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Abstract: This study investigates the sealing performance of a combined sealing structure under
extremely high and low temperature conditions, considering potential issues like high-temperature
aging and low-temperature brittle fracture, which can lead to sealing failure. EPDM rubber underwent
uniaxial compression tests at high, low, and normal temperatures, then the sealing performance
under extreme working conditions was compared with that under normal temperature conditions.
Additionally, the influences of gasket parameters and gas pressure on the sealing performance were
analyzed. The result shows that compared with the normal temperature conditions, the maximum
von Mises stress is reduced by 65% and the effective sealing length and the maximum contact pressure
is reduced by 40% under the high temperature conditions, while the maximum von Mises stress is
increased by 7 times and the maximum contact pressure is increased by a remarkable 7 times under
the low temperature conditions. In the range of 10-100 MPa, the increase in gas pressure aggravates
the O-ring stress concentration and improves the sealing performance relatively. When the thickness
of gasket is 0.85-1.05 mm, the stress concentration of the O-ring is lighter and the sealing performance
is better.

Keywords: combined sealing structure; O-ring; extreme working conditions; compression test

1. Introduction

The O-ring is a commonly used structure suitable for both dynamic and static sealing
applications. Its simple design and excellent sealing performance have led to it being
widely utilized in various industrial sealing structures [1]. The structure and performance
of the sealing ring play a critical role in the operation, efficiency, and lifespan of mechanical
equipment [2]. For O-rings to function effectively, they must possess sufficient toughness
and high-pressure resistance. In extreme conditions, such as high and low temperatures,
rubber O-rings need to exhibit high thermal stability and low-temperature resistance. As
sealing requirements evolve towards high pressure and wide temperature ranges, there is a
growing demand for improved sealing characteristics in sealing structures. Under extreme
working conditions, the sealing structure may encounter challenges during reciprocating
motion, leading to potential failures in meeting the sealing demands of high-pressure
systems [3]. The degradation of the sealing performance in the sealing structure may lead
to sealing failure, not only reducing the operational lifespan of the equipment but also
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potentially resulting in severe safety incidents and causing significant economic losses [4].
To address these issues, scholars continue to study the existing sealing structure, aiming to
optimize its mechanical and sealing performance to meet the diverse demands of various
scenarios [5].

Several scholars have extensively researched the sealing performance, friction, and
fracture behavior of O-rings in static sealing structures. Gyorgy, S. et al. [6] identified two
critical locations where O-rings may experience failure in static sealing structures. Wu, D.
etal. [7] introduced a novel stress analysis model for O-rings, effectively revealing the stress
distribution in static sealing structures with different material properties. Liang, B. et al. [8]
proposed a reliability-based method to analyze the influence of the randomness of rubber
material parameters on the performance of O-rings in static sealing structures. Cheng, H.
et al. [9] studied the effects of various factors such as working pressure, precompression
ratio, chamfer, and thickness of wear-resistant rings on the sealing performance of static
sealing structures. Nicolin, I. et al. [10] developed a physical-mathematical model to better
understand the contact between the O-ring and the sealing surface, shedding light on
the sealing and wear behavior of static sealing structures. Karaszkiewicz, A. et al. [11]
derived an engineering equation for solving sealing performance, friction, and design
issues of O-rings in static sealing structures. Szczypinski-Sala, W. et al. [12] compared the
sealing performance of rubber material O-rings with graphite powder filler O-rings in
static sealing structures. The result shows that the addition of graphite powder effectively
reduced the friction in static sealing structures. Furthermore, Yamabe, J. et al. [13] used a
self-developed durability device to investigate the fracture behavior of O-rings in static
sealing structures exposed to cyclic high-pressure hydrogen.

Several scholars have conducted valuable research on the sealing performance and
friction of non-O-ring seals within static sealing structures. For instance, Zhou, C. et al. [14]
investigated the sealing performance of a static sealing structure consisting of a rubber
D-ring and a wedge ring. They made a comprehensive comparison between the sealing
performance of the D-ring and the O-ring, analyzing crucial factors such as the wedge ring,
hydrogen pressure, and expansion. Similarly, Junjie, H. et al. [15] utilized finite element
simulation to analyze the static sealing structure of a hydraulic system at work. Through
their analysis, they obtained valuable insights into the changes in sealing performance of
the lip seal under different working temperatures. Furthermore, Chen, G. et al. [16] focused
on studying the sealing failure mechanism of static sealing structures in high-pressure
and high-flow water valves. Their research involved a thorough analysis of the influence
of pressure, surface friction coefficient, and other factors on the sealing performance of
U-rings. Zhang, L. et al. [17] proposed a butterfly rubber ring seal as a solution to address
the issue of seal failure on the groove side of the rubber ring in static sealing structures,
offering an innovative approach to improve sealing reliability. Kim, B. et al. [5] explored
the effects of sealing pressure, motion speed, and ambient temperature on the sealing
performance and friction of U-rings in static seal structures. Liu, X. et al. [18] conducted
simulations of the complete process of the lip seal ring, and effectively analyzed the sealing
performance of the static seal structure in the whole working process.

Scholars have conducted significant research on the sealing performance, friction, and
surface wear of O-rings in dynamic sealing structures. For example, Zhang, J. et al. [19]
investigated the effects of pre-compression, fluid pressure, and coefficient of friction on the
sealing performance of O-rings in dynamic seal structures. In another study, Zhang, M.
et al. [20] conducted reciprocating sealing experiments on a dynamic seal structure using a
reciprocating sealing test rig. They measured the surface morphology and surface wear of
O-rings before and after the tests using an electron microscope.

In conclusion, scholars have extensively investigated various aspects of dynamic and
static sealing, including friction, wear, and other characteristics of combined sealing struc-
tures applied in different scenarios. However, the performance of sealing rings may be
compromised under extreme conditions of high and low temperatures, leading to potential
issues such as high-temperature aging and low-temperature brittle fracture. Therefore,
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it is essential to conduct research on the dynamic sealing performance of combined seal-
ing structures under extreme working conditions. In this study, a finite element model
of the axial propulsion combined seal structure is established to address the practical
application scenario of axial propulsion compression seal rings. Uniaxial compression
tests are conducted to obtain the compressive stress—strain curves of EPDM at high, low,
and normal temperatures. The material parameters of the EPDM constitutive model are
accurately determined through fitting. Using the static structure analysis module of Ansys
2021 R1 software, the sealing performance of the combined sealing structure is analyzed in
three operating states, and the differences in sealing performance under extreme working
conditions are compared. Additionally, the influence of gasket fillet, gasket thickness,
gasket surface friction coefficient, and working pressure on the sealing performance of the
combined sealing structure are analyzed. These analyses provide valuable insights and
serve as a basis for the structural design of dynamic seals for combined sealing structures.

2. Combined Seal Structure and Material Parameters
2.1. Structure Parameters

As shown in Figure 1, the combined sealing structure in this study comprises four
components: a rubber O-ring, a gasket, a piston, and a steel shell. To protect the O-ring
from potential damage during installation and ensure optimal sealing performance, an
introductory angle 0 is incorporated at the bottom end of the steel shell. The pertinent
structural parameters are shown in Table 1.

Steel
shell

R |l L »Plston

Gasket | h
— |

R
O-ring

Figure 1. Combined sealing structure section view.

Table 1. Structural parameters of combined sealing structure.

Symbol Parameter Dimensions and Data
z introductory length 1.14 mm
&) introductory angle 20°
Ry inner fillet 0.8 mm
R, outside fillet 0.3 mm
Rp fillet of gasket 0.2 mm
R3 fillet of piston 0.3 mm
R O-ring radius 0.76 mm
L groove depth 1.2 mm
H groove length 3 mm
h thickness of gasket 0.8 mm
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2.2. Combined Seal Structure Operating State

As shown in Figure 2, the combined sealing structure in this study comprises three dis-
tinct operating states: installation, inflation, and deflation. Figure 2a shows the installation
process of the combined sealing structure. During this process, the gasket is placed into the
groove of the piston, then the O-ring is deformed and installed in the groove. Finally, the
steel shell moves 6 mm downwards to the station at the speed of Vo = 6 mm/s, and the
rubber O-ring is compressed.

Steel
shell
- Steel
V2
Steel shell
shell Vo .
. Piston
Piston Deflate
Gasket Gasket
P
. Yy
Piston A /\
Contact . Contact
Contact . Contact _
Gasket Contc! g O-ring |15t surtace 1] 01108 €16 Oy
- h
- B *
p
O-ring Inflate
|; ler J
(a) (b) (o)

Figure 2. Three operating states of the combined sealing structure: (a) installation; (b) inflation;
(c) deflation.

The inflation state of the combined sealing structure is shown Figure 2b. The steel
shell initiates inflation after moving 2 mm downwards to the lower station at the speed of
V1 =2mm/s. The exposed boundary of the upper half of the O-ring is subjected to gas
pressure and moves downward. On the other hand, the deflation state of the combined
sealing structure is shown in Figure 2c. In this state, the steel shell initiates deflation after
moving 2 mm upwards to the upper station at the speed of V, = 2 mm/s. The exposed
boundary of the lower half of the O-ring is subjected to gas pressure and moves upward to
contact with the gasket. The function of the gasket is to optimize the stress characteristics
of the O-ring.

Under the function of gas pressure, the O-ring is in close contact with the piston
groove and the surface of the steel shell. There are two primary sealing surfaces based
on the operating state of the combined sealing structure. The contact surface between the
left side of the O-ring and the steel shell is denoted as contact surface I, while the contact
surface between the right side of the O-ring and the piston is denoted as contact surface II.
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2.3. Material Parameters

Rubber is a typical nonlinear material and exhibits complex properties that require
suitable constitutive models for accurate description. Numerous scholars have conducted
experimental research to establish constitutive models to capture the nonlinear behavior
of rubber materials. Some commonly used rubber material constitutive models [21-23]
include the Neo-Hookean model, Lord-Shulman model, Mooney-Rivlin model, Yeoh
model, and Ogden model. Among these models, the Mooney—-Rivlin (M-R) model stands
out for its ability to accurately describe the real properties of rubber materials, which has
been extensively validated through numerous experiments [24]. The M-R constitutive
model demonstrates high accuracy under small and medium strain, making it particularly
suitable for stress levels below 30% (compression). Considering that this study focuses on
an O-ring with a maximum compressive strain of 25%, the three-parameter M-R model fits
well with the compressive stress—strain curve. Therefore, the three-parameter M—R model
is adopted, with its strain energy density function represented as follows [25]:

W=Cyo(I; —3)+Co1 (I, —3)+C1y (I; —3)°

where W is the strain energy density, I; and I, are the first and second strain tensor
invariants, and Cqg, Cyg, and Cq1 are M-R coefficients.

In this study, EPDM rubber was chosen as the material for the O-ring. Uniaxial com-
pression tests were conducted on the EPDM material using an electronic universal testing
machine, as shown in Figure 3. The tests were carried out at three different temperatures:
15 °C, -60 °C, and 130 °C. During the experiments, the EPDM sample was placed in the
electronic universal testing machine, and it was compressed to 25% of the maximum strain
at a speed of 10 mm/min. Subsequently, the specimen was rebounded at the same speed.
This compression and rebound process was repeated four times for each sample at the
specified temperatures. The stress—strain experimental data at the low temperature, normal
temperature, and high temperature were obtained through repeated compression and
rebound tests, as shown in Figure 4. The fitting curves of the M-R constitutive models at
the three temperatures are shown in Figure 5, and the material parameters of the EPDM
materials at the three temperatures are shown in Table 2. In addition to the O-ring, the
material parameters of the combined sealing structure are shown in Table 3 [26,27].

Figure 3. Electronic universal testing machine.
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Figure 4. The stress—strain experimental data: (a) —60 °C; (b) 15 °C; (¢)130 °C.
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Figure 5. The fitting curves of M-R model: (a) —60 °C; (b) 15 °C; (¢)130 °C.
Table 2. M-R model parameters at three temperatures for EPDM.
Temperature (°C) Cq10 (MPa) Co1 (MPa) Cq11 (MPa)
15 —70.564 79.393 91.083
130 7.9559 —4.3776 8.8346
—60 124.78 —123.26 1226.8

Table 3. Material parameters of combined sealing structure except O-ring.

Name Material Elastic Modulus Poisson’s Ratio
Gasket polyethylene 1.1 GPa 0.42

Steel shell 316 stainless steel 195 GPa 0.25
Piston 316 stainless steel 195 GPa 0.25

3. Finite Element Analysis
3.1. Finite Element Model

The finite element model of the combined sealing structure is shown in Figure 6. The
rubber O-ring is discretized using four-node quadrilateral elements to account for the
incompressibility of rubber materials. In order to ensure higher accuracy while reducing
computation time, local mesh refinement is applied to the critical regions that may come
into contact. During mesh independence verification analysis, it is found that when the
mesh number is between 5555 and 20,000, the stress and contact pressure calculation data
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error is less than 5%. Consequently, the finite element model with 5555 meshes is chosen,
striking a balance between calculation efficiency and accuracy. This carefully chosen
mesh size ensures reliable results without compromising the computational efficiency,
making it suitable for investigating the dynamic sealing performance of the combined
sealing structure.

» X

0

Figure 6. Finite element model of the combined seal.

3.2. Loads and Boundary Conditions

Four contact pairs are established for the finite element analysis: the O-ring and the
gasket, the O-ring and the steel shell, the O-ring and the piston, and the gasket and the
piston. In the contact analysis setting, the contact type is chosen as Frictional or Bonded,
with Asymmetric selected for contact behavior. The augmented Lagrange method is
employed for advanced rubber material detection at Gauss points. In terms of the contact
surfaces, the hard material surface is designated as the target surface, while the soft one
(rubber) is treated as the contact surface. The Coulomb friction model is adopted, with
specific friction coefficients set at f = 0.1 between the O-ring and the steel parts, f = 0.04
between the gasket and the steel parts, and f = 0.02 between the O-ring and the gasket [14].
It is assumed that the friction coefficient of 316 stainless steel and polyethylene does not
change with temperature at the limit temperature.

During the simulation of the combined sealing structure’s operating state, the piston
remains fixed and the steel shell moves relative to the piston. Load steps are set in finite
element analysis:

The piston is fully constrained in displacement throughout all stages;

Installation stage of 15 °C: The steel shell is displaced in the negative Y-axis direction
to reach the initial installation position, completing the installation pre-compression of
the O-ring;

o Inflation stage of 15 °C: The steel shell is displaced in the negative Y-axis direction to
reach the lower position, then 70 MPa gas pressure is applied to the upper half of the
exposed O-ring;

e Inflation stage of 130 °C: The steel shell is displaced in the negative Y-axis direction to
reach the lower position, then 87.5 MPa gas pressure is applied to the upper half of
the exposed O-ring;
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o  Deflation stage of 15 °C: The steel shell is displaced in the positive Y-axis direction to
reach the upper position, then 70 MPa gas pressure is applied to the lower half of the
exposed O-ring;

e  Deflation stage of —60 °C: The steel shell is displaced in the positive Y-axis direction
to reach the upper position, then 56 MPa gas pressure is applied to the lower half of
the exposed O-ring.

4. Results and Discussion

The sealing performance of the O-ring depends on the contact pressure that develops
between the O-ring and the surfaces with which it comes into contact, and the initial
leakage appears once the maximum contact pressure is lower than the pressure difference
across the seal [28,29]. In this paper, the difference between the inflation and deflation
state of the O-ring is that the O-ring is stressed on the upper side or the lower side, so
the criterion of sealing performance in the inflation state and the deflation state remains
unchanged. At 15 °C and 70 MPa, both in the inflated and deflated states, the maximum
contact pressures on contact surfaces I and II exceed 70 MPa. At 130 °C and 87.5 MPa
in the inflated state, the maximum contact pressures on contact surfaces I and II exceed
87.5 MPa. Additionally, at —60 °C and 56 MPa in the deflated state, the maximum contact
pressures on contact surfaces I and II exceed 56 MPa. In all these cases, the O-ring can
achieve effective sealing. In addition, when the von Mises stress is increases, the possibility
that a crack or the loss of elasticity appears in the O-ring is also increased [30,31].

To comprehensively investigate the sealing performance of the combined sealing
structure, this study simulates the installation, inflation, and deflation state of the combined
sealing structure at 15 °C and 70 MPa, the inflation state at 130 °C and 87.5 MPa, and the
deflation state at —60 °C and 56 MPa. The von Mises stress and contact pressure obtained
from the simulation results are analyzed to gain insights into the sealing performance.
Moreover, the influences of the gas pressure, gasket surface friction coefficient, gasket
fillet, and gasket thickness on the sealing performance of the combined sealing structure
are investigated.

4.1. Simulation Results
4.1.1. Installation Status Results

Figure 7a shows the von Mises stress of the O-ring in the installation state. In the
installation state at 15 °C and 0.1 MPa, two areas of high stress are observed in the middle
of the O-ring, with the left side experiencing more severe stress concentration. This
phenomenon is attributed to the compression pressure and shear force generated on contact
surface I during axial propulsion. The results show that there will be stress concentration
in the O-ring during work, and it is necessary to consider the stress characteristics of

the O-ring.
Type: Pressure
Unit: MPz
Time: 1
128.29 Max

70 |

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1

106.72 Max
94927
83124

48

TLs2 . Contact Contact
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3
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" \ /

—

Figure 7. O-ring in the installation state: (a) von Mises stress; (b) contact pressure.
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Figure 7b shows the contact pressure of the O-ring in the installation state. In the
installation state at 15 °C and 0.1 MPa, contact surface I and contact surface II generate
contact pressure that ensures sealing of the contact surfaces. This shows that the rubber
material can be closely fitted with the contact surface to achieve a good sealing effect.

4.1.2. Results under Normal Temperature Conditions

Figure 8a shows the von Mises stress of the O-ring in the inflation state. Compared
with the installation state at 15 °C and 0.1 MPa, the von Mises stress concentration area at
15 °C and 70 MPa was moved down from the middle, and the maximum von Mises stress
increased by 7%.

Type: Equivalent (von-Mises) Stress

Unit: MPa Type: Pressure
Time: 4 Unit: MPa
Time:4
113.72 Max

10117 18542 Max

88614 70

76063 43 Contact Contact
63511 41143

5096 34286 surface I surface IT

27429
20.571
13714
68571 -

=

38408
25857
13.306
0.75444 Min

J

(b)

Figure 8. O-ring in the inflation state: (a) von Mises stress; (b) contact pressure.

Figure 8b shows the contact pressure of the O-ring in the inflation state. Most of the
contact pressures on the O-ring contact surfaces I and II are greater than 70 MPa, indicating
that the O-ring can realize the sealing function in the inflated state. Compared with the
installation condition at 15 °C and 0.1 MPa, the effective sealing length of the O-ring contact
surfaces I and Il is extended, indicating that the sealing performance is improved in the
inflated state at 15 °C and 70 MPa.

Figure 9a shows the von Mises stress of the O-ring in the deflation state. Compared
with the inflation state at 15 °C and 70 MPa, the von Mises stress concentration area in the

aerated state moved upward from the center, and the maximum von Mises stress increased
by 6%.

Type: Equivalent fvon-Mises) Stress
Unit: MPa

Type: Pressure

Unit: MPa s IEE—
Time: 10 Time: 10
119.52 Max \
106.34 177.02 Max
93149 70
79963 a3
66776 41143
53589 34286 Contact Contact
40402 2742
27.215 20571 surface I surface II
14028 11714
054159 Min . u
0 Min \
(a) (b)

Figure 9. O-ring in the deflation state: (a) von Mises stress; (b) contact pressure.

Figure 9b shows the contact pressure of the O-ring in the deflation state. Most of the
contact pressures on the O-ring contact surfaces I and II are greater than 70 MPa, indicating
that the O-ring can realize the sealing function in the deflation state. Compared with the
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inflation state at 15 °C and 70 MPa, the effective sealing length of contact surface I in the
deflation state is reduced by 60% at 15 °C and 70 MPa, while the effective sealing length of
contact surface II remains nearly unchanged. The reduction in contact length indicates a
decrease in the contact area of the sealing surface, indicating a slightly decreased sealing
performance of contact surface I in the deflation state at 15 °C and 70 MPa.

4.1.3. Results under Extreme Temperature Conditions

Figure 10 shows the von Mises stress of the O-ring in the inflation state under two
distinct working conditions. Compared with the deflation state at 15 °C and 70 MPa,
the high-stress area in the deflation state at 130 °C and 87.5 MPa no longer maintains a
symmetrical distribution in the middle of the O-ring; it shifts downward towards the left
and right lower corners of the O-ring. Significantly, the maximum von Mises stress of the
O-ring decreases by 65% under this specific working condition. The results show that in
the inflation state at 130 °C and 87.5 MPa, the stress concentration of the O-ring is reduced
and it is less susceptible to damage.

Type: Equivalent (von-Mises) Strass Type: Equinalent (von-Mises) Strass
Unit: MPa Unit: MPa
Time: 4 Time: 4

113.72 Max
10117

22614

76063

63511

5096

32408

25857

13.306
0.75444 Min

(b)

Figure 10. von Mises stress of the O-ring in the inflation state under two working conditions: (a) 15
°C and 70 MPa; (b) 130 °C and 87.5 MPa.

Figure 11 shows the contact pressure of the O-ring in the inflation state under two
different working conditions. Both contact surface I and contact surface II under the two
working conditions can realize the sealing function. Compared with the inflatable condition
at 15 °C and 70 MPa, the maximum contact pressure of contact surfaces I and I at 130 °C
and 87.5 MPa is reduced by 40%, and the effective sealing lengths of contact surfaces I and
II are both reduced by approximately 20%. The results show that the sealing performance
of the O-ring is influenced by the working conditions, and the sealing effect is weakened
in the inflation state at 130 °C and 87.5 MPa.

Type: Pressure Type: Fressure
Unit: MPa Unit: MPa
Time: 4 Time: 4

18542 Max 106.06 Max

70 &7.5
a3 48 -
ontact
41143 Contact Contact 41143 Contact act |
34236
sz surface [ surface I

surface I surface IT 27.429
20571
13714

13714 P,
68571
] 0 Min

oMin \_/ ;.

€Y (b)

27428
20571

Figure 11. Contact pressure of the O-ring in the inflation state under two working conditions:
(a) 15 °C and 70 MPa; (b) 130 °C and 87.5 MPa.
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Figure 12 shows the von Mises stress of the O-ring in the deflation state under two
different working conditions. Compared with the deflation state at 15 °C and 70 MPa, the
von Mises stress of the O-ring at —60 °C and 56 MPa is symmetrically distributed in the
middle. In addition, the stress concentration is serious, and the maximum von Mises stress
increases by 7 times. The results show that the stress concentration of the O-ring in the
deflation state at —60 °C and 56 MPa is much more serious than that in the deflation state
at 15 °C and 70 MPa.

Type: Equivalent (von-Mises) Stress Type: Equivalent fvon-Mises) Stress
Unit: MPa Unit: MPa

Time: 4 Time: 10

119.52 Max
10634

93149

79963

66776

53589

20402

27215
0.30201 Min la028
054159 Min

(b)

Figure 12. von Mises stress of the O-ring in the deflation state under two working conditions:
(a) —60 °C and 56 MPa; (b) 15 °C and 70 MPa.

Figure 13 shows the contact pressure of the O-ring in the deflation state under two
different working conditions. Both contact surface I and contact surface II under the two
working conditions can realize the sealing function. Compared with the deflation state
at 15 °C and 70 MPa, the maximum contact pressure on contact surfaces I and II in the
deflation state at —60 °C and 56 MPa increases by a remarkable 7 times, with the effective
sealing length of contact surface I doubling. The contact pressure and sealing length of
the contact surface directly determine the sealing performance of the seal. The results
show the outstanding sealing performance of the rubber O-ring in the deflation state at
—60 °C and 56 MPa.

Type: Prassure

Unit: MPa Type: Pressure
Hime:d Unit: MPa . I S— |,
1175.7 Max Time: 10
1110
prsae 177.02 Max
91836
22255 70 |
72673 | | |
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53509 C Contact 41143
:Z;Z ontact ontac 34286 Contact Contact
g face I surface II i
;Zm surtace Hra 20571 surface I surface I
= 13714
0 Min [ | ]
68571
0 Min \
(a) (b)

Figure 13. Contact pressure of the O-ring in the deflation state under two working conditions:
(a) —60 °C and 56 MPa; (b) 15 °C and 70 MPa.

To improve the clarity and completeness of presentation, as well as to provide a more
informative and accurate depiction of the contact stress distribution at —60 °C, we have
added Figure 14 to this paper. Figure 14a depicts the contact area of contact surface I
and contact surface II of the sealing ring. Figure 14b illustrates the inner diameters of the
effective sealing areas for contact surface I and contact surface II, which are 7 mm and
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(a)

8.2 mm, respectively. In Figure 14c, the effective sealing lengths of the cross-sections for
contact surface I and contact surface II are shown to be 0.7 mm and 0.76 mm, respectively.
At this point, the maximum reaction forces along the X-axis for contact surface I and contact
surface II are 35,796 N and 41,539 N, respectively.

Type: Prassure
Unit: MPa
Time: 4
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1110
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(b) (c)

Figure 14. The O-ring in the deflation state at —60 °C and 56 MPa: (a) the contact area of contact
surface I and contact surface II; (b) the inner diameters of contact surface I and contact surface II; (c)
the effective sealing lengths of contact surface I and contact surface II.

4.2. Discussion
4.2.1. Effect of Gas Pressure

This section analyzes the influence of gas pressure increases from 10 MPa to 100 MPa
at 15 °C on O-ring performance. Figure 15a shows the maximum von Mises stress curves
of the O-ring under various gas pressures. When the gas pressure is below 33 MPa, the
inflation-state O-ring endures greater stress and is more susceptible to damage. Conversely,
when the gas pressure surpasses 33 MPa, the deflation-state O-ring endures greater stress
and is more susceptible to damage. As the gas pressure increases, the von Mises stress of
the O-ring experiences a significant rise in both the inflation and deflation states, indicating
that higher gas pressure accelerates the damage of the O-ring. Notably, the maximum von
Mises stress increases at a faster rate in the deflation state, indicating a higher damage rate
in this state.
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Figure 15. Influence of gas pressure on O-ring performance: (a) max von Mises stress; (b) max
contact pressure.

Figure 15b shows the maximum contact pressure curve of the O-ring under various
gas pressures. The maximum contact pressures of contact surfaces I and II are greater
than the corresponding gas pressure, indicating that the O-ring effectively realizes the
sealing function within the pressure range of 10-100 MPa. With the gas pressure increases
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from 10 MPa to 100 MPa at 15 °C, the contact pressure of contact surface I in the deflation
state remains consistently lower than the other three situations (contact surface I inflation,
contact surface II inflation, and contact surface II deflation), indicating relatively poorer
sealing performance in this situation. Furthermore, the maximum contact pressure of the
three situations increases approximately linearly, aligning with the experimental results
of Kim, H. et al. [32]. The maximum contact pressure of contact surface I in the deflation
state experiences minor fluctuations around 10%. In summary, the increase in gas pressure
(10-100 MPa) has a negligible influence on the sealing performance of contact surface I
in the deflation state, while significantly improving the sealing performance of the other
three conditions.

4.2.2. Influence of Gasket Surface Friction Coefficient

The O-ring is in contact with the gasket only in the deflation state, so the change of
the surface friction coefficient of the gasket only affects the performance of the O-ring in
the deflation state. Figure 16a shows the maximum von Mises stress curves of the O-ring
under various gasket surface friction coefficients. As the surface friction coefficient of the
gasket increases from 0.01 to 0.1 at 15 °C and 70 MPa, the maximum von Mises stress in the
deflation state consistently larger than that in the inflation state. The results show a higher
probability of O-ring damage in the deflated state. Additionally, the increase in von Mises
stress in the deflation state is almost negligible, indicating that the influence of the friction
coefficient on the von Mises stress in the deflation state can be disregarded.

Figure 16b shows the maximum contact pressure curves of the O-ring under various
gasket surface friction coefficients. The maximum contact pressures of both contact surfaces
I and II are greater than 70 MPa, indicating that the O-ring effectively achieves its sealing
function across a wide surface friction coefficient range. As the friction coefficient of the
gasket surface increases from 0.01 to 0.1 at 15 °C and 70 MPa, the maximum contact pressure
in the deflation state of contact surface I consistently remains lower than the other three
situations (inflation contact surface I, inflation contact surface II, and deflation contact
surface II), indicating relatively poorer sealing performance in the deflation state of contact
surface I. Furthermore, the maximum contact pressure of contact surface I in the deflation
state remains unchanged, while the maximum contact pressure of contact surface II in
the deflation state fluctuates by approximately 3%. The results show that the influence
of the surface friction coefficient on the sealing performance in the deflation state can be
ignored. In summary, the influence of the surface friction coefficient on the performance of
the combined sealing structure is found to be negligible.
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Figure 16. Influence of surface friction coefficient on O-ring performance: (a) max von Mises stress;
(b) max contact pressure.
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4.2.3. Effect of Gasket Fillet

The O-ring is only in contact with the gasket in the deflation state, so the change in
the gasket fillet only affects the performance of the O-ring in the deflation state. Figure 17a
shows the maximum von Mises stress curves of the O-ring with various gasket fillets. As
the gasket fillet increases from 0 to 0.4 mm at 15 °C and 70 MPa, the maximum von Mises
stress in the deflation state consistently surpasses that in the inflation state. The results
show a higher likelihood of O-ring damage in the deflation state. Additionally, the increase
in von Mises stress in the deflation state is almost negligible, indicating that the influence
of the gasket fillet on the von Mises stress in the deflation state can be disregarded.
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Figure 17. Influence of gasket fillet on O-ring performance: (a) max von Mises stress; (b) max
contact pressure.

Figure 17b shows the maximum contact pressure curves of the O-ring with various
gasket fillets. The maximum contact pressures of both contact surfaces I and II are greater
than 70 MPa, indicating effective sealing performance across a wide range of gasket fillets.
As the gasket fillet increases from 0 to 0.4 mm at 15 °C and 70 MPa, the maximum contact
pressure in the deflation state of contact surface I consistently remains lower than the other
three situations (inflation contact surface I, inflation contact surface II, and deflation contact
surface II), indicating relatively poorer sealing performance in the deflation state of contact
surface I. Furthermore, the maximum contact pressure of contact surface I in the deflation
state remains almost unchanged, while the maximum contact pressure of contact surface II
fluctuates by approximately 3% in the deflation state. The result shows that the influence
of the gasket fillet on the sealing performance in the deflation state can be ignored. In
summary, the influence of the gasket fillet on the performance of the combined sealing
structure is found to be negligible.

4.2.4. Effect of Gasket Thickness

The O-ring is only in contact with the gasket in the deflation state, so the change in the
gasket thickness only affects the performance of the O-ring in the deflation state. Figure 18a
shows the maximum von Mises stress curves of the O-ring with various gasket thicknesses.
When the thickness of the gasket is within the range of 0.85-1.05 mm, the von Mises stress
of the O-ring in the inflation state is greater and more likely to be damaged. In other ranges
(0.3-0.85 mm or 1.05-1.2 mm), the von Mises stress of the O-ring in the deflation state is
greater and more likely to be damaged. Additionally, as the gasket thickness increases from
0.3 mm to 1.2 mm at 15 °C and 70 MPa, the maximum von Mises stress of the O-ring in the
deflation state initially experiences a sharp decrease from 137 MPa to 113 MPa, followed
by a gradual rise to 116 MP. The results show that increasing the gasket thickness can
effectively reduce the stress concentration of the O-ring, but excessive gasket thickness
(more than 0.9 mm in this study) will aggravate the stress concentration.



Appl. Sci. 2023,13,10100

15 of 17

Max von-Mises stress (mm)

138
135
132
129
126
123
120
117
114
11
108
105
102

Inflation 220 Contact surface | during inflation
Deflation 210 F Contact surface Il during inflation
= Contact surface 1 during deflation
200 |- — = Contact surface Il during deflation
E 190 |
Tt O S
=l
g 0
é 160
L 150
a
2 b
g ol
£
g 120F
é 110
=100
90 F
80 |
70
L 1 L 1 L i L 1 L L ) “
T T T T T T T T T T 1
02 03 04 05 06 07 08 09 10 1.1 12 13 02 03 04 05 06 07 08 09 10 L1 12 13
Thickness of gasket (mm) Thickness of gasket {(mm)
(a) (b)

Figure 18. Influence of gasket thickness on O-ring performance: (a) max von Mises stress; (b) max
contact pressure.

Figure 18b shows the maximum contact pressure curves of O-rings with various
gasket thicknesses. The maximum contact pressures of both contact surfaces I and II are
greater than 70 MPa, indicating effective sealing performance across a wide range of gasket
thicknesses. It can be clearly seen that as the gasket thickness increases from 0.3 mm to
1.2 mm, the gap between the contact pressure of contact surface I in the deflation state
and the other three situations (inflation contact surface I, inflation contact surface II, and
deflation contact II) gradually decreases. The results show that when the thickness of the
gasket increases from 0.3 mm to 1.2 mm, although the sealing performance of surface I is
always relatively poor in the deflated state, the gap between the sealing performance here
and in the other three situations gradually diminishes. Furthermore, the maximum contact
pressure of contact surface I in the deflation state increases from the minimum of 78 MPa to
about 140 MPa, while the maximum contact pressure of contact surface II in the deflation
state fluctuates by less than 3%. The results show that in the deflation state, the gasket
thickness has a significant effect on the sealing performance of contact surface I, while the
effect on the sealing performance of contact surface II is negligible.

In summary, based on the influence of gasket thickness on maximum von Mises stress
and maximum contact pressure, the optimal range is determined to be between 0.85 mm
and 1.05 mm. Within this range, the stress concentration of the O-ring is lighter and the
sealing performance of the combined sealing structure is better.

5. Conclusions

(1) In this study, a finite element model of the axial propulsion combined seal structure
is established. Compressive stress—strain curves of EPDM at —60 °C, 15 °C, and
130 °C are obtained through uniaxial compression tests, and material parameters for
the EPDM constitutive model at three temperatures are determined through fitting.
The numerical simulations of the combined sealing structure provide valuable insights,
revealing that the stress concentration of the O-ring is similar in both the inflation
and deflation states at 15 °C and 70 MPa, but the sealing performance of the O-ring
in the inflation state is better than that in the deflation stage.

(2) The investigation into the sealing performance of the combined sealing structure
under extreme working conditions reveals significant findings. Compared with the
inflation state at 15 °C and 70 MPa, the maximum von Mises stress is reduced by 65%
at 130 °C and 87.5 MPa, the maximum contact pressure of contact surfaces I and II
is reduced by 40%, and the effective sealing lengths of contact surfaces I and II are
both reduced by approximately 20%. Conversely, the von Mises stress is increased
by 7 times in the deflation state at —60 °C and 56 MPa, and the maximum contact
pressure on contact surfaces I and II is increased by a remarkable 7 times, with the
effective sealing length of contact surface I doubling.
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(3) The investigation into the influence of gas pressure on the sealing performance of the
combined sealing structure at 15 °C reveals significant findings. The von Mises stress
of the O-ring increases significantly in both the inflation and deflation state, but the
increase is more rapid in the deflation state. Interestingly, the increase in gas pressure
(10-100 MPa) has a negligible influence on the sealing performance of contact surface
Iin the deflation state, while significantly improving the sealing performance of the
other three conditions (contact surface I inflation, contact surface II inflation, and
contact II deflation).

(4) The investigation into the influence of gasket parameters on the sealing performance
of the combined sealing structure at 15 °C and 70 MPa reveals significant findings.
Increasing the gasket thickness can effectively reduce the stress concentration of the
O-ring, but excessive gasket thickness (more than 0.9 mm in this study) will aggravate
the stress concentration. The maximum contact pressure of contact surface I in the
deflation state is significantly improved, while the effect of gasket thickness on the
sealing performance of contact surface Il in the deflation state is negligible. Based on
the influence of gasket thickness on von Mises stress and contact pressure, the optimal
range is determined to be between 0.85 mm and 1.05 mm. Within this range, the stress
concentration of the O-ring is lighter, resulting in better sealing performance for the
combined sealing structure. In addition, the friction coefficient of the gasket surface
and the fillet of gasket have negligible influence on the structural performance of the
combined sealing structure.

In this paper, the performance changes of an EPDM rubber O-ring under extreme
working conditions are obtained. The stress concentration phenomenon of the EPDM
rubber O-ring is lighter under high temperature conditions, but the sealing performance
is decreased. At low temperatures, the stress concentration is serious, but the sealing
performance is better. These conclusions provide reference for the selection of rubber
materials for extreme temperature environments. Additionally, the influence of the gasket
fillet, gasket thickness, gasket surface friction coefficient, and working pressure on the
sealing performance of the combined sealing structure are analyzed. These analyses
provide valuable insights and serve as a basis for the structural design of dynamic seals for
combined sealing structures.
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