress (MPa) 36.633 36.05 38.527 35.73 31.777
Contact stress at I (MPa) 15.688 15.331 15.107 15.079 15.729
Contact stress at II (MPa)  21.127 21.936 22.247 23.848 24.533
Contact stress at III (MPa)  15.263 16.399 17.281 18.135 19.022
Table 4. Contact stress and compression ratio (working pressure 20 MPa).
Compression Ratio 15% 17.5% 20% 22.5% 25%
Von-mises stress (Mpa) 43.288 47.978 47.066 36.262 42.782
Contact stress at I (Mpa) 21.501 20.929 20.612 20.574 20.004
Contact stress at I (Mpa) ~ 25.752 26.685 26.929 27.543 28.008
Contact stress at Il (Mpa) 17.974 19.5 20.184 20.77 21.716
Table 5. Contact stress and compression ratio (working pressure 25 MPa).
Compression Ratio 15% 17.5% 20% 22.5% 25%
Von-mises stress (Mpa) 49.588 60.605 53.036 45.418 53.243
Contact stress at I (Mpa) 26.807 25924 25.977 25.226 24.979
Contact stress at II (Mpa) 29.916 31.082 31.54 32.27 32.97
Contact stress at IIIl (Mpa)  20.716 22.174 24.841 25.236 26.339

From the table above, it can be seen that when the working pressure reaches 20 MPa,
the maximum contact stress at I decreases with the increase in the compression rate. This is
because the contact bandwidth between the wear ring and the O-ring increases with the
increase in the compression rate, which leads to a decrease in the oil-bearing area and a
decrease in the contact stress of the wear ring. The contact stress at Il increases with the
increase in the compression ratio, so it is feasible to increase the compression ratio if the
contact stress is to be increased to match the sealing performance. However, when the
working pressure is 25 MPa and the compression rate is 25%, the maximum contact stress at
I decreases to less than the working pressure. This shows that the greater the compression
rate is, the better the sealing effect is. It is particularly important to select a compression
rate that is suitable for the working conditions.

At the same compression rate, the maximum contact stress increases with the increase
of pressure. When the compression rate is 15%, the maximum contact stress change
range at I is 10.941~26.807 MPa, and the maximum contact stress change range at II is
16.53~29.916 MPa. The maximum contact stress variation range at III is 12.779~20.716 MPa.
Under the same structural conditions, the main influence on the maximum contact stress at
III is the pre-compression of the O-ring.

When designing the groove for O-ring installation, the influence of working pressure
should be fully considered, the most suitable compression rate parameter should be selected
according to the range of the working pressure, and the piston groove size should be
designed.

Therefore, when designing a groove for O-ring installation, the influence of the work-
ing pressure should be fully considered. According to the range of working pressures,
the most suitable compression rate parameter should be selected for the design of the
piston groove.

3.3. Effect of Wear Ring Structure Size on Sealing Performance

The shape of the cross-section of a wear ring will affect the distribution of contact stress
on the sealing surface and directly affect the magnitude of the friction force. The influence
of the chamfer R, thickness H, and width L of the wear ring on the sealing performance
was analyzed. The working pressure was 25 MPa and the compression rate was 22.5%.
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For the influence of chamfer R, we took the thickness of the wear ring H as 2.5 mm
and the width L as 3.5 mm, while the value range of chamfer R was defined as 0.3 mm to
1.3 mm. The size of each increment was 0.2 mm. The contact stress of three sealing surfaces
I, II, and IIT and the maximum Von Mises stress of the combined ring were analyzed.

Figure 6 shows the distribution of contact stress at I under different chamfer R. From
the figure, it can be seen that the chamfer R increases continuously, the contact length
decreases, and the overall contact stress at I tends to increase.
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Figure 6. Distribution of the contact stress along contact path I at different chamfering R (mm).

It can be seen that under the same working pressure, although the maximum contact
stress at I increases with the increase in the chamfer R size, compared with R = 0.3 mm and
R = 0.5 mm, the contact pressure F decreases by 8.04%.

For the influence of the thickness H of the wear ring, we took the chamfer R as 0.3 mm
and width L as 3.5 mm, and defined the thickness H in the range of 1.5 mm to 2.5 mm. The
size of each increment was 0.25 mm. The contact stress of I, II, and III sealing surfaces and
the maximum Von Mises stress of the combined ring were analyzed.

As can be seen from Figure 7, with the increase in the thickness H, the contact
width, maximum contact stress, and position where the maximum stress appeared did not
change much.

30

Contact stress/MPa

0 0.5 1 1.5 2 25 3

Contact length/ mm

Figure 7. Distribution of contact stress along contact path at I at different thicknesses H (mm).
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It can be seen that, under the same working pressure, the thickness of the wear ring H
has no obvious influence on the contact stress of the three sealing surfaces I, II, and III. The
contact pressure F decreased slowly with the increase in thickness H. Compared with H at
2 mm and H at 2.5 mm, the contact pressure decreased by 3.93%.

For the influence of the wear ring width L, we took R as 0.3 mm and H as 2.5 mm and
defined the range of width L as 3.0 mm to 4.0 mm. The size of each increment was 0.25 mm.
The contact stress of the three sealing surfaces I stress of the combined ring were analyzed.

As can be seen from Figure 8, with the increase in width L, the maximum contact
stress first increased and then decreased, with the peak of the maximum stress shifting
toward the charging side.

30 ‘

Contact stress/MPa

0 0.5 1 15 2 2.5 3 3.5
Contact length/mm

Figure 8. Distribution of contact stress along the contact path at I at different widths L (mm).

It can be seen that, under the same working pressure, the contact stress of the three
sealing surfaces of I showed no obvious change with the wear ring width L. The value of
contact force F increased with the increase in width L. Compared with L = 3.25 mm, the
value of contact force F increased by 21.16% when L was 3.75 mm.

Therefore, the chamfer, thickness, and width of the wear ring should be selected to be
within a certain range to ensure sealing and reduce friction when the working pressure and
compression ratio of the O-ring are constant.

4. Conclusions

In this study, the influence of the working pressure and pre-compression ratio of the
rubber O-ring on the contact stress of the combined seal ring was studied, and the influence
of the chamfer R, thickness H, and width L of the wear ring on the performance of the
composite seal was discussed. The following conclusions can be drawn: (1) The maximum
stress on the sealing ring is proportional to the working pressure. (2) In the process of using
the combined sealing ring, it is not that the greater the compression ratio of the O-ring is,
the better the sealing effect is. It is important to select a compression ratio that is suitable for
the working pressure. (3) Under a certain working pressure and compression ratio, friction
can be effectively reduced by increasing the chamfer R of the wear ring or decreasing the
width L of the wear ring, but at the same time, sufficient contact stress must be guaranteed.
(4) When the working pressure and compression ratio are determined, the friction can be
effectively reduced by increasing the chamfer R of the wear ring or decreasing the width L.

It is important to note that the simulation analysis carried out in this article considered
the sealing and lubrication effects under ideal conditions; thus, only relevant simulation
analyses at conventional pressure were carried out. In the future, the influence of high
temperatures, high pressures, and wear ring material needs to be studied.
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