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On the basis of elastohydrodynamic model, the present study numerically analyzes the effect of various microdimple texture
shapes, namely, circular, square, oriented isosceles triangular, on the pumping rate and the friction torque of radial lip seals,
and determines the microdimple texture shape that can produce positive pumping rate. The area ratio, depth and shape dimen-
sion of a single texture are the most important geometric parameters which influence the tribological performance. According
to the selected texture shape, parameter analysis is conducted to determine the optimal combination for the above three param-
eters. Simultaneously, the simulated performances of radial lip seal with texture on the shaft surface are compared with those
of the conventional lip seal without any texture on the shaft surface.
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Radial lip seals are widely used in the lubrication area of
rotating machinery to prevent leakage and exclude contam-
ination. A schematic of a typical installed lip seal including
components is shown in Figure 1, and the sealing zone be-
tween the lip and the shaft is shown in Figure 2.

In all successful lip seals, leakage is prevented by a re-
verse pumping action. This reverse pumping action leads to
the lubricating oil flowing from the air-side of the lip seal to
the oil-side, the direction of which reverses the normal
leakage flow direction from the oil-side of lip seals to the
air-side. The pumping action of lip seal is considered to be
principally induced by the asperities on the lip surface.
When the lip seal is in use, the shear stress between the lip
and shaft makes the asperities produce vane-like patterns,
then resulting in axial reverse pumping flow toward the oil
side by the rotating shaft. The asperities also elevate hy-
drodynamical pressure effect of the lubricant oil film at the
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sealing zone, which can enhance the load support to main-
tain the film existence [1-4]. The existence of lubricant film
greatly reduces the friction torque between the shaft and lip
seal, which affects the wear of the sealing lip, service life
and system reliability. So, the reverse pumping rate and
friction torque are the two most important performance in-
dicators of evaluating whether the radial lip seals are suc-
cessful. If the reverse pumping rate is too small, the seal
will produce a leak. But the reverse pumping rate must not
be too high or the liquid-air meniscus, usually located near
the air-side edge of the sealing zone, will be ingested into
the sealing zone, and then there exists the possibility of dry
friction due to asperities contact [5], which results in the
considerable friction torque, thus accelerating the failure of
lip seals.

However, experiments have shown that the reverse
pumping action can also be produced by the shaft itself [6].
Thus the reverse pumping is a combined action that takes
both the seal and the shaft into consideration. Salant and
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Figure 1 Cross section of radial lip seal.
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Figure 2 Schematic of the sealing zone.

Shen [7,8] have used a hydrodynamic analysis to demon-
strate that even very small changes of the shaft surface as-
perities can create large changes in the pressure distribution
within the lubricating film, resulting in producing consider-
able changes in the cavitation area, the load support and the
reverse pumping rate. Stephens and coworkers [9—11] have
used micro-electromechanical system (MEMS) manufac-
turing techniques to fabricate microasperities of various
geometries on the shaft surface. They also demonstrate that
the existence of microasperities on the shaft can enhance
load capacity and decrease friction coefficient. Moreover,
they have found that the oriented triangular asperities on the
shaft surface produce reverse pumping rate 2.6 times greater
than the conventional lip seal with natural asperities on the
shaft surface. Jia et al. [12,13] have used elastohydrody-
namic analysis to study the pumping rate of radial lip seals
with a variety of oblique groove patterns on the shaft sur-
faces, which are fabricated by laser surface texturing tech-
niques. The theoretical analysis results show good agree-
ment with experimental results. Theoretical and experi-
mental results show that shafts with oblique grooves can
create more reverse pumping rate than the conventional lip
seal containing no groove on the shaft surface.

With the rapid development of the surface processing
techniques, surface texturing, as a surface modified tech-
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nology, has been the focus of research interest in improving
tribological performances of mechanical components. There
have been many research reports and successful application
cases in the mechanical seals and thrust bearings fields
[14-18], the intent of which is to use different texture
shapes to lower friction and wear. For radial lip seals, sur-
face texture not only can lower friction, but also can in-
crease reverse pumping rate, which determines sealing per-
formance. However, it is a pity that there are very few re-
ports besides the above mentioned in the lip seal field.

On the basis of elastohydrodynamic model established in
refs. [12,13], the present study numerically analyzes the
effect of various microdimple texture shapes, namely, cir-
cular, square, oriented isosceles triangular, on the pumping
rate and friction torque of radial lip seals, and determines
the microdimple texture shape that can produce positive
pumping rate. The area ratio, depth and shape dimension of
a single texture are the most important geometric parame-
ters which influence the tribological performance. Accord-
ing to the selected texture shape, parameter analysis is con-
ducted to determine the optimal combination for the above
three parameters. Simultaneously, the simulated perfor-
mances of radial lip seal with texture on the shaft surface
are compared with those of the conventional lip seal without
any texture on the shaft surface. The present study is a first
step in studying the effect of texture on the shaft surface on
the performances of radial lip seals by using a numerical
simulation method. In the future, shaft with texture will be
produced according to the simulation results of the present
study, and experiments will be also conducted to validate
the results.

1 Theoretical analysis

For the lubricant oil film thickness is much smaller than the
seal radius, and the effect of curvature can be neglected, so
a Cartesian coordinate system is used. The coordinate sys-
tem is fixed to the shaft in order to make the research steady.
The configuration schematic for the analysis is contained in
Figure 3, showing two surfaces separated from a fluid film.
The upper surface represents the seal lip surface, and the
lower surface represents the shaft surface. The x direction
represents the circumferential direction, while the y direc-
tion represents the axial direction. In order to study how the
texture on shaft surface affects the sealing performances of
a lip seal, it is necessary to make an assumption that the seal
lip surface, i.e. the upper surface, contains no asperity.

For simplicity, the film thickness is only shown as a con-
stant in Figure 3, although in the analysis it varies with x
and y. Moreover, in order to calculate the reverse pumping
rate, it is assumed that the air side of the seal is flooded with
lubricant oil [19-22], as shown in Figure 2. L, is the axial
width of the sealing zone, while L, is chosen to be the same
value as L,, representing the length of solution domain in x
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Figure 3 Boundary conditions.

direction. Thus, the analysis considers a small square sec-
tion of the sealing zone that spans its axial width. The same
pressure boundary condition is applied on the axial direction,
representing no pressure differential in axial direction, while
cyclic boundary conditions are applied on the circumferen-
tial direction. In addition, the upper surface is smooth and
stationary, and the lower surface with microdimple texture
shape is moving at a nonzero velocity in the x direction.

Figure 4 shows six different surfaces, corresponding to
the lower surface in Figure 3, with three microdimple tex-
ture shapes, namely, circular, square, oriented isosceles tri-
angular. The Figures 4(a) and (b) are symmetric to the cen-
ter, i.e. circular and square texture shapes are omnidirec-
tional. The orientation of isosceles triangular vertices in
Figures 4(c) and (d) are parallel to the circumferential direc-
tion, while in Figures 4(e) and (f) they are parallel to the
axial direction. Close attention is paid to the oriented trian-
gular shape because it is the only geometry that is direction-
al. As would be expected, the area ratio, depth and shape
dimension of a single texture are the most important geo-
metric parameters which influence the tribological perfor-
mance of lip seals.

The area ratio S, can be defined as:

r .
, circular texture,
LL,
x ™y
ab
S, = , square texture, 1)
LL,
ab .
s triangular texture,
2L L,

where r is the radius of the circular texture; a and b repre-
sent the bottom length of noncircular texture and the heath
of noncircular texture, respectively.

For circular texture, the shape dimension parameter y
represents the radius of the circle r. For square and triangu-
lar textures, it means the ratio of the height to bottom length,
as presented in eq. (2):
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Figure 4 Microdimple texture geometries.
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The numerical simulation model for a shaft with texture
on surface operating in connection with a lip seal without
any asperity consists of two coupled components: a hydro-
dynamic lubrication analysis of the flow at the sealing zone
and a deformation analysis of the lip seal. The hydrody-
namic lubrication analysis involves the solution of the
Reynolds equation. As cavitation is considered, a form of
the Reynolds equation that can explain cavitation is used.

2 ( e a(Ffb)j+ k2 2 g 0ED)
ox ox oy oy

=V {1+ (1-F)®]H}. 3

QO
R)lo)

In the liquid region, non-cavitated region,
@ >0, F=1 and P=. 4)
In the cavitated region,
@®<0, F=0 and P=0, p=1+®. 5)
The boundary conditions are

@ =P=0.1 at p =0 (airside) and p =1 (liquid side), (6)
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Cyclic boundary conditionon @ at x=0, 1. @)

In egs. (3)—(7), x and J respectively represent the
dimensionless circumferential coordinate and dimensionless
axial coordinate; H is the dimensionless film thickness,
equal to h/hyy, her is the reference film thickness; F' is the
cavitation index; @ represents the pressure/density function
defined by eqs. (2) and (3); K is the aspect ratio, equal to
LJLy; 14 represents the dimensionless surface speed of
shaft, equal to 6uL, V/ Pohly, wis the viscosity of fluid,

Pret 18 the reference pressure, V is equal to wD/2, w is the
angular speed of shaft and D is the diameter of shaft; P is
the dimensionless fluid pressure, p/p.s; p is the dimen-

sionless density, equal to p /py, po represents fluid density.

In order to calculate the dimensionless speed v , the
viscosity needs to be known. The viscosity value is obtained
from empirical formulations between the shaft speed and
lubricant oil film temperature as well as between the viscos-
ity and temperature, resulting in

M= 0.0215><exp(— +0.00399, ®)

_®
2391.5997

where £ is in (Pa‘s) and @is in rpm.

Eq. (1) is discretized using the finite volume method.
Given the dimensionless film thickness H, the discretized
form of eq. (1) is a system of linear algebraic equations,
which is solved using the tri-diagonal matrix algorithm
(TDMA) and relaxation iteration. A 174x174 mesh is used,
which is selected according to a mesh refinement study.
When the pressure distribution is acquired, the volumetric
flow rate Q is obtained from

0=

while the shear stress 7 on the shaft surface is obtained from
eqs. (10) and (11):

I 6p
12u Oy

dx, C))

__1 h o + L4 (10)
2 Ox h
in the liquid region, and
op )74
T= +(1+@ 11
2 ox ( ) h b

in the cavitated region. The above shear stress is used to
calculate the friction torque.
The dimensional film thickness is computed by

h=h +Ah, (12)
where the first term A, represents the shaft surface structure,

and the second term Ah represents the normal deformation
of the lip.
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The first term A, is considered to be

h, in texture region,
ho=<" (13)

0, in non-texture region,

where h,, represents the texture depth.

The second term Ah is calculated by the deformation
analysis, which utilizes the influence coefficient method.
For discretized form,

Al =3 (D (P = P (14)
k=1

where p,, is the fluid pressure averaged over on cycle in
the x direction.

An off-line finite element structural analysis (FEA),
ANSYS, is used to calculate the influence coefficient matrix
I and the static contact pressure distribution py. for the lip
seal model shown in Figure 1. The effect of texture on the
shaft can be ignored in the finite element analysis, for the
texture depth is in several micrometers range. Solid element
“planel183” is axisymmetric by default, and “targe169” and
“contal72” are used to define contact pair. The mesh size is
4552 elements, which is selected according to a mesh re-
finement study. The seal is analyzed using a Mooney-Rivlin
model (Cp=1.1 MPa, Cy;=0.67 MPa, corresponding to the
elastomer material), while the shaft is treated as elastic
(Young’s modulus equals 200 GPa, Poisson’s ratio equals
0.29). In obtaining influence coefficients (1), a unit normal
force is exerted on the lip surface at the kth axial node, and
the normal displacement at the ith axial node is obtained.
This procedure is repeated for m times for all values of i and
k from 1 to m, to generate a matrix I.

As eqgs. (3)-(14) are coupled, they are solved using an it-
erative procedure, which is shown in Figure 5.

2 Results and discussion

The following parameter values are used in the present
study: sealing fluid pressure p,=0.1 MPa, ambient pressure
p.=0.1 MPa, cavitation pressure p.,,=0, diameter of the shaft
D=100 mm, the angular speed @=2000 rpm. The contact
width L, is obtained from the FEA by using ANSYS. L, is
set equal to L,, as shown in Figure 3. For each texture layout
shown in Figure 4, the area ratio S, depth &, and shape di-
mension parameter y are given for analysis, as summarized
in Table 1.

Figure 6 shows the local contour plot of the simulated
radial stress component for a radial lip seal installed on 100
mm shaft, in the absence of the oil film. It is seen that the
radial stress component decreases very rapidly away from
the contact surface and its maximum occurs at the contact
surface. The corresponding contact pressure p,. distribution
is shown in Figure 7. It is seen that the axial location of
maximum pressure is closer to the liquid side of the seal
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than to the air side, determining the net pumping rate, which
occurs in all successful lip seals [23]. The contact width L,
is about 0.113 mm and the maximum contact pressure is
about 1.04 MPa. Figure 8 shows the three dimensional plot
of influence coefficient matrix I, which demonstrates that
the maximum deformation occurs at the location where a
load is applied.

Since lip seals are required to achieve zero leakage, an
enough reverse pumping rate is firstly guaranteed, and a
lowering friction torque comes secondly. Figure 9 only
shows a histogram of pumping rate versus texture layout. It
can be seen that the pumping rates of Nos. (a)—(d) are al-
most zero; the texture layout of No. (e) can produce positive
pumping rate, while the texture layout of No. (f) results in
negative pumping rate. The common geometrical character-
istic of (a) and (b) is that these four texture shapes are sym-

and operation conditions

Y
[ Input influence coefficient matrix ]

[ Input seal and fluid properties ]

and static contact pressure
Y
Input initial guesses for film thickness
and circumferential deformation
|

Y

Hydrodynamic lubrication analysis
by solving Reynolds equation
7 [ Relax film thickness ]

Deformation analysis by using
off-line finite element model

Film thickness
convergence?

Auxiliary
calculations and
output

Figure 5 Computational procedure.

Figure 6 Local contour plot of the radial stress component at the contact
zone. Stress levels: A=—1.04 MPa; B=—0.89 MPa; C=—0.74 MPa; D=—0.6
MPa; E=—0.45 MPa; F=—0.31 MPa; G=—0.16 MPa.
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Figure 8 (Color online) Influence coefficient for radial deformations.

Table 1 Geometries parameters of surface texture

No.  Texture layout Arearatio Depth (um) Shape dimension
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metrical in the x direction, the film distributions of which
are naturally symmetrical in the x direction. As would be
expected, the pressure distributions of these four texture
shapes are also symmetrical in the x direction in the x-y
plane, shown in Figure 10. Therefore, from eq. (9), it is easy
to draw the conclusion that the pumping rates of Nos. (a)
and (b) must be equal to zero. So, it can be concluded that
any texture that is symmetrical in the x direction has no ef-
fect on the pumping rate of a lip seal. Back to Figure 9, tri-
angular texture on the rotating shaft, its vertex pointing to
the air side, can increase pumping rate, i.e., improve sealing
effect, corresponding to No. (e). The reason is that the oil
pressure distribution is asymmetric to the axial direction,
and the maximum pressure is close to the oil side along the
axial direction, according with the reverse pumping mecha-
nism of lip seals [24]. On the contrary, triangular texture
with its vertex pointing to the oil side will increase leakage,
resulting in the lip seal failure. From the above, the texture
layout of No. (e) is selected to increase pumping rate, for
which parameter analysis is conducted for optimal design
by using the control variable method as follows.

Surface texturing, as a surface modified technology, that
can improve tribological performances has been success-
fully applied to mechanical seals and thrust bearings fields
Many researchers suggest that the preferable area ratio of
texture is 5% to 20%. So, area ratios of 10%, 15% and 20%
are selected for analyzing the effect of texture on the per-
formances of the lip seal. In order to diminish the effect of
liquid flow in the texture dimple on laminar flow assump-
tion in the Reynolds equation, 2 pm, 3 um and 4 pm are
chosen as the texture depth. The shape dimension parameter
of triangular texture y should not be too large, or the texture
will be beyond the boundaries of the contact zone in Figure
3, which may considerably affect texture effect. So, the
values of y are determined to be 1, 1.5 and 2. The summary
of the above is shown in Table 2.

The basic data is that S, h,, yrespectively equal 20%, 3
pm, 2, in the process of parameter analysis keeping two
parameters constant, and studying the other parameter how
to affect the pumping rate and friction torque, according to
the numerical value in Table 2. Figures 11-13 show the
variations of pumping rate and friction torque with speed
over different area ratios, shape dimension parameters and
texture depths. It can be seen from Figure 11 that when the
area ratio equals 10%, pumping rate changes a little with
speed and nearly equals zero, but friction torque is very low.
Although the area ratio of 10% is not suitable for lip seal
system, it can be used as a reference to achieve lowering
friction and wear for other kinds of seal, such as mechanical
seal. For area ratio of 15%, the pumping rate increases line-
arly with speed, but it is smaller than that of untextured lip
seal system. And the friction torque increases at first and
then decreases slightly with speed. By holding all the base
parameters constant except area ratio, it is easy to find that
pumping rate and friction torque are both increasing with
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area ratio in the range of 10%—-20%, and friction torques are
also smaller than that of untextured. So, area ratio of 20% is
the optimum value. From Figure 12, by holding area ratio of
20% and texture depth of 3 pum constant, pumping rates of
three kinds of y are all larger than that of untextured. For
y=1, the friction torque increases with speed, and when the
speed is larger than 1500 rpm, the friction torque is larger
than that of untextured while the purpose of producing tex-
ture on the shaft is increasing pumping rate and simultane-
ously diminishing friction and wear. Obviously, the condi-
tion of =1 is not adopted. For j=1.5, the pumping rate in-
creases with speed, and at 3500 rpm it suddenly increases
and then precipitously decreases, which possibly results in
the appearance of dry friction phenomenon, then accelerat-
ing the failure of a lip seal. Also, the condition of y=1.5 is
not to be adopted in lip seal system obviously. So, y=2 is the
optimum value. From Figure 13, when area ratio and shape
dimension parameter y keep constants, pumping rates of
three kinds of texture depth are all increasing linearly with
speed, and are all larger than that of untextured at the same
speed. And, friction torques of three kinds of texture depth
are all first increasing and then becoming constant with
speed, and are all lower than that of untextured. Moreover,
as can be seen from Figure 13, pumping rate and friction
torque are both first increasing and then decreasing with
texture depth in the range of 2—4 pm. In theory, these three
texture depths are all applied to shaft surface of lip seal sys-

Table 2 Geometrical values of the selected texture layout for parameter
analysis

Texture layout Parameter Unit Values
S Area ratio S, % 10, 15, 20
/ Depth £, um 2,3,4
£ Shape dimension y - 1,1.5,2
Air side
L

(e)

Pumping rate (g/h)
L o
T
O
z
G
C

o4l

Figure 9 Pumping rate versus texture layout.
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Figure 11 (Color online) (a) pumping rate and (b) friction torque versus speed at different area ratios, at the same texture depth and y.

tem. However, considering the problem of manufacturing in to be the optimum value.
the future, it is very difficult to manufacture the texture In conclusion, the optimum combination of the above
depth of 2 um by using laser processing technology. So, three parameters is that area ratio, shape dimension param-

texture depths of 3 pum and 4 um are both applicable. As the eter and texture depth are respectively equal 20%, 2 and 3
pumping rate of 3 um is larger, ultimately 3 pm is selected pm.
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Figure 13 (Color online) (a) pumping rate and (b) friction torque versus speed at different texture depths, at the same area ratios and y.

3 Conclusions

On the basis of elastohydrodynamic model established in
refs. [12,13], the present study numerically analyzes the
effect of various microdimple texture shapes, namely, cir-
cular, square, oriented isosceles triangular, on the pumping
rate and the friction torque of radial lip seals. Through
analysis, the conclusion is that any texture that is symmet-
rical about circumferential direction has no effect on the
pumping rate of a lip seal, and triangular texture on the ro-
tating shaft, its vertex pointing to the air side, can increase
pumping rate and decrease friction torque, i.e. improve
sealing effect. On the contrary, triangular texture with its
vertex pointing to the oil side will increase leakage, result-
ing in the lip seal failure.

The area ratio, depth and shape dimension parameter of a
single texture are the most important geometric parameters
which influence the tribological performance. According to
the selected triangular texture, parameter analysis is con-
ducted to determine the optimal combination for the above
three parameters. Simultaneously, the simulated perfor-
mances of radial lip seal with texture on the shaft surface
are compared with those of the conventional lip seal without
any texture on the shaft surface. Ultimately, the optimum
combination is that area ratio, shape dimension parameter
and texture depth respectively equal 20%, 2 and 3 um,

which not only increase largely the pumping rate, but also
decrease greatly the friction torque, compared with the
conventional lip seal without any texture on the shaft sur-
face.

The present study is the first step in studying the effect of
texture on the shaft surface on the performances of radial lip
seals by using a numerical simulation method. In the future,
shaft with texture will be produced according to the simula-
tion results of the present study, and experiments will be
also conducted to validate the results.
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