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Prediction of RSS Sealing Performance by Fully Coupled EHL
Simulation

Fabian Kaiser, Andreas Gropp, Daniele Savio, Daniel Frélich, Christian Wilbs
and Dirk Mdhring

The pumping and leakage behavior of radial shaft seals (RSS) has challenged researchers
for more than half a century. While the main phenomena contributing to reverse pumping have
been identified some decades ago, to this day there is no conclusive proof nor a comprehen-
sive model for the exact sealing mechanisms, making it impossible to derive precise guide-
lines for radial shaft seal design. Therefore, Freudenberg has developed its own simulation
tool based on elasto-hydrodynamic lubrication (EHL) to gain insight in the pumping mecha-
nism and the sealing performance of RSS. It includes all steps required to simulate the pump-
ing rate, from Finite Element Analysis to the EHL-modelling of the sealing contact, including
the circumferential deformation of the sealing lip roughness. Using this tool, the pump rate of
RSS can be simulated accurately and new insights in the sealing mechanism are possible.

1 Introduction

Radial shaft seals are mostly made of elastomer since synthetic nitrile rubber, com-
patible with mineral oils, became available in the 1930s. Through decades of ongo-
ing research and improvements in materials and design of these seals, some funda-
mental principles to ensure tightness were established:

e The sealing lip must have an asymmetric shape with a significantly larger oil
side angle a than air side angle B (Fig. 1).

e The region of the sealing lip in contact with the shaft requires a certain rough-
ness that must persists even when the seal wears. This is determined by the
exact rubber compound.

e The shaft should be hardened to minimize wear, and plunge-ground to re-
move surface features that might transport oil to the air side.

If these conditions are met, the seal will actively pump fluid from the air side to the
oil side, creating an active dynamic sealing mechanism [1]. Several models have
been proposed to explain this mechanism, the most popular of which being the as-
perity deformation model by Kammiiller [2]: After installation, an asymmetric contact
pressure distribution between the shaft and the seal is formed due to the difference
between the angles a and B with the maximum being closer to the oil side. When the
shaft is rotated, the elastomer surface is deformed in circumferential direction due to
the frictional shear stress with the maximum deformation in the same location as the
contact pressure peak. The stretched micro-asperities in the contact create a pump-
ing effect towards the location of maximum pressure. As most of the asperities are
located on the air side, a net reverse pumping flow ensues, see Figure 1.
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Figure 1: Radial shaft seal and explanation of pumping mechanism according to Kammiiller

2 Current State of Research

The asperity deformation model of Kammiiller has been verified experimentally to
some degree, but local asperity behavior is not fully understood yet. Experimental
studies with hollow, transparent shafts were conducted [6] and the pumping effect
was demonstrated using e.g., fluorescent particles in the oil. However, the fine de-
tails at asperity level are hardly accessible due to the confined space and optical
resolution. Additionally, changing the shaft from ground steel to optically smooth
glass or sapphire will influence the pumping rate.

Typically, numerical simulation can provide new insights on the underlying effects.
For instance, it is standard practice to calculate the contact pressure distribution of
a radial shaft seal using finite element methods, but up to now it is impossible to
measure contact pressures with pym-resolution.

Still, a comprehensive reverse pumping simulation requires the coupling of several
numerical models: 3D elasto-hydrodynamic (EHL) film thickness and flow calcula-
tions including cavitation, simulation of the circumferential deformation due to the
shear stresses and the contact mechanics between the asperities and the shaft. One
of the first to present a full model was Salant [3]. More recently, Thielen developed
a model that includes thermal effects and can simulate the friction torque of radial
shaft seals accurately [4]. These two models, however, lack an accurate represen-
tation of the seal surface roughness, as asperities are assumed to be sinusoidal.

The latest attempt to simulate the pump rate of shaft seals was published by Grin
et al. [5]: They use a high-resolution FEA simulation of the deformed surface asper-
ities as input for a transient multiphase computational fluid dynamics (CFD) model.
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Thus film thickness and asperity deformation are not coupled to the flow, but calcu-
lated from empirical formulas. It is shown that the pump-rate can vary along the cir-
cumference of a seal, even leading to local leakage, the average value agreeing well
with experiments. This provides new clues as to how a seal can stay well lubricated
without leaking.

In summary, no fully coupled model that takes all effects into account exists today.
Nevertheless, the existing methods provide very useful insights into the function of
radial shaft seals.

3 Materials and Methods

3.1 Seals and Shafts

In this study, standard radial shaft seals with 80 mm shaft diameter were used, made
by Freudenberg Sealing Technologies (FST) from a FKM and a NBR material, both
having 75 Shore A hardness. The shafts were made from hardened 90MnCrV8 steel
(1.2842) and plunge ground to a roughness of Rz 1.5 ym. Figure 2 shows exemplary
roughness measurement results of the sealing lip after the tests and the shaft, ob-
tained using confocal microscopy and white light interferometry (WLI) respectively.
As expected, the sealing lip is significantly rougher than the shaft surface.

Figure 2: Roughness of ground shaft and sealing edge (shape removed)

The oil used was a commercial mineral oil with 220 mm?/s as nominal kinematic
viscosity at 40 °C. At the operating conditions of 60 °C, the dynamic viscosity is
0.069 Pa s.

3.2 Simulation Model

The model presented here aims to couple all relevant effects in a single model.

At first, the contact pressure distribution and deformed geometry of the radial shaft
seal is calculated using a FEA method. The rubber material is modelled as hypere-
lastic at an operating temperature of 60 °C. The resulting pressures and deformed
geometries for the two variants can be seen in Figure 3. The NBR seal has the nar-
rower sealing contact compared to the FKM.
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Figure 3: Deformed geometry and contact pressure distributions of analyzed seals.

In order to obtain the local film thicknesses and fluid pressures, the 2D Reynolds
equation is solved iteratively, including mass conserving cavitation [10]. For the elas-
tic deformation calculation of the sealing lip asperities, a computationally efficient
FFT algorithm is used [11]. From the results, the shear stress acting on the seal can
be calculated, being then used as input to compute the circumferential deformation.
Following this step, the film thickness is updated, and the process is iteratively re-
peated until convergence is achieved. For computational reasons, the number of
nodes is currently limited to 16,384 (e.g., 128x128). For a contact width of 0.1 mm,
this would be equal to a resolution of 0.7 um, but for other seal types like pressure
seals with wider contact bands up to 1 mm, the resolution could be restricted to 8 um.

Two additional methods are employed to correctly account for asperity contact and
fluid flow at scales smaller than the aforementioned resolution limit. First, the contact
mechanics theory by Persson and coworkers was used to calculate the asperity load
and average separation of the surfaces as a function of the nominal contact pressure
[71

In a similar way, flow factors account for the effect of the roughness on the flow
between two surfaces based on Almquist's homogenization method [9]. As stated
above, the deformation according to shear stresses is a very important factor in the
contact of radial shaft seals. This means that the roughness structures are distorted
by a certain angle. Therefore, the existing flow factor calculation is extended to also
be a function of this distortion angle, allowing an efficient implementation in the EHL
model.

Finally, the 2D-Reynolds equations for steady state condition reads:

hs (1)
V(=4rVps1 — Ba(¥a — 1) + 5 (e + 1)) =0

Ay and By, are the flow factor matrices that are a function of the local distortion angle
y; v, and v, are the velocities of shaft and seal surface.

For the results presented in here, all surface features with a wavelength bigger than
20 ym were fully discretized using the EHL model, while accounting for the smaller
features using flow factors and contact mechanics.
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Figure 4: Simulation results for 2 m/s shaft speed: Film thickness distribution h, fluid pres-
sure, contact pressure, circumferential deformation &x and distortion angle y

Figure 4 shows typical results of a pump rate calculation: At a shaft speed of 2 m/s,
the tangential deformation is maximal at the location of the contact pressure maxi-
mum with a value of 0.012 mm, in line with [source]. The fluid pressure graphs show
that despite the full lubrication, most or the load is still supported by asperity contact.
The simulated pump rate for this segment is 2.1 ml/h towards the oil side.

Currently, thermal heating of the contact and the changes in viscosity and elastomer
stiffness are not considered, as well as starved lubrication, i.e., dry air side. However,
the model is built with these extensions in mind, they will be added in the near future.

3.3 Pump Rate Experiments

To validate the simulation results, pump rate experiments were done at different
speeds. The pump rate was measured by installing the seal invertedly (oil on air
side) and collecting the leakage over 48 hours. The results are shown in Figure 5.
The measured pump rates represent the averages of four tests, each test was ro-
tated in clockwise direction and counter-clockwise.
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Figure 5: Configuration for pump rate measurement [8] and results
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4 Discussion

The simulation of multiple segments of radial shaft seals quickly shows similar re-
sults as Grun et al. found [5]: Individual surface patches vary significantly regarding
their pumping rate with some even showing leakage. With many surfaces, the aver-
age value shows good back-pumping behavior (negative pump rate, Figure 6), in
good qualitative agreement with the experiments. It is observed that the pump rate
of a segment can change from pumping to leaking depending on the shaft speed.

The discrepancy regarding the absolute values of the pump rate can be explained
with the oil viscosity in the sealing gap: Currently, the sump temperature of 60 °C is
used to calculate the viscosity for the simulation, but as Remppis has shown [12],
the temperature in the contact can be more than 20 °C above the sump temperature.
Such an increase would approx. halve the viscosity of the oil used here, reducing
the pump rate significantly. This will be considered in a future version of the simula-
tion model. An additional parameter which could explain the discrepancy is the elas-
tomer-steel boundary friction coefficient — currently set to upounaary = 0.2 as obtained
from tribological experiments. Although we consider this a good estimation, the ac-
tual value could vary in the radial shaft seal due to the complex contact conditions.
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Figure 6: Simulated pump rate vs. measurement: a) Comparison of mean values for simula-
tion and experiment; b) Mean simulated pump rate and values of individual surfaces

The simulations allow a detailed analysis of the flow in the sealing contact. The flow
patterns and, crucial for the sealing function, the movement of a virtual particle from
the air side to the oil side can be analyzed, see Figure 7. It is apparent, that the main
movement of the fluid is in the direction of rotation, with a smaller component per-
pendicular to it. It is, however, very difficult to identify features on the seal surface
that cause the pumping. On average, it takes about 20 mm of circumferential travel
to traverse the 0.08 mm wide sealing contact (FKM). Note that these 20 mm are not
across several patches but, due to the symmetry boundary condition used in the
model, around 200 times across the same patch, entering a bit further towards one
side from crossing to crossing due to the pumping. Following a particle across many
segments would be very interesting but is computationally unfeasible.
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Figure 7: Transversal of virtual particle through the sealing contact

From the findings using the present model and [5], the lubrication and sealing bal-
ance of rotary seals needs to be re-thought: Instead of a fixed pumping rate, varying
only from part to part, one single seal seems to have many different local pump rates
along its circumference, i.e., the seal pump rate variability SPRV. Understanding and
being able to control these variations will create opportunities to improve the perfor-
mance of radial shaft seals: The SPRV may need to be big enough to ensure proper
lubrication even at high speeds while still being small enough to avoid leakage.

5 Summary and Conclusion

The model presented here can calculate the film thickness and pump rate of radial
shaft seals with good agreement to experimental results and literature. As such, it is
one of the first models to comprehensively consider all relevant parameters in a fully
coupled way, at least in its planned final configuration. Already now, the findings are
leading towards new research aspects to improve the performance of rotary seals,
particularly in challenging conditions.

This is very important for Freudenberg to remain a leading manufacturer of high per-
formance products and to offer the best products possible to its customers.
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7 Nomenclature
Variable  Description Unit
Pr Fluid Pressure [MPa]
Psol Solid Body Pressure [MPa]
hyy Fluid Film Thickness [bm]
v Velocity [m/s]
Ap, By, Influence Coefficient Matrices [-1
y Distortion Angle [rad]
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