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In this technical brief, we present detailed finite element simula-
tions of a sealing system operating in quasi-static conditions, in
the framework of the real piston actuator of a landing gear brak-
ing system. Numerical results show two peaks of the contact pres-
sure on the rod, and demonstrate that this contact pressure
remains larger than that in the fluid chamber. These numerical
results are qualitatively validated by scanning electron micros-
copy (SEM) observations of a worn sealing system. Overall, this
study shows the benefits of numerical simulation in geometrical
design of sealing systems targeting a given contact pressure at the
rod/seal interface. [DOI: 10.1115/1.4040154]
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1 Introduction

Reciprocating sealing systems are devices used as actuators in
many industrial applications such as construction machines, pro-
duction chains, and landing gear braking systems. Their reliability
is essential for financial, ecological, and security reasons. A recip-
rocating sealing system is reliable when presenting a good sealing
performance associated with a sufficient life expectancy. Tribo-
logical study of such systems began around the year 1930 [1].

Martin [2] defines the sealing as the performance in contain-
ment of the fluid inside an equipment. He classifies the sealing
types into groups depending on the level of the leakage rate.
According to Nikas [1], the mechanism of the sealing is related to
the contact pressure distribution. The main goal of most studies is
the quantification of fluid losses. Experimental studies focus
on the development of experimental setup for the measurement of
friction and the fluid flow quantification [3-5], while the numeri-
cal ones attempt to assess the fluid thickness in the contact and
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quantify the amount of leaking fluid [6]. No existing strategy
seems to take into account the tribological triplet developed by
Godet [7], while this approach has proved useful in a large num-
ber of other tribo-systems [8,9].

The design of a reciprocating sealing system is a complex task,
which requires a great deal of expertise. It requires knowledge in
materials science, tribology, manufacturing technology, produc-
tion engineering, fluid engineering, chemistry, and physics, and an
overall appreciation of engineering systems [10]. Accumulated
studies to date have shown a great number of parameters affecting
the performance of a sealing system, but it appears that most of
them are somewhat related to the contact pressure distribution, as
predicted by Nikas [1]. The present technical note intends to con-
tribute to this issue by proposing a precise numerical simulation
of a sealing system, aiming at the assessment of the contact pres-
sure distribution in the case of quasi-static operating conditions.
For illustrative purpose, the design of the piston actuator of a land-
ing gear braking system will be used as a case of application.

The large amount of sealing parameters available in the litera-
ture [11,12] illustrates the great work done to overcome the seal-
ing problem. But, there are so many parameters that it is difficult
for the designer to take all of them into account. Indeed, they are
usually presented without any link between them and without any
existing methodology intended to determine them. The fact that
all the sealing parameters are related in some way to the contact
pressure means that this quantity can be defined as a signature of
the sealing mechanism and considered as the main parameter for
the design of the piston. In quasi-static conditions, common prac-
tice states that for a “rigorous sealing” performance [2], in a recip-
rocating seal, the contact pressure (P.) should be greater than the
fluid pressure (Pp) [13,14]
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This criterion is applied on piston actuators of landing gear brak-
ing systems (Fig. 1). The sealing system is composed of a rod at
the center of the piston, a seal, and an anti-extrusion ring. The pis-
ton operates as a single acting cylinder containing a spring, which
ensures the instroke of the piston. The fluid used in the system is a
phosphoric ester at room temperature. The material of the seal is
an éthylene-propylene-diene monomer and that of the anti-
extrusion ring is a polytetrafluoroethylene.

The system operates in quasi-static conditions with an average
speed of the seal below 1 mm/s during the outstroke. The low slid-
ing velocity of the seal precludes both inertial effects in the mech-
anisms and dynamic pressure build-up in the possible interfacial
fluid. During the braking phase, the hydraulic pressure reaches
12 MPa. This phase is preceded by the outstroke and followed by
the instroke. Section 2 will present the numerical simulations fol-
lowed by an experimental validation. The reciprocating system of
the hydraulic piston is illustrated in Fig. 2.

2 Numerical Simulation

An axisymmetric model of the system was developed and
implemented in the software ABAQUS EXPLICIT, due to severe nonli-
nearities in the problem (frictional contacts, material constitutive
law, and large displacements). A moderate mass scaling is used in
order to accelerate the simulation without disturbing it (thanks to
the very limited contribution of inertial effects to the mechanical
behavior of the system). The model is presented in Fig. 3. The rod
diameter is about 6 mm. The simulation is performed in three
steps. At the beginning, the radius of the seal is larger than the
allowed space between the rod and the piston (see Fig. 3). The
first and second steps are dedicated to the assembly of the seal.
The first step is a radial compression of the seal and the second
one is a relaxation of the seal so that we obtain a surface to surface
contact between the rod and the seal on one side and the seal and
the piston on the other. The seal is tight at this position and its
deformation generates a residual contact pressure on the rod. In
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step 3, the hydraulic pressure applied on the fluid side of the seal
triggers the motion of the piston with the compression of the
spring. This motion is stopped by the brake disks resistance illus-
trated here by the final position of the piston. During the instroke,
the hydraulic pressure decreases and the motion of the piston is
ensured by the relaxation of the spring.

In this model, the rod and the brakes (final position of the pis-
ton) are fixed, and the piston, the seal, and the anti-extrusion ring
are free of any imposed displacement (although the axisymmetric
nature of the model largely constrains their motions). The piston
and the rod are made of steel modeled as a linearly elastic mate-
rial. The elastomeric seal is in éthylene-propylene-diene mono-
mer, modeled as a Mooney—Rivlin hyperelastic material as it has
been found suitable according to the related literature [1], of
parameters Cio=1.45, Cy; =0.45, and D; =0.011 and a density
of 900kg/m®. The friction coefficients used to perform the
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N
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Fig.2 Axisymmetric illustration of the piston actuator
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Fig. 3 Axisymmetric model of the piston in aBaqus 6.12
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simulation are presented in Fig. 4. A penalty contact method is
used to perform the simulation. Since this study aims at assessing
the contact pressure within the seal-rod interface, the possible
presence of a fluid is not taken into account explicitly in the simu-
lations. As usually done in similar studies [15-17], it is only con-
sidered by the means of the friction coefficient. The complex
question of the appropriate value for this coefficient, depending
on the lubrication regime, cannot be tackled with a model at the
scale of the whole system, and is left for further studies.

The element types used to mesh the parts are four-node
reduced-integration, axisymmetric, solid element noted CAX4R,
except for the elastomeric seal composed with CAX4R and
CAX3, which is a three-node linear element, to allow some large
deformations in the seal. The total number of nodes is about
33,000 and the shortest element size is about 5 um. An analysis of
the mesh dependency of the model was performed in order to
ensure its accuracy (Fig. 5). Most of the computational burden lies
in the refined contact zones of the seal and of the anti-extrusion
ring.

The developed model performs a stable resolution for hydraulic
pressures up to 20 MPa. The evolution of the hydraulic pressure in
time during the operating phases is presented in Fig. 6. This figure
shows that the hydraulic pressure reaches 12 MPa during the brak-
ing phase. On the same figure, the speed variation of a seal point
O (Fig. 5) located at the inner zone of the interface gives an idea
of the seal motion on the rod. During the instroke phase, the seal
starts to slip at time A and reaches its final position at time B
(although the maximum fluid pressure is not reached yet), and
during the outstroke phase, it slides from times C to D (Fig. 6).

N°5{0.1;0.2;0.3; 0.4}

N°3 {0.3; 0.4; 0.5}

N°4 {0.3; 0.4}

N°1 {0.05; 0.1; 0.2; 0.3} N°2 {0.05; 0.075; 0.1}

Fig. 4 Coefficient of friction at different interfaces; in brackets:
range of the values tested in the parametric study; in white rec-
tangles: reference value
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Fig. 5 lllustration of the meshed model

The deformed shape of the seal and the rod/seal contact pres-
sure are presented in Fig. 7. The pressure applied by the fluid on
the left-hand side of the elastomeric seal induces a deformation
which generates a contact pressure at the rod/seal interface. This
contact pressure depends on the operating phase, as shown in
Fig. 7. This figure also demonstrates that the rod/seal contact

pressure is larger than the hydraulic pressure at two peaks during
the braking phase. This observation holds through the entire load-
ing cycle. The first peak is on the fluid side and the second one on
the anti-extrusion side. The seal design is thus in agreement with
the sealing criterion of Eq. (1), and both geometry and materials
were chosen adequately.
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Fig. 6 Evolution of the hydraulic pressure and sliding speed of the seal
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3 Qualitative Experimental Validation

An scanning electron microscopy (SEM) observation is per-
formed on samples of real pistons after more than 140,000 cycles.
The texture of used samples is compared with the texture of a new
seal. During the operating phase, wrinkles observed at the surface
of a new seal are detached under the effect of the contact pressure
and become the third body at the rod/seal interface. Then, the con-
tact pressure peaks observed in simulations on both extremities of
the rod/seal interface are consistent with the smooth texture
observed in pictures a and ¢ of SEM observations (Fig. 8). These
locations can be associated with a larger degradation of the inter-
face materials, triggering third body generation. In contrast, the
low contact pressure area at the inner zone of the seal explains the
particles accumulation observed in picture b (Fig. 8). It can be
postulated from these evidences that it is difficult for a particle to
cross a contact pressure peak. Thus, a possible interpretation is that

both peaks play the role of a third body barrier, especially as those
peaks exist during all the operating phases. Validating this assump-
tion is not an easy task, and might require some fine modeling of
the behavior of the third body in the presence of a pressure gradi-
ent during reciprocating slip, using such techniques as discrete ele-
ment modeling [8,9,18] or a multibody mesh-free approach [19].
Besides, a large change in the seal geometry might affect the pres-
sure distribution, although this would require a catastrophic wear
associated with the expulsion of a large amount of third body out
of the contact. Given the low stiffness of the seal compared to the
applied pressure, this is regarded as an accidental phenomenon
which is out of the scope of the present study. Hence, in the current
state of our knowledge, it appears that the numerical model pro-
vides results, which are consistent with the experimental observa-
tions. It provides some understanding of the wear process at the
rod—seal interface, and demonstrates that the seal design is correct.
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Fig.7 Summary of the simulation results
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Fig. 8 Experimental validation of the numerical design

4 Parametric Study

4.1 Influence of the Seal Stiffness. The influence of the seal
stiffness on the contact pressure is studied here. The elastomeric
material constitutive law is defined by the strain energy density
function for an incompressible Mooney—Rivlin model by [20]

W(Il,lz) :Clo(ll —3)+C01(12—3) 2)

Where Cy; and C,o are material constants (determined based on
appropriate mechanical testing on elastomer samples), and /; and

30

N
o

=
o

Contact pressure (MPa)

0:‘ [\\__/ \
4 6 8

I, are the first and the second invariants of the left Cauchy—Green
deformation tensor. Then, the Young’s modulus at zero deforma-
tion is defined as

Ey = 6(Co + Co) 3)

It characterizes the stiffness of the elastomeric material. The
Young’s modulus at zero deformation is used here to differentiate
elastomeric materials. A comparison of the influence of the stiff-
ness of the elastomer on the contact pressure is studied in this
paragraph. Results are shown in Fig. 9 for four materials.
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Fig. 9 Evolution of the rod/seal contact pressure during the braking phase with the stiffness of the seal
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For all the cases studied here, the threshold pressure of 12 MPa
is achieved, but it appears that the stiffer the elastomeric material
is, the easier it is to achieve the threshold contact pressure.

On the other hand, the increase in the stiffness of the seal
results in a high pressure peak at the front of the seal. This area
could be subject to rapid third body generation. This observation
indicates that although it is better to have a high stiffness for the
seal material, there is a maximum allowable Young’s modulus
value for the seal material.

4.2 Influence of the Friction Coefficients. This parametric
study aims to evaluate the influence of the friction coefficients at
each interface of the system on the contact pressure at the rod/seal

interface. Five interfaces do exist in the numerical model of the
hydraulic piston shown in Fig. 4. For the influence of the rod/seal
interface, four values of friction coefficient are tested, and the
results are illustrated in Fig. 10.

The deformed shape in Fig. 10 presents the displacement field
in the axial direction of the piston. The figure shows that the
radius of curvature at the fluid side of the seal decreases when the
friction coefficient increases. In fact, the sliding at the interface
for elastomeric material is always in competition with the volu-
metric shear of the bulk so as to be able to accommodate the rela-
tive motion of the piston and of the rod. In this model, the friction
coefficient is constant at the seal/housing interface. It clearly
appears that an increase of the friction on the rod/seal interface
reduces the slip and generates an increased bulk shear in the seal,
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Fig. 10 Evolution of the deformed shape and the contact pressure during the braking phase with the friction coefficient
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Table 1 Evolution of the rod/seal contact length with the fric-
tion coefficient during the braking phase

Friction coefficient 0.05 0.1 0.2 0.3

Rod/seal contact length (mm) 2.11 2.17 2.43 2.59

modifying the profile of contact pressure within the interface. The
slip ability of the seal at the rod/seal interface is illustrated in
the figure from “++" to “— —.” It results in a gradual increase of
the rod/seal contact length with the friction coefficient as illus-
trated in Table 1.

Additional simulations with varying friction coefficient at the
other interfaces (seal/housing, seal/anti-extrusion ring, housing/
anti-extrusion ring, and rod/anti-extrusion ring, see Fig. 4)
revealed that these friction coefficients do not affect the rod/seal
contact pressure in a significant way.

5 Conclusion

In this paper, we proposed a modeling of a real reciprocating
sealing system. We investigated the contact pressure at the
rod—seal interface, by considering as a simplified design factor
that this pressure must remain larger than that within the fluid
chamber, as recommended in common practice. Numerical results
showed that the pressure profile on the rod has two peaks (with
varying intensities depending on the loading stage), and that the
design criterion is met in all cases. The numerical results were
qualitatively validated by SEM observations of a real system,
where the localization of the third body deposits was found in
good accordance with the numerical results. The study highlights
the benefits of numerical simulation in the early stages of the
design of sealing systems, in order to optimally determine the
appropriate geometry and materials in order to meet the contact
pressure design criterion. It also stresses the need of more local
models in order to understand the behavior of the third body in the
presence of a gradient of contact pressure during reciprocating
slip.
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