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Abstract: The nitrile butadiene rubber (NBR) hardness effect on the sealing characteristics of hydraulic O-ring rod seals is
analyzed based on a mixed lubrication elastohydrodynamic model. Parameterized studies are conducted to reveal the mechanism
of the influence of rubber hardness on the static and dynamic behavior of seals. The optimized selections of rubber hardness are
then investigated under different conditions. Results show that the low hardness seal is prone to stress concentration due to the
extrusion effect under high pressure conditions; it is also more prone to leaking. A high hardness seal can better prevent leakage
by reducing film thickness but it will cause large frictional power loss and increase the probability of wear failure. The choice of
low hardness is recommended to reduce friction with the premise that leakage requirements are met.
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1 Introduction

As one of the most popular elastomeric seals, ni-
trile butadiene rubber (NBR) O-ring seals have been
widely used in the fields of aerospace, railway trans-
portation, and so on, due to their excellent performance
such as easy processing, low cost, simple but reliable
structure, and good oil-resistance, anti-wear, and heat-
resistance (Lee et al., 2016; Zhang and Xie, 2018). In
materials science, rubber hardness is an important me-
chanical property index for characterizing the ability
of the material to resist permanent deformation (Fey-
zullahoglu, 2015). At the same time, the seal is a self-
tightening one that relies on its own deformation under
the influence of interference fit and fluid pressure to
establish the key contact zone with sealing functions.
The rubber hardness directly determines the level of
the contact force in these zones, ultimately affecting
its function of preventing fluid leakage (Liang et al.,
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2019; Windslow and Busfield, 2019; Cheng et al.,
2022). In addition, rubber hardness is also one of the
important material parameters in the selection of elas-
tomer seals in engineering practice. However, the in-
fluence of rubber hardness on sealing performance is
currently unknown, resulting in a lack of effective basis
for selection.

The work of Ucar and Basdogan (2018) on the
uniaxial tensile test of natural rubber, showed that the
elastic and shear moduli increase with an increase in
the Shore A hardness. Nikas (2003, 2018) found that in
the case of a rectangular elastomeric seal, the lower
the elastic modulus of the seal, the easier it is for it to
be squeezed into the clearance and the larger the de-
flection of the extruded part, as well as the larger the
leakage rate and the coefficient of friction. Peng et al.
(2021a) also showed that a seal with reduced elastic
modulus due to the increase in ambient temperature
would result in larger net leakage and friction force.
However, there is still a lack of direct evaluation stud-
ies on the effect of hardness on seal behaviors or per-
formances. Elhard et al. (2017) noted that the NBR O-
ring seal with 90 Shore A hardness has better defor-
mation resistance than that with 70 Shore A hardness
and can adapt to situations with larger clearance and
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higher pressure but with smaller extrusion distance.
Han et al. (2015) and Sukumar et al. (2019) showed
by simulation that the von Mises stress and contact
pressure of the seal increase with the increase of rubber
hardness. Scheller and Baur (2021) showed, by static
pressure leakage tests under vacuum conditions, that an
O-ring seal with higher hardness will give lower gas
leakage.

However, from the available literature, little work
has been done on the study of the rubber hardness ef-
fect on sealing characteristics for hydraulic rod seals,
which is an important index for engineering selection.
In this paper, taking the NBR O-ring seal as an exam-
ple, the hardness effect on the sealing characteristics
under a series of static and dynamic operating condi-
tions is studied, by using the proposed mixed lubrica-
tion model that is coupled with the constitutive model
of rubber hardness. Furthermore, based on low friction
and low leakage, the optimum ranges of rubber hard-
ness under a wide range of operating conditions are
also given and recommended.

2 Theoretical models
2.1 Geometrical model

The geometry of a hydraulic O-ring rod seal in-
stalled in housing is shown in Fig. 1, and the dimen-
sions are determined in strict accordance with the
standard GB/T 3452.3-2005 (GAQSIQ, 2005). Ac-
cording to the geometry of the seal without and with
sealed pressure, as shown in Figs. la and 1b, the

deformed behaviors of the seal under the assembly
state and the pressurized state are schematically char-
acterized. Generally, the contact zone where the seal
makes contact with the moving rod is called the pri-
mary sealing zone, and the contact zone where the
seal makes contact with the stationary housing (in-
cluding housing bottom and housing wall) is called
the secondary sealing zone. There are therefore two
leakage paths for the oil that leaks to the air side
through the above contact zones, named leakage path
I and leakage path II as shown here. It is considered
that, because of the hydrodynamic effect causing by
the moving rod and the formation of a micron oil film
in the primary sealing zone, the oil leaks mainly
through leakage path 1. In the following analysis, we
mainly focus on the fluid flow behavior in this area to
reveal the leakage mechanism of the seal. In addition,
there are two strokes for a seal applied in dynamic con-
ditions, namely outstroke and instroke.

2.2 Mathematical model
2.2.1 Constitutive model of rubber

The NBR is a nonlinear viscoelasticity material,
which is usually characterized by the hyperelastic con-
stitutive model by neglecting creep, stress relaxation,
and hysteresis for simplicity. It is considered that the
following Mooney-Rivlin two-parameter model shows
good consistency with the stress—strain relationship of
NBR (Mooney, 1940):

w=C,(1,-3) +C01(]2—3), (1)
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Fig. 1 Geometry of a hydraulic O-ring rod seal without (a) and with (b) sealed pressure (p_,,,.,) (unit: mm)



where W is the strain energy density, C,, and C,, are
the Mooney-Rivlin parameters, and /, and 7, are the
two invariants of the Green strain tensor.

The Mooney-Rivlin parameters can be obtained
from tensile and compression tests of the dumbbell-
shaped or bean-shaped standard samples. That is very
time-consuming and requires parameter fitting and
derivation of the experimentally obtained stress—strain
function. However, the rubber hardness can be mea-
sured quickly, accurately, and directly through a hard-
ness tester alone. According to Gent (1958, 2012), the
relationship between the elastic modulus £ and Shore
A hardness H of NBR materials can be expressed as:

2.15H+15.75
E="T00-u @

Therefore, the above two Mooney-Rivlin param-
eters can be calculated by the following equations ac-
cording to the empirical formulas in the literature
(Charlton et al., 1994; Huang and Hsu, 2018; Liu
et al., 2022):

E
G= ———=2(C+Cy), 3
2(1+0) (Cio+Cy) 3
Cy=025C,, (4)

where G is the shear modulus, and » is Poisson’s
ratio, which is assumed equal to 0.499 for such an in-
compressible rubber material.

Some typical Mooney-Rivlin parameters under
different rubber hardnesses are presented in Table 1,
so as to quantify the influence of rubber hardness on
sealing characteristics in subsequent sections.

Table 1 Mooney-Rivlin parameters of NBR under different

Shore A hardnesses
H (ShoreA) E(MPa) G (MPa) C,(MPa) C, (MPa)
60 3.62 1.21 0.48 0.12
65 4.44 1.48 0.59 0.15
70 5.54 1.85 0.74 0.18
75 7.08 2.36 0.94 0.24
80 9.39 3.13 1.25 0.31
85 13.23 4.41 1.76 0.44
90 20.93 6.98 2.79 0.70

2.2.2 Mixed lubrication model

As the only dynamic friction pair, the primary seal-
ing zone, where the complex thermal-fluid-structure
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coupling problem occurs, is a key object of lubrica-
tion analysis. To accurately determine this region in
static contact mechanical analysis, the constitutive
model of rubber in Section 2.2.1 is coupled in finite
element analysis software ANSYS, and the stretching
effect of the rubber material is considered in the estab-
lishment of the finite element model (Peng et al.,
2021b). Specifically, the PLANE183 element (a higher-
order 2D, 8-node element) is employed, and the mesh
in the primary sealing zone is locally refined to im-
prove the mesh quality. To ensure numerical accuracy
and computational efficiency, 11844 elements are used
in the simulation, as the deviation in static contact pres-
sure is less than 0.4% when the element number ranges
from 11844 to 76386. The contact pairs between the
rubber O-ring and the rod, and the rubber O-ring and the
housing are set, with the contact type set to “Surface-
to-Surface” and the contact element types set to
“CONTACTI172” and “TARGE169”. To solve the con-
tact problem, the enhanced Lagrange contact algorithm
is used.

Thus, the macro profile of the deformed seal, the
sealing zone length L of the primary sealing zone, and
the static contact pressure p,_ of the contact zones can
be obtained by solving the model within the mechani-
cal boundary conditions shown in Fig. 2. It is con-
firmed that the seal operates in a mixed lubricating
condition as the rod moves, that is, the load in the pri-
mary sealing zone is supported partly by the fluid film
and partly by surface asperities. To accurately simu-
late the seal behavior, a mixed lubrication model that
focusses on revealing the flow phenomenon of lubri-
cant in the primary sealing zone and includes fluid
mechanics analysis, contact mechanics analysis, de-
formation analysis, and thermal analysis, is developed
(Wang et al., 2018Db).

In fluid mechanics analysis, it is assumed that
the behavior of the lubricant in the sealing gap be-
tween deformed seal and moving rod is as a Newto-
nian laminar fluid. Considering the effects of fluid
cavitation and surface roughness, the fluid film pres-
sure p; can be calculated by the following averaged
Reynolds equation:

004
ox

" ap*‘) =0, (5)

o, Uaoh, U
ox\""12u ox 2

2 ox

where x is the axial coordinate, % is the fluid film
thickness, U is the rod speed along x-direction, 4, is
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Fig. 2 Mechanical boundary conditions of a hydraulic O-ring rod seal. p, is the ambient pressure

the truncated film thickness, u is the fluid dynamic
viscosity, 0 is the fluid density ratio, ¢ is the root
mean square (RMS) surface roughness, and ¢ and ¢y
are the flow factors.

The fluid dynamic viscosity of hydraulic oil is
affected by fluid pressure and temperature, which can
be calculated by the following formula:

= eXp(apf—,B(T—To)), (6)
where 4, is the reference viscosity, a is the viscosity-
pressure coefficient, f is the viscosity-temperature co-
efficient, 7 is the fluid film temperature, and 7} is the
reference temperature.

In contact mechanics analysis, the asperity con-
tact pressure p, can be calculated by the following for-
mula derived from the Green-Williamson contact
model:

4 i(® 2 3
pc=—r/E’r2f e ¥ (z—h)dz (7
3 0

o

where 7 is the density of asperities, » is the radius of
asperities, and £’ is the equivalent elastic modulus.

In deformation analysis, the fluid film thickness
h attached to the primary sealing zone can be updated
by an influence coefficient method that is based on
small deformation theory, as follows:

hi:hs+ E(In)ik(pf—i_pc_psc)k? (8)
k=1

where £, is the film thickness at the ith node, 4, is the
static film thickness, I, is the influence coefficient ma-
trix, subscripts i and k are the ith row and kth column
of the matrix, and # is the total number of nodes.

In thermal analysis, the fluid film temperature 7
resulting from frictional heat can be calculated by an
approximate solution of the classic heat conduction
equation, as follows:

0.64(z;+7,) Ul
Tambicnt M? Pe < 068,
5.0
kg In )
I= Pe ©)
1.07(z+7,) Ul
Tambient (Tf—z-f) 5 Pe> 068,
ks Pe ?
where T ... 1s the ambient temperature. Pe=p.c, Ul/k,

is the Peclet number. p,, ¢, and k, are the density, spe-
cific heat, and thermal conductivity of the rod, respec-
tively. / is half of the contact width of the primary
sealing zone. 7, and 7, are the fluid viscous friction
stress and the contact shear stress, respectively.

2.3 Boundary conditions and numerical algorithm

The mechanical boundary conditions of a hy-
draulic O-ring rod seal are illustrated in Fig. 2. The
loads caused by fluid pressure and interference fit are
applied to the seal surface correspondingly according
to the contact principle. That is the application of the
sealed pressure p,_,., on the partial of the surface pro-
file where it is exposed to the hydraulic oil environ-
ment and applying the displacement constraint on the
partial of the surface profile where it is in contact
with the static housing and moving rod. The sealed
pressure is imposed by using the fluid pressure pene-
tration command stream. In the primary sealing zone,
to solve Eq. (5), the force boundary conditions (p=
Pt PP.) are applied with an assumption of fully
flooded lubrication.

Since this analysis is a complicated muti-field
coupling problem and the solution of fluid film pressure



in Eq. (5) is implicit, the iterative approach shown in
Fig. 3 is adopted. In order to ensure rapid conver-
gence and good numerical stability for such a com-
plex nonlinear problem, the finite element method
coupled relaxation iterative algorithm with conver-
gence criterion 107 is employed (Wang et al., 2019).
When the whole computation is converged, the auxil-
iary results such as flow rate g, friction force F}, net
leakage Q, and frictional power loss W are determined
to evaluate the sealing performance by the following
formulations:

B W op, U U
q—nD(— 121 ox 5 6h.+ 2 ab¢s |, (10)
L
Fy=nD [ (r+7.)dx. (1)
0
_ ( QOutslmke + qinslroke) lemke
0- i , (12)
W: (FR,outstroke+FR,instr0ke)Lstroke7 (13)

where D is the rod diameter.
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Fig. 3 Flowchart of the computational procedure

3 Analysis and discussion of results

The structural parameters of seal and rod, the
physical parameters of lubricant, and the operating
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conditions that are used in the following numerical
simulation are listed in Table 2.

Table 2 Computational parameters

Parameter Description
O-ring material NBR
O-ring cross-section diameter, d (mm) 3.53
Rod diameter, D (mm) 32
Elastic modulus of rod and housing, £, (GPa) 210
Poisson’s ratio of rod and housing, v, 0.29
Stroke length, L. (mm) 100
Specific heat of rod, ¢ (J/(kg-K)) 460
Thermal conductivity of rod, £ (W/(m-K)) 46
Density of rod, p (kg/m’) 7900
Reference viscosity, 1, (Pa-s) 0.0117
Viscosity-pressure coefficient, a (Pa™) 2.0x10°
Viscosity-temperature coefficient, 8 (K™) 0.0163
Rod speed, U (m/s) 0.1-1.0
Sealed pressure, p_,.., (MPa) 2-10
RMS roughness of seal, o (um) 1.0
Dry friction coefficient, f, 0.25
Radius of asperities, 7 (um) 1.5
Density of asperities, 7 (m™) 5.0x107"

Ambient temperature, 7, ... (K) 300
Reference temperature, 7, (K) 313.15

3.1 Effect of rubber hardness on static mechanical
properties

To investigate the effect of rubber hardness on
the static mechanical properties of the hydraulic O-
ring rod seal, the von Mises stress distribution, the
static contact pressure, and the contact width are pre-
sented. According to the von Mises stress distribution,
the stress concentrated position, which normally is also
the potential failure position of the seal, can be pre-
dicted, so as to help us to avoid seal failure, if possi-
ble, by the product design in advance. The maximum
static contact pressure is widely used in engineering
applications for initially judging whether the seal meets
with the requirements of static sealing characteristics;
it is considered that it should be not less than the
sealed pressure. In addition, the contact width charac-
terizes the leaking distance of fluid for the seal, with a
consensus that a greater value is favorable for prevent-
ing leakage but is unfavorable for reducing friction
(Lin et al., 2022).

The von Mises stress distributions of several typ-
ical rubber hardnesses under different sealed pres-
sures are shown in Fig. 4. When the seal is operated
at 4 MPa with a 60 Shore A hardness, the partial of the
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Fig. 4 von Mises stress distributions under different rubber hardnesses. MX indicates the location of the maximum value

seal near the air side is extruded into the narrow gap
between rod and housing, and so induces the extru-
sion effect. With the increase in sealed pressure, the ex-
trusion effect becomes more obvious, and results in
larger values of extrusion volume, extrusion distance,
and von Mises stress. According to Nikas (2003) and
Zhang et al. (2020), the obvious extrusion effect will
lead to a greater local concentrated stress or even gap-
bite in dynamic conditions, and finally to seal failure.
With the increase in rubber hardness, the extrusion ef-
fect becomes weakened or even disappears when the
rubber hardness is increased to 90 Shore A. This is be-
cause a high hardness rubber usually has a higher ac-
rylonitrile content and a stronger dipolar interaction
between polymer chains, which limits the mobility of
the polymer chains and strengthens the anti-extrusion
characteristics (Lee and Ha, 2021). As shown in Fig. 4,
the position where the stress concentration phenomenon
happens, is changed from the inner region to the sur-
face contacting with the rod and then to the extruded
region of the seal ring, with the increase of sealed
pressure or the decrease of rubber hardness. It can be
also found that the seal with a higher rubber hardness
has a stronger anti-deformation especially under high
sealed pressures but it is followed by a more non-
uniform stress distribution.

Usually, the region where the stress concentra-
tion occurs is determined by the maximum von Mises
stress. Fig. 5 presents the maximum von Mises stress
under different rubber hardnesses and sealed pres-
sures. As shown in Fig. 5a, the value of the maximum
von Mises stress is a minimum in the range of simu-
lated parameters when the seal has a hardness of 60
Shore A and under a pressure of 0.1 MPa. Its maxi-
mum value (about 13 MPa) occurs in the conditions
of 60 Shore A and 10 MPa, and is much larger than
that in the conditions of 90 Shore A and 10 MPa due
to the significant extrusion effect as shown in Fig. 4.
It means that the extrusion effect exacerbates the stress
concentration behavior, or even induces rubber tear
damage, when the allowable stress is greatly exceeded,
and thus a failed seal is created especially in dynamic
conditions (Zhang et al., 2020). Normally, the stress
should be increased with the increase of rubber hard-
ness without consideration of the extrusion effect. To
quantitatively evaluate the extrusion effect on stress,
Fig. 5b presents the relationships between the maxi-
mum von Mises stress and the rubber hardness under
different sealed pressures. It can be found that the
maximum von Mises stress is increased with the in-
crease of rubber hardness when the sealed pressure
is not larger than 2 MPa, while it decreases firstly
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under different rubber hardnesses and sealed pressures;
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followed by an increase when the sealed pressure is
further increased. This is because the extrusion effect
of the seal, which promotes high stress, occurs much
more easily when the rubber hardness is low, but as
the rubber hardness increases, it is weakened until it
disappears. For high pressure cases, when the extru-
sion effect exactly disappears, the maximum von Mises
stress in that rubber hardness is the minimum and oc-
curs on the surface of the seal ring that contacts with
the rod near the air side. In addition, with the increase
of sealed pressure, the minimum hardness correspond-
ing to the key points (1)—(5) where the extrusion effect
disappears becomes larger.

J Zhejiang Univ-Sci A (Appl Phys & Eng) 2024 25(1):63-78 | 69

The static contact pressure distributions of several
typical rubber hardnesses under different sealed pres-
sures are shown in Fig. 6. It can be seen that the con-
tact widths of the primary and secondary sealing zones
increase with the increase of sealed pressure, but they
decrease with the increase of rubber hardness due to its
strong deformation-resistant capacity especially under
high-sealed-pressure conditions. The static contact pres-
sures also increase significantly as the sealing pressure
and rubber hardness increase, especially in the region
where the seal is in contact with the rod and the hous-
ing bottom. It means that the sealing function of such
a radial seal is enhanced, since the fluid is prevented,
mainly by the radial force, from reducing the leakage
gap. In addition, both the maximum static contact pres-
sures of the primary and secondary sealing zones are
larger than that of the sealed pressure, which indicates
that the static sealing characteristic is satisfied. How-
ever, there is little extrusion effect on static contact
pressure and contact width.

To further evaluate the rubber hardness on the
static sealing characteristic, the maximum static con-
tact pressure and the sealing zone length of the primary
sealing zone are shown in Figs. 7 and 8, respectively. It
can be found that the maximum static contact pressure
increases linearly with the increase of sealed pressure
and increases slowly first and then sharply with the in-
crease in rubber hardness. The sealing zone length de-
creases with the increase of rubber hardness, especially
in high-sealed-pressure cases. However, the radial force
between rod and seal is increased with the increase in
rubber hardness, which can be calculated by integrat-
ing the static contact pressure in the sealing zone. All
these results indicate that the seal with a high rubber
hardness has a better performance in the analysis of
the static mechanical properties. However, it should
be noted that the harder rubber has some potential dis-
advantages, especially under thermal oxidation/oil ag-
ing conditions. According to Jiang et al. (2019) and Li
et al. (2021), the NBR becomes hard and brittle, loses
elasticity, decreases tensile and tear strength, and even
shows cracks with increases in aging temperature and
time.

3.2 Effect of rubber hardness on dynamic sealing
performances

To further investigate the effect of rubber hard-
ness on the dynamic behavior of the seal and its
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performance, the minimum film thickness, the flow
rate, and the friction force, which can characterize the
lubrication conditions and evaluate the sealing perfor-
mance, are calculated and analyzed in this section.

Fig. 9 presents the rubber hardness effect on the
minimum film thickness during outstroke and instroke.
During outstroke, as shown in Figs. 9a and 9b, the
minimum film thickness decreases with the increase
in rubber hardness under all rod speed conditions,

although a larger rod speed can increase the film
thickness. Since the hydrodynamic pressure caused
by the rod speed is far less than the contact pressure,
the rod speed effect on film thickness is almost negli-
gible compared to the rubber hardness effect, which,
as mentioned before, makes a great contribution to
the static contact pressure. During instroke, with the
increasing of sealed pressure and the reversing rod
speed as shown in Figs. 9¢ and 9d, the minimum film
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Fig. 9 Effect of rubber hardness on the minimum film thickness: (a) minimum film thickness distributions under
different rubber hardnesses and rod speeds during outstroke; (b) minimum film thickness versus rubber hardness under
different rod speeds during outstroke; (¢) minimum film thickness distributions with three types of rubber hardnesses
under different rod speeds and sealed pressures during instroke; (d) minimum film thickness versus rubber hardness
under different rod speeds and sealed pressures during instroke

thickness gradually decreases as the hardness increases
and is less than that during outstroke under the same
rod speed conditions. Compared to the outstroke, the
effect of rod speed on minimum film thickness is

further weakened because the hydrodynamic pressure
generated is the result of resisting the reverse hydro-
static pressure. Although there is still a little interac-
tion effect of rubber hardness and rod speed on film
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thickness, the rubber hardness shows a large interac-
tion effect on it with the sealed pressure. In addition,
the effect of sealed pressure on minimum film thick-
ness, to decrease it by improving the seal deforma-
tion, is also gradually weakened with increase in rub-
ber hardness. It can also be demonstrated that the seal
is under mixed lubrication since the ratio of film
thickness to roughness is less than 3 under the simula-
tion conditions.

Fig. 10 presents the rubber hardness effect on the
flow rate during outstroke and instroke. It can be seen
that the flow rate during outstroke is always positive
but is negative during instroke, which is the so-called
leakage rate, which characterizes the fluid leaks; the
pumping rate characterizes the leaked fluid pumps
back into the hydraulic cylinder again. During out-
stroke, as shown in Figs. 10a and 10b, the leakage rate
is slightly decreased with the increase in rubber hard-
ness, and the rubber hardness effect on it shows a

1.0
q (mL/s)
0.108
0.8
0.088
08 0.068
K4
£
> 04 0.048
0.028
0.1 0.008
60 65 70 75 80 85 90
H (Shore A)
(a)
q (mL/s)
m 0.00
90 - 1
|
| -0.02
. - |
< |
07® | -0.04
<]
& |
@
T 'I -0.06
=1,
-0.8 -0.08
0.10

certain degree of enhancement as the rod speed in-
creases. A similar phenomenon can be found in the
rubber hardness effect on the pumping rate during in-
stroke, and this effect is applicable when the pumping
rate decreases due to the increase of sealed pressure,
as shown in Figs. 10c and 10d. This is because a high
rubber hardness will reduce the film thickness, as men-
tioned before, and thus the fluid resistances to leak
and pump are all increased. However, the absolute
value of the leakage rate during outstroke is always
larger than that of the pumping rate during instroke at
every rod speed or sealed pressure, indicating that the
seal is in leak state in the simulated conditions.

Fig. 11 presents the rubber hardness effect on the
friction force during outstroke and instroke. It can be
seen that the friction force is increased with the in-
crease of rubber hardness during both outstroke and
instroke, which is mainly due to the contribution of
rubber hardness to the contact shear stress causing by
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Fig. 10 Effect of rubber hardness on the flow rate: (a) flow rate distributions under different rubber hardnesses and rod
speeds during outstroke; (b) flow rate versus rubber hardness under different rod speeds during outstroke; (c) flow rate
distributions with three types of rubber hardnesses under different rod speeds and sealed pressures during instroke;
(d) flow rate versus rubber hardness under different rod speeds and sealed pressures during instroke
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Fig. 11 Effect of rubber hardness on the friction force: (a) friction force distributions under different rubber hardnesses
and rod speeds during outstroke; (b) friction force versus rubber hardness under different rod speeds during outstroke;
(c) friction force distributions with three types of rubber hardnesses under different rod speeds and sealed pressures during
instroke; (d) friction force versus rubber hardness under different rod speeds and sealed pressures during instroke

contact pressure. During outstroke, the friction force
in 90 Shore A hardness is more than 8 times that in 60
Shore A hardness, but it is hardly influenced by the
rod speed in the simulation conditions. During in-
stroke, although the friction force tends to increase
with the increasing of sealed pressure and rod speed,
it seems that the effects of both sealed pressure and rod
speed on the friction force are weakened as the rubber
hardness increases. In addition, its friction force is
much larger than that during outstroke under the same
rod speed conditions due to the increased sealed pres-
sure, especially when the rubber hardness is low. This
is due to the fact that the ability of such a seal to resist
deformation increases with the increase of rubber hard-
ness under the comprehensive effect of the increased
contact pressure and the decreased contact width and
thus slows down the increasing trend of contact shear
stress that plays a dominant role in friction.

The above results indicate that the seal with a
high rubber hardness seems to show a strong perfor-
mance in preventing leakage but a weak performance
in reducing friction, which is achieved by reducing
the film thickness and can be regarded as an enhance-
ment of the static sealing function.

3.3 Optimized selection of rubber hardness

In Sections 3.1 and 3.2, the rubber hardness ef-
fects on the static mechanical properties and the dy-
namic sealing performances are analyzed and dis-
cussed, and show significant but complex impacts. In
this section, the rubber hardness is optimized in static
and dynamic sealing applications.

3.3.1 Optimization objectives and procedures

For a seal operating at the hydrostatic conditions,
it is believed that there should be no leakage and as
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little material damage as possible. According to previ-
ous research, the maximum static contact pressure and
the maximum von Mises stress are the two key param-
eters for evaluating the static sealing characteristics
(Zhang et al., 2016). The optimization procedure of
rubber hardness can be summarized as follows:

Step 1: Obtain the optimized zone I, in which the
maximum static contact pressure is not less than the
hydrostatic pressure.

Step 2: Obtain the re-optimized zone II within
zone I, in which the maximum von Mises stress is not
more than the allowable stress of the rubber material.

Step 3: Determine the optimum value, in which
the maximum von Mises stress is the minimum within
zone II.

For a seal operating at the dynamic conditions, it
is believed that there should be as low leakage and
low friction as possible. The net leakage and the fric-
tional power loss are applied to evaluate the dynamic
sealing characteristics in the perspective of one cycle
(Wang et al., 2018a). The optimization procedure of
rubber hardness can be summarized as follows:

Step 1: Set up the allowable net leakage, ac-
cording to the technical specification or engineering
requirement.

Step 2: Obtain the optimized zone III, in which
the net leakage is not more than the allowable net
leakage.

Step 3: Determine the optimum value, in which
the frictional power loss is the minimum within zone
1.

In addition, if a seal is serving as both static seal
and dynamic seal within a life cycle, the optimum rub-
ber hardness should be determined at the intersection
of zones II and III.

3.3.2 Case studies

It should be noted that the allowable stress of
NBR material is 15 MPa in this study (Zhang et al.,
2020). That means that the rubber hardness of the O-
ring seal always meets the requirements of the hydro-
static applications shown in the above Steps 1 and 2
in the simulated conditions according to the results in
Section 3.1. Therefore, for a static seal, the optimum
rubber hardness under different hydrostatic pressures
can be concluded from the analysis results presented
in Section 3.1. For example, in the case of 2 MPa, the
optimized zone I of rubber hardness is 60—90 Shore A

since their maximum static contact pressures are all
greater than 2 MPa according to the results shown in
Fig. 7, the re-optimized zone II of rubber hardness is
also 60-90 Shore A due to the fact that their maxi-
mum von Mises stresses are all not more than 15 MPa
according to the results shown in Fig. 5, and, finally,
the optimum value of rubber hardness is 60 Shore A
as shown in Fig. 5b. By introducing a deviation of 5
Shore A on the optimum rubber hardness, the opti-
mized range of rubber hardness under different static
conditions can be obtained as shown in Table 3.

Table 3 Optimized range of rubber hardness under different
static conditions

Optimized range of rubber

Sealed pressure (MPa) hardness (Shore A)
2 60-65
4 65-75
6 75-85
8 80-90
10 80-90

For a dynamic seal, the allowable net leakage,
for example 1 drop per 10 cycles, is determined accord-
ing to the standard AMM TASK 29-00-00-790-001
in an aircraft maintenance manual (Airbus, 2012).
Besides, two more stringent criteria of the allowable
net leakage, such as 1 drop per 20 cycles or even per
40 cycles, are adopted in this section to adapt to appli-
cations with higher sealing requirements in engineer-
ing practice. For the lubricant of 15# hydraulic oil, it
is assumed that the total volume of 20 drops is about
1 mL, and thus the three allowable net leakages can be
converted to 0.005 mL/cycle (allowable net leakage
I), 0.0025 mL/cycle (allowable net leakage II), and
0.00125 mL/cycle (allowable net leakage III). In addi-
tion, the other input parameters are consistent with
those in Section 3.2 above, as can be seen in Table 1.

Fig. 12 presents the optimized rubber hardness
of allowable net leakage under different operating
conditions. According to the results under different
conditions (sealed pressure, rod speed, and rubber
hardness) shown in Fig. 12a, the fitting surfaces of
the allowable net leakages I, II, and III, in which the
net leakages are just equal to the values of each stan-
dard, are determined. All the net leakages on the out-
side of each fitting surface exceed the corresponding
maximum allowed, while only some of the conditions
on the inside are less than it. From the outside to the
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Fig. 12 Optimized rubber hardness of allowable net leakage under different operating conditions: (a) fitting surfaces of
three allowable indices; (b) optimized zone of allowable net leakage I; (¢) optimized zone of allowable net leakage 1I;
(d) optimum rubber hardness of three allowable indices. H, is the optimum rubber hardness. References to color refer to

the online version of this figure

inside, namely decreasing the sealed pressure but in-
creasing the rod speed, the three fitting surfaces corre-
spond to the allowable net leakages I, II, and III, re-
spectively. The optimized zones of rubber hardness
within the allowable net leakages I and II, labeled yel-
low and blue, are shown in Figs. 12b and 12¢, respec-
tively. Most of the simulated conditions in Fig. 12b
meet the requirement except for some of the condi-
tions of low rod speed but high sealed pressure, even
with a high rubber hardness. The optimized zone is
significantly reduced when less leakage is allowed, and
the low hardness rubber is only happened on the con-
ditions of low sealed pressure and high rod speed, as
shown in Fig. 12c. According to the net leakage of five
specific conditions under three allowable indices shown
in Fig. 12d, the optimized values of rubber hardness
can be obtained where its net leakage is less than that of
the corresponding allowable net leakage. For example,

in the case of 4 MPa and 0.1 m/s, the optimized rubber
hardness should be larger than 81.4 Shore A.

Fig. 13 presents the optimized rubber hardness of
minimum friction power loss under different operating
conditions. Similarly, the three fitting surfaces where
the net leakages of these conditions meet with the cor-
responding allowable net leakages I, II, and III are
shown in Fig. 13a, to make the optimization easier to
understand. It can be found that the frictional power
loss of a high-hardness seal operating at high sealed
pressure and rod speed is the maximum, while that of
a low-hardness seal operating at low sealed pressure
and rod speed is the minimum. As shown in Fig. 13b,
the frictional power losses are all increased with the
rubber hardness under all conditions. That means the
optimum rubber hardness H, is the minimum value
meeting the leakage standard; for example, it is 81.4
Shore A in the case of 4 MPa and 0.1 m/s.
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According to the above results, under both hy-
drostatic and dynamic conditions, the optimum rubber
hardnesses under different operating conditions and
leakage criteria can be concluded as shown in Table 4.
Therefore, the table can help us to directly select the
optimum rubber hardnesses applicable to different op-
erating conditions.

Furthermore, a multi-component regression is
also conducted to quantitatively evaluate which factors
contribute the most to minimize leakage and friction.
The net leakage O and frictional power loss /¥ can be
expressed as a function of rubber hardness H, sealed
pressure p...., and rod speed |U] in the form of
Egs. (14) and (15), respectively. In addition, |U] has the
most significant effect on Q followed by p,_,., and H,
while H has the most significant effect on W followed
by p...q and |U], according to the standardized coeffi-
cients in the regression analysis.

0.52995

U
| U |OA02534

—1.41548 H—l,37225 0.54922

p sealed

0.42556

p sealed

(14

O=e
w (15)
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4 Conclusions

In this paper, the effects of NBR hardness on the
sealing characteristics of hydraulic O-ring rod seals
applied in static and dynamic conditions are numeri-
cally analyzed by using a mixed lubrication elastohy-
drodynamic model. The influence mechanism of rubber
hardness on seal behavior is revealed, and the influ-
ence law of rubber hardness on sealing performance is

Table 4 Optimum rubber hardness under different operating
conditions and leakage criteria

Optimum rubber hardness H_ (Shore A)

&Zi'jda) (r‘rlvjls) Allowable net Allowable net Allowable net
leakage I leakage I1 leakage I1I
2 0.1 60.0 87.2 90.0
2 0.2 60.0 63.3 90.0
2 0.4 60.0 60.0 81.8
2 0.6 60.0 60.0 72.3
2 0.8 60.0 60.0 69.7
2 1.0 60.0 60.0 68.1
4 0.1 81.4 90.0 90.0
4 0.2 60.0 87.7 90.0
4 0.4 60.0 64.7 90.0
4 0.6 60.0 60.0 90.0
4 0.8 60.0 60.0 87.9
4 1.0 60.0 60.0 84.9
6 0.1 89.7 90.0 90.0
6 0.2 60.0 90.0 90.0
6 0.4 60.0 79.5 90.0
6 0.6 60.0 70.8 90.0
6 0.8 60.0 66.1 90.0
6 1.0 60.0 64.6 90.0
8 0.1 90.0 90.0 90.0
8 0.2 71.0 90.0 90.0
8 0.4 60.0 87.6 90.0
8 0.6 60.0 76.9 90.0
8 0.8 60.0 72.2 90.0
8 1.0 60.0 70.7 90.0
10 0.1 90.0 90.0 90.0
10 0.2 79.7 90.0 90.0
10 0.4 60.0 90.0 90.0
10 0.6 60.0 82.8 90.0
10 0.8 60.0 78.9 90.0
10 1.0 60.0 74.7 90.0




evaluated quantitatively. Furthermore, the optimized
selection of rubber hardnesses under some operating
conditions is proposed to maximize the sealing perfor-
mance. The results are summarized as follows:

(1) With the increase of rubber hardness, the re-
sistance to deformation of the O-ring seal is enhanced,
and then the static contact pressure is increased and
the minimum film thickness is decreased, which is
conducive to preventing leakage, but not conducive to
reducing friction.

(2) The low-rubber-hardness seal is prone to the
extrusion effect and induced stress concentration espe-
cially under high-sealed-pressure conditions and is rec-
ommend for use at high speed or on other occasions
with low sealing requirements.

(3) The high-rubber-hardness seal has better dy-
namic and static sealing performances but with a high
friction force. It is especially recommended for appli-
cation under high-pressure conditions. As far as possi-
ble, and under the premise of not exceeding the leak-
age requirements, low rubber hardness should be se-
lected so as to reduce friction.
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