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Abstract: Reduction of leakage from the shaft-radial lip seal conjunction is critical in ensuring
enduring performance of entire lubrication system. This paper investigates leakage from three types
of shaft surfaces, finished using different manufacturing processes. The measurement of surface
topography is conducted in order to determine the pertinent roughness parameters which correspond
to the observed sealing performance in real practical applications. It is found that the skewness
of the surface topography correlates well with the anecdotal leakage failure rate. To quantify this
association, a hydrodynamic model, accounting for shaft roughness in a deterministic manner is
developed. The results from the numerical analyses confirm that the lubricant mass flow rate is
reduced in the case of negatively skewed surface height distributions, when compared with the
positively skewed profiles.
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1. Introduction

Radial lip seals are one of the most common solutions in engineering to prevent leakage
between parts in relative rotary motion with low pressure differentials. As directives and legislative
guidelines on emissions compound, the automotive industry is increasingly subjected to more stringent
component and system efficiency without increasing associated costs. A common application of radial
lip seals, employed in light passenger vehicles, is to seal the conjunction between the transaxle casing
and the drive shafts. The radial lip seal typically comprises one or two elastomeric lips and a dust lip,
as presented in Figure 1. The seal’s lip is pressed radially onto the rotating shaft through a combination
of lip deformation and the expansion of the garter spring. The angular velocity of the shaft can be as
high as 4000 rpm, whilst the pressure differential across the seal is typically in the region of 20 kPa.

A conjunctional oil film should ideally be formed to complete the seal between the contiguous
surfaces in relative motion and mitigate the frictional losses. The load carrying capacity of the
lubricating film has been investigated in numerous studies, forming as the result of a combination
of pressure driven axial fluid flow and reverse pumping due to the variation of tangential shear of
asperities across the contact’s axial width [1-5]. The roughness of the shaft surface is typically a fraction
of the seal’s surface roughness and as elucidated by many investigators who have treated the shaft
roughness as negligible. However, the work of Salant and Shen [6] has shown that the shaft roughness
should not be completely ignored. This finding aligns with observation of leakage performance in
some applications, where it has been frequently observed that the same seal type performance varies
when paired with shafts of different surface finishes.
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Figure 1. Schematic representation of a radial lip seal with an added dust lip.

The importance of shaft lead has been highlighted as a significant factor in the sealing performance.
Significant effort has been expended to investigate different manufacturing processes used to create
the lead, as well as establishing a method for its characterisation and influence on the sealing
performance [7-11]. The shaft lead is normally divided into two categories: the features with
thread-like structures which are often periodic in form; known as macro-lead, and the directed
smaller scale roughness structures with a rather random nature, which are called micro-lead [8].
Thielen et al. [10] conducted a combined experimental and numerical analysis to vary the surface
micro-lead. Their investigation demonstrated that the shaft lead is critical in influencing leakage and
wear performance of the shaft-seal conjunction. A numerical approach to investigate shaft lead was
undertaken by Gadari et al. [11], where they isolated groove density, angle, and depth as the important
parameters in determining the magnitude of oil pumping.

Macro and micro leads are not the only influential parameters of the shaft’s topography, critical to
the performance of the conjunction. For adequate sealing of radial lip seals, it has been suggested,
as early as the work of Jagger [12], that the shaft roughness may be an influential parameter.
Official guidance for shaft surface topography can be found in ISO standards [13], where the range
of maximum profile height, R; is set to help minimise wear and failure of the elastomeric surfaces.
Some measuring devices also issue notes regarding surface topography for sealing applications,
where the shaft surface recommended specifications include profile arithmetic mean height, R, and
R, parameters [14].

An elastohydrodynamic investigation of the amplitude of analytically generated surfaces was
presented by Gadari et al. [15]. The authors suggest that for shaft roughness exceeding half the lip
roughness, there would be an increased likelihood of leakage. Shulz et al. [16] claimed that roughness
specifications are assigned for particular manufacturing processes and cannot be applied to other
surface finishing techniques, because of differences in topographies. They compared the performance
of seven shafts, two of which were super-finished and five others were ground (each with a unique
process). The authors noted that as the roughness is reduced to a critical value, friction and wear also
decrease. Any further reduction in mean roughness would then cause increased friction and wear,
presumably due to adhesion. Similar results were also obtained by Jung and Haas [17]. They inferred
that the magnitude of average surface roughness helps to determine the regime of lubrication in
the conjunction.

Many studies have attempted to create micro-textured surfaces to enhance sealing performance,
for example, texturing the surfaces with pores for improving of sealing performance in water
pumps by Etsion et al. [18]. In wider literature, the key surface topographical parameters found to
determine contact performance, in terms of friction and wear of non-Gaussian surfaces, are skewness
and kurtosis [19,20]. Sedlacek et al. [19] showed, using pin-on-disc measurements that negatively
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skewed characteristics incur reduced friction in boundary regime of lubrication, but mixed and
full hydrodynamic conditions were not studied. In the case of experiments using slider bearings,
carried out by Andharia et al. [20], surfaces with positive skewness were found to lower tribological
performance, while negatively skewed surfaces improved it.

The shaft-lip seal conjunction is clearly quite complex in nature. While a significant volume of
research has been conducted, much of it has focused on the role of rougher seal surface topography
and shaft micro/macro lead. The current paper investigates the three different shaft surface finishes
created through different manufacturing operations. The primary difference between the shafts is their
surface roughness. The key roughness parameters that differentiate their performance in application
are highlighted. The implied relationship between roughness parameters and anecdotal evidence is
then confirmed through use of a numerical hydrodynamic model. The emphasis is on comparative
studies of shafts with different surface topographies. Therefore, basic numerical analysis is carried
out, which clearly embodies certain simplifying assumptions such as isothermal conditions and
disregarding the effect of thermoelastic deformations.

2. Shaft Surface Roughness

2.1. Measurements of Topography

Shafts are manufactured by three different grinding and polishing processes. These are the
corundum grinding for Shaft A, superfinishing for Shaft B and cubic boron nitride grinding for
Shaft C. These are analysed to compare their surface roughness characteristics. Surface topographic
measurements were performed using the Alicona Infinite Focus interferometer through taking
15 samples from seal bedding area of each shaft. The magnification lens was chosen, based on
the predicted nominal sealing area as well as to account for any manufacturing characteristic
lines observed on the investigated surfaces. The amplitude of waviness is around 1 to 2 pm.
Therefore, the analysis of surface topography is based on the effect of both roughness and waviness
features. Thus, the analysed contact incorporates a combination of roughness features at different
length scales through a deterministic approach. During post-processing, the parabolic form related
to shaft curvature was removed. An example of a surface measured with X100 magnification lens is
shown in Figure 2. The measurement resolution is 20 nm in the vertical direction and 1 pm in lateral
directions tangential to the surface. Post-processing of the images is conducted using the Taylor and
Hobson TalyMap 5.0 Platinum software (Leicester, UK).
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Figure 2. Example of measured surfaces and the associated roughness profile in the specified cross-section.
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2.2. Comparison of Measured Roughness Data

Figure 3 presents a comparison of some of the most commonly used topographical parameters
based on measurements taken from the three different shafts. 2D profiles in the axial direction were
extracted from the 3D samples and their 2D surface roughness equivalents obtained and presented
in Figure 4. It is common practice in industry to consider some roughness parameters—in particular
surface arithmetic mean height, R;, and surface maximum height, R,—as the main parameters
considered when characterising the quality of a products surface finish. Nevertheless, these only
provide limited information about the real characteristics of a surface. For instance, these parameters
are insufficient for providing any information about the height distribution, which has been shown
to be significant, particularly when estimating the number of direct contact patches as well as the
effective contact area [21]. Here, the two main parameters used to specify the distribution of the surface
roughness features are skewness and kurtosis. Due to high directionality of the surface topography,
resulting from the nature of the manufacturing process used, 2D profiles accurately express major
topography differences between the shafts as the comparison of the results in Figures 3 and 4 indicate.
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Figure 3. Comparison of some of the common roughness parameters for 3D surface samples taken
from the three studied shafts: (a) RMS roughness, S;; (b) maximum height, S;; (c) skewness, Sg;
and (d) kurtosis, S,,.

The in situ vehicle tests carried out on lip seal conjunctions have shown that Shaft A produces
significant leakage (leading to eventual failure), whilst shaft B shows less leakage, and no failure is
reported from the vehicles equipped with shaft C. Through a comparison of the results presented
in Figure 3, it can be seen that there is a noticeable trend in the variation of the skewness, S,
measured from the three shaft types, while the data from the other parameters including S;, S, and
kurtosis, Si,, amongst many other parameters investigated (although not listed in the current
work) do not show a particular trend. Shaft A, which incurs the highest leakage rate also has
an average positive skewness, whilst the average skewness has a negative value for the shafts
with reduced leakage. A similar trend is observed for profiles in Figure 4. As the result of the
overlap between the standard distributions shown in Figures 3 and 4, it is essential to investigate
the confidence level in the results. Therefore, the skewness results were investigated further using
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a t-test to determine the confidence level in rejecting null hypothesis: (Sskm,g c — Sskapg 4 = 0).
There was a significant difference between surface measurements from Shaft A (mean = 0.20422,
standard deviation = 0.3224) and Shaft C (mean = —0.4982, standard deviation = 0.3486) with the
results: #(28) = 5.54 and p = 6.57 x 107, where 28 is the number of degrees of freedom and p is the
probability. Similarly, the profile measurements show a significant level of confidence in the difference,
with: #(28) = 3.96 and p = 4.63 x 1074,
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Figure 4. Comparison of some of the common roughness parameters for 2D profiles extracted
from the three studied shafts: (a) RMS roughness, R;; (b) maximum height, R;; (c) skewness, Ry;
and (d) kurtosis, Ry,.

Skewness is a measure of the asymmetry of a surface height distribution. Measurements over
a scanned line can be mathematically described as

Ry = [; /:hg’(x)dx} )

=53
R‘I

where, R; is the root mean square of asperity heights, I is the length of the scanned profile,
and / corresponds to the total gap between the counter surfaces. Hence, a positive value for skewness
is an indication of the dominance of the peaks in the measured profile, whilst a negative value
indicates the dominance of the valleys in the measured profile. All measurements were also repeated
using a white light interferometer, as well as the aforementioned infinite focus variation microscopy;,
showing a similar trend in the skewness.

3. Numerical Model

To gain a fundamental understanding of the underlying phenomenon of seal leakage,
influenced by surface topography, a numerical hydrodynamic lubrication model is developed.
The contact of radial lip seals is normally modelled using Reynolds hydrodynamic equation [22-24].
Patir and Cheng [25] developed a modified version of Reynolds equation which takes into account the
effect of surface roughness on the flow of lubricant through the rough contact conjunction. This model
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was further enhanced by Lo [26] and in this form is widely used for the study of seals [2-5,27,28].
However, in such studies, the flow factors are developed based on the roughness features of the seal
surface as these are usually significantly higher than that of the counter face surface. Additionally,
the flow factor approach does not take into account parameters such as skewness (recall that surface
skewness is considered to offer a good indication of propensity to leak) directly as an input nor the
method allows for combining the roughness parameters of two different counter face surface materials
(i.e., shaft as elastic and seal as a viscoelastic material). Furthermore, for surfaces with non-Gaussian
roughness distribution, it is essential to obtain surface-specific flow factors such as those reported
by Leighton et al. [29]. Therefore, to avoid the associated complications, a deterministic model to
take into account the shaft roughness in the form of raw measurements was developed, as this would
be expected to suitably reflect upon the in situ conditions. To avoid the complication of adding the
seal roughness, it seems reasonable to ignore the seal roughness effect, thus treating this counter face
surface as smooth. This is reasonable, particularly that the aim here is not to obtain absolute values of
leakage but to provide a comparative study based on the different shafts’” topographies.

A radial lip seal contact generally operates under mixed regime of lubrication [5,30], in line with
the aim of this investigation. In order to isolate the effect of surface roughness characteristics on the
hydrodynamics conditions, a model, based on Reynolds equation is developed to investigate the
effect of shaft topographical skewness upon the generated pressure distribution within the contact
area as a measure of load carrying capacity. This approach helps to predict leakage of lubricant
from the contact. Full separation between surfaces is assumed (i.e., no contacting asperities on
opposing contacting surfaces; an assumed hydrodynamic regime of lubrication, here hy = 4.75 R).
Therefore, the seal roughness effect on the flow through reverse pumping effects, caused by the
seal’s asperities, is neglected. To distinguish between leakage due to manufactured shaft lead and
the effect of skewed surface topography, only 1D profiles extracted from the shaft surface in the
axial direction are taken into account. This allows comparison of fluid film formation and generated
pressure distribution for different skewed topographies under identical loading. This approach ignores
the potential effect of lead grooves, creating paths between the asperities for the flow to leak from
the contact. The profiles extracted from different shafts and used in numerical analysis were chosen
to clearly distinguish between positive and negative skewness, whilst maintaining other roughness
parameters at a comparable level.

3.1. Governing Equations and Assumptions

The numerical model is based on Reynolds equation, which accurately approximates the more
generic Navier—Stokes equations for flow within thin fluid films. In a 1D form, it becomes

o (phdop _ ,9(ph)
89((6178x ‘P”h) =250 @

where, p and 75 are lubricant rheological properties; density and viscosity, p is the generated
hydrodynamic contact pressure and & is the gap (film thickness) between the two contiguous surfaces.

The equation above is for the axial cross-section of the seal-shaft contact conjunction.
Therefore, velocity, U is the speed of the contacting surfaces in the axial direction; mainly induced
through axial vibrations in a real vehicle drivetrain system. The velocity in real application is expected
to fluctuate. Therefore, in order to fully predict total leakage variation with sliding velocity, one would
need to add transient effects in the governing equation. However, the transient effects deemed to exist
in all the studied surface topographic cases. Therefore, a constant value of U is applied to indicate the
possible leakage rate at the onset of axial movement.

Although lubricant density and viscosity can vary with pressure, typical pressures experienced
by the lubricant in the case of radial lip seals are usually sufficiently low as not to alter these bulk
rheological properties in any significant manner (thus isoviscous conditions can be assumed). It must
be noted that the wettability of the surfaces by the lubricant, particularly at relatively low pressures
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and with thermal effects can potentially play an important role in sealing performance, which is not
investigated in the current analysis.

In the current study;, it is also assumed that the squeeze film effects due to radial vibrations
of the shaft and seal is negligible. However, this can be an important parameter in practice as it
enables a transient analysis to be carried out, which is appropriate in real situations. In addition,
the effect of temperature rise in the contact due to generated friction and its influence upon the
lubricant rheological state as well as the thermal expansion of the components are of practical
significance. Nevertheless, for the current case where the focus is on isolating the effect of surface
topographical features and the relevant comparison of the leakage from the contact solely due to
the shaft roughness, these parameters are deemed not to alter the relative performance comparisons
between shafts of different topography. A more thorough investigation needs to also include the effect
of any thermo-elastic distortion, experienced in the contact.

Considering the relatively low generated pressures in the radial seal contacts, and also neglecting
the thermo-viscous effects in line with the purpose of the current investigation (for the steady-state
incompressible and iso-viscous fluid flow), Reynolds equation takes the form

d ( sdp\ __ dh

To solve this equation the pressure at the boundaries needs to be specified (i.e., boundary
conditions). The pressure at the inlet would be the pressure experienced by the lubricant in the
transmission housing; P,. On the opposite side, the contact is exposed to ambient pressure and hence,
the pressure at the exit boundary is considered to be atmospheric; P,. It is well known that the contacts
in the lubricated bearings and seals may be potentially subject to cavitation at any geometrically
divergent gap in the contact. At the point of lubricant film rupture, leading to the inception of
cavitation, it is customary to use the Swift-Stieber or Reynolds boundary conditions [22], which state
that the pressure and its gradient must diminish at the point of film rupture. To accommodate the
effect of cavitation in the numerical solution, at each step of iteration to determine new generated
pressure, any nodal pressures lower than the stated cavitation pressure is set to the cavitation pressure
(in this case set to the atmospheric pressure of 101,325 Pa). It is shown by Christopherson [31] that
implementing this condition at each pressure iteration step would set the pressure gradient to zero in
the numerical computations as well.

3.2. Specifying Contact Profile

The shaft profile along each axial direction was measured using the focus variation method with
white light interferometry as described in Section 2.1. For the purpose of computations, the measured
profiles were approximated using Fourier series, after performing Fast Fourier Transformation (FFT)
on the measured profiles. The approximated axial profile of the shaft in the seal bedding area is,

therefore, given as
N 2nmx . [ 2nmx
hs (x) = HX:O[an cos( T ) + by sm( T )} 4)

where, x indicates the shaft axial direction. The number of harmonic components was selected in
such a way that the reproduced profile matches the original measured points within 99% accuracy;

calculated as )
M
—o(h —h
error [%] = (1 - ZA”/}_O (s ) r(m))2> 100% ®)
Lin—o (hs () — h (1))
where, m is the number of points measured, /s is the profile height obtained after FFT approximation,
h; is the corresponding measured height and #;, is the mean height. The difference between amplitude
of roughness from n = 0 to n = N is observed to reach up to two orders of magnitude.
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Once the shaft profile was approximated, then the total gap at any location is obtained as
h(x) = hy — hs(x) (6)

where, hg is the nominal gap between the two surfaces. To find the nominal gap a load balance
equilibrium condition should be satisfied as described below.

3.3. Load Balance

An initial guess is made for the nominal film thickness or gap and Reynolds equation is solved
numerically. The load applied is obtained as shown in Equation (7). The gap is adjusted in order to
allow the formation of a fluid film to flood all the asperities in all the cases considered. This corresponds
to a film thickness of around 4 to 5 times the measured R, value, resulting in a Stribeck oil film ratio of
A=hy/o > 3.

The hydrodynamic load in the contact is calculated through integration of the generated pressure
distribution as

W = nD /p(x)dx (7)
where, D is the diameter of the shaft.

3.4. Method of Solution

Grid independency analysis was carried out to eliminate the possible influence of grid density
on the results. Considering the boundary conditions and the problem formulation, the central
finite difference method (CFDM) was chosen to discretise Reynolds equation. Point successive
over-relaxation (PSOR) Gauss-Seidel method [32] was used to obtain the nodal pressure values in
an iterative manner as

_ Ax _
pE= (- o)pi " +e5 (Apl, + Bpl] - C) ®

where, Ax is the distance between the nodal points and ¢ is the (over)-relaxation factor. The superscript
k refers to the iteration step. In addition, the coefficients A, B, and C are given as

Ax 3 dh
A—1—7h—i%i 9)
Ax 3 dh
B=1 2h7dxl- (10)
__6nU dh
C= hﬁﬂi (11)

An over-relaxation factor of ¢ = 1.8 was chosen, which rendered faster computations without any
premature convergence. The error in the computation of nodal pressures is calculated by [33]:

Tl -t

ey = ——— < €
g Yio|PF| ’

(12)

The convergence criterion for the generated pressures has a limit of: €, = 1 x 107°.

Once the pressures are deemed as converged, the contact load carrying capacity is obtained,
using Equation (7). The load carried must equate the applied load if the initially guessed nominal film
thickness was correct. Otherwise, a new nominal film thickness is obtained as [33]

W—F
n__ n—1
hi = (1 + X (W} F}>h0 (13)
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where, the superscript n refers to the load iteration step and x is an adjusting parameter,
typically chosen to be around 0.01. The computations continue until the difference in the calculated

and applied loads diminish [33]:
|W — F|
ey — T < €y (14)

where, the convergence criterion for the load loop is set to: €;, = 5 x 1072.

3.5. Leakage Form the Seal Contact

The lubricant mass flow rate is calculated, based upon the calculated pressure gradient in the
contact with the contribution of Couette shear flow [34], thus

3
W dp Uh) 5)

m(x) = D (1217dx + >
where, U is the velocity and D is the diameter of the shaft.

3.6. Friction and Power Loss

The difference in surface topography can also potentially affect the generated friction. The viscous
friction in the contact is obtained by integration of generated viscous shear as [34]

e [ (1 6

Subsequently, the power loss becomes
= fu (17)

4. Results and Discussion

Table 1 provides a list of input data which are used in the current study. The observed vibrations
in the axial direction, measured in drive-tests using a passenger vehicle shows that maximum
displacement of the shaft, and hence the contact, can be as much as 2 mm with the frequency of
vibrations varying in the range: 100-5000 Hz according to the selected gear and engine speed [35].
Therefore, the use of 1 m/s sliding speed is justified.

Table 1. List of input data.

Parameter Symbol Value Unit
Lubric.ant d.ynamic " 01 Pa-s
viscosity
Pressure on the oil side P, 121,590 Pa
Pressure on the air side P, 101,325 Pa
Cavitation pressure P, 101,325 Pa
Axial velocity u 1 m/s
Applied load F 50.1 N
Contact width I 110 um
Number of grid points I 1000 -
Shaft diameter D 40 mm

Figure 5 shows two examples of the results obtained for the generated contact pressure
distribution. Figure 5a shows the pressure distribution for a negatively skewed topography,
whereas that in Figure 5b is for a positively skewed profile. The pressure fluctuations following
the geometrical gradients in the contact profile are as expected with areas where the pressure within
the contact falls to cavitation pressure as shown in the figures in few locations. It is also interesting to
note that the fluctuations in the pressure are remarkably lower in the case of the positively skewed
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profile. It can also be observed that there is a higher number of cavitation zones within the profile with
negative skewness as the pressure distribution fluctuates around a mean value. For positively skewed
profiles, the generated pressures exhibit less local fluctuations.
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Figure 5. Separation gap and predicted generated pressure distribution for shafts with typical:
(a) negatively and (b) positively skewed roughness profiles.

The numerical model is used to determine the pressure distribution for all the measured profiles,
categorised as negatively or positively skewed profiles, whilst their other roughness parameters such
as Ry, Ry, Rz, and Ry, remain quite close for all cases. Then, the mean separation gap for each case
is determined. Due to the inherent random nature of the roughness distribution in the investigated
profiles, it would only be reasonable to compare the average mean separation gap investigated for
the two categories of profiles. The results are shown in Figure 6, including the associated standard
deviations. It can be seen that the mean separation gap for a negatively skewed profile is lower than
that obtained for the positively skewed one. The average difference is 14.5%. The confidence level for
this set of data obtained from a t-test reached a value of p = 0.0636.
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Figure 6. Mean separation gap.

As in all cases, the applied load is kept constant. The results in Figure 6 indicate that the positively
skewed profiles produce higher load carrying capacity at the same separation gap.

Considering the relationship given for the flow rate in the previous section, the larger separation
gaps would be expected to provide a higher flow rate through the contact. Figure 7 shows a comparison
of average flow rate from the contact for both positively and negatively skewed profiles, including the
associated standard deviations. The observed average difference is about 14.1% which is very close to
the observed average difference between the mean gaps. It is important to note that the lower film
thickness, although it may be favourable in terms of leakage, has the drawback of tending to mixed or
boundary regimes of lubrication with increased friction and greater propensity to wear.

550 -
500 -
450 +
400

350 4

Average flow rate [ml/h]

300 +

250 +

200
Positively skewed Negatively skewed

Figure 7. Comparison of flow rates.

It would be interesting to note the differences in the generated friction and power loss,
which represent a source of damping, attenuating the axial vibrations. The generated friction depends
on the pressure gradient and the average film thickness. Figure 8 shows a comparison of average
friction, computed for the two categories of roughness distribution. Owing to the lower mean gap,
the negatively skewed profile produces higher friction (around 12.7%), which would be expected,
considering the inverse relationship between viscous shear and mean separation gap. This is in spite
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of the fact that the flow rate is also lower for the negatively skewed profile. Since the contact velocity
was assumed to be the same for all the investigated cases, it would also be expected that the average
power loss to be the similarly higher for the negatively skewed profiles. It is important to note that
in real applications, boundary friction occurs before the build-up of a lubricant film during start-up
conditions. In such cases, the positively skewed surfaces may experience much higher probability of
direct asperity interactions on the opposing contacting surfaces which can lead to damage to the softer
elastomeric counter face surface. Negatively skewed surfaces would go through the running-in period
more smoothly. Any further rise in viscous friction during operation would be of a lesser significance,
as the seal could still provide a better performance.

1.2 -

1.1 A

e
O
1

Friction [N]
o
[o2e]

0.4
Positively skewed Negatively skewed

Figure 8. Friction in axial direction.

The shafts with tendency in their roughness towards a larger area of valleys (i.e., negative skewness)
show lower leakage and therefore higher sealing ability. It is noteworthy that the valleys resemble
undulations made using artificial means such surface texturing, where cavities or dimples of micro-size are
created on the surfaces using various methods such as laser surface texturing (LST). It would, therefore,
be interesting to investigate the link between the observed tribological performance from textured
surfaces (e.g., reducing leakage from seal contacts [18]) and the valleys created on the shaft surfaces
through machining processes as studied here. The aim would be to optimise their performance as
shown in [36]. A refined machining approach may result in surfaces with desired topographical
skewness, which can perform both with higher sealing ability and lower power loss, and hence better
energy efficiency.

It is important to note the assumptions made in obtaining the current results and the associated
limitations stated at the outset. It is also important to note that the implications of direct contact
between asperities on the opposing counter face surfaces at lower mean gaps have not been included
in the current analysis. As the separation gap reduces, the probability of asperity contacts increases
and hence the effect of boundary friction must also be included.

5. Conclusions

The results from numerical simulations are in agreement with the observed trends in real
industrial applications, highlighting the importance of shaft roughness profile in determining the
successful performance of a particular shaft type. The reason for such differences in the performance
of the shafts, machined using different methods, has been explained using a deterministic numerical
approach. Therefore, it is possible to simulate surface roughness features of potentially different
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scales. It is also shown that topographic skewness can act as the characteristic surface parameter in
determining seal leakage. Based on the current analysis, it seems that a direct relationship between
the roughness distribution and the shaft performance in terms of the leakage and friction can be
established. However, the results must be treated with some caution as the effect of some other
important parameters, such as reverse pumping, has not been taken into account and therefore,
the leakage cannot be quantitatively described. The tribology of a real radial lip seal contact is
a complex problem with a large number of influential parameters which may also interact with each
other in addition to directly affecting the sealing performance. Therefore, the current study should
be considered as an initial step towards a more complex and holistic analysis of the problem of
leakage from radial lip seals. Further work needs to include a contact model to account for reverse
pumping, elastic deformation, and asperities contact, accompanied with experimental verification
of the model and topography of run-in surfaces. It may also be worthwhile to consider the effect of
implementing artificial surface texture features to enhance sealing performance. Further investigations
on topographical differences can also take into account the self-affine nature of surfaces and power
spectral density [37].
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Nomenclature

an, by Fourier coefficients

A, B, C Intermediate discretisation variables

D Shaft diameter

ep Tolerance limit for pressure convergence
ew Tolerance limit for load convergence

f Viscous friction

h Total gap size

ho Nominal (mean) gap

I Mean roughness height

hy Measured roughness height

hs Approximated contact profile using FFT

i Nodal index

I Total number of computational grid points
) Length over which roughness parameter is calculated
L Length taken for fast Fourier transform (FFT) analysis
m Index representing each measured point

m Leakage mass flow rate

M Total number of measured points

n Index of harmonic component

N Total number of harmonic components

p Hydrodynamic pressure

P, Pressure on the air side of the lip seal
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P Cavitation pressure

P, Power loss

P, Pressure on the oil side of the lip seal

R, Profile arithmetic mean height

Ry Profile kurtosis

Ry Profile skewness

Ryq Profile square root mean height

R; Average profile maximum peak to valley height

Sku Surface kurtosis

Sk Surface skewness

Sq Surface root mean height

S Average surface maximum peak to valley height

t Time

u Velocity in axial direction

W Hydrodynamic load

X Axial direction

Greek symbols

o Pressure—viscosity coefficient

A Distance between the nodal points within the domain

€p Pressure convergence criterion

€w Load convergence criterion

4 Relaxation parameter

7 Dynamic viscosity of fluid

0 Density of fluid

o RMS roughness

A Stribeck oil film ratio

X Load balance adjusting parameter

Superscripts

k Pressure iteration step

n Load iteration step

Abbreviations

CFDM Central finite difference method

FFT Fast Fourier transform

ISO International Organisation for Standardisation

PSOR Point successive over-relaxation

RMS Root mean square
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