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Abstract

In industrial facilities, leaks from manufacturing equipment represent uncon-
trolled fugitive emissions. The most critical components in this equipment are
the seals. Several types of seals are used and the most popular are flat seals
and O-rings. These seals are subject to high clamping loads and pressures.
The failure of the seals could seriously affect the safety of people, and also
the environment by the leakage of toxic products.

In this work, the analysis of the mechanical and leakage behavior of the
O-ring seal reinforced by a metal core and a conventional one when placed
either between two plates or in a rectangular groove is presented.

Four finite element models, developed using Ansys software, are used to
study the behavior of the assemblies in the four cases when clamping load
and fluid pressure are applied.
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This study shows that the introduction of a metal core inside an elastomer
O-ring improves the sealing in pressurized installations. The comparison
between the assembly without and with a groove shows that the installation
of the two studied seals in a groove can protect them against the high stresses
which can cause their deterioration and thus increase the probability of
failure.

Keywords: O-ring, reinforced O-ring, finite element model, contact pres-
sure, fluid pressure.

1 Introduction

Thanks to its low manufacturing cost, ease of use, and reliability, the O-ring
is present in all equipment used in various fields of mechanics. The main role
of this seal is to ensure the tightness of this equipment despite the extreme
working conditions, such as high operating pressures and high temperatures
that can cause the deterioration of the mechanical properties of this type of
seal.

The mechanical behavior of the O-ring has been the objective of several
research in order to determine the optimal conditions to avoid its deterioration
which can lead to an explosion, an implosion or the rupture of fragile
elements of the assembly.

To better understand the mechanical and leaking behavior of O-rings,
several analytical, computational, and experimental research has been con-
ducted. To characterize the contact between the seal and its environment,
Lindley [1] developed an analytical model, based on classical contact the-
ory [2], for an assembly with an O-ring installed between two rigid plates.
This researcher proposed relationships defining the compressive force, con-
tact pressure, and contact width as a function of the compression ratio of
the O-ring. Dragoni et al. [3, 4] treated the case of an O-ring installed
in a rectangular groove. The seal in this study is modeled by a flat disk,
axially deformed by a clamping force. This model determined compression
ratios below 15%, the maximum contact pressure, and contact width at the
seal-structure contact surfaces. Karaszkiewicz [5] has recently completed
and enriched the previous models with an analytical model to determine
the geometric distortion, width, and contact pressure of an O-ring sub-
jected to radial compression and installed in a rectangular groove. This
model allows taking into account the fluid pressure applied to the seal.
The results of this work were compared with the numerical results of
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George [6]. Differences of up to 30% were reported and were explained by
the difficulty of modeling the mechanical behavior of O-rings in pressurized
installations.

Diany et al. [7, 8] developed a finite element model to study the short-
term relaxation of a non-pressurized O-ring. The performance of this seal
was analyzed under axial and radial loading in a grooveless and grooved
arrangement. This comparison showed the effect of the groove in reducing
the initial crushing required to create the contact pressure that can ensure
sealing. In another publication, EL Bahloul et al. [9] studied the performance
of an O-ring installed in a rectangular groove of standard dimensions. The
results of this study showed that one of the main parameters in the evaluation
of O-rings is undoubtedly the distribution of contact pressure between the
seal and the contact surfaces and that the proper functioning of the O-ring
depends on the best choice of the values of the extrusion clearance and
the coefficient of friction in pressurized installations. The same authors [10]
investigated the mechanical behavior and leaking of pressurized assemblies
with O-rings in two different forms of grooves in a separate study. The first
groove is rectangular and the second is of concave cylindrical shape. The
results of this study showed that the use of a concave groove, or a rectangular
groove connection, produces more pressure on all contact surfaces and thus
further limits the risk of leakage. On the other hand, under the same loading
conditions, the maximum Von Mises stress is slightly lower when the joint is
placed in the concave groove than when the joint is placed in a rectangular
groove. Li et al. [11] looked at how fluid pressure affected the behavior of an
O-ring utilized for sealing in a habitat submersible that was submerged to a
depth of 500 meters. The simulation results demonstrate that the seal hardness
choice has an impact on the sealing performance of the seal employed in this
installation.

Despite the wide use of elastomeric O-rings, they show some weak-
nesses when confronted with extreme conditions such as high pressure and
high temperature generated by the confined fluid. These conditions lead
to extrusion or premature aging of the seal. One approach used to avoid
these problems is to change the seal material, such as using PTFE, stainless
steel, or copper [12]. In a previous study [13], a solution was developed to
improve the performance of the O-ring. This solution consists of reinforcing
the elastomeric O-ring by introducing a metal core inside the seal structure.
The results of the numerical model proposed in this study were compared
with the analytical approach based on Hertz’s contact theory. This work has
shown that the metal core improves not only the strength of the seal but also
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the value of the maximum contact pressure required to ensure the sealing of
the system.

The present work proposes to complete the study of the last article. It
analyzes, under real operating conditions, the influence of the behavior of an
O-ring reinforced by a metal core and another conventional one when they
are placed either between two plates or in a rectangular groove is presented.
The effect of the geometry of the assembly and of the hardness of the metal
core material on the behavior of the joint has been analyzed.

2 Modeling of O-ring Assemblies

For the past 60 years, O-ring modeling has been a topic of study in the
international literature that has attracted great interest. The complexity of the
nonlinear behavior of the O-ring material as well as the very sensitive depen-
dence on changes in the mounting conditions can be difficult to implement in
the numerical analysis.

O-rings are installed in different ways depending on the location and
environmental requirements. In this study, we investigate the mechanical
behavior of a flange O-ring with static axial mounting when the clamping
load and fluid pressure are applied. This work proposes the modeling of
four different assemblies, Figure 1, in which the O-ring is stressed by a
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Figure 1 Assembly of the O-ring between two plates (Assembly 1), Assembly of the O-ring
in a groove (Assembly 2), Assembly of the reinforced O-ring between two plates (Assembly
3), Assembly of the reinforced O-ring in a groove (Assembly 4).
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Table 1 Mechanical and geometrical characteristics of the assemblies

Symbol Designation Contact
Al Top surface Classic O-ring-plates
A2 Bottom surface
B1 Top surface Classic O-ring groove
B2 Bottom surface
B3 Lateral surface
C1 Top surface Reinforced O-ring-plates
C2 Bottom surface
D1 Top surface O-ring reinforced groove
D2 Bottom surface
D3 Lateral surface
Values
C Compression ratio
D O-ring inner diameter 16.35 mm
di Diameter of the metal core 0.25domm
da Cross-sectional diameter of the joint 2.65 mm
FE. Young’s modulus of the elastomer 13.8 MPa
E, Young’s modulus of metal core 210000 MPa
F Clamping force 700 N
f Friction coefficient 0.2
C10/Cor Mooney-Rivlin coefficients 2.334/—-0.034

compression load, which represents the installation force, and by the pressure
of the fluid that is retained inside the assembly. The ISO 3601 standard [14]
was used to determine the size of the O-ring and the rectangular groove.
The mechanical and geometrical characteristics of the four couplings are
given in Table 1.

The greatest difficulty in modeling elastomers is the nonlinear behav-
ior [15]. Thus, the laws of mechanical behavior must be formulated in the
context of a large deformation model [16]. One of the frequently encoun-
tered models to describe the mechanical behavior of elastomers is the
Mooney-Rivlin hyperelastic model [17].

The finite element models of the assemblies in this study were performed
with axisymmetric elements using ANSYS software [18]. All the components
of the assemblies are meshed by rectangular elements to better manage
the contact between the supposedly rigid supports and the flexible joint.
The O-ring is modeled by a disk with 2D 4-node planar elements PLANE182
(The number of elements used is 2700 elements with 5167 nodes). The type of
analysis is a static analysis with geometric nonlinearity (NLGEOM, ON, and
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(a)

Elastomeric casing Meshing of joint cross sections with 2D
Metal core PLANES"elements

(b)

Figure 2 Mesh size of O-rings. (a) Reinforced O-ring (b) Standard O-ring.

SOLCONTROL, ON). The contact elements, CONTA171 and TARGE169,
are used to simulate the reaction between elements that are in contact. The
contact elements are constructed using the 2D 2-Node Surface-To-surface
contact approach. A friction interaction is defined for the contact pairs (via the
MP command). The contact formulation used is the “Lagrange multiplier on
contact-normal and penalty-on-tangent” (KEYOPT (2) = 3 on CONTA171).
The fluid penetration pressure is applied to the contact (via the SFE command
with the load key value LKEY set to 1).

The proposed model of the reinforced O-ring contains two materials. The
first one represents the metal core. The second one defining the envelope is
made of elastomers. The two studied seals undergo successively two loads.
Axial compression is performed by a uniformly distributed clamping force
on the top plate, then a fluid pressure is applied on the inner surfaces of the
seal. The displacements of the groove and the bottom plate were canceled in
all directions. Figure 2 shows the mesh configuration used for both seals.

3 Results and Discussion

In assemblies with O-rings, sealing is achieved by compression of the O-ring,
which produces contact pressure at the joint-structure contact surfaces. Seal-
ing is most effective when the seal-structure contact pressure is high. When
fluid pressure is applied, the seal will undergo deformation which may be
inadmissible. To avoid this excessive deformation, the conventional O-ring
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Initial position of metal core O-ring reinforced after deformation
Initial position of the O- rm.éy / Classic O-ring after deformation

C=48.9%

Figure 3 Progression of the deformation of the studied O-rings for a clamping force of 700
N and a fluid pressure of 0.75 MPa.

is usually housed in a groove with a rectangular cross-section. The radial
deformations shown in Figure 3 demonstrate the importance of the location
of the O-ring in a groove. It is clear that for a given clamping force and
fluid pressure, the axial deformation when placing the conventional O-ring
between two plates is greater than when using a reinforced O-ring.

The O-ring is used to prevent leakage in pressurized assemblies. During
assembly, the seal is compressed axially to create an initial contact pressure
distribution capable of theoretically providing a seal. When fluid pressure
is applied, the interaction between the various components of the assembly
causes the shape and values of the contact pressure to change. To analyze the
effect of fluid pressure on the behavior of the two seals in the studied assem-
blies, different fluid pressures between 0 and 4 MPa are applied. Figure 4
shows the contact pressure distributions at the contact surfaces defined in
Figure 1 for a clamping force of 700 N and three values of fluid pressure. This
figure shows the effect of installing a metal core inside the elastomeric O-ring.
Regardless of the contact area, the maximum contact pressure increases as the
fluid pressure increases. It is noted that, for given fluid pressure, the contact
pressure when placing the seal in a groove is greater than that produced
between two plates. In addition, the contact pressure at the surfaces relative
to the reinforced O-ring is greater than that produced at the contact surfaces
of the conventional O-ring. These results confirm that installing a reinforced
O-ring in a groove generates more contact pressure. From this point on, only
the data obtained for mounting the conventional O-ring in the groove and
mounting the reinforced O-ring between two plates and in the groove will be
presented to evaluate the use of the reinforced O-ring and the groove.

Figure 5 shows the variation of the maximum contact pressure at the
contact surfaces of the grooved assemblies as a function of the fluid pressure.



632 E. M. E. Bahloul et al.

o
o
=
£
g
=1
0w
0w
o
&
B 2 Surface D1 3
3 2
=3 0—’ L
o 75 80 85 90
Position radiale
10
8 Surface A1
6
4
2 A
of \
75 80 85 90

Radial position

10
Surface B2 8 Surface B3
6 R "....
I-.’ s .‘ 4 -" - - :.
17 3 af L7 -
; TN R
C_J - (8] - b
75 80 85 80 10 05 00 0.5 1,0
10
8 Surface D2 8 Surface D3
6 6
4 .."f 4 Lesererenaaae .
N e = - .
2 ¥ \ 2 v i
ol of T Y | :
0 75 80 85 980 1,0 -05 0,0 0,5 1,0
10 Axial position
8 Surface C1
6 Fluid pressure in MPa
i
4 s N 0
. l_'\
2 .:' '..\ - - .2
O all 2. T cesennn 4
70 75 80 85 90

Radial position

Figure 4 Comparison of the variation of contact pressure distribution as a function of fluid
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Figure 5 Variation of the maximum contact pressure as a function of the variation of the
fluid pressure for a clamping force of 700 N.
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Figure 6 Variation of the compression ratio as a function of the fluid pressure for a clamping
force of 700N.

It is obvious that the maximum contact pressure is always higher than the
applied fluid pressure. On the other hand, the maximum contact pressures at
the surfaces D1 and D2, related to the reinforced O-ring, are greater than
those at the surfaces B1 and B2, produced by the conventional O-ring in
grooved assemblies. However, there is not much effect of the variation of
the fluid pressure on the contact pressure values at the contact surfaces of the
assembly 4. The physical interpretation of the above is that an elastomeric
O-ring, with an initial compression ratio, exposed to fluid pressure, behaves
like a liquid of very high surface tension, maintaining the clamping force and
transferring the fluid pressure into sealing contact pressure [19]. From these
remarks, it can be deduced that the assembly with a reinforced O-ring is more
tightly sealed than that with a conventional O-ring.

Figure 6 shows the evolution of the compression ratio C, obtained for
the three assemblies 2, 3, and 4 as a function of the fluid pressure. The
compression ratio decreases with increasing fluid pressure. It is also observed
that the rate of decrease of the compression ratio of the seal is more important
in the case of the conventional O-ring after a slight initial stabilization
for low fluid pressures. This is expected, given the presence of the metal
core which increases the resistance of the reinforced O-ring to deformation.
A comparison of the curves for assemblies 3 and 4 shows that the groove
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Figure 7 Variation of the Von-Mises stress distribution as a function of fluid pressure for a
clamping force of 700N.

decreases the amount of compression ratio required to tighten the seal. From
these remarks, it can be concluded that mounting the reinforced O-ring in
a groove can further improve the sealing of the assembly with a moderate
compression ratio.

During operation, both of the studied seals undergo a large amount of
deformation which can damage them and consequently cause leaks. Figure 7
shows the distribution of the Von Mises stress inside the seal as a function
of the fluid pressure for a clamping force of 700 N. It is clear to notice
that the two seals do not react in the same way and the stress inside the
reinforced O-ring is greater than that of the conventional. It can be seen
that the metal core produces symmetry with respect to the horizontal median
plane of the Von Mises stress distribution inside the elastomer shell. On the
other hand, when the fluid pressure is applied and its value increases further,
the zone where the stress is maximum moves towards the outside of the
conventional O-ring to the side of the extrusion gap. This can lead to the
appearance of striations and cracks on the outer surface of the seal and also
cause deterioration of the seal and consequently leakage.

Figure 8 shows the variation of the maximum value of the von Mises
stress inside the two seals as a function of the fluid pressure for a clamp-
ing force of 700 N. It can be seen that mounting the reinforced O-ring
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Figure 8 Variation of the maximum Von Mises stress as a function of fluid pressure for a
clamping force of 700 N.

between two plates generates higher stresses than the one with a groove.
The comparison between the two studied seals shows that the metal core
increases the value of the maximum Von Mises stress inside the elastomer
shell. It is noted that the difference between the two cases remains relatively
small as the fluid pressure increases. In conclusion, mounting in a groove can
protect the two studied seals against high stresses and thus the risks of their
deterioration and the probability of their failure.

Figure 9 shows the effect of the core material on the evolution of the
maximum Von Mises stress inside the O-ring, in this part, two materials were
chosen whose mechanical properties are given in Table 2. For the same vari-
ation of fluid pressure, we notice a small difference between the maximum
equivalent Von Mises stress generated when using either aluminum or steel.
This result is very interesting and shows that the weight of a reinforced O-ring
can be reduced by using an aluminum core instead of a steel one.

To examine the effect of the metal core size on the variation of the
maximum contact pressure and the maximum value of the von Mises stress
inside the elastomer shell of the reinforced O-ring, four values of the metal
core diameter are used which represent 15, 20, 40 and 50% of the total
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Von Mises stress.

Table 2 Mechanical characteristics of the metal core material

Steel Aluminum
Young’s modulus in MPa 210000 69000
Poisson’s ratio 0.3 0.346

O-ring diameter. Figure 10 shows the variation of the maximum Von Mises
stress in the shell as a function of fluid pressure for the different diameters
when the reinforced O-ring is placed in a groove. It can be seen that the
larger the diameter of the metal core, the greater the maximum Von Mises
stress. The decrease of the metal core diameter has a positive influence on
the maximum Von Mises stress inside the reinforced O-ring for high fluid
pressures.

Figure 11 shows the variation of the maximum contact pressure, at the
level of the surfaces D1, D2, and D3 relative to the assembly of the reinforced
O-ring in a groove, for the various diameters of the metal core and for a com-
pression ratio of 20%, according to the pressure of the confined fluid. It can be
seen in this figure that the values of the maximum contact pressure increase
with increasing fluid pressure. The value of this increase is characterized by
the value of the diameter of the metal core. The larger the diameter of the
metal core, the smaller the variation of the maximum contact pressure as a
function of the fluid pressure on all contact surfaces. On the other hand, the
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comparison between the different diameters of the metal core indicates that
the maximum contact pressures generated by the small diameter of 15% are
greater than those produced by the diameter of 20%. In conclusion, the 15%
diameter of the metal core is the most suitable choice to guarantee low stress
and high contact pressure.

4 Conclusion

This work is devoted to the study of the mechanical and leakage behavior
of pressurized assemblies equipped with a conventional O-ring and a metal
core reinforced seals, and which are placed either between two plates or in a
rectangular groove.

Four axisymmetric models are developed using ANSYS software to
simulate the behavior of these assemblies under real operating conditions.

The combined effect of clamping load and fluid pressure was analyzed
for all four models. The results showed that the assembly mode significantly
modified the value of the equivalent Von Mises stress inside the two studied
joints as well as the value of the strains.

Moreover, the results showed that the O-ring reinforced by a metal core
generates more pressure on all contact surfaces and less deformation com-
pared to the conventional seal and thus limits the risk of leakage. On the other
hand, under the same loading conditions, the maximum Von Mises stress is
lower in the case of the conventional O-ring, when both seals are placed in
the groove.

Finally, original experiments are to be carried out allowing, on the one
hand, the visualization of the behavior of the two joints studied in the four
installations and, on the other hand, the access to other quantities such as
measurements of the pressure distribution and contact dimensions, friction,
stresses, and leaks.
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