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1 Introduction

The electrification of drivetrains brings big advantages for users of vehicles and the
surrounding environment. However, component suppliers will experience drastic re-
ductions of product variety due to reduced complexity of electrified drivetrains. Cur-
rent estimations are suggesting that the automotive market alone, aside from all
other transportation equipment, will demand in the range of 11 million new pure elec-
trically driven light vehicles by 2025. /1/

A major technology in electric vehicles is the electric drive unit, a combined electric
motor and gearbox that fits within the traditional axle/differential space. The motor
and gearbox are directly coupled but while the gearbox requires efficient lubrication,
it is essential that the motor remains dry and so a highly reliable sealing solution is
required between these two components. Electric motors run most efficiently at high
speeds and so the seal requirements are very different from those for a transmission
input on a combustion engine vehicle — the speeds are a lot higher; the duty cycle is
much more varied and there is a reversing requirement. (The main pain points with
regards to the seal are the fact that rotary seal and bearings are limiting factors for
the electric motor performance, friction and torque of the seal cause high power
losses and active cooling of sealing and bearing might have a need of complex cool-
ing setup with for example additional oil pumps.)

2 State of the Art

Sealing system of a typical automotive application needs a lifetime of nearly 14
years. /2/ During this lifetime the sealing behavior should be as constant as possible
in different operation points which are defined by speed, lubrication and temperature,
amongst others. The following chapter gives a short introduction in state of the art
radial and axial sealing solution and their influence on power loss.

2.1 Rotary Lip Seals

Most common to seal a rotating shaft against a fluid are rotary lip seals made of
elastomer or PTFE. Different subtypes of this seals were developed in the last dec-
ades. They all have in common that these types of seals are running on the same
track and generate power loss — especially while poor lubricated and higher coeffi-
cient of friction p.
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The power loss P of a seal can be estimated according to /3/:

P=wp-v-m-D-b (1)
This formula describes in a first approximation a linear relationship between power
loss and surface velocity. This power loss leads to an increased contact temperature
that is finally depending on the heat transfer. There are different models to calculate
the temperature in the seal contact. For elastomer seals Engelke /4/ is providing a
recursive model to calculate the contact temperature.

More advanced is the IMA EXACT equation that includes e.g., filling level to improve
the contact temperature prediction of an elastomer seal. First results show also a
good accordance with PTFE lip seals with adapted parameters. /5/

In practice, this mechanism leads to defects of the sealing edge, oil coal, shaft run-
in and material degradation. /6/

2.2  Elastomer Axial seals

Another possibility to seal a rotating shaft is an axial elastomer seal, also called V-
Ring. This sealing element is rotating on the shaft and has a dynamic load that is
comparatively high compared to radial oil seals. Axial seals are known for many dec-
ades and show a different behavior with increasing rotational velocity compared to
radial seals.
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Figure 1 Power loss V-Ring NBR general use (N6T50) based on /7/

Axial elastomer seals are in use for poor lubricated or dry-running applications. An
unlubricated elastomer metal contact can lead to a higher wear and with increased
circumferential speed the elastomer lip is to certain extent uncontrolled. Further-
more, the seal is moving on elliptical path while accelerating or decelerating. Going
in contact means in this case that the interaction area is constantly undefined. The
described mechanism was simulated with an axisymmetric model and a hyperelastic



A17 293

material. The shore hardness of the used NBR is 65 Shore A. The deformation and
normal force of the seal are shown in Figure 2. While the left picture shows the situ-
ation after the installation, the picture in the middle is at 4000 rpm (10.5 m/s) and the
picture on the right side the situation at 7000 rpm (18.3 m/s) with no more interaction
between counter surface and seal.

Figure 2 FEA V-Ring

3 Proposed solution

In chapter 2 it was shown that especially radial seals have the disadvantage with an
increased power loss at higher speeds and in addition a poor lubrication leads to a
reduced lifetime. Instead, axial elastomer seals have a decreasing power loss at
higher speeds but have problems with the instability of the sealing lip and elastomer-
metal contact.

Thus, the presented design tries to combine the advantages of an axial seal with a
PTFE contact. In addition, the contact area is moving perpendicular to the counter
surface to have a defined contact zone. Additionally, the design leads to a load-
dependent adjustment of the contact force

3.1 Design

The geometric key element of the design are spatial structures around the circum-
ference. These spatial structures work as a deformation reserve when activated by
a centrifugal force. The principal is described in Figure 3.

On the left side the three-dimensional structures are static and not activated. For the
applications it means the shaft is standing or rotating with limited rotational speed.
Thus, the centrifugal force is insufficient to move the structures.

On the right side of Figure 3 the spatial structures are activated and moving in radial
direction. This leads to an axial pulling force which reduces the contact force. The
forces and deformation are depending on the ratio of material's density, design and
modulus or rather stress-strain curve.
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Figure 3 Spatial structures static and activated

The proposed solution is a multicomponent axial seal with the following components,
shown in Figure 4:

elastomer membrane
with spatial structures

thermoplastic outer ring
(e.g., PA),

metal ring on the
inner diameter

low friction contact element
(e.g., PTFE)

Figure 4 Axial seal design

The seal is fixed on the shaft and running against the counter surface. The axial
deformation of the membrane leads to an initial contact force. Thus, the seal is stat-
ically tight. By rotational movement, the special membrane design uses the centrifu-
gal force to start an axial movement of the outer ring and the contact element. Due
to movement the contact force will be reduced, and the seal is a kind of self-protect-
ing for increased circumferential speed.

The structures in combination with the outer ring, lead to an axial movement and

allows the contact element to be nearly perpendicular to the counter surface and
avoid moving on a circular path. In the presented design the outer ring is the radial
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limitation for the membrane movement and provides a groove for the contact ele-
ment. The contact element is made of a PTFE compound. To improve the perfor-
mance the material can be adapted to media and counter surface. Also using the
outer ring using as a dynamic sealing area is possible.

Compared to radial seals the static eccentricity and dynamic shaft run-out are not
critical due to the design. Instead, the eccentricity of the inner and outer ring is im-
portant to avoid imbalances.

For increasing speeds, the medium will be splashed away by the thermoplastic part
of the rotating seal. This leads to a reduced amount of fluid in the sealing area, when
the contact force is reduced.

3.2  Simulation

The simulation of the proposed design was performed in the software Abaqus. The
quasi-static simulation was used to simulate different operating points. The parts of
the seal were defined as deformable bodies, while counter surface and shaft were
defined as rigid bodies. The shaft diameter in the simulation was 50 mm.

The membrane and the thermoplastic head were meshed with tetrahedral elements,
while the metal ring and the contact element were meshed with hexahedral ele-
ments. The FKM elastomer was modeled with a hyperelastic material model. The
shore hardness is 70 Shore A. The thermoplastic part was modeled as a polyamide
with an elastic material behavior, while for the low-friction part a PTFE with elastic-
plastic material model was used. The metal ring was defined as a steel part. y be-
tween PTFE and counter surface was estimated constant with 0.1. The shown sim-
ulation is not including anisotropic material behavior or misalignments between metal
and thermoplastic ring, both leading to dynamic unbalance.

Figure 5 shows the displacement in three different stages. On the left side the seal
is assembled and axially compressed. In the middle the seal is rotating with
7000 rpm (18.3 m/s) and the spatial structures of the membrane show a radial dis-
placement in the softer membrane areas. The right side of the picture shows the
activation of the membrane at 15000 rpm (39.3 m/s). The elastomer part is moving
in radial direction and the movement is limited by the thermoplastic head. The ther-
moplastic head shows also a radial movement bigger than 0.1 mm. The sealing lip
lifts off at approximately 12500 rpm (32.7 m/s), hence, from this speed on a small
gap exists there.
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Figure 5 Radial deformation (U2) in different operation points

While Figure 5 shows the deformation in mm including movements of parts by
boundary conditions, Figure 6 shows the material specific strain. The logarithmic
strain shows also the areas giving flexibility. In addition, it shows the areas with the
highest load and most critical areas in transition area of the shaft area and the mem-
brane.
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Figure 6 Logarithmic strain in different operation points

In general, the rotation of an axial seal leads to a radial flow and this effect can be
used to establish a sealing function. As mentioned the seal lifts up at approx. 12500
rpm and from then on a leakage gap exists. However, due to the radial fluid flow
which occurs due to the rotation, the sealing system still can maintain zero leakage,
even if there is a small gap between the seal and the countersurface. To guarantee
no leakage at all rotation speeds, the radial flow needs to be sufficient at the lift off
rotation speed.

A “critical speed” exists at which the radial flow reasoned by centrifugal forces and
the flow reasoned by the external pressure are in balance. Above this critical speed,
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no leakage will occur, even if there is a gap due to the lift-off. In order to design the
seal in the way that it lifts above this critical speed, an analytical fluid calculation was
carried out. An analytical procedure was chosen because it allows easy understand-
ing of the general influence of the parameters of the design.

In order to develop an analytical model, some simplifications are necessary. Figure
7 provides an overview of the design and the relevant design parameters. The seal-
ing gap has the dimensions w and h. In this area, the flow is considered in the fol-
lowing.

Counter surface (fixed)

™~

Axial seal (rotating)

| L

\
A

Figure 7: Overview over simplified model and design parameters

First, a simple flow in tangential direction is considered which is reasoned by the
rotation of the seal. Accordingly, it is assumed that u, = u, = 0 holds. The required
Navier-Stokes equations in cylinder coordinates are for example provided by Landau
and Lifschitz /8/. Simplifying the Navier-Stokes equations and capturing the bound-
ary conditions leads to the following flow in tangential direction.

w

Up =7 T2 (2)

Where w is the angular velocity, given by the rpm through w = 2 & n. The corre-
sponding pressure field is given by equation (3). In this equation, p; is the pressure
at the inner diameter and R; is the inner radius. Furthermore, p is the density.

1 p w?

p=pit+5

S (7 =R 7 3)
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The pressure is built up by the centrifugal forces and as expected, its maximum is
located at the outer diameter and the rotating part of the seal. The corresponding
pointis (r, z) = (Ry h).

Next, the pressure given by (3) is used as an input to a pressure driven flow in radial
direction. Simplifying the Navier-Stokes equations by assuming R » w and u, =
u, = 0, the following general solution for the flow can be obtained, compare Spurk
and Aksel /9/. Of course, assuming u, = 0 conflicts the first assumption we used to
obtain equation (3). However, since we are interested in the critical speed, this con-
flict is acceptable because it vanishes at the critical speed. It vanishes because the
radial flow will become zero at the critical speed.

K h? z z 4
=y A-py @
In (4) n is the viscosity of the fluid and K is a constant given by the pressure gradient:
dp
K=_ 5
3r ®)

Finally, the fluid flow becomes (6). We introduced the pressure p, which is a reduced
pressure. The idea behind the pressure reduction is that the pressure given by equa-
tion (3) is acting against the pressure p, which is acting on the seal.

_ Da—pi ? _Z\ Z
Y TR=R a‘n;(l ® & (6)
The reduced pressure can be calculated as described below.
Pa=pa—Ap(r =Rqz=¢h)
=p —Eg (R — R?) &h2 (7)
a 2 hz a L
Here, ¢ defines an average pressure reduction. Its value can be between 0 and 1 —
accordingly it takes the pressure from equation (3) between its extreme values.
Finally, the radial flow becomes

1 1p w? ) ) h? zZ z
U = {Pa—pi— = (Ra" = R) §?h?} — (1 ——) — (8)
2n h h

" R —Rq 2 h?
It has a negative value because if leakage occurs, the flow will occur in negative
radial direction. The integral of this equation provides the volume flow. In equation
(9) its absolute value is shown.

h3 mwR 1 ) ) 9
= = —_— —_ 1 —— 2 £2 — R.
V1=l dd = o g (=i =50 07 € (R = R) ©

The critical speed is reached when no leakage occurs, hence, V = 0 holds. In the
following, the parameters of the developed seal are used in order to estimate the

critical speed. Figure 8 shows the resulting mass flowni =p V.
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Figure 8: Leakage through sealing gap and estimation of critical speed

The critical speed is at approximately 11000 rpm. As the FEA results showed, this is
below the lift-off and therefore, at lower speeds zero leakage is guaranteed, too.

4 Experimental Results

4.1  Test procedure

First tests of the shown seal design were performed on a dedicated high-speed test
rig under dry conditions. In a first stage the seal was tested with a stepped stair-like
load spectrum. The nominal shaft diameter in the test was 50 mm and in the test
was performed for 1000 h by repeating the load spectrum. The step-by-step load
spectrum can be split in four areas with different substeps:

e Area l: Low speed up to 2000 rpm (5.2 m/s)

e Area ll: Medium speed 2000 rpm to 7000 rpm (18.3 m/s)

e Area lll: High speed 7000 rpm to 11000 rpm (28.8 m/s)

e Area |V: Very high speed 11 000 rpm to 15 000rpm (39.3 m/s)
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Figure 9 Load spectrum

The hold time in every area was defined by experience and market observation in
the automotive sector. In a first approach, the percent share is comparable to a typ-
ical load spectrum of a car. The stepwise test with different operating points allows
a comparison over time and to draw a conclusion on wear. During the test, data,
e.g., rpm, torque, were measured and recorded for further investigations.

4.2 Testresults

The seal was assembled with a pretension of 1.6 mm and was running dry under
room temperature. The tightness was tested manually by spraying oil on the sealing
contact. This procedure was repeated six times during the test and showed no leak-
age.

The generated data in the test are used to compare simulation with the test result.
To compare the simulated axial reaction force with the measured torque following
equation was used:

Duy
M=u"F, (10)

While Dm describes the average diameter of the PTFE element and F» the calculated
reaction force.

Figure 10 shows the comparison of test and simulation. The test results are the av-
erage torque in the operating points described in 4.1. The average is calculated over
the first 72 h of test or 144 iterations of the load spectrum.

The predicted and calculated results show similar curve characteristics, while the
predicted curve with y=0.1 underestimates the test results in a wide range of the
application. Due to the fact, that p has no influence on the axial relief the conversion
between simulation and test can be calculated with y=0.2. This curve shows a good
correlation between 3000 rpm (7.9 m/s) and 12000 rpm (31.4 m/s).
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Figure 10 Test results and comparison FEA

Figure 7 shows the assembled seal after the test. The pretensioned spatial struc-
tures are still visible and indicate that the PTFE is still in contact with the counter

surface.
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Figure 11 Assembled seal after test

5 Summary and Conclusion

The paper presents an advanced design of an axial acting seal. This proposed de-
sign shows several features to improve the lifetime under poor lubrication and accel-
erated velocities. Compared to radial oil seals the sealing element is rotating on the
shaft and must be balanced to avoid unwanted vibrations while radial acting seals
generate a high loss.

One notable advantage of the design is the adjustable torque or rather loss curve
depending on the materials density and axial pretension. In addition, the paper
shows a mathematical approach to estimate the leakage of a rotating sealing ele-
ment for poor lubrication.

Furthermore, the first test with the seal shows a good behavior in different rpm areas
and the spatial structures are reducing the load in the contact area. In addition, the
simulation-based prediction and measured torque are showing a good accordance
for u=0.2.

Looking ahead, it is necessary to carry out additional tests to determine the limits of
the design. Also, the production is complex due to the multicomponent molding pro-
cess and assembly of the sealing ring. Therefore, an updated design to avoid an
additional assembly is conceivable.
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6 Nomenclature
Variable | Description Unit
U Coefficient of friction [-]
D Diameter [m]
b Contact width [m]
p Pressure / Contact pressure [N/m?]
K Pressure gradient [N/m?]
M Torque [Nm]
n Viscosity [Pa*s]
P Frictional power loss W]
p Density [kg/m?3]
T Temperature (K]
Ur, Uy, U, | Components of fluid flow in cylinder coordinates [m/s]
Scale factor to determine pressure reduction [-]
v Velocity [m/s]
1%4 Leakage volume flow [m3/s]
W Angular velocity
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