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An investigation of oil leakage from
automotive driveshaft radial lip seals

Petros Nomikos1,2, Ramin Rahmani1 , Nicholas Morris1

and Homer Rahnejat1,3

Abstract
There is an ever-increasing stringent directive for environmental protection, even for the previously rather negligible
lubricant leakage from vehicular drivetrains. Leakage from transmissions and differential units are no longer permitted
and can lead to excessive warranty costs. Additionally, the trend in component downsizing, including for sealing systems
has indirectly altered the leakage behaviour of transmissions. To guarantee leakage-free operation, it is important to
establish standardised methods of manufacturing processes, particularly for surface topography of shafts. The paper
investigates the leakage from two different shaft machining processes: corundum and cubic boron nitride (CBN) grinding.
The performance of passenger car transmission sealing system is ascertained with the development and use of a novel
detailed representative fully instrumented test rig. A test protocol is set up to assess the performance of shafts during
break-in period and correlate shaft topographic data with its measured performance. The results show that the mea-
sured oil leakage correlates well with the shaft surface skewness whilst no particular trend is observed with Ra, Rz and
shaft lead angle values, which form the basis of most current standards used in industry. Overall, it was observed that
shafts with negative skewness in their roughness profile produced lesser leakage. A basic analytical predictive method is
also developed which corroborates with the measured data.
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Introduction

In vehicular differentials and transmissions, as in many
other applications, leaking seals can lead to environ-
mental pollution, also resulting in excessive warranty
claims.1,2 The performance of a sealing system, com-
prising a gearbox, rotary shaft seals and a driveshaft is
significantly influenced by several internal and external
factors during various vehicle manoeuvres.3 These
influential factors/conditions are shown in Figure 1.
Among them surface quality of the seal,4 design of the
radial shaft seal and the operating behaviour of the
transmission fluid are the most prominent.

Much attention has been paid to the surface topo-
graphy and texture of mating surfaces of radial lip
seals.5 Some specific studies, linking surface topogra-
phy to leakage, operational reliability and pumping
have included the effect of wear tracks,6 shaft surface
roughness7 as well as non-Ra roughness parameters,8

which have been shown to exhibit better correlation
with the seal leakage performance.

A more systemic approach was proposed by Buhl9

who used a model, considering all the components of a

sealing system, including the radial shaft seals, in which
the shaft surface and the containing fluid were affected
by the mechanism of pumping. Buhl’s investigation dis-
tinguished between active and passive lubricant flows
within a sealing system. The direct active flow is
affected by the shaft and lip seal surface topographies,
whilst the indirect conveyance of the fluid is considered
to be as the result of formation of any counter face
conveyable structures to the sealing lip. Nevertheless,
from a practical point of view, it is immaterial whether
any counter face itself provides a directed fluid flow.
However, according to Baumann10 the lead structures
on the shaft counter face are usually responsible for
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early failures of radial lip seals or can result in an
increasing lubricant leakage rate. Baumann10 described
an axial pumping effect caused by the rotation of the
shaft in the sealing ring. In such a case, the liquid flow
is conveyed either into the sealing system or out of it.
As the result, the sealing lip would leak and ultimately
tend to run dry. Baumann concluded that the leakage
rate depends significantly on the rotational speed of the
shaft. This was confirmed experimentally and verified
by an empirical analytical model.

In the case of vehicular transmissions, generally the
radial lip seals are mounted stationary in the gearbox
housing. At the inner side of the seal, a rotating shaft
seat is in contact with a non-rotating sealing lip.
Between the contacting surfaces, a thin film of lubri-
cant is formed of the transmission fluid with the rota-
tion of the shaft. Poll and Gabelli11 have obtained the
thickness of the lubricating film by adding metallic par-
ticles to the lubricant and measuring the impedance of
the lubricant layer. The impedance varies with the film
thickness as the ratio of electrical voltage to the current
intensity alters. For comparative purposes an analytical
model was also developed to verify the experimental
measurements. The idea of such an investigation was to
relate the film thickness with the seal running condi-
tion. The extreme cases of untoward large film thick-
ness, indicating impending leakage or very thin film
indicating dry running were to be avoided.

The contact between radial leap seal and the shaft is
subject to complex dynamic interactions and processes
in real applications. These include the existence of
radial vibrations,12 due to effects such as shaft whirl.

Measurements from a real vehicle by Nomikos et al.13

indicate that likelihood of leakage increases with speed,
coinciding with the resonant response of the system.
This highlights the importance of vibration on radial
lip seal performance. In addition, to the external
dynamic sources, the interaction of real rough surfaces
of radial lip seal and shaft is also transient in nature as
noted by Salant,14 also investigated through use of
FEA methods by Hajjam and Bonneau.15 This transi-
ent nature of lip seal and shaft contact conjunction
gives rise to continual changes in surface topography,
thus a spread of measured results for lubricant leakage.
Vionnet16 has also highlighted the importance of centri-
fugal instabilities as the driving force in the leakage
from the radial shaft seals. Therefore, the flow through
the gap is fully determined by axial pressure gradient
induced by Taylor vortices on the oil side and by a
quasi-hydrostatic air side pressure distribution. In addi-
tion, continuous wear of the radial lip seals is an impor-
tant factor. The possibility of wear in such contacts can
be high due to the existence of very thin gaps in the seal
contact. Grun et al.17 showed numerically the domi-
nance of areas with positive wear orientation, indicat-
ing that the lip seal would be leakage proof. Burkhart
et al.18,19 showed that there is a clear relationship
between seal and shaft wear and that the shaft wear is
caused also by a complex interaction between the lubri-
cant and elastomer material.

Owing to the complexity of varying the seal running
conditions, in-situ measurements and experimental eva-
luations are quite time consuming and usually prohibi-
tively expensive. Therefore, available experimental

Figure 1. Influential factors in a vehicular transmission sealing system.
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results have been used to benchmark various numeri-
cal/analytical predictive methods and validate the
same.20 The numerical analysis methods have included
various assumed regimes of lubrication, as well as the
inclusion of roughness effects of the seal and/or the
shaft.8,21–24

It has transpired that the sealing reliability of a gear-
box is affected most significantly by the shaft’s surface
texture and its lead angle (the machined lead angle).
This finding is corroborated by much experiential
observations in practice, so much so that standards
such as DIN 3761-9,25 ISO 6194-126 and RMA OS-1-127

have been set as guidelines for the determination and
implementation of surface topography of radial shaft
seals and the shaft lead angle. Clearly, conformance
to these standards has manufacturing implications.
Therefore, it is vital to determine the sealing perfor-
mance, based on some measures of surface topogra-
phy. The underlying supposition is that in practice,
depending on the prevailing dominant operating con-
ditions for a sealing system, there may exist an opti-
mum surface topography. A suitable statistical
measure of the topography may then be used to ascer-
tain conformance of a manufactured/machined sur-
face to the perceived optimum performance as well as
to the aforementioned standards. Clearly, average
surface roughness (Ra) is not an adequate measure of
optimal topography for seals and shafts as noted by
Qu,8 who investigated various non-Ra statistical mea-
sures. It is clear that a lower value of the average
roughness may affect the lubricant supply to the seal-
ing lip or make it to bed-in incorrectly. On the other
hand, rougher surfaces may promote excessive wear
of seal lip and promote leakage. Kozuch et al.23

showed through use of a hydrodynamic model that a
shaft with a negative surface roughness skewness of
its asperity heights tends to reduce the lubricant mass
flow rate through the rotary lip seal subject to axial
motion as a consequence of unwanted vibrations in a
vehicular system.13 Akkök28 developed an elastohy-
drodynamic lubrication model of radial lip seals,
using average flow Reynolds equation with flow fac-
tors for non-Gaussian surfaces based on surface
roughness kurtosis and skewness. It should be noted
that most engineering surfaces have asperity height
distributions which are non-Gaussian.29 Therefore,
specific flow factors for these should be determined
for measured surfaces29,30 rather than use of original
Patir and Cheng31 flow factors. Akkök28 showed that
for the same Root Mean Square (RMS) surface rough-
ness and kurtosis, the leakage rate decreases for all val-
ues of skewness for tightly assembled seals. It is clear
that analyses similar to Kozuch et al.23 and Akkök28

using a more in-depth statistical parameters integrated
with a hydrodynamic or elastohydrodynamic analyses
would form the basis for effective predictive models. To
develop and validate such predictive analytical tools it
is essential to generate sufficient rig-based experimental

measurements under representative repeatable condi-
tions. For vehicular transmission systems, there has
been only very few such studies.

There have been several concepts in the development
of test-rigs to study seal leakage. One of the oldest con-
cepts was reported by Schuck32 for testing of rotating
eccentric and polygonal shafts. Another test-rig concept
was introduced by Buhl,9 who contrary to Schuck32

kept a constant transmission fluid level by a permanent
inflow through the driveshaft. Ruhl and Sauer33 and
Peteri and Sauer34 introduced yet another approach,
allowing oscillations of a hydropul cylinder in the rotat-
ing shaft as a measure of leakage. The leakage-induced
hydraulic pulses help the analysis with full frequency
spectrum of a rotary sealing ring without changing the
shaft rotation. In a further step, Peteri and Sauer34

improved their test-rig by adding a laser vibrometer to
monitor the movement of the sealing lip relative to the
shaft. The main approach of the leakage test-rig of
Ruhl and Peteri35 was to test rotary seal rings for a
broad range of operating conditions and without any
limitation regarding the used materials. A quick
replacement of the test parts was not intended, and the
used shaft was not comparable to those used in actual
vehicular transmission shafts.

In the current study, in order to overcome the limita-
tions of the aforementioned test-rigs and determine a
more realistic behaviour of the test parts, a new test-rig
is developed to operate with assembled parts used in an
actual vehicle. The operation mode of the radial shaft
seals, in combination with the sealing seat manufac-
tured with different surface topographies, are compared
using typical drive cycles of the investigated vehicle.
The main aim is to establish whether a definitive link
between a non-Ra surface topographical measure and
seal leakage can be determined. It is also intended to
provide much needed experimental data of vehicular
transmission seal leakage for validation of models in
the research arena.

Test-rig design

Figure 2 presents a schematic of the developed test-rig.
The radial shaft seal test specimen resides in the flange
(6) of a sump of lubricant, which represents the trans-
mission housing. It forms the sealing system in combi-
nation with the sealing seat of the driveshaft (3). The
shaft is driven by an electric motor (1), which generates
the desired representative operating conditions of a
vehicular gearbox. The driveshaft is supported by a
bearing, mounted on the original bracket (16). The
clutch (2) of the drive motor and the seat of the journal-
bearing (7) are all positioned in the tank of lubricant.
The sump is filled with the transmission fluid to any
desired level. The sump is equipped with a heating ele-
ment to bring the transmission fluid to the desired rep-
resentative operating temperature. To record the

Nomikos et al. 3



measurement data, the test-rig is instrumented with sev-
eral sensors, including a torque transducer and a num-
ber of thermocouples/thermistors.

There are several prerequisites in order to carry out
a realistic test, including maintaining a constant rota-
tional speed of the electric motor, as well as predefined
acceleration and deceleration ramps, representative of
in-field vehicle manoeuvres. Furthermore, various con-
stant lubricant operating temperatures with a steady
fluid level should be maintained throughout an entire
test run, as also noted in the standard DIN 8589-14.36

The tank of lubricant is a welded pressure vessel, made

from stainless steel. To measure the liquid level, an
IFM LR2050 continuous-level (guided wave radar)
sensor37 was used. This sensor consists of an outer tube
and a centred measuring bar on the inside. The height
of the medium is measured using guided bi-directional
microwaves. Electromagnetic impulses are emitted
along the measuring bar, striking any medium stored in
the pressure vessel. The impulses are reflected back to
the fluid-level sensor. The sensor system measures the
liquid level during the time it takes for the impulse to
travel a certain given distance. Maintenance of a uni-
form temperature distribution is assured within the
sump using a tank-heating system (13) and a lubricant
circulation pump (10). As the driveshaft is powered
through an electric motor (1) its rotational speed is pro-
grammable. It is also readily controllable for selected
acceleration ramps. The driveshaft is pivoted in a
changeable bracket (15) using the parts from an origi-
nal donor vehicle. The variations in the applied torque
between the sealing-seat of the driveshaft and the
sealing-lip are measured by an integrated torque trans-
ducer with the electric motor (1). This ensures a com-
pact design compared with the reported test rigs by
Ott38 or Heiland.39 Torque measurements were per-
formed using the control set (SINAMICS V90) of the
motor. The controller operates in the torque control
mode. Speed is monitored with a resolution of 20 bits
or 1,048,576 pulses per revolution (PPR). The measur-
ing range is 0.16–6.37Nm at a maximum speed of
4000RPM. The motor is directly connected to the com-
ponent to be measured. The evaluation of torque takes
place through use of measured electric current and vol-
tage. Speed and torque control are integrated in the
controller. For the rated torque, the rated power and
the maximum torque a tolerance of 10% must be
considered.

The sump uses an oil fill level indicator (8). As
shown in Figure 2, the specific inlet (11) and outlet (19)
ports enable easy adjustment for the lubricant level. It
is also possible to generate an operational tank pressure
through a compressed air connection (18). The build-
up of pressure in the sump simulates the sealing pres-
sure which occurs in a vehicle transmission during nor-
mal operation. The pressure differential across the seal
is typically in the region of 20 kPa.40

The amount of leaked transmission fluid can be
determined through weighing blotting paper placed
under the outer flange on the seals air side. All the mea-
sured data are collected, recorded and displayed by the
control system.

The sealing system in Figure 3 is at the core of the
test-rig. The sealing flange has a comparatively simple
structure, the main components of which are its inner
and outer flanges (5), (11). The sealing flange is
mounted in the sump (1) and can easily be replaced
when the application or the technical requirements
change. In principle, the main task for the inner and
the outer seal rings (2), (3) is to isolate the flanges from

Figure 2. The developed test-rig and its schematic
representation.
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one another in order to avoid any loss of pressure.
For the specific vehicle application simulated here, a
journal bearing as in the case of the actual vehicle (4)
is integrated into the inner flange (5). All the flanges
comprise the same materials used in the donor vehi-
cle. The sealing point is composed of a pairwise radial
lip seal (8), the driveshaft (10) and the seat (9). The
outer flange (11) is equipped with a specific sensor
(6), capable of measuring temperature differences in
the contact zone (7) of the sealing lip. Additionally,
the control system can detect both the sump tempera-
ture on the oil-side and the environmental air tem-
perature of the test-rig chamber on the airside (Figure
3). Apart from the mechanical and electronic design
of the test-rig, a new test procedure is developed and
implemented with the aim of achieving realistic and
repeatable results.

Experimental procedure

Standard cycles such as WLTP41 are introduced for
examining the combustion emissions and fuel consump-
tion for vehicles, however, there is not any such stan-
dard cycle for examining the leakage from automotive
transmissions. Therefore, the experimental procedure in
this study is established, based upon the break-in cycle.
The break-in-cycle introduces a repeatable running-in
condition for both the shaft and the seal surfaces.
During this phase the variations in applied torque over
the time is recorded, with the aim of maintaining a con-
stant rotational speed. All the important parameters
are listed in Table 1, based on RMA OS 1-127 wherever
possible. These are defined as input and output values
for the test-rig operation. As also noted in the litera-
ture, the running-in period is essential for optimal
rotary shaft seal operation.42 The exact juncture, mark-
ing the culmination of the running-in stage of the seal-
ing system can be recorded by the employed control
system.43 At this juncture, all the other measured and
evaluated data are also displayed and recorded. These
include the important indicator of the culmination of
the running-in period, set as the Break-in-Point (BIP),
which is characterised as a notable/measurable reduc-
tion in torque. This occurs owing to reduced friction
because of smoothening of the counter face roughness
in the shaft-seal conjunction. For the cases of the
shafts, investigated in the current study, this point was
achieved at different durations for each shaft.

All the defined output values are recorded in real-
time during testing using appropriate sensors. An over-
view of the output values is provided in Table 1.
However, any leakage of transmission fluid is not
directly recorded electronically. The amount of

Figure 3. Inner structure of the sealing-flange.

Table 1. Input and output values of the tests.

Input data for leakage test
Rotary speed 0–1000 (min21)
Direction of rotation Clockwise –
Oil temperature 60 (�C)
Tank pressure 0.15–0.25 (bar)
Output data for leakage test
Torque 0.75–1.60 (Nm)
Tank pressure 0.10–0.23 (bar)
Near contact temperature oil 61–63 (�C)
Tank temperature oil 60–61 (�C)
Ambient temperature air 30–31 (�C)
Volumetric flow rate 32–33 (l/min)
Flow velocity 1.4–1.5 (m/s)
Oil volume tank 5.5–8.2 (l)
Lubricant level 31–45 (mm)
Leakage rate 0.02–3.56 (ml)

Nomikos et al. 5



lubricant leakage can be accurately measured using
blotting paper with a predefined weight. For this pur-
pose, the blotting paper is placed in a special container
under the outlet port of the sealing flange. Initially, the
original weight of the paper was measured using a pre-
cision scale. Through the weight gained after a test-
cycle the leakage can be expressed in ml of fluid.
During the leakage-cycle all the measurements are
stored and processed in real-time. Important measure-
ments include variations in the rotational speed,
changes in speed and torque over time and the tem-
perature behaviour within the sealing zone. The mea-
sured torque includes the frictional torque produced
between the seal and the shaft, as well as any frictional
torque generated in the bearings. In order to isolate the
frictional torque between the seal and the shaft, a num-
ber of shafts were run without an attached seal. This
allowed measurement of an average value for the fric-
tional torque of the bearings, which is then deducted
from the measured overall torque during the leakage
measurements. In addition, the oil sump temperature,
the sealing pressure and the oil-level in the tank are
monitored. Other parameters include the temperature
of the test cell (i.e. the surrounding air) and the flow
rate of the transmission fluid. To determine the flow-
rate and temperature of lubricant an IFM SA2000 flow
sensor,44 operating on calorimetric measurement prin-
ciple, was chosen. In this measuring process, a constant
temperature difference occurs between a temperature
sensor tip, warmed up by a heating element periodically
and the surrounding unheated stagnant medium. Only
when the surrounding unheated medium starts flowing
around the sensor a temperature difference occurs
through absorption of thermal energy. This tempera-
ture difference increases proportionally to the flow rate.
Therefore, with appropriate calibration, the flow rate

can be determined through measuring the temperature
difference.

Characterisation of the shafts

In the current study the leakage behaviour of link-
shafts is considered of primary concern. Such shafts are
inboard-joints which transfer the force from the differ-
ential to the wheel-hub in cases that the vehicle engine
is not centrally located. Through the elongation of an
inner joint an appropriate movement can be accommo-
dated. An example of a link-shaft to be tested for its
leakage performance is shown in Figure 4. The sequen-
tial manufacturing process is also illustrated by the
flow-chart in the same figure.

The test shaft specimen has an approximate length
of 530mm with its sealing surface turned down to a
diameter of 40mm. At one end, the shaft contains a
plug-in spline, which provides the power transmission
between the differential and the outboard joint. At the
centre of the shaft, an identification number is incorpo-
rated, following which the sealing seat is ground by the
CBN (cubic boron nitride) grinding process.

The abbreviation CBN20W10 stands for a CBN
ground shaft, which is subjected to a running-in test-
cycle of approximately 20 h. In total 50 CBN ground
shafts and 50 Corundum ground shafts were initially
planned to be tested for their leakage performance. In
real vehicle application, a rolling element bearing is
attached to a bracket, which is fixed to the underbody
of the vehicle. At one of its ends, a tulip (more pre-
cisely, a tripod synchronous displacement joint) is situ-
ated. Through this tripod joint length compensation
for any axial displacement can be accommodated.

The surface roughness of the counter face for the
radial shaft seals is determined in accordance with the

Figure 4. An example of CBN-ground link-shaft.
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standards ISO 4288 and DIN 4768.45,46 This should be
kept within the limits specified in RMA OS-1-127 with
a surface topographical quality of Ra=0.2–0.5, and
Rz=1.2–3.0mm.

In the first column of Table 2, the topographical
information including Ra, Rz, Ssk and the lead angle
are given in addition to the shaft identification codes.

The measured surface quality of the shaft sealing
seats for Ra and Rz can be obtained, using Figure 5(a)
and (b). In Figure 5, all the measured Ra values are
given within the tolerance range for corundum and

CBN grinding in the industrial standards such as DIN
8589-14.36 Approximately, the same condition applies
for the Rz values measured for the tested shaft speci-
mens in Figure 5(b). It is clear that the tolerance range
for Rz is utilised to a greater extent, but still within the
desired range. Several measured values can be found at
the upper tolerance limit. Additionally, it is noticeable
that there is a greater spread of values for Rz. Thus,
overall, both manufacturing processes fulfil the
required surface specifications set by the appropriate
standards. It can also be seen that in comparison to the

Table 2. Summarised results for corundum ground shafts.

Shaft code Ra (mm) Rz (mm) Ssk (–) Lead angle (�) Shaft code Ra (mm) Rz (mm) Ssk (–) Lead angle (�)

K20W1 0.139 2.021 20.205 0.435 K20W26 0.134 2.011 20.299 0.450
K20W2 0.086 1.623 20.264 0.410 K20W27 0.150 2.157 20.233 0.456
K20W3 0.113 1.964 20.258 0.419 K20W28 0.087 2.266 0.219 0.398
K20W4 0.123 2.355 20.252 0.440 K20W29 0.125 2.888 20.145 0.556
K20W5 0.131 2.021 0.054 0.558 K20W30 0.132 2.292 0.335 0.443
K20W6 0.130 2.513 20.484 0.460 K20W31 0.151 2.434 20.223 0.482
K20W7 0.383 2.436 20.351 0.480 K20W32 0.142 1.562 20.411 0.392
K20W8 0.120 2.443 20.498 0.470 K20W33 0.138 2.100 0.361 0.449
K20W9 0.192 2.394 20.662 0.410 K20W34 0.134 1.400 0.013 0.481
K20W10 0.150 2.700 0.499 0.536 K20W35 0.098 2.940 20.411 0.492
K20W11 0.130 1.325 20.291 0.496 K20W36 0.135 1.699 20.287 0.531
K20W12 0.110 2.991 20.367 0.402 K20W37 0.099 2.456 20.520 0.399
K20W13 0.112 2.058 20.028 0.398 K20W38 0.115 2.444 20.390 0.412
K20W14 0.133 2.207 0.293 0.487 K20W39 0.131 2.587 0.413 0.456
K20W15 0.136 2.770 0.311 0.414 K20W40 0.123 1.454 0.210 0.471
K20W16 0.092 1.786 20.211 0.505 K20W41 0.116 3.025 0.009 0.588
K20W17 0.121 2.152 20.251 0.430 K20W42 0.088 2.824 20.017 0.447
K20W18 0.132 2.111 20.215 0.425 K20W43 0.139 1.332 20.105 0.402
K20W19 0.130 1.930 0.399 0.530 K20W44 0.137 2.844 20.371 0.504
K20W20 0.122 2.336 0.115 0.495 K20W45 0.116 1.988 0.251 0.498
K20W21 0.136 2.759 20.398 0.401 K20W46 0.180 2.444 20.269 0.408
K20W22 0.116 2.489 20.384 0.460 K20W47 0.139 1.951 20.149 0.472
K20W23 0.123 2.987 20.212 0.480 K20W48 0.121 1.891 20.003 0.415
K20W24 0.139 1.521 0.036 0.490 K20W49 0.100 2.010 20.369 0.540
K20W25 0.120 2.467 20.540 0.401 K20W50 0.081 2.357 20.221 0.379

Figure 5. Measured (a) Ra and (b) Rz.
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corundum ground shafts, the CBN ground shafts show
lower Ra and Rz values with a lesser spread in their
topographies.

Radial lip seal

An example of radial shaft seals used during the experi-
ments is shown in Figure 6. This type of seal is coated
before the test-runs with a sealing paste pressed onto
the test flange of the rig. This action is essential in
order to ensure that no lubricant can ingress in between
the outer diameter of the rotary shaft seal and the inner
diameter of the test flange. The rotary shaft seal is
equipped with a reinforcing ring, containing an elasto-
meric sealing material. Each sealing ring is greased to
prevent a dry run-in start-up or stop conditions. For

each test-run a new sealing ring is paired with a new
shaft.

To measure the roughness parameters of the sealing
lip, a Keyence confocal 3D laser scanning microscope
was used. With this measuring device, magnifications
of 2.53 to 1503 are achievable. The sealing lip of the
rotary shaft seal was examined at 203 magnification,
with a measured (scanned) area of 532.65mm3 710.70
mm. Prior to measurements, the sealing lip was pre-
pared on a microscope glass slide. For this purpose, a
cut-out piece of the sealing lip is affixed in an unrolled
form to the microscope slide. The sealing lip is oriented
under the microscope such that the surface to be mea-
sured is horizontally positioned under the laser. The
scanned surface is processed in the device analysis soft-
ware to evaluate the roughness parameters. In case of
an uneven orientation, the surface to be measured can
be straightened for correcting a possible inclination.
Figure 7 shows a cross-sectional profile of the lip seal,
measured using the Keyence Alicona Vision System.
Using this profile, it is possible to calculate the radius
of curvature of the seal lip which can then be used to
obtain the seal contacting face-width.

Figure 8 shows the topographical features of the lip
seal surface under 203, 503 and 1003 optical magnifi-
cations, measured using an Alicona infinite focus white
light interferometer with a measurement resolution of
10 nm. The local undulations on the seal surface are
quite visible in the acquired images.

Sealing fluid

All tests were performed with the transmission lubri-
cant; Titan Sintofluid FE SAE 75W, which is also used

Figure 6. Radial lip seal ANIS-1177-1 543 933.

Figure 7. Measured lip seal profile.

Figure 8. Topographical surface features of the lip seal under 203, 503 and 1003 optical magnifications.
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in the actual transmission of the test vehicle (simulated
with the developed test-rig). The lubricant dynamic
viscosity variation with temperature is shown in Figure
9. For this purpose, a U-tube viscometer was employed.
To measure viscosity at different temperatures the U-
tube viscometer was submerged into the tank of fluid
containing an electrical heating element. After the tank
temperature reaches a prescribed steady-state level, the
time taken for the lubricant to flow within the U-tube
viscometer between two fixed points is measured. This
procedure was repeated five times at each temperature
and the average value were noted. The kinematic visc-
osity of the lubricant was obtained based on multiply-
ing the time taken in seconds to the viscometer
constant. To measure the density of the lubricant at
each temperature, the heated lubricant was poured into
a 15 cm3 volumetric flask and its mass was measured.

Experimental results and discussion

Prior to the commencement of tests, the surface topo-
graphy of all the link-shaft specimens were measured,
as well as their lead structures. The shaft surfaces are
specified according to DIN 376047 and DIN 3761.25

Characterisation of the surfaces by the topographical
parameters Ra and Rz is well-established. Ra is defined
as the arithmetic average of the absolute values of the
asperity height deviations from the mean height line
located in the evaluation length of the test sample.48 It
provides no information about the highest peaks or the
deepest valleys. On the other hand, Rz is a measure of
the vertical height distance from the highest peak to the
deepest valley within five averaged sampling lengths.48

It provides no information about the natural profile of
a machined surface. Nevertheless, these are the most
commonly used topographical parameters in practice.
For the variously ground shafts (CBN or corundum),
the resulting topographies (i.e. Ra and Rz) differ.
During the tests it was found that the sealing perfor-
mance of the link-shafts varied considerably with the
method of surface finishing, based on the use of corun-
dum or CBN tools. The CBN ground shafts showed no

leakage for the duration of the tests, whilst it was possi-
ble to measure noticeable amounts of leakage for the
corundum ground shafts, as almost all of them pro-
duced some degree of lubricant leakage.

The leakage from the shafts during the break-in
cycle was considered for the experiments. This is also in
line with the current research objective, which intends
to examine any potential correlation between the mea-
sured leakage and the shaft surface topographical para-
meters as obtained from the production line. Since the
surface topography of the shafts alter during the break-
in period, the measured leakage from the break-in
period is deemed more suitable for investigating the
existence of any potential correlation with surface
roughness parameters.

Figure 10 shows a typical example of measured tor-
que data for the duration of operation including the
data for the maintained shaft speed and measured tem-
perature. The break-in point is considered to be the
moment when the initial high torque falls to a mini-
mum, after which the torque remains largely settled
and thereupon does not show any significant variation.
Based on this premise, the torque break-in point for
the given example in Figure 10 is considered to be at
around 337min.

The measured leakage value for each tested corun-
dum ground link-shaft is shown in Figure 11. It is also
observed that most leakage occurs during the initial
break-in period, after which the leakage rate is signifi-
cantly reduced. However, because the monitoring of
leakage was not automated, all the shafts were exposed
to a 20-h period of break-in process in order to ensure
that all shaft surfaces have reached their break-in
points.

Based on the results for the corundum ground shafts,
no specific quantitative correlation is found between
the measured leakage and surface topographical para-
meters; Ra and Rz as well as with the lead angle, as can
be seen from Figure 12(a) to (c). This can be further
verified by determining the standard Pearson correla-
tion coefficient for the presented measurements. A

Figure 10. An example of monitored torque, speed and
temperature variation during the tests.

Figure 9. Measured dynamic viscosity of Titan Sintofluid FE
SAE 75 W at different temperatures.
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correlation coefficient between the measured leakage
and the Ra, Rz and lead angles are obtained as 0.016,
0.174 and 0.300, respectively, indicating existence of no
or very weak correlations.

These findings are in line with those of Qu8 and
Kozuch et al.23 who considered non-Ra parameters.

Generally, plunge grinding is a preferred machining
method in order to minimise the directionality of the
seal counter face. Depending on the attitude of plun-
ging, the lead angle becomes the dominant surface
structure/texture which can also distinguish corundum
and CBN manufacturing processes. The corundum-
ground shafts show a screw-like surface structure/tex-
ture, depending on the feed of the grinding tool. On the
contrary, CBN ground sealing areas have a linear direc-
tion and do not show any notable surface texture with
any specific orientation.49 Therefore, only the corun-
dum ground shafts show periodic swirl structures or
leads, which was also noted in,50,51 generating a mass
flow in relation to the direction of rotation of the shaft
rather similar to an Archimedean screw.

The standards suggest acceptable lead angles in the
range of 0�–0.05�. As it can be seen from Figure 12(c),
the lead angles for the corundum shafts exceed this
range. Therefore, it is expected that the existence of
such patterns can contribute to the observed leakage
from those shafts. However, as it is clear from Figure
12(c), it is very difficult to establish a correlation

between the measured leakage and the lead angles, par-
ticularly that the range of variation of the lead angle
values is relatively limited.

This points to the use of more suitable parameters
for non-Gaussian surfaces, including for correlative
studies of experimentation and for numerical analysis
as noted.29,30 Therefore, it was decided to identify other
more suitable surface parameters which would poten-
tially influence the tightness of a sealing system.

In contrast to Ra and Rz, the current study focuses
on an important surface areal parameter; skewness,
Ssk. Previous studies have suggested that skewness may
be directly correlated to seals leakage performance.23,52

Figure 12. Measured leakage against (a) Ra, (b) Rz and (c) lead angle for corundum ground shafts.

Figure 11. Measured leakage from all corundum ground shafts.
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A 3D topographical skewness is denoted by Ssk, which
indicates the degree of symmetry of the 3D surface ele-
vations around its centre plane, determined as53:

Ssk =
1

AS3
q

ðð
A

z3 x, yð Þdxdy ð1Þ

where, z (x, y) are the asperity peaks of a rough surface
relative to the best fit plane or sphere. Sq is the root
mean square of asperity heights. The variable A implies
that the integration is performed over a defined scanned
area.

Generally, a positive skewness value is an indication
of the dominance of the peaks in a measured profile,
whilst a negative value indicates the dominance of the
valleys in the measured profile. In-field experience
shows that the link-shafts complying with the standard
specifications stated for Ra and Rz still result in leaking
seals.

The results for measured leakage against skewness
are shown in Figure 13. Figure 13(a) shows that there
is a trend in the presented data. The calculated Pearson
correlation coefficient shows a value of 0.538, indicat-
ing the existence of a reasonable correlation between
the measured leakage and the shaft skewness. There is
a larger spread in the leakage for shafts with positive
skewness value as can be seen in Figure 13(b). In addi-
tion, Figure 13(b) shows that the overall average leak-
age for negatively skewed shafts is lower than that for
the positively skewed shafts. It also seems that the like-
lihood of leakage increases for negatively skewed shafts
with a reduced skewness magnitude. This is evident by
comparing the average measured leakage values for
shafts with negative and positive topographical skew-
ness as shown in Figure 13(b). Conducting a t-test for
the data shown in Figure 13(b), results in a t-value of
4.92, which is greater than t-value of 2.02, based on
typical 5% alpha confidence level for 48 degrees of
freedom obtained from t-distribution table. Therefore,
the null hypothesis that there is no difference between

the two average values shown in Figure 13(b) because
of any standard deviation overlap can be rejected.

The measured skewness of the corundum shafts is
compared with those of their CBN counterparts, with
the latter showing insignificant measurable leakage for
the tests. The results for the measured skewness values
are shown in Figure 14. As it can be observed, there is
considerable difference between the measured skewness
values for the CBN and corundum ground shafts. On
average, based on the trend lines shown in the figure,
the skewness values for the corundum ground shafts are
more than fivefold smaller.

Therefore, the results in Figure 14 along with the
leakage data shown in Figure 13 suggest that there is a
good correlation between surface roughness skewness
and lubricant leakage.

Negative skewness values indicate the dominance of
the troughs or valley in the surface topography, which
may act as micro-reservoirs/micro-pockets retaining
volumes of lubricant at high local pressures which may
act as barriers against leakage. This is in line with the
observations made for textured surfaces in the study of
mechanical seals.54 Therefore, the results for higher
negative skewness values indicate increased lubricant

Figure 14. Measured skewness values for both corundum and
CBN ground shafts.

Figure 13. (a) Measured leakage variation with skewness for the corundum ground shafts and (b) average measured leakage for
negatively and positively skewed shaft surface roughness.
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retention capacity with lubricant entrapment in the
contact area. These also reduce the extent of direct sur-
face interactions, thus palliate the severity of boundary
regime of lubrication in a similar manner to surface tex-
turing of seals, bearings and other tribological conjunc-
tions.20,55–57 However, the increased depth of valleys
(i.e. the gap in the sealing conjunction), if uncontrolled
can also promote increased leakage. This is also noted
for some textured surfaces under various operating
conditions.58,59 In the case of texturing, texture depth,
shape, spacing and distribution can be used to optimise
lubrication conditions, whilst minimising leakage.60

However, the same cannot be assured for ground sur-
faces which have a fairly random topography.
Therefore, it is important to arrive at an optimum solu-
tion, first by establishing a correlated link between a
statistical measure of topography (such as skewness)
and leakage, and second by specifying a surface finish-
ing process to achieve the same.

Analytical assessment of the results

To estimate the leakage from the radial lip seal, the gap
between the lip and shaft must be determined. Horve61

has proposed the well-known Petroff equation, com-
monly used to calculate friction in journal bearings to
approximately determine the film thickness if the fric-
tional torque is known. The proposed model was also
used by Kammüller62 and Van Leeuwen and
Stakenborg63 for estimating the frictional torque of
radial lip seals:

h=
2phvR3w

Tf
ð2Þ

where, h is the lubricant dynamic viscosity at the oper-
ating temperature, v is the angular velocity of the shaft,
R is the nominal radius of the shaft and w is the seal lip
contact face-width. The frictional torque is given as:
Tf = fR, in which f is the contact friction.

To account for the potential contribution of the
asperities in the contact to generated friction, the total
torque can be written as contributions due to viscous
shear of a fluid film and the asperity interactions:

Tf =
2phvR3w

h
+maWaR ð3Þ

where, Wa is the load share of asperities and ma is the
coefficient of friction between asperities of the lip seal
and those on the shaft surfaces. Since the lubricant is
often absorbed by the seal there would be a difference
between the ma obtained for a wet seal and that for a
dry one. In the absence of such information for a wet
lip seal, the dry coefficient of friction for rubber against
steel is used in the current study, which should provide
an upper estimate for boundary friction contribution.
Generally, the roughness profile of the shaft may not

follow a Gaussian distribution as has already been
noted. Nevertheless, assuming a smooth lip seal profile,
the relationship developed by Greenwood and
Williamson64 can be used as a first estimate of the
potential effect of the shaft surface asperities, particu-
larly that in majority of the cases the deviations were
not too far from an assumed Gaussian distribution.
Further information on the adoption of Greenwood
asperity contact models for non-Gaussian surfaces can
be found in Leighton et al.29,65 The load shared by
asperities is64:

Wa =
4

3
jb

1
2s

3
2E�AF3=2

h

s

� �
ð4Þ

where, j and b are area density and average radius of
curvature of asperity tips, respectively. Moreover,
A=2pRw, 1=E�= 1� n2

1

� �
=E1 + 1� n2

2

� �
=E2 and:

F3=2
h

s

� �
=

1ffiffiffiffiffiffi
2p
p

ð‘

h=s

s� h

s

� �3=2

exp � s2

2

� �
ds ð5Þ

A Gaussian distribution fit of the above function pro-
vides the following convenient approximation:

F3=2
h

s

� �
ffi1:2225 exp �

h
s
+1:7089

� �2
231:14842

" #
, for

h

s
2 1, 4½ �

ð6Þ

Subsequently, solution of equation (3) can provide an
estimation of the film thickness in the contact.

Once an estimate of the lubricant film thickness is
made, the leakage flow rate can be calculated. There
are two orthogonal flows inside the lip seal contact.
One is along the shaft’s axial direction due to pressure
gradient, whilst the other is in the circumferential direc-
tion in the form of Couette flow. Neglecting the effect
of geometrical design features on some radial lip seals
which allow promotion of reverse pumping, the exis-
tence of pressure gradient in the axial direction is
expected to result in the leakage flow through the seal
contact. This is, to some extent, analogous to the leak-
age of lubricant from journal bearings with the excep-
tion that the leakage taking place through the air side
is of concern in this case. Thus, the flow rate can be
approximated as:

_Ql ffi
1

2
hwfRv ð7Þ

where, f is a dimensionless factor dependent on the
surface roughness of the shaft which can be determined
based on the measured experimental data. It should be
noted that the above relationship precludes the effect
of flow factors in viscos flow through rough surfaces as
originally proposed by Patir and Cheng.31 For a
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detailed numerical analysis, the inclusion of appropri-
ate flow factors is recommended.66

The seal contact face-width in the axial direction, w,
can be obtained by considering the fitment and garter
spring forces applied to the contact. The contact force
is mainly determined through a combination of finite
element analysis, often based on the Mooney-Rivlin
constitutive viscoelastic model67,68 or with experimenta-
tion.69 Tasora et al.70 have shown that the contact force
including interference for a range of garter spring stiff-
ness values can vary around 26–30N, depending on the
global radial displacement of the seal. Assuming that
the local deflection at the tip of the seal is infinitesimally
small, as a first estimate, the behaviour of the lip seal
tip can be considered to be purely elastic. This allows
the use of Hertzian line contact mechanics in order to
determine the contact face-width48:

w=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 Fi +Fsð ÞRl

pLE�

r
ð8Þ

where, Rl is the radius of curvature of the lip seal tip,
L=2pR and Fi and Fs are lip seal-shaft interference
and garter spring forces, respectively.

With the contact face-width obtained from equation
(8), equation (3) can be solved for an average contact
lubricant film thickness, and subsequently the leakage
flow rate can be estimated using equation (7). A list of
input data for the model is provided in Table 3.

Figure 15(a) shows the ratio of boundary contribu-
tion to the total frictional torque for a range of rota-
tional speed and film thickness values. These
predictions show that overall contribution of boundary
friction reduces with rotational speed and/or film thick-
ness as expected. However, the results in Figure 15(a)
also show that there is a film thickness, independent of
rotational speed, where the contribution of boundary

friction attains its maximum value. The value of this
specific point depends on a number of parameters, but
mainly on the shaft surface roughness. Existence of this
peak is related to the difference in the rate at which the
frictional torque due to viscous shear of the lubricant
film and that of asperity interactions rise or fall with
film thickness, based upon the equations used. For the
studied cases here, the contributions from the bound-
ary friction remain below 18% of the total and is
expected to reduce further with increasing rotational
speed. Figure 15(b), on the other hand, shows the pre-
dicted leakage mass flow rate for the same speed and
film thickness range. These predictions show that if the
rotational speed during the tests increases, the leakage
rate would also increase accordingly irrespective of the
size of the gap. However, the leakage would be higher
for the shafts having a larger gap size.

Figure 16 compares the predicted leakage using the
analytical model with those directly measured.
Considering the simplicity of the model used, it is note-
worthy that reasonable order of magnitude agreement

Figure 15. Predictions: (a) contributions from boundary friction and (b) leakage rate.

Table 3. List of input data.

Parameter Symbol Value Unit

Shaft radius R 20.0 mm
Free inner radius of the seal Rf 19.2 mm
Outer radius of the seal Ro 21.6 mm
Poisson’s ratio for the seal material n1 0.49 –
Poisson’s ratio for the shaft material n2 0.3 –
Young’s modulus of elasticity
for the seal material

E1 10 MPa

Young’s modulus of elasticity
for the shaft material

E2 203 GPa

Boundary coefficient of friction ma 0.6 –
Contact force Fc 28 N
Shaft angular speed v 104.72 rad/s
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exists between the predicted and measured data. The
best fit trend lines in Figure 16, shown for both the
data sets corroborate this despite the existence of indi-
vidual differences between the predicted and measured
leakages for each shaft. As expected, it is difficult to
make a direct comparison between the individual
points as the simple model used here does not take into
account many details related to the topographies of the
seal and the shaft. However, it is quite remarkable that
the trend lines for both set of data correlate quite well.

A more accurate examination of the effect of surface
topography on the predicted leakage would require the
development of detailed numerical models for lip seal-
shaft contact, including surface roughness effects. This
is beyond the scope of the current work. However, at
this point it would be interesting to examine the influ-
ence of shaft skewness on the predicted results through
a correction factor. This approach enables the determi-
nation of any positive effect that the surface skewness
of shafts may have on the corroboration of the corre-
sponding data between the experiments and analytical
predictions. For this purpose, the correlation shown
between the measured leakage quantities and the shaft
skewness in Figure 13(a) is used. Then, the predicted
leakage from equation (7) is scaled, based on the curve

fit equation presented in Figure 13(a) describing the
observed trends between the measured leakage and
skewness of the corresponding shafts:

f=1:67Ssk+1:172 ð9Þ

The results are compared in Figure 17. Figure 17(a)
and (b) show that the spread of the data around the
best fit trend line is significantly reduced when includ-
ing the topographical correction factor, based on the
shaft surface skewness. It is noteworthy that a similar
attempt was made based on correction factors obtained
using other surface topographical statistical measures
such as the arithmetic mean surface height or the maxi-
mum height. In all such cases the spread of the data
around the original trend line in Figure 17(a) was in
fact increased even further. Therefore, skewness seems
to be the appropriate correlative topographical para-
meter with seal leakage.

Concluding remarks

The paper investigates the influence of statistical sur-
face topographical measures of link-shafts of vehicular
transmissions upon leakage of lubricant from radial lip
seals. Surface finishing manufacturing methods such as
corundum or CBN grinding, commonly used for the
seal link-shafts, affect the leakage from the sealing sys-
tem. Differences in leakage between the various surface
finishes have been noted in practice, but a fundamental
combined analytical-experimental investigation has not
hitherto been reported. This has been because of a
dearth of experimental data and particularly represen-
tative test rigs. The paper reports on the development
and use of a specifically designed and fully instrumen-
ted test-rig to investigate leakage from radial lip seals
used particularly in automotive power transmission
units. The test-rig uses a real link-shaft and seal from
automotive transmission system and is able to subject
the seal contact to actual operating conditions in terms

Figure 16. Comparison of predicted and measured leakage
values for all shafts.

Figure 17. Measured leakage versus (a) predicted leakage and (b) scaled predicted leakage including shaft surface topographical
skewness.
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of speeds, temperatures and oil pressure conditions,
which occur in real applications. To the best of authors’
knowledge, there is no specific and widely accepted
standard test protocol for assessing the performance of
radial lip seals used in the automotive transmission sys-
tems, which can reflect the real working conditions.
Therefore, to assess any potential relationship between
the leakage and the surface topography of the shafts,
the shafts were subjected to a standard break-in cycle.
Two sets of shafts, machined using CBN and
Corundum grinding techniques, were tested. It was
observed that the CBN ground shafts promoted insig-
nificant leakage while the corundum ground shafts were
prone to leakage.

An investigation of the surface topography of the
shafts showed that Ra and Rz statistical topographical
measures do not correlate well with the measured leak-
age from corundum ground shafts, thus much of the
existing standards do not fully define suitable shaft sur-
face roughness characteristics. However, it is essential
for seal manufacturers to determine suitable correlative
topographical measures and representative values of
the same to guide methods of surface treatment to
achieve optimal sealing performance. The current study
shows a good correlation between the volume of the
leaked oil and the skewness of the shaft surfaces pro-
files. It was observed that all the CBN ground shafts
exhibited negative skewness values, while the corundum
ground shafts had either positive or reduced negative
skewness. It was also observed that, on average, the
corundum shafts with negative skewness leaked less
than those with a positive skewness value. Such detailed
investigation of the specific shaft roughness effects, par-
ticularly considering the surface topography skewness,
has not hitherto reported in the literature.

To assess the experimental data a basic analytical
model is developed and used, showing good trend-wise
corroboration with the measured leakage from the test-
rig. Since the analytical model does not include salient
information about shaft roughness, a scaling method
based on the curve-fitted linear relationship between
measured leakage and shaft skewness was used, the
result of which shows enhanced quantitative agreement
between the predicted and measured leakage data.
Clearly, with significantly improved availability of rep-
resentative measured leakage data, the opportunity
now exists for more detailed numerical analysis of real
rough automotive radial lip seal contacts under mixed
regime of lubrication. It is also hoped that the work
presented here would be further expanded by including
additional test samples, which would be manufactured
through different machining methods. This would
enable a better understanding of the effect of various
manufacturing techniques on the performance of the
machined shafts.
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GmbH, 2017.
2. Kunstfeld T and Haas W. Shaft surface manufacturing

methods for rotary shaft lip seals. Sealing Technol 2005;

2005(7): 5–9.
3. Kuttner T and Rohnen A. Praxis der Schwingungsmes-

sung: Messtechnik und Schwingungsanalyse mit

MATLAB. 2nd ed. Wiesbaden: Springer-Verlag, 2020.
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Appendix
Notations

Roman symbols

E Young’s modulus of elasticity
E� Equivalent Young’s modulus of elasticity

of contacting pairs
F3=2 A topographical statistical function
Fi Interference force
Fs Garter spring force
f Friction
h Gap between lip seal and shaft
L Shaft circumference
_Ql Volumetric leakage flow rate
R Shaft radius
Rl Radius of curvature of lip seal
Rf Free radius of the lip seal
Ro Outer radius of lip seal
Ssk Skewness
Tf Frictional torque
Wa Asperity load share
w Sealing contact width

Subscripts

1, 2 Denotes seal and shaft

Greek symbols

b Average radius of curvature of asperity
peaks

h Dynamic viscosity
ma Asperity coefficient of friction
n Poisson’s ratio
j Number of asperity peaks per unit area
s Root mean square roughness
v Angular velocity

Abbreviations

BIP Break-in-point
CBN Cubic boron nitride
WLTP Worldwide harmonised light vehicle test

procedure
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