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1. Introduction

As a one-time or refillable pressure vessel, the gas
cylinder is often installed in the trunk of a car to store hy-
drogen, natural gas and other gas fuels. At the mouth of the
gas cylinder, rubber sealing ring is usually installed to pre-
vent the gas leakage. According to whether there is relative
movement between the sealing ring and the cylinder line,
the sealing is divided into two stages: the dynamic seal and
the static seal. In the process of gas charging and discharg-
ing, the sealing ring is in the static seal but it isn’t absolutely
static. With the fluid pressure fluctuation, the sealing sur-
face of sealing ring appears fretting causing fretting wear to
lead the rubber chips and cracks. Due to the high viscoelas-
ticity of rubber materials, fretting wear easily cause local
rubber materials to be distortion, leading to seal failure.
Hence, studying the fretting wear characteristics of the seal-
ing ring is great significance to improve the safety and ser-
vice life of the gas cylinder.

As the most important part to prevent gas leakage,
the reliability of the sealing system directly determines the
safety of gas cylinder. Dong et al. [1] studied the sealing
performance of the fabric rubber under pressure difference
and compressive displacement and analysed the gas leakage
rate by the computational fluid dynamics method. Xuan et
al. [2] found that the relationship of rubbing forces with rub-
bing time is the characteristic of abrasive wear of seal rub-
ber. Ke et al. [3] established the friction model of the rubber
seal to invest the kinetic friction characterizations and the
stick-slip motion phenomena for rubber seals. Han et al. [4]
studied the sealing performance of reciprocating O-ring seal
during underwater operations to explore the sealing struc-
ture that facilitate the dynamic sealing performance. Pan et
al. [5] developed an experimental apparatus to study the ef-
fects of seal diameter and sealing profiles on steady state
friction force of hydraulic cylinders. Qiao et al. [6] consid-
ered the seal diameter and varying property to invest the
sealing performance of transport and storage casks. The re-
sult showed the influence of seal diameter is negligible
small. Zhou et al. [7-8] invested the fretting characteristic of
a rubber seal in hydrogen atmosphere. And they found that
the amplitude of reciprocating motion has a great influence
on the fretting. Baek [9] studied the influence of temperature
and surface roughness of the hard counterpart on the fretting
characteristics of a rubber coating. These studies hardly fo-
cus on the fretting wear of the seal ring that caused by the
fluid pressure fluctuation in the gas cylinder. Therefore, in
this paper, the fretting wear of O-ring that installed at the

gas cylinder mouth under the fluid pressure fluctuation is
studied. Effects of compression ratio, friction coefficient
and temperature field on the fretting wear is explored to im-
prove the safety and service life of gas cylinder.

2. Numerical model
2.1. Constitutive model of rubber

Rubber is a highly elastic polymer material with
reversible deformation. In the static seal, the initial assem-
bly and compression ratio make the O-ring deforming to
achieve self-sealing. According to the seal theory and the
balance principle of force, the ratio of the maximum contact
pressure on the sealing surface to the fluid pressure deter-
mines whether the sealing is successful. If the ratio is greater
than 1, the sealing is achieved. Geometric nonlinearity, ma-
terial nonlinearity and contact nonlinearity are three im-
portant characteristics of rubber materials. Therefore, it’s
essential to make the following assumptions before starting
the study [10-12]:

1. The material has a certain elastic modulus and
Poisson's ratio;

2. The tensile and compressive creep properties of
the material are the same;

3. The transverse compression of the sealing ring
is determined by the displacement of bound boundaries;

4. The volume of the sealing ring is not affected by
material creep.

In this paper, the compression ratio of the sealing
ring is 10-20%. The Mooney-Rivlin is a constitutive model
which can describe the deformation of rubber in 150%. And
it has great stability to express the rubber deformation in the
small rage. Therefore, the Mooney-Rivlin is used to de-
scribe the fretting wear of the rubber sealing ring. The for-
mula is as follows [13]:

W:C1(I1_3)+C2(|2_3)' @)

where: W is the strain energy density; C; and C, are
Mooney-Rivlin coefficients and I and I, are the first and
second strain tensor invariant.

The relationship of stress and strain can be ex-
pressed as follows:
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2.2 Calculation model

As the Fig.1, the two-dimensional axisymmetric
model of the sealing system is established. The material of
the cylinder liner and sealing groove is hard alloy steel.
Poisson’s ratio is 0.3 and the elastic modulus is 710 GPa.
The diameter of the O-ring is 5.3 mm. And the material of
the O-ring is nitrile butadiene rubber (NBR), according to
the rubber compression test, C1=1.79 MPa, C,=0.4 MPa
[14]. The penalty element method is used to simulate the
interaction of the contact surfaces. The initial friction coef-
ficient is 0.4. After the assembly is completed, the main seal
surface (S.S.a), the secondary seal surface (S.S.b) and
(S.S.c) are formed. The fluid pressure direction is shown in
Fig.1. With the fluid pressure increases, the O-ring is
squeezed out at A area due to the limitation of the space.
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Fig. 1 Schematic diagram of O-ring structure
3. Characteristics of fretting wear

After completing self-sealing, the deformation of
O-ring is aggravated under the working of the fluid pressure.
And the fluid pressure fluctuates cause the fretting wear of
sealing ring. And the shear stress is generated at the sealing
surface. As shown in Fig. 2, according to the change of the
shear stress, the fretting wear region of the sealing ring is
divided into three regions with different characteristics:
non-contact region, slip region and sticky region. In the non-
contact region, the sealing ring doesn’t contact with the
metal surface (cylinder liner and sealing groove), so the
shear stress is 0. In the slip region, the sealing ring and the
metal surface slip relatively. And the shear stress in this re-
gion changes monotonously. In the sticky region, the sealing
ring and the metal surface are in a partial slip phase. The slip
displacement is replenished by the elastic deformation of the
rubber material. And the shear stress gradually decreases af-
ter reaching the maximum.
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Fig. 2 The characteristic of fretting wear regions

When the fluid pressure is less than 10 MPa, the
sealing ring is generally not equipped with a baffle. In this
paper, the fretting wear changes of the main sealing surface
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(S.S.a) that caused by fluctuates from 0 MPa to 10 MPa are
studied. When the assembly is complete, there are only non-
contact region and sticky region appear on the seal surface
as shown in the Fig.3. And the direction of shear stress in
the sticky region is the same. With the fluid pressure in-
creases, a slip region appears on the S.S.a, and the length of
the slip region increases. On the contrary, the length of the
sticky region decreases. The left side of S.S.a is the side of
fluid. The greater the fluid pressure, the longer the length of
the non-contact region. Fretting wear in this area is mainly
affected by fluid pressure. On the right side of S.S.a, the
movable space of the sealing ring is limited. The sealing ring
is deformed to the right under the working of fluid pressure.
And the length of contact surface that in the right side in-
creases. The greater the fluid pressure, the greater the shear
stress. With the fluid pressure increases, the junction of the
sticky region and slip region gradually moves to the right.
The range of the sticky region decreases.
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Fig. 4 Displacement of nodes under different fluid pressures

As shown in Fig .3, choosing three reference points
(node A, node B, node C) to study the displacement change
law in 0-10 MPa. The displacement curve on the Y-axis and
the schematic diagram of the movement of points are shown
in Fig. 4. With the increasing of fluid pressure, node B in the
sticky region has no obvious change, and its displacement
amplitude is replenished by rubber elastic deformation. The
displacement changes of node A and node B is opposite.
When the fluid pressure is greater than 5 MPa, node A in the
left slip region obviously slip to the right. The greater the
fluid pressure, the greater the displacement. When there is



no fluid pressure, node C is in the non-contact region. In the
fluid pressure range of 0-2 MPa, the node C has obvious
move. As the fluid pressure increases, the range of the slip
region on the right side of node C increases, and the dis-
placement of node C decreases. The reason to explain this
phenomenon is that the left slip region where node A is lo-
cated is more affected by fluid pressure and the right slip
region where node C is located is more affected by space.
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Fig. 6 Contact pressure under different fluid pressures

Fig. 5 shows the von-Mises stress distribution of
O-ring under different fluid pressures. With the fluid pres-
sure increases, a low-stress area appears inside the cross-
section of the sealing ring. The shape of the high-stress area
changes from a dumbbell shape to a U shape when the as-
sembly is completed. And the number of high-stress area in-
creases from 2 to 3. When the influence of fluid pressure on
stress is greater than that of the assembly, a U-shaped high-
stress area is formed, the stress concentrate in the slip region
of S.S.aand S.S.b where near the fluid. And this area is most
prone to seal failure. In Fig. 6, the contact pressure of S.S.a
and S.S.b is greater than S.S.c after the assembly. The direc-
tion of fluid pressure is perpendicular to the direction of
contact pressure on the S.S.a and S.S.b. Within 0-10 MPa,
the maximum contact pressure on S.S.a and S.S.b first de-
creases and then increases. When the fluid pressure is
1 MPa, the contact pressure is the smallest. The direction of
fluid pressure is the same as the direction of contact pressure
on S.S.c. The contact pressure increases with the increasing
of fluid pressure.
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4. Sensitivity factors
4.1. Compression ratio

Taking the perimeter of the cross-section of the O-
ring as the research path, the contact pressure distribution of
the path under different compression ratios is shown in
Fig. 7. In the compression ratio of 10-18%, the maximum
contact pressure on the sealing surface is greater than the
fluid pressure. So the compression ratio of 10-18% doesn’t
affect the safety work of the sealing system. With the in-
creasing of compression ratio, the contact pressure of the
S.S.a and S.S.b gradually increases. And the contact pres-
sure fluctuations appear on the sealing surface. The rubber
material and the metal surface are displaced in the slip re-
gion of S.S.a and S.S.b. Under the influence of compression
ratio and fluid pressure, the maximum contact pressure is
less than the fluid pressure. In the sticky region, the rubber
material and the metal surface are sticky and have a relative
movement tendency. In order to prevent relative movement,
the maximum contact pressure in the sticky region will fluc-
tuate. Therefore, the compression ratio has a greater impact
on the sealing performance of sticky region of S.S.a and
S.S.b. but the S.S.c is less.
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In Fig. 8, with the increasing of the compression

ratio, the length of S.S.a is extended, the range of the sticky
region is enlarged, and the non-contact region is reduced. In



the range of 10-14% compression ratio, the maximum tan-
gential force (Ft) on the sealing surface is greater than the
limit friction (T=wP). The tangential force is mainly affected
by the fluid pressure. When the compression ratio exceeds
14%, the deformation of O-ring intensifies and the contact
pressure of S.S.a increases, and the shear stress of S.S.a de-
creases with the increasing of the compression ratio.
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Fig. 9 Stress-strain distribution under compression ratios

Using the stress-strain of material to reflect the de-
gree of material failure. The logarithmic strain (LE) distri-
bution and stress distribution of the O-ring under different
compression ratios is shown in Fig. 9. The distribution of
stress-strain in the cross-section of the O-ring are similar. A
low stress-strain area appears in the center of the cross sec-
tion, but a high stress-strain area appears below. As the com-
pression ratio increases, the low stress-strain area decreases,
and the high stress-strain area moves to both sides. When
the compression ratio is small, the distribution of stress-
strain on the sealing surface is mainly affected by the fluid
pressure. Stress-strain around the sealing surface are con-
centrated on the sticky region. Rubber chips and cracks are
easy to be produced in this region leading to seal failure.
Therefore, a reasonable compression ratio can ensure the
sealing performance and prolong the service life of the seal-
ing system.

4.2. Friction coefficient

When the compression ratio is 14% and the fluid
pressure is 5 MPa, the fretting wear characteristics of the O-
ring with 0.1-0.4 friction coefficient are analysed. In Fig. 10,
the friction coefficient doesn’t affect the sealing perfor-
mance of the seal system. The contact pressure of S.S.a and
S.S.b fluctuates. The greater the friction coefficient, the
smaller the degree of contact pressure fluctuation. The max-
imum contact pressure occurs in the sticky region near the
fluid. The contact pressure of S.S.c has no obvious fluctua-
tions. When the friction coefficient is 0.1, the contact pres-
sure is the largest. When the friction coefficient is in the
range of 0.2-0.4, the difference in the average contact pres-
sure is small, and the distribution of maximum contact pres-
sure on the sealing surface is symmetrical. In the static seal,
the O-ring has no relative movement, and the S.S.a and
S.S.b are more affected by the fluid pressure fluctuation.
The greater the friction coefficient, the greater the force that
prevent the fretting wear.

Fig.11 shows the length of the non-contact region
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on both sides of the S.S.a has no significant change. The
friction coefficient has little effect on the non-contact re-
gion. When the f<0.2, the friction force is small, and there
is no sticky region in the S.S.a. Under the influence of fluid
pressure, fretting wear is easy to occur. When the >0.2, the
non-contact region, slip region and sticky region co-exist in
the S.S.a. The greater the friction coefficient, the greater the
shear stress at the junction of the slip region and sticky re-
gion The smaller the shear stress in the sticky region, but the
greater the shear stress difference. Under different friction
coefficients, the logarithmic strain (LE) distribution and
stress distribution of the O-ring is shown in Fig. 12. As the
friction coefficient increases, a low stress-strain area is ap-
peared inside the cross-section. And a high stress-strain area
appears at the junction of the sticky region and the slip re-
gion. Friction coefficient is the main factor affecting the dis-
tribution of sticky region and the slip region. The fretting
wear can be reduced by a higher friction coefficient.
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Fig. 11 Shear stress curves under friction coefficients

4.3. Temperature field

Thermal expansion of the rubber caused by ultra-
high working temperature field changes the stress-strain of
the O-ring. Nitrile butadiene rubber (NBR) is the material to
make O-ring. The working temperature field of O-ring
doesn’t exceed 120°C. As shown in the Fig. 13, the contact
pressure of sealing surface increase with the working tem-
perature rises. Under the influence of the temperature field,
the thermal expansion of the rubber causes the length of



S.S.a and S.S.b to increase. The length of the main sealing
surface (S.S.a) increases by 9.4%. In the 0-120°C tempera-
ture field, the maximum contact pressure is 9.259 MPa.
Compared with no temperature field, the maximum contact
pressure increases by 6.22%. In this paper, the thermal ex-
pansion caused by the temperature field has little effect on
the sealing performance of the sealing ring.
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In Fig. 14, under different temperature fields, non-
contact region, slip region, and sticky region all appear on
the S.S.a. After the thermal expansion happened, the volume
of rubber gradually increases. On the side near the fluid, as
the temperature irises, the shear stress will increase. In this
region, the temperature field has a great influence on fretting
wear. After the shear stress reaches the maximum value, it
gradually decreases to zero. The direction of shear stress
changes to be opposite. And then under the influence of the
fluid pressure, the shear stress increases. At the junction of
the slip region and sticky region, the shear stress reaches the
peak. As shown in Fig. 15, with the increasing of the tem-
perature field, the low stress-strain area shrinks, and the high
stress-strain area expands. The stress of the S.S.a near the
fluid gradually decreases with the increasing of the temper-
ature field. Therefore, high temperature field can relieve the
local stress concentration. But thermal expansion expands
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the high stress-strain area, which is prone to rubber cracks
causing seal failure.
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Fig. 14 Shear stress curves under different temperatures
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5. Conclusion

1. In the static seal, the fretting wear on the sealing
surface that caused by fluid pressure fluctuation can be di-
vided into non-contact region, slip region and sticky region.
The greater the fluid pressure, the more severe the fretting
wear. The stress-strain are concentrated at the junction of
slip region and sticky region. After long-term working, it is
easy to cause seal failure in this region.

2. With the increasing of compression ratio, the
sticky region expands. The sealing performance of sealing
structure is great. When the f<0.2, there are only non-contact
region and slip region, and fretting wear is easy to occur.
The temperature field has little effect on the sealing perfor-
mance of the sealing system. But rubber thermal expansion
caused by ultra-high temperature results in a high stress-
strain area in the cross-section of the O-ring, which is prone
to rubber chips and cracks.
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Y. Hu, Ch. Han, J. Zhang, Z. Luo

FRETTING WEAR OF RUBBER SEALING RING
CAUSED BY FLUID PRESSURE FLUCTUATION

Summary

In the process of gas charging and discharging of
gas cylinder, the fluid pressure fluctuates causing fretting
wear of rubber sealing ring, which affects the sealing per-
formance. The model of O-ring that installed at the mouth
of the gas cylinder was established to study the fretting wear
in the static seal. Effects of fluid pressure, compression ra-
tio, friction coefficient and temperature on the fretting wear
of the O-ring were considered. The results show that the
fretting wear of O-ring can be divided into non-contact re-
gion, slip region and sticky region. In the static seal, the
compression ratio and friction coefficient are the main fac-
tors affecting the fretting wear. The sealing performance is
greatly influenced on the compression ratio and it is less af-
fected by the temperature. The junction of slip region and
sticky region has the greatest probability of seal failure.

Keywords: fretting wear, fluid pressure fluctuation, rubber
sealing ring, stress-strain, sealing performance.
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