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Ladies and Gentlemen, 
We are delighted to welcome you to the 22nd ISC on October 01 and 02, 2024 in 
Stuttgart. It is now the tenth time that the International Sealing Conference will take 
place at the University of Stuttgart, after it could not be held in 2020 due to the 
pandemic. This conference is again jointly organized by the VDMA and the 
Institute of Machine Components (IMA) at the University of Stuttgart. 

 
Under the motto "Sealing Technology - Challenges accepted!" lectures will be 
held that convey the latest findings from research and development, as well as 
practical experience. The lectures will be held in English, only, with simultaneous 
translation into German provided. 

 
 
 
 

 

Ingrid Hunger 
Chairwoman of the Fluid Power 
Sealing Group of VDMA 

Frank Bauer 
Head of Sealing Technology 
IMA, University of Stuttgart 



4 22nd ISC 
 

Peer Review at the ISC 
 
All authors were offered the opportunity of an optional peer review of their paper. This 
guarantees that the examined papers meet high scientific requirements and may 
receive their respective appreciation for research projects or doctoral theses. 
The reviewed papers are marked with the label "REVIEWED" in the conference 
proceedings. 
A paper registered for the review process will be independently reviewed by two 
specialized experts (one from industry, one from academia). This scientific panel 
consists of the members of the programme committee as well as other experts from 
industry and academia. 
After this initial evaluation, the authors have the opportunity, if necessary, to revise their 
paper with the required changes and submit it again. If the reviewers accept the 
changes – if necessary with the request for further minor corrections – the paper will be 
accepted as "REVIEWED" for the conference proceedings (see flow chart for review 
procedure). 
This extensive review process serves the purpose of content and formal quality 
assurance and would not have been possible without the expert support of the scientific 
panel. The organizers of the ISC want to thank all reviewers for their support. 
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Summaries  
 

I- Session 1: Plenary Talks I 
 

I 02  
 
Stephen Bond, The Flexitallic Group Research and Development, Houston, United States 

Static Seals for Sealing Hydrogen: A Review 

Hydrogen has a potentially large role in the future 
of energy, either as a fuel, as an energy storage ve-
hicle, or both. Based on the amount of research 
work and government funding in this area, such as 
the US Government’s pledge of $7 billion for hydro-
gen hubs, it would be a good assumption that the 
role of hydrogen is set to grow for the foreseeable 
future. This is especially the case for so called green 
hydrogen, where hydrogen is produced by the elec-
trolysis of water and the electricity used in the elec-
trolysis is from a renewable energy source (e.g., 
wind, solar). 
Due to its inherent properties, there has been some 
concern about the potential for leak-age of hydro-
gen in this new process industry. This, of course, 
brings into focus the sealing of static bolted connec-
tions, i.e., bolted flange joints.  

The most common leakage tests for bolted flange 
connections use either helium (EN13555), methane 
(ASME B16.20) or nitrogen (DIN 3535), but not hy-
drogen. There are good reasons for choosing these 
gasses, particularly helium, which is safe and a small 
molecule which can be detected and measured by 
standard equipment such as a mass spectrometer.  
Other literature has shown that leak rate of differ-
ent gases cannot be judged and predicted by mole-
cule size alone, therefore the conversion of leak 
rate using a standard test and test gas cannot be 
easily converted to a leak rate of hydrogen. There-
fore, testing of gaskets with hydrogen has been re-
quired to make engineering decisions. 
This paper will review recent public domain papers 
on sealing tests using hydrogen, especially those 
comparing hydrogen sealing rates to helium sealing 
rates. This paper will also include some recent hy-
drogen sealing testing commissioned at a third 
party test house using spiral wound gaskets with dif-
ferent fillers. 

 
 

A- Session 2: Applications in practice I  

A 01 
 
Christoph Olbrich, Jacqueline Gerhard, Simon Feldmeth, Frank Bauer, University of 
Stuttgart, Institute of Machine Components (IMA), Stuttgart, Germany 

Influence of rolling-element bearings on rotary shaft seals 

Rotary shaft seals are commonly used to seal rotat-
ing machine components and prevent the leakage 
of fluids into the environment. Failures of elasto-
meric rotary shaft seals are often the result of over-
heating in the contact area between the sealing 
edge and the shaft. High temperatures in this con-
tact area occur due to high frictional power and/or 
inadequate heat dissipation. The surroundig of the 
seal has a significant impact on the temperatures 
occurring in the contact area. Studies by Kunstfeld  

[1] have already demonstrated that additional ele-
ments near the seal influence the temperature. 
Especially rolling-element bearings near the seal 
strongly influence the contact temperature. The 
frictional heat generated in the bearings results in 
an increase in the temperature of the fluid near the 
seal, consequently raising the contact temperature. 
Tapered roller bearings pump oil [2] and, depending 
on the installation situation, can lead to a higher or 
lower fluid level next to the seal. 
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Tests are conducted on a High-Speed friction torque 
test bench [3]. This investigation involves four dif-
ferent bearing arrangements, as well as a reference 
variant without bearings. In these test runs, both 
the frictional torque and the temperature near the 
contact area are examined.In addition to the exper-
iments on the test bench, Conjugate Heat Transfer 
(CHT) simu-lations are conducted with the same in-
stallation conditions. The simulated temperatures 
are compared with the measured temperatures. In 
most cases, the correlation is good. However, for 
one bearing arrangement, the correlation is signifi-
cantly worse [4]. These differences are investigated 
further.  

 
References: 
[1] Kunstfeld, T.; Haas, W.: Dichtungsumfeld, Ab-
schlussbericht 
[2] Schaeffler Technologies AG & Co. KG: Wälzla-
gerpraxis 
[3] IMA: High-Speed Universal Test Bench 
[4] Hannss, J.; Grün, J.; Olbrich, C.; Feldmeth, S.; 
Bauer, F.: Multiphase Conjugate Heat Transfer 
Analyses on the Assembly Situation of Rotary Shaft 
Seals 

A 02 

 
Nino Dakov, Martin Franz, Jeff Baehl, Sam Wagoner, Trelleborg Sealing Solutions 
Germany GmbH, Stuttgart, Germany 

A high-pressure radial shaft seal with enhanced wear performance 

High-pressure radial shaft seals are typically used in 
hydraulic pumps to seal a continuously rotating 
shaft within a housing bore. When the seal is pres-
surized, the sealing lip’s contact with the shaft in-
creases, which leads to higher wear. At very high 
pressures, the seal’s cross-section can collapse, 
forcing the garter spring out of its retaining groove. 
This issue can be mitigated by stiffening the mem-
brane area, though this reduces the seal’s ability to 
accommodate radial movement of the shaft.  

The current study presents a new approach to sta-
bilize the seal’s cross-section. Multiple pads are 
added on the seal above the membrane area and 
next to the spring. As a result, a considerably lower 
laydown is achieved, resulting in improved wear 
performance during tests. Additionally, the pads 
help maintain the spring’s position. The theoretical 
considerations are supported by tests conducted 
under varying pressure and shaft speed conditions, 
demonstrating the practical benefits of this new 
seal design. 

A 03 
 
Anne Marie Lehmann, Anja Dobrinsky, Martin Franz, Trelleborg Sealing Solutions 
Germany GmbH, Research and Development, Stuttgart, Germany 

A smart seal energizer from shape-memory-alloy 

Harsh operating conditions can strongly reduce the 
seal’s lifetime, potentially damaging people, and the 
environment. One solution to this challenge is the 
use of actuatable seals which are able to adapt to 
the operating conditions. The high operating dis-
placement and comparably low tension force, com-
bined with the freedom of design make a shape-
memory-alloy (SMA) the perfect actuator for poly-
mer seals. This work presents a proof of concept for 
a PTFE seal energized by a SMA wire. The wire is 
wrapped around the circumference of the seal and 
activated by means of induction. When the wire is 
activated, it constricts in length and increases the  

radial load of the seal. Due to the tunable radial 
load, the sealing function and friction properties can 
be tailored to the operating conditions in applica-
tion. 
This work presents a proof of concept for a PTFE 
seal energized by a SMA wire. The wire is wrapped 
around the circumference of the seal and activated 
by means of induction. When the wire is activated, 
it constricts in length and increases the radial load 
of the seal. Due to the tunable radial load, the seal-
ing function and friction properties can be tailored 
to the operating conditions in application. 
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A- Session 3: Simulation I   

A 04 
 
Meghshyam Prabhakar Shisode, Ron Willems, Bas van der Vorst, Mickael Sansalone, 
SKF Seals, Global Research & Innovation, Houten, The Netherlands 

Enabling more sustainable sealing solutions via multiscale friction modelling 

A reliable and accurate seal friction model is para-
mount in optimizing sealing products towards en-
ergy-efficient and sustainable sealing systems. In 
seals, depending on the contact conditions, bound-
ary and mixed lubrication regimes are as prevalent 
as the full-film regime due to, for example, rougher 
contacting surfaces, lubricant starvation, low speed, 
severe contact pressure, temperature, etc. Alt-
hough the research on full-film lubrication regime is 
well matured, a reliable predictive model for rubber 
dry friction, contributing to boundary and mixed lu-
brication regimes, is still lacking, therefore hinder-
ing the friction and wear models accuracy for seal-
ing applications.   

In this work, a predictive analytical model to esti-
mate temperature and speed dependent rubber dry 
friction is proposed. The model is inspired by a mul-
tiscale representation of a metallic counterface 
combined with a first-order analytical approxima-
tion of contact stresses and rubber deformation. 
The counterface is decomposed into different 
scales of roughness and the rubber dissipation en-
ergy is then determined on each scale. The transi-
tion between different scales is also modeled, 
which is important to correctly estimate the contri-
bution from each scale. Subsequently, a cumulative 
frictional energy loss is estimated to predict the fric-
tion force.  
The resulting model is able to predict temperature 
and sliding speed dependent friction coefficient and 
shows a good correlation with in-house experi-
ments. The proposed dry friction model can be 
combined with the lubricant viscous shearing fric-
tion model to predict the overall friction more reli-
ably in the sealing contact, thereby accelerating the 
design of more sustainable and energy-efficient 
sealing solutions. 

A 05 
 
Bharath Kumar Sundararajan, Michael Fasching, Mickael Sansalone, Thomas Schwarz, 
Bas van der Vorst, SKF B.V., Global Research and Innovation, SKF Seals Business Unit, 
Houten, The Netherlands 

A new constitutive model describing the rate-, temperature- and strain- dependent 
behaviour of polymeric sealing materials 

The continuous advancement of virtual simulation 
platforms is a fundamental aspect of the ongoing 
global digitalization megatrend. To broaden the ap-
plicability of these platforms to sealing applications, 
there is a need for more comprehensive material 
models that can describe the complex and diverse 
behaviour exhibited by various polymeric ma-terials 
used in sealing products, such as elastomers, ther-
moplastic polyurethanes (TPUs) and PTFE.  

To address this need, a new generalized modelling 
framework and approach is introduced in this pa-
per. The proposed approach allows different as-
pects of the model to be modified, tailoring to the 
material being studied. The model demonstrates a 
remark-able potential to accurately describe the 
strain rate, temperature, and strain dependent be-
haviour of a chosen seal material, PTFE, within the 
relevant conditions experimentally covered. 
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A 06 
 
Marius Hofmeister, Felix Fischer, Lukas Boden, Katharina Schmitz, Institute for Fluid 
Power Drives and Systems - RWTH Aachen University, Aachen, Germany 

Simulative Prediction of Leakage for Seat Valves and Bio-Hybrid Fuels 

Seat valves play a critical role in various technical ap-
plications, such as automotive injectors. Here, pre-
dicting leakage is vital, as it can lead to poor combus-
tion behavior or complete system failure. To address 
this, a simulation model originally designed for pre-
dicting leakage of air and hydrogen in ball seat valves 
was adapted for the use with bio-hybrid fuels. 
The simulation model uses a modified flow equation 
based on the Hagen–Poiseuille equation and the ef-
fective medium approach to calculate leakage flow. 
The corresponding input parameters are calculated 
according the Persson’s contact mechanics consider-
ing the surface roughness at the sealing zone. This 
method considers the elasto-plastic deformations of 
the surface asperities on a microscopic level, leading 
to a description of the contact pressure relation. This 
relation is used in the calculation of the elastic defor-
mations on the macroscopic level. Good agreement 
between the model and experimental results was 
found for air and liquid water.  
Since many bio-hybrid fuels differ significantly in their   

fluid-mechanical properties from conventional 
fuels and gases like air and hydrogen, the simula-
tion model cannot be used for these liquids with-
out any adjustments. For instance, leakage is influ-
enced by their low viscosity, low density, and high 
vapor pressure of these fuels. Furthermore, devi-
ating interfacial interactions between liquid and 
solid bodies within the valves is of great im-
portance when investigating leakage. For this rea-
son, additional experiments and simulations have 
been conducted for bio-hybrid fuels.  
This study aims to investigate the influence of de-
viating fluid properties of bio-hybrid fuels on the 
prediction of leakage in seat valves in comparison 
to conventional fuels. For this reason, the relevant 
fluid properties are determined for selected bio-
hybrid fuels and implemented in the simulation 
model. Subsequently, the obtained results are 
compared with experimental data. 

A 07 
 
Martin Wittmaack, Markus André, Sebastian Rakowski, Katharina Schmitz, University of 
Applied Sciences and Arts Hannover Faculty II - Mechanical and Bioprocess Engineering, 
Hannover, Germany 

Influence of surface topography on stick-slip-effects – an experimental and 
numerical study 

Lubricated sealing systems, such as in automotive 
brake master cylinders or other hydraulic systems, 
tend to have undesirable stick-slip-effects under cer-
tain service conditions. These stick-slip-effects are 
clearly driven by the complex frictional behavior in 
the mixed lubrication regime. A significant factor in 
this tribological system is the surface topography. 
Thus, it is necessary to investigate and describe the 
lubrication effects on a micromechanical level. 
In the presented study, SRV-tribometer tests are per-
formed in order to study stick-slip-effects and signifi-
cant parameters, such as the surface topography. In 
these tests, a cylindrical EPDM specimen is moved 
over a ground steel surface in a sinusoidal manner. 

are achieved. The test results then show: If the 
EPDM specimen is moved perpendicular to the 
grinding direction of the steel sample, the stick-
slip effect does not occur with any of the tested 
fluids. However, if the steel sample is rotated by 
90°, so that the EPDM specimen is moved in the 
direction of grinding, it is possible to provoke a 
stick-slip-effect. This clearly proves that the sur-
face topography has a strong influence on the 
stick-slip-effect. Corresponding numerical con-
tact- and CFD-simulations, based on the measured 
surface topography are performed and consider 
the surface roughness on a micro-scale. These nu-
merical studies allow to motivate the influence of 
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The steel surface is wetted with brake fluid, so that 
conditions close to a hydraulic cylinder sealing system  
micromechanical models is then used in a transient 
finite element computation of a reciprocating sealing 
system, considering the fluid film dynamics.  
 

the surface topography on the fluid dynamics in 
the lubrication gap. The data from these  
Finally, these numerical investigations enable a 
deeper understanding of the stick-slip mecha-
nisms in lubricated sealing contacts and point out 
the influence of surface topology. 

  

A- Session 4: Hydrogen 
  

 

A 08 
 
Johannes Müller, TEADIT International Produktions HmbH, Kirchbichl, Austria 

TEADIT’s sealing solutions for the electrolyser market 

There is a global competition to achieve a clean en-
ergy transition, and green hydrogen, generated 
through water electrolysis using renewable energy 
sources, is considered crucial for achieving net-zero 
emissions. As electrolyzer manufacturers continue to 
enhance current technologies, explore new ones, and 
scale up their production capacities to meet the in-
creasing demand, there is a corresponding surge in 
the demand for electrolyzer components. The sealing 
of large electrolyzer and fuel cell stacks, which consist 
of hundreds of individual cells, is essential for ensur-
ing their safe and efficient operation. According to 
Frank Weber, CEO of EMEA and Asia-Pacific at 
TEADIT, a 5 MW alkaline electrolyzer typically re-
quires approximately 500 seals.   

These seals can be quite large, measuring up to 1.6 
meters in diameter, and are needed in significant 
quantities. As future electrolyzer plants are ex-
pected to have capacities measured in gigawatts, 
each gigawatt of capacity could necessitate 
around 100,000 seals. This presents a tremendous 
opportunity for companies like TEADIT to contrib-
ute to the global scale-up of green hydrogen pro-
duction. 
PTFE (polytetrafluoroethylene) has emerged as a 
popular material choice for gaskets used in elec-
trolysers due to its excellent sealing properties. 
While electrolysers have been used in various in-
dustries for decades, previous seals often incorpo-
rated asbestos coated with PTFE. However, in 
modern applications, asbestos is no longer used, 
and gaskets made entirely of PTFE have become 
the standard alternative. 

 

A 09 
 
Philipp Hirstein, Sandra Kofink, Joel Thompson, Trelleborg Sealing Solutions Germany 
GmbH, Stuttgart, Germany 

Influence of hydrogen on the material properties of non-metallic materials for 
sealing applications 

Hydrogen entails challengiHydrogen entails challeng-
ing conditions for all sealing materials. For metals, the 
effect of hydrogen embrittlement is well known. 
However, little attention has been paid to elasto-
mers and plastics, which are commonly used as seal-
ing materials. For hydrogen storage and transport, 
high pressures and extreme temperature situations 
must be covered. This paper discusses the influence 
of hydrogen on mechanical properties, volume and  

weight change as well as compression set. Addi-
tionally, the influence of extreme application tem-
peratures on mechanical properties is presented. 
In general hydrogen has no harmful influence on 
the compounds presented in this study, which are 
known as polymers suitable for hydrogen use.ng 
conditions for all sealing materials. For metals, the 
effect of hydrogen embrittlement is well known. 
However, little attention has been paid to  
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elastomers and plastics, which are commonly used 
as sealing materials. For hydrogen storage and 
transport, high pressures and extreme temperature 
situations must be covered.  

This paper will discuss which material properties are 
relevant to describe the sealing performance and 
how hydrogen influences these factors 

  

A 10 
 
Michael Fasching, Thomas Schwarz, Silvio Schreymayer, Thomas Hafner; Geraldine 
Theiler, Natalia Cano Murillo, Andreas Kaiser, SKF Sealing Solutions Austria GmbH, 
Austria 

Investigation of sealing materials with excellent cold temperature flexibility in 
hydrogen environments 

Reliable operation is a key requirement for hydrogen 
technology. Operating conditions of up to 1000bar 
pressure and temperatures of -40°C and 85°C, which 
are demanded for hydrogen-powered vehicles, are 
challenging to be met by sealing materials such as 
TPEs and rubbers. 
In-depth understanding of material behavior is there-
fore needed to meet the requirement of reliable op-
eration. In this work, the relevant properties for hy-
drogen applications are studied for two polyurethane 
grades, one EPDM, and two NBR grades with low 
ACN-content.  
To characterize low temperature properties, results 
of typical methods to characterize the glass transition 
of sealing materials are compared to static sealability 
on a component level test with a T-seal design. 
To measure permeation of hydrogen through those 
materials, a test rig was developed that allows the 
measurement of hydrogen permeation at tempera-
tures up to 75°C and pressures of up to 800 bar within 
research project funded by the European Union.   

Samples of the mentioned sealing materials were 
placed in an autoclave and exposed to tempera-
tures at the upper service temperature at a pres-
sure of 1000bar. Mechanical properties were 
tested accordingly before and shortly after the ex-
posure. The tests after exposure were repeated 48 
hours after the pressurized hydrogen exposure in 
order to quantify the reversibility of effects such 
as swelling.  
As another dimension to compatibility, material 
samples were exposed to pressurized hydrogen at 
room temperature and tribological properties 
(wear, coefficient of friction) were characterized 
in-situ with a linear tribometer in ball-on-plate 
configuration.  
Results show that all selected materials meet the 
demand of cold-temperature flexibility and com-
patibility to hydrogen, however distinguish in their 
swelling behavior, wear resistance and permeabil-
ity. 

 

A 11 
 
Hikaru Hashimoto, Suguru Norikyo, Ayako Aoyagi, Hiroyohshi Tanaka, Takehiro Morita, 
Yoshinori Sawae, Joichi Sugimura, NOK corporation, Engineering Research Department, 
Fujisawa city, Japan 

Influences of hydrogen and trace moisture content on the friction of silicone rubber 

In recent years, the utilisation of hydrogen energy has 
gained importance in order to achieve carbon neu-
trality. This utilisation requires the establishment of 
technologies for the safe use of hydrogen, and the 
role of sealing materials is essential. Examples of seal-
ing materials used in hydrogen include piston rings 
used in reciprocating compressors as dynamic seals  

and O-rings that are subjected to repeated loads 
of high-pressure hydrogen as static seals. These 
sealing products are subjected to sliding in hydro-
gen when in use. Unexpected high friction causes 
excessive elastic deformation and possibly induces 
serious mechanical failure of O-rings. For this rea-
son, research has recently been carried out to lay  
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the foundations for frictional properties in hydrogen 
(1)(2).The friction coefficient of the friction test in hy-
drogen was higher than that in air. Futhermore, the 
friction coefficient of the friction test in wet hydrogen 
(water content = 30~300 ppm) was higher than that 
in relatively dry hydrogen (water content = 4~7 ppm). 
These results suggested that gas atmosphere and wa-
ter content of gas had an influence on the friction be-
tween rubber and SUS316L. To elucidate the friction 
mechanism, the surfaces of the rubber and SUS316L 
after testing were analyzed using optical microscopy, 
SEM/EDS and FT-IR.  
  

(1) Sawae Y et al. Friction and wear of PTFE com-
posites with different filler in high purity hydrogen 
gas, 157 (2021) 106884. 
(2) Theiler G et al. Influence of counterface and 
environment on the tribological behaviour of pol-
ymer materials, 93 (2021) 106912.In this study, 
the effect of hydrogen on the friction mechanism 
between silicone rubber and SUS316L was investi-
gated. The rubber was molded in the shape of a 
hemisphere. Reciprocating friction tests were per-
formed with a pin-on-disk apparatus in air, hydro-
gen and gases bubbled in water to vary the 
amount of water content at atmospheric pres-
sure.  
 

 
A- Session 5: Simulation II  

A 12 
 
Matthias Graf, Tobias Lankenau, Kathrin Ottink, Thomas Ebel, University of Applied 
Sciences "Hochschule Emden/Leer", Maschinenbau, Emden, Germany 

Simulation of Leakage Flow in dynamic seals from 3D-printing 

Additive manufacturing (AM) technologies make 
strong progress in these years and impact seals as 
well. However the surface quality of AM seals is typi-
cally lower compared to seals from conventional pro-
duction. For example Fused Filament Fabrication pro-
duces parts with a regular string-like surface struc-
ture. This structure is generated from a thin moving 
nozzle that extrudes melted filament material to 
strings. The size of the surface structure is in the or-
der of the fluid film thickness of a dynamic rod seal.  

A fluid-structure interaction (FSI) with fully cou-
pled Navier-Stokes equations analyses the fluid 
flow between seal and rod. It shows that a period-
ically fragmented contact, which is generated by 
FFF, impacts sealing properties of the dynamic 
seal. A simulation-based comparison between 
conventional seals and those from FFF manufac-
turing shows e.g. consequences for leakage flow 
through the seal gap. 

  

A 13 
 
Niklas Bauer, Katharina Schmitz, RWTH Aachen University, Institute for Fluid Power 
Drives and Systems (ifas), Aachen, Germany 

Pneumatic Seals: A Review of Experimental Measurement and Theoretical Modeling 
of Sealing Friction 

Pneumatic components perform mechanical work by 
pressured air. Seals in pneumatic components enable 
the functionally relevant pressure build-up and are 
thus crucial parts of their respective component. Dy-
namic seals in pneumatic cylinders and valves are 
subject to a motion relative to their counterface, 
which in turn causes a friction force acting between 
the seal and the counterface. This friction force  

reduces the dynamics of the component, leads to 
additional losses and can negatively affect the 
control behavior. 
In the past decades, several attempts have been 
made to understand the friction behavior of pneu-
matic seals both by experiments and simulation 
models. This includes measurements of the fric-
tion force for different pneumatic pressures, 
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velocities, grease types or grease film heights. How-
ever, even for basic questions like the velocity de-
pendence of the friction force there is no clear con-
sensus amongst different authors up to this day.  
While some authors found an increase of the friction 
force with increasing velocity, others authors have 
described a decrease of friction force instead. Fur-
thermore, some sources even found no relevant in-
fluence of the velocity on the friction force at all. This 
unclear state of research makes modeling, construct-
ing and dimensioning pneumatic sealing systems a 
difficult task during the development process.  

This paper aims to give a comprehensive overview 
of the state of research regarding pneumatic seal-
ing friction. For that, this paper presents a litera-
ture review of friction force measurements with 
special regard to the influence of the parameters 
of the sealing system. In addition, different mod-
eling concepts are compared regarding their capa-
bility to calculate and understand the behavior of 
pneumatic seals. Finally, the paper highlights the 
challenges in modeling pneumatic sealing friction 
and proposes a new simulation framework based 
on the findings from the presented literature. 

  

A 14 
 
Tim Hantusch, Casper Schousboe Andreasen, Böðvar Ólafsson,  A/S Gunnar 
Haagensen, Engineering - R&D, Allerød, Denmark 

Direct numerical simulation of mixed lubrication in elastohydrodynamic systems 

In the field of hydraulics, reciprocating rod and piston 
seals are crucial for the performance of cylinders and 
actuators. With respect to energy efficiency, leakage 
as well as product lifetime, numerical design tools 
play an important role in the design process of these 
seals. In recent decades, various numerical models 
for the prediction of tribological characteristics of re-
ciprocating seals have been proposed. However, 
these models are often time-consuming to set up and 
come with long computation times. In recent years, 
advances in soft- and hardware have lead to the trend 
to solve complex elastohydrodynamic systems under-
going mixed lubrication within a single multiphysics 
platform.   

By coupling solid mechanics, surface mechanics 
and fluid mechanics using the direct method, 
mixed lubrication in elastohydrodynamic systems 
has been successfully modeled for axisymmetric 
O-rings. Building on this, the presented work ex-
plores a two-component sealing system using the 
COMSOL® Multiphysics platform, enabling com-
prehensive coupling of solid, surface, and fluid 
mechanics. The numerical model's validation in-
volves a test rig measuring friction from recipro-
cating seals, 3D surface texture characterization of 
the sealing lip, and an application-oriented test 
apparatus to determine the coefficient of friction 
for the rod-seal contact pair. This study aims to 
validate the direct method for a multi-part elasto-
hydrodynamic system, emphasizing experimental 
validation to assess the accuracy of mixed lubrica-
tion models. 
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A 15 
 
Fabian Kaiser, A. Gropp, D. Savio, D. Frölich, C. Wilbs, D. Möhring, Freudenberg 
Technology Innovation SE & Co. KG, Tribology, Weinheim, Germany 

Prediction of RSS Sealing Performance by Fully Coupled EHL Simulation 

The pumping and leakage behavior of radial shaft 
seals (RSS) has challenged researchers for more than 
half a century. The main phenomena contributing to 
reverse pumping have been identified some decades 
ago, e.g. by Kammüller. However, there is no conclu-
sive proof nor comprehensive model for the exact 
sealing mechanisms, making it impossible to derive 
precise guidelines for radial shaft seal design. Thus, 
the question how to tune and optimize RSS is still 
open to this day. 
To change this, Freudenberg has developed its own 
simulation tool to gain insight in the pumping mech-
anism and the sealing performance of RSS: FIRS³T – 
Freudenberg Integrated Radial Shaft Seal Simulation 
Tool.  
 

It includes all steps required to simulate the 
pumping rate, among which: the Finite Element 
Analysis of the deformation of the seal, contact 
mechanics calculations and EHL-modelling of the 
sealing contact, all the way to the circumferential 
deformation of the sealing lip roughness in the 
contact due to the frictional shear stresses. 
Using this tool, the pump rate of RSS can be simu-
lated accurately and new insights in the sealing 
mechanism are possible. Furthermore, it will be 
shown how FST uses this tool to develop new seals 
with unrivalled functionality 

  
A- Session 6 : Rotary Shaft Seals 
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Mousa Amro, Bengt Wennehorst, Gerhard Poll, Leibniz Universität Hannover , Institut für 
Maschinenkonstruktion und Tribologie, Garbsen, Germany 

Frictional characteristics of elastomeric radial lip seals at extremely low 
temperatures 

A novel low-temperature radial lip seal test rig was 
set up, allowing for simultaneous non-contact, tele-
metric measurements of both radial lip seal contact 
temperature and seal friction torque. Extreme cool-
ing of the sealing contact zone down to below -50 °C 
was achieved by continuously feeding carbon dioxide 
snow pellets into the bore of a hollow seal counter-
face adaptor. Though this setup enables a simultane-
ous evaluation of two identical test seals, where the 
inner space is filled with lubricant, in this work, the 
frictional characteristics of wetted, single test seals 
were investigated. This eliminates the churning losses 
of the oil-filled ring gap that, due to the drastic in-
crease of the lubricant viscosity at low temperatures, 
would severely hinder the correct determination of 
the seal friction torque. 
Experiments were conducted with plain radial lip 
seals made of NBR and FKM, using two polyglycol oils 
with different viscosity grades VG 220 and VG 46, re-
spectively. Starting from a stationary state at 100 rpm  

(0.419 m/s) with contact temperatures in the 
range of 45 °C to 60 °C, the sealing contacts were 
subsequently cooled down, finally reaching steady 
state seal contact temperatures as low as approx. 
-50 °C. Thus, during cool-down of the sealing sys-
tems, both seal elastomers pass through the glass 
transition, and both lubricants pass through their 
pour points. In contrast to warm operating condi-
tions, where speed-step dependent seal friction 
changes could be accurately predicted based on 
soft micro-elastohydrodynamic asperity lubrica-
tion theory, speed step experiments at such ex-
tremely low temperatures revealed that there was 
no viscous friction response, i. e. the seal friction 
was due to Coulomb-type friction. While showing 
larger fluctuations, the overall level of this Cou-
lomb-type friction was comparable to the steady-
state seal friction measured under warm operat-
ing conditions. When warming the systems up, the 
original lubrication mode was reestablished. 
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A 17 
 
Yongzhen Lin, Ringo Nepp, Matthias Kröger, Technische Universität Freiberg, Institut für 
Maschinenelemente, Konstruktion und Fertigung, Freiberg, Germany 

Stochastic analysis on tribological behavior of radial shaft seals with focus on 
lubricants 

This study deals with a methodical interpretation into 
the complex landscape of the tribological behavior of 
Radial Shaft Seals (RSS) using dynamic investigations 
focusing on the influence factor lubricant. The RSS 
forms a tribological system with the shaft surface as 
counterpart and the applied lubricant as medium. 
The lubricant has been identified as one of the main 
drivers for the tribological behavior of RSS especially 
due to its chemical structure and physical viscosity. 
Previous research has shown that the tribological be-
havior of RSS, such as leakage or wear, can be ob-
served during and after testing with different lubri-
cants, especially with different viscosities. This study 
evaluates the impact of lubricants with different 
chemical structure but similar viscosity, which allows 
to gain a deeper understanding of the further prop-
erties of lubricants. More specifically, different kinds 
of lubricants have been analyzed on RSS with differ-
ent materials and diameters. Thereby, the rotational 
speed has been varied in relevant ranges. 

Using stochastic calculus analysis, the tribological 
behavior of RSS with lubricants can be evaluated 
in more detail. Especially, the variance of the fric-
tional moment of the seal can be analyzed and in-
terpreted depending on the test conditions. Sec-
ondly the potential damage and the wear for-
mation can be evaluated optically with a micros-
copy. These results not only contribute to the ac-
ademic discourse on RSS and lubricants as well as 
the tribological system, but also classify the differ-
ent operating combinations for real applications. 
A specially designed RSS test rig at the Institute for 
Machine Elements, Design and Manufacturing is 
available for the experimental investigations. The 
aim of the extensive investigations is to create a 
basis for future, more in-depth research into un-
derstanding on the tribological behavior of the RSS 
as well as predictions for specific classified work-
ing environment for the different RSS systems 

 
A 18 
 
Lenine Marques de Castro Silva, Y. Stiemcke, T. Schollmayer, O. Koch, S. Thielen, 
Rheinland-Pfälzische Technische Universität Kaiserslautern-Landau, Chair of Machine 
Elements, Gears and Tribology - MEGT, Kaiserslautern, Germany 

Performance Analysis of Radial Shaft Seals in Non-Stationary Rotational Movements 

The number of applications involving rotational non-
stationary movements has significantly increased in 
the past decade. Such dynamic rotational oscillations 
are often found in applications such as robotic arms. 
These dynamic rotational oscillations correspond to 
high levels of acceleration along with frequent 
changes in the direction of rotation. However, the im-
pact of these oscillations on radial shaft seals (RSS) 
remains unknown. In practical applications, mineral 
oil has been found in undesirable situations, and pre-
vious studies suggested a potential correlation be-
tween these non-stationary movements and the 
buildup of vacuum in the intermediate cavity (the 
cavity between the dust lip and the sealing lip of an 
RSS). Therefore, this study aimed to bridge this 
knowledge gap by investigating the performance of  

an RSS operating under dynamic rotational oscilla-
tion and verifying the correlation between the 
vacuum pressure buildup and the occurrence of 
leakage. To explore various operational scenarios 
and assess the influence of each parameter varia-
tion on sealing performance, a set of experiments 
was designed. These experiments were conducted 
using the IWD Test Bench from MEGT. The IWD 
Test Bench consists of two test cells directly cou-
pled to two servomotors, which can replicate dy-
namic rotational oscillation. Additionally, a prick 
device was developed to measure the pressure in 
the intermediate cavity with the aid of a pressure 
sensor and a medical needle. The tests were real-
ized by varying the following parameters: (i) the 
acceleration at the sealing contact; (ii) the angle of 
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oscillation; (iii) the degree of greasing in the interme-
diate cavity; and (iv) the type of curve performing the 
oscillation. 

The results showed the occurrence of leakage un-
der certain circumstances, specifically with short 
oscillation angles, and photographs of the sealing 
contact indicated the occurrence of leakage con-
comitantly with the region of maximum negative 
pressure. 

 

A 19 
 
Marco Gohs, Lothar Hörl, Frank Bauer, IMA, Univerität Stuttgart, Dichtungsrechnik, 
Stuttgart, Germany 

Development and Testing of Sleeve-Type Lip Seals with Stamped Back-Pumping 
Structures 

The Back-Structured Shaft Seal (B3S) was developed 
to achieve an optimal balance between static and dy-
namic tightness, thermal and chemical resistance, as 
well as high reliability and durability for PTFE shaft 
seals. Structures on the back of the sleeve create an 
active pumping mechanism in the sealing contact. 
These structures are designed as indentations, locally 
influencing the stiffness of the sealing lip. During as-
sembly, the circumferential strain causes flat chan-
nels in the contact area. The shape of these channels 
can be influenced by the geometry of the structures 
in terms of their shape, depth, and angle. When the 
shaft rotates, the channels create a pumping effect 
that actively prevents leakage. The hydrodynamic 
pressure in the sealing contact increases the structur-
ing, ensuring its effectiveness even as the surface 
wears.  

The structures were optimized for laser engraving. 
Due to modifications, it is now possible to also pro-
duce it by stamping. The geometry was therefore 
optimized to create a high-quality impression of 
the negative. Tests on initial variants demon-
strated a similar effect to that of the laser-struc-
tured variant. During stamping, the outcome is in-
fluenced by temperature, force and duration. The 
stamping process caused alterations to both the 
material properties and surface of the seal. The 
identified factors were analyzed by simulation and 
compared to the laser engraved variant. Proto-
types with varying stamping parameters were pro-
duced and underwent both static and dynamic ex-
amination on the test bench. The simulation re-
sults were validated based on the measurements 
of the prototypes. 
Simulation and experimental investigation 
demonstrate that the B3S principle can be imple-
mented in a stamped version. However, the de-
sign of the structure must take additional influenc-
ing factors into account. The stamped variant's 
unique features allow for further optimization of 
the seal. In addition, a more efficient production 
of the B3S can be achieved. 
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A- Session 7: Materials and Surfaces   
 

A 20 
 
Lukas Boden, Marius Hofmeister, Faras Brumand-Poor, Katharina Schmitz, Institute for 
Fluid Power Drives and Systems - RWTH Aachen University, Aachen, Germany 

Predicting Compatibility of Sealing Material with Bio-Hybrid Fuels: Development and 
Comparison of Machine Learning Methods 

Bio-hybrid fuels, derived from sustainable raw mate-
rials and green energies, offer a promising alternative 
to conventional fuels made of mineral oil. An ad-
vantage of bio-hybrid fuels over other alternative en-
ergy sources, such as fuel cells or electrical energy, is 
the use of existing infrastructure. If bio-hybrid fuels 
are used as so called “drop-in fuels” in existing com-
bustion engines, a worldwide network of filling sta-
tions and petrochemical industry production sites can 
be used. 
Within the cluster of excellence “The Fuel Science 
Center” at RWTH Aachen bio-hybrid fuels are investi-
gated on a holistic level. Methods are developed to 
optimize fuel properties, which posts another benefit 
compared to fossil fuels. One property that is ad-
dressed is the compatibility with sealing material. 
Previous time-consuming experimental investiga-
tions revealed that many bio-hybrid fuels show poor 
material compatibility with conventional elastomer 
sealing materials (e.g. NBR & FKM) leading to issues 
such as volume expansion, hardness alteration, or 
chemical reactions upon immersion.  

These incompatibilities could result in cata-
strophic failures during practical applications. 
Due to the high number of possible fuels, fuel-mix-
tures and therefore fuel/seal combinations a 
solely empirical approach is impractical. Conse-
quently, machine learning methods have been 
chosen to predict material compatibility. Based on 
existing experimental data and fluid properties, an 
analysis of correlation is conducted to identify sig-
nificant parameters influencing compatibility. 
Subsequently, machine learning methods suitable 
for this approach are selected and applied. Their 
results are compared and discussed critically with 
particular attention to the limited amount of ex-
perimental data. This method aims to assist exper-
imental investigation by previously reducing the 
number of fuel/seal combinations, thereby mini-
mizing experimental expenses. 

 
A 21 
 
Joachim Möschel, Konzelmann GmbH, Löchgau, Germany 

Poetry and truth, how does the hydrolysis-resistant structure come into the 
polyurethane? 

New, soft, chemical-resistant TPU for pneumatics 
with proportionate biogenic raw material content: 
Elastic sealing materials contribute significantly to the 
function, energy efficiency and service life of pneu-
matic cylinders and valves. These should be corre-
spondingly soft, i.e. in particular smaller than 90 
Shore A. Traditionally, thermoplastic polyurethanes 
compete with soft rubber materials, especially when 
it comes to meeting high-quality chemical require-
ments within this genre. Also to enable the important 
sliding properties required for energy efficiency. Rub-
ber materials have so far been the first choice when 
it comes to higher temperature requirements and  

chemical resistance. The TPU grades available on 
the market are considered to be particularly sus-
ceptible to hydrolysis. Konzelmann GmbH has re-
cently started to represent TPU materials that are 
tailored to pneumatic requirements. In addition to 
the high-quality physical property profiles, their 
special properties are primarily in the area of 
chemical resistance. These new materials are suit-
able for various types of pneumatic applications 
and can be flexibly adjusted in terms of Shore 
hardness. In addition to their exceptional chemical 
stability, these TPU materials were also certified to 
have outstanding cold properties. In this lecture,  
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the targeted innovations in the TPU structure in con-
trast to commercially available TPU will be described 
and differentiated, thereby providing an explanation 
for this progress. The TPU grades available on the 
market are considered to be particularly susceptible 
to hydrolysis. Konzelmann GmbH has recently started 
to represent TPU materials that are tailored to pneu-
matic requirements. In addition to the high-quality 
physical property profiles, their special properties are 
primarily in the area of chemical resistance.   

These new materials are suitable for various types 
of pneumatic applications and can be flexibly ad-
justed in terms of Shore hardness. In addition to 
their exceptional chemical stability, these TPU ma-
terials were also certified to have outstanding cold 
properties. In this lecture, the targeted innova-
tions in the TPU structure in contrast to commer-
cially available TPU will be described and differen-
tiated, thereby providing an explanation for this 
progress. 

 

A 22 
 
Christian Wilbs, Matthias Adler, Daniel Frölich, Alisa Bellon, Nicole Schuster, Jasmin 
Menzel, Emely Bopp, Freudenberg FST GmbH, Mannheim, Germany 

Micro-mechanical characterization of a tribological stressed elastomer surfaces with 
respect to Radial-Shaft-Seals 

Polymers play an important role as sealing materials 
in refrigeration systems and heat pumps. Knowledge 
about the interaction of these materials with refrig-
erants is therefore of interest. Consequently, the 
compatibility testing of sealing materials is already a 
topic in standards for refrigeration systems and heat 
pumps such as ISO 14903 and ISO 21922. 
The test method described in these standards covers 
aging in liquid refrigerant. The post-exposure test 
procedure includes a test in “wet” and “dry” condi-
tion. The wet state is defined as testing within 30 
minutes of removal from the test chamber, while the 
dry condition means that the samples are degassed 
until the mass is constant.  
As part of a project to investigate the in-situ swelling 
behaviour of elastomers, the performance of the ma-
terials in liquid refrigerants was investigated. The 
tests were carried out in a sight glass autoclave 
equipped with a high-resolution camera system.  

In parallel to the in-situ investigations, standard 
aging tests were carried out in stainless steel pres-
sure vessels. The investigation focused on how the 
materials behaved during and after depressurisa-
tion in the autoclave.  
The data clearly indicate that "after removal from 
the test chamber" is not a defined state and is in-
sufficient to ensure comparable measurements.  
The time interval between depressurization and 
measurements, rather than the time after sample 
removal, is critical as the most important changes 
in volume and other properties occur within the 
first 15 minutes after the onset of depressuriza-
tion. 
To ensure that the compatibility tests are compa-
rable, it is proposed to replace the wording "after 
removal from the test chamber" with "after the 
onset of depressurization". In addition, the speed 
of the pressure drop must be defined, as decom-
pression phenomena can significantly change the 
measured values. 
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B- Session 2: Materials and Surfaces  
 

B 01 
 
Hiroyoshi Tanaka, Ayako Aoyagi, Hikaru Hashimoto, Yoshinori Sawae, Joichi Sugimura, 
Kyushu University, Mechanical Engineering, Fukuoka, Japan 

Friction and wear properties of several rubber materials for high pressure O-ring 

Friction and wear characteristics of rubber materials 
were investigated to look for the suitable candidates 
for O-ring using in hydrogen energy system for re-
newable energy society. In this study, reciprocating 
sliding test of rubbers were conducted under hydro-
gen environment. To understand the sealing perfor-
mance and durability of rubber O-rings, friction and 
wear characteristics of hemispherical rubber speci-
mens sliding against stainless steel disk were evalu-
ated  

Several rubber materials including silicone rubber, 
EPDM rubber, fluorinated rubber and natural rub-
ber-based materials were selected to identify the 
best fit for the hydrogen facility. Each rubber ma-
terial exhibited unique friction and wear perfor-
mance depending on its nature (mechanical prop-
erties, chemical composition, type of filler), envi-
ronment gases and operating conditions. A sili-
cone rubber demonstrated that low wear and high 
and stable coefficient of friction in hydrogen. A 
fluorinated rubber with carbon black filler showed 
low coefficient of friction in hydrogen. In order to 
understand the wear process of each rubber, to-
pography measurement and surface analysis were 
conducted after the sliding test.   

B 02 
 
Margrit Junk, Joachim Germanus, Institut für Luft- und Kältetechnik gemeinnützige 
Gesellschaft mbH, Applied Materials Engineering, Dresden, Germany 

Testing elastomeric materials in liquified gases 

Polymers play an important role as sealing materials 
in refrigeration systems and heat pumps. Knowledge 
about the interaction of these materials with refrig-
erants is therefore of interest. Consequently, the 
compatibility testing of sealing materials is already a 
topic in standards for refrigeration systems and heat 
pumps such as ISO 14903 and ISO 21922. 
The test method described in these standards covers 
aging in liquid refrigerant. The post-exposure test 
procedure includes a test in “wet” and “dry” condi-
tion. The wet state is defined as testing within 30 
minutes of removal from the test chamber, while the 
dry condition means that the samples are degassed 
until the mass is constant.  
As part of a project to investigate the in-situ swelling 
behaviour of elastomers, the performance of the ma-
terials in liquid refrigerants was investigated. The 
tests were carried out in a sight glass autoclave 
equipped with a high-resolution camera system.  
 

In parallel to the in-situ investigations, standard 
aging tests were carried out in stainless steel pres-
sure vessels. The investigation focused on how the 
materials behaved during and after depressurisa-
tion in the autoclave. The data clearly indicate that 
"after removal from the test chamber" is not a de-
fined state and is insufficient to ensure compara-
ble measurements.  
The time interval between depressurization and 
measurements, rather than the time after sample 
removal, is critical as the most important changes 
in volume and other properties occur within the 
first 15 minutes after the onset of depressuriza-
tion. 
To ensure that the compatibility tests are compa-
rable, it is proposed to replace the wording "after 
removal from the test chamber" with "after the 
onset of depressurization". In addition, the speed 
of the pressure drop must be defined, as decom-
pression phenomena can significantly change the 
measured values. 
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B 03 
 
Cem Tanyeri, Mine Unlu, Baris Caylak, Alper Kocamaz, Ozan Devlen, Kastas Sealing 
Technologies Research and Development, Izmir, Turkey 

Enhancing sealing element security: Quantum dot marking Solutions of NBR and 
TPU sealing elements 

In response to the escalating need for integrated 
product security amidst the rising challenge of coun-
terfeiting, luminescent labels have emerged as crucial 
tools for safeguarding original products. Leveraging 
nanoparticles for marking activities not only en-
hances product safety but also mitigates operational 
costs while bolstering traceability and sustainability. 
This study focuses on integrating quantum dot (QD) 
marking solutions into NBR and TPU, widely utilized 
in sealing elements crucial for hydraulic and pneu-
matic systems. 
Initially, the research delves into the optical proper-
ties of elastomer materials infused with various types 
of QDs. Mechanical property alterations and optical 
readings of marked elastomers post-abrasion and ag-
ing with different media are examined in the initial 
phase. Subsequently, the study elucidates the bene-
fits of incorporating QD markers into elastomers, em-
phasizing traceability, product safety, and sustainabil-
ity. 
  

Employing specially designed sensors and embed-
ded smart algorithms, quantum tags crafted from 
the optical properties of nanoparticles facilitate 
optical reading, conversion of readings into elec-
tronic signals, and signal processing for sample 
qualification and/or verification. Product verifica-
tion entails comparing obtained signals with refer-
ence data, thereby ensuring authenticity. 
By showcasing the efficacy of QD marking solu-
tions on elastomers, this research underscores the 
potential for bolstering sealing element security, 
offering a promising avenue for combatting coun-
terfeiting and enhancing product integrity in criti-
cal industrial systems 

B- Session 3: Additive Manufacturing 

B 04 
 
Thomas Ebel, Kathrin Ottink, Hochschule Emden-Leer, Faculty of Technology  
Mechanical Engineering, Emden, Germany 

Functional testing of additively manufactured hydraulic rod seals 

Hydraulic rod seals are crucial machine elements in a 
lot of applications. Malfunction of rod seals can cause 
huge economic loss by long shutdown times for re-
pair. Especially if equipment is used in remote areas 
in the nature, malfunction can also cause severe en-
vironmental damage by spilled polluting hydraulic 
fluid. The delivery time of dynamic rod seals for hy-
draulic applications can last weeks or even months as 
these seals are often manufactured on demand. In 
addition, the last years have shown that also geopo-
litical incidences like a war or a pandemic can have a 
huge impact on international channels of trade. 
In order to avoid, or at least minimize, machine shut-
down times, it seems to be desirable to have local 
production solutions for rod seals by using easy to  

handle machinery and a single, simple raw mate-
rial. A possible solution to circumvent delivery 
challenges can be the use of an additive manufac-
turing (AM) method. The research question ad-
dressed in the presented study is whether it is pos-
sible to produce functional rod seals using simple 
AM methods. 
The results of the method screening and the pre-
liminary investigations were presented at the 21st 
International Sealing Conference in Stuttgart in 
2022. One of the results was the choice of Fused 
Filament Fabrication (FFF) as the additive manu-
facturing method for the study and thermoplastic 
polyurethane (TPU) as the material class to be 
used. Our latest results, the outcomes of two 



28     22nd ISC 
______________________________________________________________________________________________________________ 

series of functional tests conducted with these differ-
ent filaments, will be the core of the presentation 
that we plan to give at this year’s conference.  

Parts that are produced by using the Fused Fila-
ment Fabrication method are never fully dense 
due to the process. Nevertheless, the functional 
tests conducted on a rod seal test rig showed that 
the research question can be answered in an af-
firmative way for tested pressures up to 15 MPa. 
Even in a long-term test the function of the addi-
tively manufactured seals met the demands. 

B 05 
 
Jacqueline Gerhard, Lothar Hörl, Frank Bauer, University of Stuttgart, Institute of Machine 
Components Sealing Technology, Stuttgart, Germany 

Additive Manufacturing of Sealing rings: Material Selection and Application 
Development 

The use of additive manufacturing, particularly 3D 
printing, for the production of sealing rings is a prom-
ising way to speed up the development cycle of new 
products. Complex geometries that were previously 
impossible or difficult to produce could now be real-
ized. In addition, this technology allows for the rapid 
exploration and implementation of geometric varia-
tions in sealing profiles, enabling rapid optimization 
for individual applications. 
However, this manufacturing process presents new 
challenges. In order to guarantee the required sealing 
function, the sealing material must meet specific re-
quirements. These requirements cannot yet be fully 
met by 3D printable materials, which is why the use 
and success of additive manufactured seals is still lim-
ited. In addition, there are a number of geometric re-
quirements that have to be considered when printing 
sealing rings.  

In this study, a comprehensive analysis is per-
formed focusing on the evaluation of various ma-
terial properties to identify the most suitable ma-
terials for effective sealing functionality. There-
fore, several elastic 3D printable materials and 
their printing settings were analyzed for material 
properties such as compression set, elongation at 
break, wear rate and chemical resistance. A liquid 
crystal display printer was used for all tests. Mate-
rials that showed optimal performance in these 
analyses were further tested for their printability. 
The geometric accuracy and reproducibility of the 
printed seals were analyzed and the printing pa-
rameters were optimized in order to print an opti-
mum seal geometry. 
Based on the material property studies, the most 
suitable materials were selected. The first proto-
types of additive manufactured rod seals were 
tested on a test bench and compared to commer-
cially available rod seals. In this way, the function-
ality of the printed seals and their materials was 
tested under real conditions and their perfor-
mance validated. 

  



22nd ISC      29 
______________________________________________________________________________________________________________ 

B 07 
 
Alper Kocamaz, Ozan Devlen, Cem Tanyeri, Barthel Engendahl, Kastas Sealing 
Technologies, Research and Development, Izmir, Turkey 

Innovation in Seal Production: Novel Additive Manufacturing for High-Performance 
PU Seals 

Our study unveils a groundbreaking additive manu-
facturing (AM) technology poised to redefine the 
standards of polyurethane seal production. By metic-
ulously merging the precision of AM with the robust-
ness of injection-molded TPU, this technology not 
only promises to bridge existing manufacturing gaps 
but also to set new benchmarks for seal performance 
and durability.   

Our rigorous evaluation underscores the technol-
ogy's superior design flexibility, enabling the crea-
tion of custom, high-performance seals that sur-
pass traditional capabilities in both efficiency and 
environmental sustainability. The results of our 
comprehensive testing and validation process re-
veal a significant leap forward, offering not just an 
alternative, but a superior solution in seal manu-
facturing. We propose this AM technology as a 
transformative force, capable of revolutionizing 
industry standards and paving the way for innova-
tive applications across sectors. This is not just an 
advancement; it's a call to reimagine what's possi-
ble in seal manufacturing. 

 
B- Session 4: Test procedures 

B 08 
 
Adrian Heinl, Christian Wilbs, Daniel Frölich, Matthias Adler, Freudenberg FST GmbH, 
Weinheim, Germany 

Performance of the radial shaft sealing system under the influence of shaft lead 

The performance of a radial shaft sealing system de-
pends primarily on the main components radial shaft 
seal (RSS), shaft surface and lubricant and how they 
interact with each other. The dynamic sealing mech-
anism of the seal depends on many influencing fac-
tors, one of which is the shaft surface topography. 
Therefore, the shaft surface roughness parameters 
must be in an acceptable range. Now, different pa-
rameters or machining processes of the shaft can 
generate the same surface roughness but totally dif-
ferent surface topographies. To ensure the perfor-
mance of the sealing system, in addition to the known 
roughness parameters, the shaft must be free of 
fluid-pumping structures. Those structures are 
known in the sealing technology community as shaft 
lead. Depending on the shaft lead characteristics, the 
lead can create an axial pumping effect of the fluid 
which disturbs the sealing mechanism.  

The latter expresses itself either in the form of di-
rect leakage or poor lubrication conditions and 
therefore to an increased wear of the sealing 
edge. Different lead structures can be measured 
and quantified with state-of-the-art measuring 
and analyzing methods. Using these methods, the 
correlation between lead parameters and leakage 
resp. seal wear can be shown. The insights drawn, 
will be applied to unpressurized and pressurized 
radial shaft sealing systems. Based on those re-
sults, acceptable limits for shaft lead can be set to 
ensure a reliable sealing system. 
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B 09 
  
Maximilian Engelfried, Matthias Baumann, Frank Bauer, University of Stuttgart, Institute 
of Machine Components Sealing Technology, Stuttgart, Germany 

From Tactile to Optical - Advancements in Shaft Lead Analysis 

Tactile measuring instruments were used for a long 
time to measure surface characteristics of sealing 
counterfaces and are still state of the art today 
throughout the industry. The data measured are 
roughness profiles in the axial direction of the shaft. 
Rapid developments in computer hardware and soft-
ware have improved optical measurement technol-
ogy, advancing its application in the analysis of seal-
ing counterfaces. The measurement data are topog-
raphies that represent partial areas of the shaft with 
high resolution in both the axis and circumferential 
direction. These characteristics are especially useful 
for the analysis of shaft lead. 
Lead describes all types of structural features on the 
shaft surface that axially pump oil in sealing contact 
during operation. Their pumping effect influences the 
sealing mechanism depending on the direction of ro-
tation of the shaft and can result in leakage.   

Lead structures appear in various forms and sizes 
– micro and macro lead, which are superimposed 
on the shaft surface. Optical measurements ena-
ble the detection of the superimposed structures 
with a single measurement run. Specially devel-
oped segmentation algorithms can be used to 
sperate micro and macro lead and then identify 
flow channel-like structures as individual elements 
in surface topographies. The statistical analysis of 
the segmentation results offers an objective char-
acterization of the sealing counterface. 
This article presents the benefits of utilizing opti-
cal measurement techniques in conjunction with 
innovative structure-based analysis approaches 
for lead on shaft counterfaces. The outcome can 
improve the reliability of sealing systems and as-
sociated products. 

 

B 10 
 
Georg Haffner, Matthias Baumann, Frank Bauer, University of Stuttgart, Institute of 
Machine Components Sealing Technology, Stuttgart, Germany 

Insights into the pumping behavior of sealing counterfaces using continuous 
logging 

Surface structures of the sealing counterface are 
called “lead structures” when they have the capabil-
ity to pump oil rotation dependent through the seal-
ing contact of a rotary shaft seal systems. This feature 
is called “pumping effect”. The structures interrupt 
the equilibrium state of the sealing system, which 
may lead to dry run or leakage as failure result. Espe-
cially for higher circumferential velocities the pump-
ing effect increases and therefore cannot be ne-
glected.  

To assess the influence of lead structures on the 
sealing system, one can measure the pumping 
rate of the sealing counterface experimentally. 
The higher the pumping rate of a sealing counter-
face, the more likely the sealing system will fail. In 
this paper, the development a new pumping rate 
evaluation method with the help of a continuously 
measuring scale, which allows to visualize the 
course of the pumping rate over time, is de-
scribed. With this knowledge it is possible to de-
termine the end of the running-in phase of the 
sealing ring and to determine the minimum dura-
tion of the pumping rate tests. The pumping rate 
evaluation method is demonstrated with different 
shaft counterfaces to validate the stability of the 
new method.   
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B 11 
 
Takao Horiuchi, Yohei Sakai, Ayako Aoyagi, NOK corporation, Engineering Research , 
Fujisawa-shi, Japan 

In Situ Observation of a Grease Lubricant Film on a Radial Seal by Fluorescence 
Induced Microscopy 

Industrial robots are operated by servomotors and 
reduction gears in their joints. Grease lubrication of 
the reduction gears is important for the delicate 
movements of the robot, and radial lip seals prevent 
lubrication leakage. Their operational behavior and 
sealing mechanism were examined by various au-
thors and therefore is comparatively well understood 
[1]. Y. Sato observed the lubrication film on the radial 
lip seal in oil using LIF. However, the lubrication film 
on the radial lip seal in grease has not been observed 
[2]. It has been known that microscopic infrared spec-
troscopy and fluorescence induced microscopy are 
effective in observing grease behavior in situ. These 
methods were used due to their special feasibility of 
observing film thickness and thickener separately 
[3,4]. Previous verification results suggest that thick-
ener particles are present in the sealing gap and are 
influencing the performance of the sealing system 
[5].  
 

In this study, the sliding surfaces of radial lip seals 
in grease lubrication were observed using a fluo-
rescence induced microscope to verify the grease 
lubrication and sealing condition. A glass shaft was 
used to observe the lubrication film on the radial 
lip seal and the sliding surface was observed from 
the shaft side. Lithium soap grease was used as the 
lubricant. Two dyes were used in this grease to ob-
serve film thickness and thickener separately. We 
observed changes in oil film thickness and amount 
of thickener on the sliding surfaces and discussed 
the seal lubrication mechanism of the grease in ra-
dial lip seals.  
[1]E.T.Jagger, Proceedings of the Institution of 
Mechanical Engineers, Vol171, Issue1, 597-616, 
5.1957 
[2] S.Yuki (2001) , Kyushu University 
[3] Y. Hoshi et al., J. Japanese Soc. Tribol. (Torai-
borojisuto), 4, 15, 201, 2020  
[4] D. Kostal et al., Faculty of Mechanical Engineer-
ing, Brno University of Technology, 17, 8, 2022 
[5] Sommer M. et al., Tribology International, 103, 
574-583, 2016 

  

 
B- Session 5: Applications in practice  

 

 
B 12 
 
Serhii Shevchenko, G.E. Pukhov Institute for Modelling in Energy Engineering, Kyiv, 
Ukraine 

Study of the non-contact seals influence on the centrifugal machine’s dynamic 
characteristics 

Higher parameters of centrifugal machines are con-
stantly required, such as the pressure of the medium 
to be sealed and the speed of rotation of the shaft. 
However, as the parameters increase, it becomes 
more and more difficult to ensure the effectiveness 
of sealing. Non-contact seals, in addition to sealing, 
perform an equally important function – to improve 
the vibration state of the centrifugal machine. Design 
measures aimed at increasing the hydraulic  

resistance of seals, as a rule, increase their hydro-
static stiffness and damping and thus improve 
their dynamic qualities. Non-contact seals are con-
sidered as hydrostatic-dynamic bearings that can 
effectively dampen rotor oscillations, and as auto-
matic control systems. Models of systems "rotor-
gap seals", impulse seals, "rotor-hydraulic face" 
and seals-supports of a shaftless pump have been 
studied to assess the effect of seal systems on the 
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oscillatory characteristics of the rotor. Analytical de-
pendencies are obtained for calculating the dynamic 
characteristics and stability limits of seals as hydro-
mechanical systems. 
The directions for improving the safety of operation 
of critical pumping equipment due to a targeted in-
crease in the rigidity of non-contact seals are deter-
mined, which leads to an increase in the vibration re-
sistance of the centrifugal machine’s rotor.   

A general algorithm for constructing the dynamic 
characteristics of non-contact seals due to their 
hydrodynamic properties created and the direc-
tions for purposefully changing the parameters of 
sealing units to improve vibration characteristics 
determined. Expressions are obtained for calculat-
ing the amplitude and phase frequency character-
istics, as well as for assessing the dynamic stability 
of various sealing units. The proposed general 
technique makes it possible to purposefully select 
the design parameters of seals to adjust sealing 
systems to work in vibration-safe modes 

B 13 
 
Thomas White, Aalto-korkeäkoulusäätiö Department of Mechanical Engineering, Helsinki, 
Finland 

Thermal Behaviour of Marine Lip Seals – A Pathway Towards Condition Monitoring 

Marine lip seals are commonly used in a variety of 
marine propulsion systems. Predicting marine lip seal 
behaviour, however, is difficult: the harsh conditions 
in which the seals operate greatly increase the likeli-
hood of malfunction, increased wear and/or failure. 
Moreover, published literature pertaining to the mat-
ter is exceedingly scarce. Condition monitoring pro-
vides a pathway to addressing the main shortcomings 
associated with the use of marine lip seals, such op-
erational oil spillage and costly unscheduled mainte-
nance. This paper examines the behaviour of marine 
thruster lip seals in a full-scale, fully flooded environ-
ment with a view to developing the basic require-
ments of a condition monitoring system. Lip contact 
temperature was identified as a suitable variable to 
characterise the condition of the seal. A custom test 
device was built to measure the sub-surface contact 
temperature of a commercial thruster seal package 
operating fully submerged. The seal package con-
sisted of three seals of 300 mm nominal diameter. A 
typical tungsten carbide coated stainless steel shaft 
liner was used as the counterface. 

The liner was drilled to accommodate thermocou-
ples situated 0.5 mm below its surface, thus facili-
tating the sub-surface measurement of lip seal 
contact temperature. The contact temperature 
was measured at five points across each seal. A 
sub-gigahertz frequency was used to reduce at-
tenuation when transmitting measurements 
through the test device. Seals were tested under 
conditions that simulated normal running and 
conditions that precipitated seal failure. The shaft 
rotational speed was used as the only strictly con-
trolled experimental parameter. Shaft speed, wa-
ter, bulk oil, and lubricating oil temperatures were 
measured. Pressure differentials across each seal 
were assigned, set, and measured. Results vali-
dated the viability of the proposed concept and 
highlighted the interdependent nature of seal be-
haviour in a package configuration. 
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B 14 
 
Omar Morad, Vesa Saikko, Raine Viitala, Aalto University Mechanical Engineering, 
Espoo, Finland 

Frictional behavior of marine lip seals: Sensitivity to operational parameters 

Marine lip seals are a topic seldom studied in pub-
lished literature compared with other types of lip 
seals. Marine lip seals are unique in their harder ma-
terial compound and larger diameters, in addition to 
higher operational oil pressures. This paper explores 
the behavior of marine thruster lip seals with a nom-
inal diameter of 300 mm under normal operating 
conditions. The counterface is a stainless-steel shaft 
liner coated with tungsten carbide. The lip seals and 
counterfaces studied are commonly used in marine 
applications. A test device was designed and con-
structed to study the effects of different parameters 
on the behavior of lip seals, namely the oil tempera-
ture, oil pressure, and rotational speed. For each pa-
rameter, three values were selected, which totaled 
27 parameter combinations per seal, and the sample 
size was 3. The behavior was characterized by meas-
uring the frictional torque and the subsurface tem-
perature at a given test point for one hour. 

The measurements for each seal were taken after 
an initial running in period of at least 100 hours. 
Air bearings were used to support the seal hous-
ing, to allow for a more accurate measurement of 
the frictional torque. The subsurface temperature 
was measured 0.5 mm beneath the contact using 
a wireless temperature probe embedded in the 
liner. The contact pressure was measured before 
the start of test sequence and after its completion. 
The results showed that the speed had the most 
significant effect on the subsurface temperature, 
which increased with increasing speed. The oil 
pressure had the most significant effect on the 
frictional torque, which increased with increasing 
pressure. Increasing oil temperature resulted in 
lower frictional torque and higher subsurface tem-
perature. The peak contact pressure was higher 
for new seals compared with used seals. This pa-
per demonstrates the sensitivity of the lip seal fric-
tional behavior to the operational parameters. 

 
B 15 
 
Joseph Kaleshian, Ray Clark, Henri Azibert, Michael Grimanis, A.W. Chesterton 
Company Innovation Engineering, Groveland, United States 

A method of direct thermal conditioning of mechanical seal faces: CFD, empirical 
analysis and testing 

Existing API flush plans provide indirect cooling con-
ditions for mechanical seals not only to enhance the 
durability of the seal but also contribute to the overall 
efficiency and performance of the machinery. This 
concept thermally conditions the mechanical seal 
faces by circulating cooling or heating fluid directly 
through a process isolated flow channel formed by a 
specially designed stationary seal ring and a modified 
seal gland. Test results under both wet and dry run-
ning conditions at low rates of coolant flow exhibited 
significant performance improvement. An exponen-
tial increase in dry running PV limit was experienced 
throughout extensive testing.   

In addition, significantly lower wear measure-
ments were consistently recorded. Results ob-
tained from CFD modeling agreed well with both 
wet (water) and dry (nitrogen gas) process fluid 
data. An optimized direct thermal conditioning de-
sign of the stationary seal ring can be a key factor 
to: 
• Eliminate the need to maintain circulating 

fluid pressure above that of the process.  
• Increase sustainability with reduced environ-

mental leakage. 
• ncrease efficiency in thermal conditioning of 

the seal, thereby reducing energy require-
ments. 

• Avoid compatibility requirement between the 
circulating and process fluids. 

• Reduce life cycle operating costs. 
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B- Session 6 : Reciprocating Seals  

B 16 
 
Gonzalo A. Barillas, Andreas Gropp, Freudenberg Sealing Technologies GmbH, 
Schwalmstadt, Germany 

Further Observations in Wiper design and Particle Transport Simulation in the 
Sealing Gap 

In the last ISC results with several wiper designs with 
regards to dirt insert rate into a sealing system was 
presented. Also, the simulation of the motion of such 
particles in the sealing gap was shown. Material wear 
resistance and fluid streamlines before the lip seems 
to have an influence on particle’s ability to pass the 
gap between seal and rod.  

In this paper, starting from a standard wiper, lip 
design alterations were tested. By changing the 
wiper’s lip design a change in the flow lines of the 
fluid and therefore the particle insert rate was in-
tended. Among the lip design changes further-
more the improvement in simulation of particle 
flow in the wiper-rod interaction area is pre-
sented. The effects of the lip variation on the par-
ticle insert test results will be discussed and com-
pared with simulation results. 

B 17 
 
 
Faras Brumand-Poor, Florian Barlog, Nils Plückhahn, Matteo Thebelt, Katharina Schmitz, 
RWTH Aachen University, Institute for Fluid Power Drives and Systems (ifas) Faculty of 
Mechanical Engineering, Aachen, Germany 

Advancing Lubrication Calculation: A Physics-Informed Neural Network Framework 
for Transient Effects and Cavitation Phenomena in Reciprocating Seals 

In numerous technical applications, gaining insights 
into the behavior of tribological systems is crucial for 
optimizing efficiency and prolonging operational 
lifespans. Experimental investigations of such sys-
tems require considerable costs and time invest-
ments, particularly in the field of sealing, notably re-
ciprocating seals for fluid power systems. A more fea-
sible method is the application of elastohydrody-
namic lubrication (EHL) simulation models, such as 
the dynamic description of sealings (DDS) model, 
which compute friction of seals by the hydrodynam-
ics within the sealing contact according to the Reyn-
olds equation, the seal’s deformation, and the con-
tact mechanics. The main drawback of these distrib-
uted parameter simulations is the necessity of a time-
intensive resolution process. Given these experi-
mental and computational constraints, machine 
learning algorithms offer a promising solution. 
Physics-informed machine learning (PIML) represents 
a noteworthy advancement in machine learning in tri-
bology, extending traditional models with physics-
based rules and enhancing accuracy 

in determining phenomena such as friction, wear, 
and lubrication. Within this field, physics-informed 
neural networks (PINN) emerge as a powerful 
class of hybrid solvers, combining data-driven and 
physics-based approaches to solve partial differ-
ential equations, the governing equations in EHL 
simulations. By integrating physical principles into 
the neural network’s parameter optimization, 
PINNs provide an accurate and accelerated solu-
tion. 
In this contribution, a PINN framework is applied 
to predict pressure build-up and cavitation in seal-
ing contacts with housing. The capability of PINNs 
to determine transient and cavitation effects is 
thoroughly investigated and validated by the solu-
tion of the Reynolds equation obtained by the 
DDS. The results demonstrate the potential of 
PINNs for modeling tribological systems and high-
light their significance in enhancing computational 
efficiency. 
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B 19 
 
Anja Dobrinsky, Sebastian Betz, Christoph Schüle, Boris Brodmann, Trelleborg Sealing 
Solutions R&D, Stuttgart, Germany 

Advanced characterization of counter surfaces in linear applications 

Counter surfaces are an important aspect for every 
sealing application and have a direct influence on the 
sealing performance of the system. Historically, the 
counter surface is described with multiple roughness 
parameters based on 2D profile or 3D topography 
measurements. In addition to the standard parame-
ters, light scattering can be used to describe the 
counter sur-face. Compared to the common profile 
roughness parameters, light scattering measures the 
angle distribution of a profile and is therefore more 
robust against external influences.  

In addition, light scattering measurements are 
faster at characterizing a complete running sur-
face. In this study, the effect of one rod seal geom-
etry made from PTFE and PU materials on the sur-
face characteristics of the rod is investigated. A 
deeper understanding of the tribological system is 
achieved by analyzing for the first time the light 
scattering roughness parameters of a tested rod 
surface in addition to the standard profile rough-
ness parameters. 

  

 
B- Session 7: Static Seals  

 

B 21 
 
Hariolf Kurz, Michael Hübner Hecker, Hochschule Weihenstephan Triesdorf, 
Agrartechnik, Weidenbach, Germany 

Optimized rubber gasket with internal force shunt 

With the introduction of TA Luft 2021, plant manu-
facturers and operators have to carry out flange 
connection calculations according to DIN EN 1591-
1, including gasket parameters DIN EN 13555. This 
will lead to enhanced plant safety and less emis-
sions, however, this also implies the development 
of optimized gasket materials and design. 
According to the design-rule “for every functional-
ity, implement a specific feature”, a well-known gas-
ket principle is to put the sealing material in force 
shunt. This way, the load transfer element and the 
sealing element are in separate locations, leading to 
the possibility to optimize them independently. This 
works already very well for O-Ring seals, spiral-
wound gaskets and as well, rubber gaskets with an 
external force shunt. Due to high manufacturing 
cost and high mounting effort, these solutions are 
not widespread in use in the field. 
A solution to the discussed aspects is the design of 
a rubber gasket with an internal force shunt. The 
design implements a spiral wound metal-wire with 
indentations. 
 
 

It lies inside the rubber material and thus is en-
closed, held by the rubber and is easily and effi-
ciently to produce 
The design leads to a unique sealing performance 
with a very high tightness (L < 10-3 mg/(sm)) even 
at very low gasket pressures below 2,5 MPa, no 
creep relaxation (PQR > 0.99) and very high load 
bearing capacity (Qmax > 150 MPa). This enables 
plant manufacturers and operators to effortlessly 
 
• meet the tightness-requirements according to TA-
Luft 
• successfully carry out flange connection calcula-
tions for almost any flange type 
• find suitable mounting torques for the mounting 
process 
• minimize leakage due to mounting errors 
• choose the right gasket material (according to 
temperature and medium specs) 
• generally enhance plant safety 
• and reduce overall in-situ emissions of the plant 
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B 22 
 
Finn Bartmann, Alexander Riedl, Elmar Moritzer, FH Münster / University Paderborn 
Center of Sealing Technologies, Steinfurt, Germany 

Development of an analytical calculation method for the design of thermoplastic 
flange systems 

In the course of environmental protection and the 
amendment of TA Luft, emissions from flange con-
nections must be reduced (to L0.01). The design and 
calculation of steel flanges is easy to handle with the 
help of EN 1591-1 and EN 13555. However, these 
standards are not suitable in their current form for 
thermoplastic sealing joints, such as those used in 
natural gas supply. For this reason, lengthy and cost-
intensive tests must currently be carried out to verify 
tightness and strength.  

The aim of a doctoral project is to develop a time-
efficient and cost-effective analytical calculation 
method based on the existing standards. For this 
purpose, the energy-elastic material parameters 
of the steel must be replaced by elastoplastic ma-
terial parameters of the thermoplastics and the 
calculation algorithm adapted accordingly. The 
problem is to be investigated with the aid of nu-
merical structural simulations (FEM) and experi-
mental tests. 
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Static Seals for Sealing Hydrogen: A Review 

Stephen Bond, Ph.D., FRSC. 
 
Hydrogen has a potentially large role in the future of energy, either as a fuel, as an energy 
storage vehicle, or both. Based on the amount of research work and government funding in 
this area, such as the US Government’s pledge of $7 billion for hydrogen hubs, it would be a 
good assumption that the role of hydrogen is set to grow for the foreseeable future. This is 
especially the case for so called green hydrogen, where hydrogen is produced by the electrol-
ysis of water and the electricity used in the electrolysis is from a renewable energy source 
(e.g., wind, solar).  
Due to its inherent properties, there has been some concern about the potential for leakage 
of hydrogen in this new process industry.  This, of course, brings into focus the sealing of 
static bolted connections, i.e., bolted flange joints. The most common leakage tests for bolted 
flange connections use either helium (EN13555), methane (ASME B16.20) or nitrogen (DIN 
3535), but not hydrogen. There are good reasons for choosing these gasses, particularly he-
lium, which is safe and a small molecule which can be detected and measured by standard 
equipment such as a mass spectrometer.  
Other literature has shown that leak rate of different gases cannot be judged and predicted by 
molecule size alone, therefore the conversion of leak rate using a standard test and test gas 
cannot be easily converted to a leak rate of hydrogen.  Therefore, testing of gaskets with 
hydrogen has been required to make engineering decisions.  
This paper will review recent public domain papers on sealing tests using hydrogen, especially 
those comparing hydrogen sealing rates to helium sealing rates.  This paper will also include 
some recent hydrogen sealing testing commissioned at a third party test house using spiral 
wound gaskets with different fillers.   

1 Introduction 

Hydrogen is well placed to be a key part of any transition towards a cleaner and more 
sustainable energy economy. Decarbonization of processes such as electricity gen-
eration, steel making, and other industrial processes will likely utilize hydrogen as a 
key part of the process. 

It would not be a valuable use of time to spend a large part of this paper discussing 
the place of hydrogen in upcoming energy transition when there are multiple confer-
ences and publications in this field which cover this subject in more detail. Examples 
would be publications and events organized by the Fuel Cell and Hydrogen Energy 
Association [1] and Hydrogen Europe [2]. 

The chemical element hydrogen is part of many everyday chemicals and materials, 
including fossil fuels and polymers. Therefore, there is already an established global 
industry that uses hydrogen or chemicals containing hydrogen. One of the most com-
mon, as will be discussed below, is the petrochemical industry. This industry contrib-
utes significantly to the more than 100 Mt/y of hydrogen produced today, often by 
steam methane reforming. While this industry is established, it will likely have to 
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move beyond its current grey hydrogen production and into blue and even to green 
hydrogen (see Figure 1 below).  

While the science of the matter is still evolving, it currently appears that hydrogen is 
an indirect greenhouse gas [3].  This means that it indirectly contributes to global 
warming by impacting chain reactions in the troposphere and stratosphere [3].  In 
fact, one recent report has shown that hydrogen has a Global Warming Potential 
(GWP) over 100 years of at least eleven times that of carbon dioxide.  By way of 
comparison the GWP of methane is >80 times that of carbon dioxide [4]. 

Therefore, as hydrogen use becomes more common in decarbonization, the control 
of fugitive emissions of hydrogen will become more important, including controlling 
flange leaks.  

A common concern with the use of hydrogen is the safety issues surrounding its use. 
While appropriate safety precautions must be taken, hydrogen is arguably no more 
or less difficult to use than other flammable gases [5]. However, as the gas is flam-
mable, the fugitive emissions can also present a risk.  

 

Table 1: Comparison of flammability limit and explosive limit properties 

 Flammability Limits in Air (vol %) Explosion Limits in air (vol %) 

Hydrogen (H2) 4.0 - 74.0 18.8 - 59.0 

Methane (CH4) 5.3 - 15.0 5.7 - 14.0 

 

Clearly from a test laboratory perspective, helium is a more preferred test media than 
hydrogen.  There are a few reasons for this, including helium being inert and non-
flammable and easily detected using a mass spectrometer.  Typically, few modifica-
tions are needed to any test laboratory in order to use helium. In contrast, testing 
with hydrogen or methane would require significant safety related modifications to a 
test environment.  

2 Materials and Methods 

There are a number of test methods currently used in the industry, and a number of 
different gasket types that can be used to seal hydrogen, based on application con-
ditions. These will be introduced below.  

2.1 Colours of Hydrogen 

In the simplest explanation, hydrogen is a colorless, odorless, tasteless, non-poison-
ous, and non-toxic gas. Therefore, the use of colors when describing hydrogen a 
potential source of confusion.  
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Figure 1: Illustration of the colours of hydrogen and the processes involved [6] 

From a chemist’s perspective and assuming equal purity, one color of hydrogen is 
exactly the same as another. In Sealing Technology terms, one color of hydrogen 
should not be more difficult to seal than another.  

The colour designation is often used to indicate the method of its production. What 
is more important to the sealing requirements, are the process conditions, which 
obviously differ depending on the colour and process. For example, grey hydrogen 
can be produced at >400°C and relatively high pressures, whereas green hydrogen 
from a Polymer Electrolyte Membrane (PEM) stack or alkaline stack will be produced 
at <100°C, at near ambient pressure.  

Grey hydrogen is by far the most common in the world today and has been for many 
decades. Grey hydrogen accounts for >95% of the hydrogen manufactured today 
and is by definition made from fossil fuels, specifically natural gas, most typically 
inside a refinery using steam methane reforming. One refinery will have multiple 
steam methane reformers and the grey hydrogen will either be consumed within the 
refinery or collected as a feedstock for a process elsewhere.  

Blue hydrogen is essentially grey hydrogen where the carbon consumed and/or pro-
duced in manufacturing is captured and prevented from being emitted to the atmos-
phere. Most commonly, this is through carbon capture and storage (CCS). This 
would commonly be achieved in brownfield sites by adding a sequestering unit to 
existing equipment.  

Green hydrogen is hydrogen that is (typically) manufactured by the electrolysis of 
water into its constituent elements (hydrogen and oxygen) using renewable energy 
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such as wind or solar. Electrolyzer stacks are being developed that are based on 
multiple evolving technologies, including PEM, Alkaline and Solid Oxide (SOEC). 

Stacks fall into generally two types, higher temperature (500-900°C) technologies 
such as SOEC and occasionally Molten Carbonate Cells (MCEC) and lower/moder-
ate temperature (75-200°C) technologies such as PEM and Alkaline. 

2.2 Gasket Types 

There are several situations where hydrogen can be used and therefore would need 
to be sealed. Examples include its manufacture by possibly steam methane reform-
ing or electrolysis, subsequent compression, liquefaction, or storage. This means 
logically that a wide range of static seal (gasket) types would be used to seal hydro-
gen, but exactly which type of gasket would depend on the exact application condi-
tions, particularly the temperature and pressure.  

Steam methane reforming systems have been sealed by standard semi-metallic gas-
kets for decades.  Typically, a Spiral Wound Gasket (SWG) with austenitic stainless 
steel winding wire and a graphite filler can be used successfully (figure 2). 

 

  

Figure 2: Illustration of a Spiral Wound Gasket. Front view (left) and cross section (right) 

SWGs can be manufactured with a variety of conformable filler materials. Exfoliated 
graphite (also known as Flexible Graphite) is the most common filler for SWGs. How-
ever, other filler materials are used in other applications where there are different 
operating conditions, and these different operating conditions may be encountered 
in different parts of the Hydrogen industry. Some new sealing data will be presented 
below in Section 4. 

An illustration of a Kammprofile gasket, discussed in section 3.5 below is shown in 
figure 3.  
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Figure 3: A cross section iillustration of a Kammprofile gasket, with a serrated metal core 
and outer ring, plus a soft sealing material as a facing 

In electrolysis for green hydrogen using PEM or Alkaline stacks, the temperature is 
relatively moderate, therefore high-quality rubber and PTFE gaskets can be used. 
For sealing SOEC systems, which operate at temperatures between 500 and 900°C, 
a key issue can be the low stress available to seal due to both the temperature and 
the nature of the ceramic components used. This can lead to some challenging seal-
ing situations. In SOEC systems, typical seals are either glass or vermiculite based. 

2.3 Testing Methods 

The most common leakage tests for gaskets in bolted flange assemblies include 
CEN EN13555 [7], which uses helium as the test gas, ASME B16.20 [8] (methane) 
and DIN3535 [9] (nitrogen). None of these tests mandate the use of hydrogen. It 
should also be noted that there is little mechanical similarity between these tests, 
and it is hard to compare results from one test with results from another. 

There are good and practical reasons for choosing these gases, particularly helium, 
which is a safe test gas, it is nonflammable and non-toxic. Furthermore, it is the 
smallest molecule. It is true that hydrogen is the smallest atom, but hydrogen exists 
in diatomic form as H2 which is larger than helium, which exists in the atomic form.   

It has been shown from earlier papers [10] that molecule size is not the only factor 
which effects leakage rates, and the conversion of leakage rate from one gas to 
another is not universally understood.   

However, the type of gas flow that leads to leakage could be laminar flow, molecular 
flow, or a mixed mode. Therefore, depending on the type of gas flow, the relative 
rates for different gases can vary and the rates themselves are different for each 
mode [11].  The experimental investigation of gas flow and leakage is not the pur-
pose of this paper, but it remains an area of industry interest.  
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 EN13555 Testing Methodology 
This section is simply a summary of the test methodology, full details are in the 
standard [7].  The EN13555 sealing test is typically carried out on a Amtec Temes 
fl.ai1 test machine, the test is pre-programmed into the software.  

In the test, helium leakage is measured at successive gasket stresses which change 
according to the specification. Typically, the stress is successively raised, and drops 
back after each new, higher stress, with a 40 bar helium leakage test at each step. 
Data is presented graphically and in tabular form.  

Graphically, leakage vs gasket stress is presented (for example Figure 7 below). The 
leakage axis is logarithmic, with horizontal lines at each decade. The black dots rep-
resent actual leakage tests. The dots are joined sequentially with the course of the 
test. 

The software interpolates the minimum load required to reach a certain sealing class 
(eg a leak rate of 0.01 mg/m/s, which is designated L 0.01) and this is given in a 
table and shown as a yellow dot on the graph (figure 7) at each decade of leakage. 
The table shows data for stress required on assembly to reach a certain leakage 
class ( Qmin(L) or loading) and in service ( Qsmin(L) or unloading).  

This Q(min)L term is defined in EN13555 [7] Section 3.2 as the minimum gasket sur-
face pressure, on assembly, required at the ambient temperature in order to seat the 
gasket into the flange facing roughness and close the internal leakage channels so 
that the tightness class to the required level (L) for the internal test pressure.  The 
term Qsmin(L) is defined as the minimum surface pressure required for leakage rate 
class L after off loading. 

3 Review of Published Data 

In recent years several third-party test laboratories have expanded their test capa-
bilities to include leakage testing with hydrogen [12, 13, 14].  Comparisons can only 
be made from the plots made available in the publications. Sometimes estimations 
must be made from observing the plots as exact leak rate data may not be noted on 
the chart (it is not normal for this information to be noted on the chart) and from the 
Q(min)L table (also typically not shown but always recorded during the test).  For data 
gathered in house, this leak rate data is available, as is the minimum required gasket 
stress in assembly, Q(min)L.  

It should be noted that some of this data has previously been reviewed [15], but since 
the publication of that paper, further data has become available for inclusion. 

3.1 Aramid Fibre/Rubber Compressed Sheet gaskets 

Aramid fibre and rubber compressed sheets have been known for many years, and 
their predecessor formulations date back over 120 years.  In 2022, Übermesser et 
al published some data on the sealing of these types of materials using hydrogen 
and helium [16]. This testing used a flange connection using the principles of 
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VDI2440/2200 [17]. The authors concluded that at two gasket stresses, using their 
test conditions, there were no significant differences between the sealing of helium 
and the sealing of hydrogen.  

Berger [18] completed some hydrogen compatibility tests on these types of gaskets 
and some graphite sheet gaskets and concluded that no notable changes in gasket 
material properties could be observed with storage in hydrogen. Berger also com-
pleted some leakage testing of three grades of sheet material with hydrogen and 
nitrogen using the principles of DIN 28090-02 [19]. In all cases, the mass leak rate 
for nitrogen was higher than for hydrogen. Also, the order of performance for the 
three grades was the same for both gasses, which is still a useful conclusion.  

 

 
Figure 4: EN13555 sealing plot for Aramid Fiber/Rubber compressed sheet gasket 

In a different publication, General and Norman [20] tested an un-named material 
using EN13555 testing using both hydrogen and helium. Figure 22 in this publication 
(figure 4 here) shows a direct comparison between leakage tests with these two 
gasses. Unfortunately, the data for helium is only shown to 80MPa while the data for 
hydrogen is shown to 160 MPa. While the leakage curves are somewhat similar, the 
leak rate for hydrogen appears to be consistently lower. This lower leakage rate with 
hydrogen is probably approximately the difference from the helium data than would 
be expected from normal experimental variation.  

General and Norman also tested some ASME B16.21 sheet materials, specifically a 
FKM gasket and some ePTFE (discussed in section 3.3 below). Unfortunately, no 
reference was made to their source or physical properties.  

In order to compare the hydrogen sealing data of FKM from Gordon and General, 
we completed a sealing test of a representative FKM gasket [15] and determined 
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that (bearing in mind some assumptions) the performance was similar in hydrogen 
and helium. 

3.2 ePTFE Gaskets   

Expanded PTFE (ePTFE) is a specific form of PTFE that can be formed into a useful 
sheet gasket material, it is especially useful for low stress situations and aggressive 
chemicals. This material was developed by W. L. Gore [21], however the key patents 
have expired, and this type of material is now manufactured by a small number of 
other manufacturers.  

 
Figure 5: EN13555 sealing plot for ePTFE gaskets [20] 

General and Norman [20] also included a comparison of hydrogen and helium seal-
ing for an ePTFE sheet. Unfortunately, they provided no source information on the 
grade of ePTFE used.  Figure 23 of their paper (figure 5 here) shows that the leakage 
rate for helium is as much as two orders of magnitude higher than the leakage rate 
with hydrogen. This is a very significant difference that is unlikely to be explained by 
test error or variation.  

Teadit have published a product information sheet [22] showing hydrogen sealing 
data for their ePTFE grade 24 SH (figure 6). It was possible to compare this data to 
data published helium leakage data on gasketdata.org [23], shown in figure 7. Fig-
ures 6 and 7 show that sealing for hydrogen is again better than sealing of helium. 
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Figure 6: EN13555 Sealing plot for ePTFE [22] 

The Q(min)L data for L 0.001 are similar, 26 MPa for hydrogen and 30 MPa for Helium, 
but at gasket stresses greater than 60 MPa the sealing of hydrogen is better. 

 

 
Figure 7: EN13555 Sealing plot for ePTFE [23] 

At this point it is not clear why there is a difference between hydrogen and helium 
sealing performance with ePTFE gaskets. This difference has been shown by two 
independent studies.  

3.3 Graphite Sheet Gaskets 

Berger [18] also discussed graphite gaskets and showed that testing of graphite gas-
kets gave a similar pattern of results to the results for aramid fibre / rubber com-
pressed sheet gaskets. Nitrogen mass leak rates were again higher than hydrogen 
leak rates. Different results were recorded for different sheets and the order was the 
same, as observed above.  
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SGL Carbon have published a comprehensive document on hydrogen stability (com-
patibility) and sealing for their range of graphite gasket materials [24]. They provide 
hydrogen sealing curves for a number of their grades of materials, including some 
testing at different internal pressures and a comparison of hydrogen and helium leak-
age curves for Sigraflex Hochdruck Pro (figure 8).  

 

 
Figure 8: EN13555 Hydrogen sealing plot for a Graphite Sheet Gasket 

Their conclusion is that at gasket stresses of above 40MPa the leakage of hydrogen 
is less than the leakage of helium. However, the difference is not large. They further 
conclude that helium data could be used to perform flange tightness calculations 
such as EN1591-1. They also provide some long-term sealing plots in accordance 
with DIN28090-1 and -2 [19] (using nitrogen as a test gas) and conclude that over a 
10,000 hour test, graphite can provide a reliable and consistent seal.  

The same publication [24] discussed chemical resistance of graphite with hydrogen. 
The publication states that graphite is chemically resistant in hydrogen from -269°C 
to 900°C. Starting at temperatures above 900°C, it is possible that the graphite can 
begin to degrade when the carbon atoms of the graphite can react to form methane 
gas.  

This publication [24] also discusses hydrogen embrittlement of metals and concludes 
that austenitic stainless steels such as 316L and 304 are less prone to degradation 
and are the standard (preferred) materials in hydrogen technologies. This conclusion 
is also pertinent to spiral wound gaskets and kammprofile gaskets. 
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3.4 Kammprofile Gaskets 

Kammprofile gaskets are well known gaskets and are included in standards such as 
ASME B16.20 [8] and EN 1092 [25]. They consist of a metallic core and a soft facing 
or sealing material (figure 3). The sealing material is often a similar grade of Flexible 
Graphite to that used in sheet gaskets and SWGs.  Other facings are used when the 
application conditions require it. 

General and Norman [20] discussed the sealing of Kammprofiles in their publication. 
Figure 19 in this paper (figure 9 here) is an EN13555 plot of a graphite faced 
Kammprofile comparing sealing hydrogen and helium and Figure 20 is a similar plot 
for ePTFE faced Kammprofiles. 

In both cases there is no discernible difference in the sealing performance in hydro-
gen and helium.  

 
Figure 9: EN13555 Hydrogen sealing plots for graphite faced Kammprofile gaskets. 

3.5 Spiral Wound Gaskets 

Spiral Wound Gaskets are well known gaskets, they are included in standards such 
as ASME B16.20 [8] and EN1092 [25]. The sealing element comprises a profiled and 
wound metal, typically but not exclusively, a stainless steel, co-wound with a soft 
sealing material, the soft sealing material is often flexible exfoliated graphite, but 
other fillers can be used depending on the application conditions. These other fillers 
include PTFE, mica and vermiculite-based fillers.  

General and Norman [20] presented sealing data for hydrogen and helium on graph-
ite SWGs. They compared construction of gasket, Low Emission (LE) vs “Standard” 
constructions. While the LE gasket sealed more effectively than the standard con-
struction, the difference between hydrogen and helium sealing was not discernible 
in either case.  
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In house manufactured SWGs were included in a previous publication [15], however, 
some new data has been gathered and the information will be presented in the fol-
lowing section.  

4 Spiral Wound Gasket Sealing Data 

The information published previously [15] investigated different types of filler, that 
data will be presented here, along with new data on a PTFE filled SWG. In all cases, 
the SWGs were made in our Houston facility and a stack of ten sequentially produced 
gaskets was used for the testing. Each gasket was wound with 316 stainless steel 
winding wire and fitted with a 316L stainless steel inner ring and a carbon steel outer 
ring.   

Four different fillers were tested in total. A high quality, oxidation resistant flexible 
graphite, our proprietary high temperature vermiculite-based filer, our proprietary 
lower temperature vermiculite-based filler and a pure un-sintered PTFE filler. 

Helium sealing tests were carried out in our Houston Test lab using the EN13555 
sealing method, using an automated multifunctional test rig (Ametc TEMES fl.ai1). 
Hydrogen sealing testing was carried out at Amtec NA [26] using a similar rig but 
with modifications for hydrogen testing.  

It should be remembered that SWGs manufacturers typically recommend a minimum 
gasket stress of 69MPa (converted from 10,000psi) and this should be considered 
when viewing EN13555 test plots, which typically start at 5 MPa gasket stress. The 
maximum tested gasket stress is typically 160 MPa, which is usually driven by the 
load available on the Amtec TEMES fl.ai1, which is 1 MN. 

4.1 Graphite Filled SWGs 

The previously reviewed leakage plots for graphite filled SWGs with different test 
gases are slightly different (Figures 3 & 6 in reference [15], the hydrogen plot is figure 
10 here). The lowest leak rate is recorded at 160 MPa for helium is 3 x 10-5 mg/m/s 
and for hydrogen it is 4.3 x 10-6 mg/m/s.  For helium the Q min(L) 0.001, which repre-
sents the minimum gasket stress in assembly, is 59 MPa and for hydrogen it is 54 
MPa which is relatively similar, and lower than the typical minimum required stress 
to seal for a SWG of 69 MPa. See table 3.  

This suggests similar sealing of hydrogen and helium at moderate stresses, and 
better sealing in hydrogen at high stresses. The unloading curves are also very sim-
ilar. 

4.2 Vermiculite Filled SWGs 

While it is understood that the high temperature vermiculite filler was not intended 
for ambient temperature use, it is a worthwhile test to carry out in the context of this 
review. The high temperature (HT) vermiculite based SWG filler has a very similar 
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lowest leakage rate (at 160 MPa) in both cases, the lowest leakage rate was 3.0 x 
10-7 mg/m/s for the helium and 1.7 x 10-7 mg/m/s for hydrogen. 

 
Figure 10: EN13555 Hydrogen sealing plot for the LT vermiculite (CR235) SWG 

The Tightness Class L0.001 in helium was 87 (compared to 59 for graphite), in hy-
drogen this tightness class was achieved at 28 MPa, which is extremely low (good).  
In fact, a tightness class of 0.000001 was achieved at 75 MPa in Hydrogen (this level 
was not achieved in helium).  This suggests the high temperature vermiculite has 
some ambient sealing advantages in hydrogen, compared to graphite.  

The lower temperature (LT) rated vermiculite filler has a different proprietary formu-
lation to the high temperature version and will not go through significant thermal 
changes within its operating window.  The data shows it has a very attractive sealing 
curve, especially with hydrogen as the test gas, see Figure 11. The lowest leak rate 
when tested with hydrogen is 1.2 x 10-7 mg/m/s (compared to 2.3 x 10-6 mg/m/s when 
tested with helium), See Table 2. 

The LT vermiculite filled gasket reaches high tightness levels at a stress less than 
the nominal minimum recommended assembly stress for both test gases. A tight-
ness class of 0.001 was achieved at 58 MPa with helium and 60 MPa with hydrogen.  
A lower tightness class of 0.00001 was achieved at 83 MPa with helium and 60 MPa 
with hydrogen as the test gas. Both of these stress levels are around the nominal 
minimum load to seal for SWGs (10,000 psi / 69 MPa). See table 3. 
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Figure 11: EN13555 Hydrogen sealing plot for the LT vermiculite (CR235) SWG 

Interestingly, the LT vermiculite filler has a leak rate which is slightly lower than the 
high temperature vermiculite filler at 160 MPa and an order of magnitude better than 
graphite in these SWGs in hydrogen.  

Furthermore, the unload lines from the hydrogen sealing test for the low temperature 
vermiculite filler are very flat until at 40MPa or below. The Qsmin(L) in every case is 
below 30 MPa, which is potentially advantageous.  

4.3 PTFE Filled SWGs 

As with previous testing, helium leakage tests were carried out in-house and hydro-
gen testing was carried out at a third party (Amtec NA) [26]. Figure 11 is reproduced 
from the second of these reports [26]. The lowest leak rate was recorded at 160 MPa 
and was 6.0 x 10-8 mg/m/s for helium and 3.4 x 10-7 mg/m/s for hydrogen. This is a 
very low leak rate in both helium and hydrogen. 

The minimum stress required to achieve a tightness class of 0.001 as reported above 
was achieved at below 20 MPa for hydrogen.  The same low stress to seal was found 
with helium, see table 3. 

During the unloading cycles, the leakage of the PTFE SWGs stayed very low (Figure 
11) and the Qsmin(L) in every case is very low, lower than SWGs with other fillers. 

4.4 Summary of SWG Performance 

Table 2 and Table 3 show a summary of the sealing properties of SWGs with differ-
ent fillers, where both helium and hydrogen are used as the test gas. In Table 3 
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L=0.001 was chosen as it is tighter than the VDI requirements and the results for this 
tightness class are often close to the minimum stress to seal for a SWG. 

 
Figure 11: EN13555 Hydrogen sealing test for a PTFE filled SWG. 

Table 2 shows that in terms of sealing at higher stresses (160 MPa) all of the gaskets 
are generally good, but the graphite filled SWG stands out as the least good in hy-
drogen by approximately an order of magnitude. This is true for the graphite gasket 
tested with helium also. Both of the Vermiculite filled SWGs perform better than 
graphite in both test gasses. The PTFE filled SWG is the best in helium and similar 
to both vermiculite filled SWGs when the test gas is hydrogen. However, as previ-
ously stated, all of these results are good. This is confirmed using different data in 
table 3, below. 

TABLE 2: Leak rate at 160 MPa for different SWG fillers (mg/m/s) 

SWG Filler 
Test Gas 

Helium Hydrogen 
Graphite 3.1 x 10-5 4.3 x 10-6 
HT Vermiculite 3.0 x 10-7 1.7 x 10-7 
LT Vermiculite 2.3 x 10-6 1.2 x 10-7 
PTFE 6.0 x 10-8 3.4 x 10-7 

 
In terms of minimum load to seal in the assembly condition, L = 0.001, all of the 
SWGs are slightly better when hydrogen was the test gas. Almost every case this 
tightness class was achieved at lower than the typical recommended stress to seal 
for a SWG. 
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In all cases, the unloading portion of the EN13555 leak test was good and the Qsmin(L) 
values were low. In the interest of brevity these are not shown here. In each case 
the unload lines were flat until 40MPa or lower was reached.  

TABLE 3: Stress (MPa) required to achieve tightness class L = 0.001 

SWG Filler 
Test Gas 

Helium Hydrogen 
Graphite  59  54 
HT Vermiculite  87  28 
LT Vermiculite  58  <60 
PTFE <20 <20 

 
One final consideration when sealing hydrogen is fire safety. One of the most com-
mon tests for gaskets is the API 6FB fire test [27]. Only a few sheet gaskets are 
considered fire safe, while many kammprofiles and SWGs are.  PTFE SWGs are not 
generally considered fire safe, including in this API 6FB test.  However, graphite [28] 
and vermiculite filled SWGs (both LT and HT) [29, 30] pass this fire test.  

5 Discussion 

It is clear that hydrogen will form an important part of the energy transition and of 
multiple industries in the upcoming decades. Therefore, it is important that the seal-
ing of hydrogen is well understood, across a range of application conditions and for 
a range of gasket styles and types.   

From the data collated from many sources and presented above, it can be observed 
that many, if not all, of the common conformable sealing materials used today are 
compatible with hydrogen and therefore suitable for sealing hydrogen.   

It can generally be observed that the leakage rates of helium and hydrogen are rel-
atively similar.  

Previous work has shown that aramid fiber sheets, elastomeric sheets and ePTFE 
sheets can seal well in both hydrogen and helium.  

As one would expect, very low leakage values are achieved for many types of gasket 
including graphite and ePTFE. Semi-metallic gaskets such as kammprofiles and 
SWGs also provide very good seals with hydrogen leak rates as low as 1.2 x 10-7 
mg/m/s at 160 MPa for a low temperature vermiculite filled SWG. This is better than 
the standard graphite filled SWG.  

If fire safety is a concern when sealing hydrogen, then graphite or vermiculite SWGs 
or kammprofiles are considered fire safe, using the API 6FB test standard.  
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6 Conclusion 

Work reviewed here has shown that many common sealing materials can be con-
sidered resistant to hydrogen, this includes many soft sealing materials, including 
common sheet gaskets, and semi metallic gaskets where austenitic stainless steels 
are commonly used.  

Based on the results reviewed, it appears that for many types of gaskets, the sealing 
performance is similar in hydrogen and helium. This is not the case for nitrogen or 
methane, as discussed in an earlier publication [15]. 

Therefore, while some specific applications may require hydrogen testing, the bulk 
of the data reviewed here suggests that most engineering decisions can safely be 
made helium leakage data.  
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Influence of rolling-element bearings on rotary shaft seals 

Christoph Olbrich, Jacqueline Gerhard, Simon Feldmeth, Frank Bauer 

Rotary shaft seals are commonly used to seal machines with rotating shafts and prevent the 
leakage of fluids into the environment. Failures of elastomeric rotary shaft seals are often the 
result of overheating in the contact area between the sealing edge and the shaft. High tem-
peratures in this contact area occur due to high frictional power and/or inadequate heat dissi-
pation. The surrounding of the seal has a significant impact on the temperatures occurring in 
the contact area. Especially rolling-element bearings near the seal strongly influence the con-
tact temperature. The frictional heat generated in the bearings results in an increase in the 
temperature of the fluid near the seal, consequently raising the contact temperature. Tapered 
roller bearings pump oil. Depending on the installation situation, this can lead to a higher or 
lower fluid level next to the seal. Tests are conducted on a high-speed friction torque test 
bench. This investigation involves four different bearing arrangements, as well as a reference 
variant without bearings. In these test runs, both the frictional torque and the temperature near 
the contact area are examined. In addition to the experiments on the test bench, Conjugate 
Heat Transfer (CHT) simulations are conducted with the same installation conditions. The 
simulated temperatures are compared with the measured temperatures. In most cases, the 
correlation is good. However, for one bearing arrangement, the correlation is significantly 
worse. These differences are investigated further. 

1 Introduction 

Rotary shaft seals and rolling-element bearings are two of the most commonly used 
machine components. In many technical systems, rotary shaft seals are installed 
near rolling-element bearings. In this context, they have to seal the fluid (used for 
lubricating and cooling of the bearing) at the point where a shaft exits a housing [1]. 
Studies by Kunstfeld [2] have already demonstrated that additional elements near 
the seal influence the temperature. In this paper, the influence of rolling-element 
bearings on rotary shaft seals in relation to temperature and frictional torque is ana-
lysed further. 

1.1 Rotary shaft seals 

Rotary shaft seals are commonly used to seal machines with rotating shafts. In the 
majority of applications, these seals must contain a fluid within a designated space 
and prevent leakage into the surrounding environment. It is necessary that all com-
ponents within the tribological system of the rotary shaft seal operate in unison to 
ensure this function. The tribological system extends beyond the seal ring itself and 
includes the corresponding counter face (the surface of the shaft), and the sealed 
fluid (lubricant or operational fluid). The tribological system of a typical rotary shaft 
seal is seen in Figure 1. 
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 Figure 1: Sealing system of a rotary shaft seal  

The structure of a rotary shaft seal is defined in ISO 6194-1 [3] and ISO 6194-2 [4]. 
The seal ring consists of a metal insert to which an elastomeric sealing lip is 
moulded. 

The area, where the seal ring touches the shaft is called contact area. The contact 
area typically has a contact width of 0.1 to 0.2 mm. The sealing lip and the garter 
spring are expanded, when the seal ring is mounted on a shaft. This results in an 
average contact pressure of approximately 1 MPa in the contact area. When the 
shaft rotates, elasto-hydrodynamic processes create a thin lubricating film (<1 µm). 
This film lifts the sealing lip, and is commonly referred to as the sealing gap. 

The rotation of the shaft in combination with the asymmetric distribution of pressure 
within the sealing gap creates a pumping effect from the air side towards the oil side. 
This pumping effect can be explained by the distortion principle and wiping edge 
principle. Any fluid that gets to the air side is pumped back to the fluid side retaining 
the fluid within the system and preventing leakage [1]. 

1.2 Rolling-element bearings 

In most cases rolling-element bearings are used to support rotating components like 
shafts. These bearings are designed to facilitate smooth and efficient motion by min-
imizing friction between moving parts. Unlike plain bearings that rely on sliding con-
tact, rolling-element bearings use small, rolling elements (such as balls or cylindrical 
rollers) that reduce friction and wear. The basic structure of a rolling-element bearing 
typically consists of an inner race, an outer race, and the rolling elements them-
selves. The inner and outer races are the ring-shaped structures that house the roll-
ing elements. A cage ensures the proper alignment and movement of the rolling 
elements. The rolling elements, positioned between the races, distribute the load 
and enable the smooth rotation of the bearing [5]. 
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Rolling-element bearings come in various types, each tailored to specific applica-
tions and load requirements. They can be split into two general types, ball bearings 
and roller bearings [6]. Three of the most common types are deep groove ball bear-
ings, cylindrical roller bearings and tapered roller bearings. In this paper the influence 
of these three types on rotary shaft seals is analysed further.  

1.3 Contact temperature 

Overheating in the contact area between the lip of the rotary shaft seal and the shaft 
can lead to failures of the seal. The increased temperatures in the contact area are 
typically the result of high frictional power and/or inadequate heat transfer out of the 
contact area [7]. One of the typical failure modes of a rotary shaft seal is the hard-
ening of the sealing lip, which is usually the result of excessive temperatures. Hard-
ening prevents the distortion of the sealing edge and thus disables the pumping ef-
fect via the distortion principle [1]. Hardening of the sealing lip in combination with 
increased mechanical stress, for example by an excentric shaft, can result in the 
development of axial cracks. Elevated temperatures near the sealing lip can also 
induce fluid decomposition. This decomposition often results in oil carbon deposits 
in or near the contact area. The accumulated oil carbon can disturb the sealing 
mechanism, ultimately leading to leakage. [1, 8]. 

A failure of a rotary shaft seal can be both ecologically and economically significant. 
Information about the resulting contact temperature is crucial to avoid overheating. 
This awareness plays a pivotal role in preventing failures, enhancing product relia-
bility, and prolonging the lifespan of the seal. 

To choose an appropriate seal for a particular application, an understanding of the 
potential contact temperatures in later use is essential. An increase in temperature 
of about 10 K can half the anticipated service life [9]. To determine the potential 
contact temperature there are three different approaches: The measurement on a 
prototype, the simulation of the entire system or using estimation methods [10]. 
Measurements on a prototype and Simulations are more accurate. However, it is 
often necessary to quickly and easily estimate the contact temperature. In these 
cases it is useful to use less precise but simple estimation methods. 

1.4 Frictional torque 

In most applications, no special attention is paid to the frictional torque of seals. The 
frictional torque of a single seal of usually less than one newton meter appears very 
low compared to other components of a typical technical system. However, the fric-
tion in the contact area directly influences the contact temperature. Especially in 
combination with high rotational speeds, minimizing friction and thus frictional power 
is advantageous. In addition to the power losses at the seal, significant losses also 
occur at the rolling-element bearings. This power loss heats the oil and the shaft 
additionally. Some rolling-element bearings pump fluid in axial direction [11]. Hence, 
the bearings have a significant impact on the operating conditions of the seal. They 
influence not only the temperature but also the oil level and potentially the pressure 
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of the oil near the seal. The altered operating conditions affect both the heat gener-
ation in and transfer out of the contact area. 

Exposure of a rotary shaft seal to a higher pressure on the fluid side than on the air 
side leads to an increase in the radial load on the sealing lip. Consequently, this 
enlarges the contact area between the sealing lip and the shaft, leading to additional 
friction and increased contact temperatures and wear [12]. 

2 Setup 

All tests are conducted on a high speed universal friction torque test bench [13]. The 
basic design of the test bench consists of a motor spindle and a test chamber in 
which the seal ring is mounted. The motor spindle enables speeds of up to 
24000 rpm. The test shaft is mounted on the motor spindle through a hollow shaft 
taper (HSK). The test chamber is supported by an aerostatic bearing. Due to the 
aerostatic bearing, the chamber can rotate almost frictionless around its centre axis. 
The chamber is supported by a lever arm on a force sensor. The torque at the seal 
is transferred to the chamber and to the force sensor. The frictional torque is calcu-
lated by multiplying the length of the lever arm and the measured force. The frictional 
torque is recorded by the measuring computer. 

Figure 2 shows the design of the high speed universal friction torque test bench. 
 

 

 

 Figure 2: Setup high speed universal friction torque test bench [13, 14]  

Before the experiment, the test chamber is filled (with the fluid to be examined) up 
to the centre of the shaft and then closed with a vent for ventilation. Temperature 
control is achieved through heating cartridges and a temperature sensor, which are 
installed in the chamber. They are controlled and evaluated by the control software. 
The test chamber can be moved along linear guides using a crank. This way different 
positions of the sealing lip can be set on the shaft. 

2.1 Tested components 

For all experiments, rotary shaft seals according to ISO 6194 [3] with dimensions of 
100x80x10 are used. The seal rings are made out of fluoro rubber. 
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Four different rolling-element bearing arrangements are investigated. The bearing 
next to the seal is varied between a ball bearing, a cylindrical roller bearing, a tapered 
roller bearing in an X arrangement, and a tapered roller bearing in an O arrangement. 
An overview of the used bearings is provided in Table 1. 

 Table 1: Used rolling-element bearings.  
  Rolling-element bearing 

Type Cylindrical roller 
bearing Ball bearing Tapered roller 

bearing 

Cross section  
   

Inner diame-
ter d [mm] 85 85 85 

Outer diame-
ter D [mm] 130 130 130 

Width B [mm] 22 22 29 
Max speed in 
test [rpm] 6.300 6.300 3.200 

 

 

   

To mount the rolling-element bearings in the test chamber, a new mounting structure 
was designed and manufactured. The adapted test chamber is seen in Figure 3. 

 

 

 

 Figure 3: Adapted test chamber to mount rolling-element bearings  

The bearings can be installed in to the adapted test chamber. A corresponding shaft 
body allows for the installation of the bearing inner rings on the shaft. 24 holes with 
a diameter of 10 mm allow for the circulation of the oil between the bearings. 
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The shaft counter face of the seal is realized with a plunge gound inner ring of a 
needle bearing. A seal ring carrier made out of transparent PMMA enables the visual 
observation of the oil flow near the seal. An additional temperature sensor is installed 
in the gap between the bearing and the seal. This sensor measures the oil temper-
ature near the seal. In the case of the bearing variants, the shaft body is supported 
by the bearings installed in the test chamber. For these variants, a coupling is used 
on the air side to prevent the bearings from binding (misalignment to the motor spin-
dle). The coupling can compensate for any misalignment that may occur. The four 
different rolling-element bearing arrangements, as well as a reference Variant with-
out bearings are shown in Table 2.  

 Table 2: Tested arrangements.  
 Abbrevi-

ation Meaning / Explanation Picture 

Ref-SV 

Reference variant for sur-
rounding variation: 
Variant without bearings as 
a reference to investigate a 
single seal.  

 

Ba 

Ball bearing: 
Deep groove ball bearing 
next to the seal 
(Bearing: 6017)   

Cyl 

Cylindrical roller bearing: 
Cylindrical roller bearing 
next to the seal 
(Bearing: NU1017-XL-M1 + 
6017)  

 

O 

O arrangement 
Tapered roller bearing in an 
O arrangement next to the 
seal (Bearing: 32017 X)  

X 

X arrangement 
Tapered roller bearing in an 
X arrangement next to the 
seal (Bearing: 32017 X)   
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2.2 Testing procedure 

All tests are conducted with a new seal ring and counter face. Before the tests, the 
chamber is filled with oil up to the centre of the shaft. This is a deviation from the 
typical setup for bearing tests as described in ISO 15312, where the oil level only 
reaches the centre of the rolling element in the lowest position [15]. The oil sump 
temperature is set to 80°C. Due to the frictional power loss in the bearings all bearing 
variants were tested with an actively cooled test chamber. The tests follow a specific 
load collective [16], which consists of two phases. The first phase is a precondition-
ing phase during which the shaft rotates with a speed of 1000 rpm. This phase ends 
after twelve hours. After the preconditioning phase the second phase starts. During 
this phase all the measurements are conducted. The rotational speed is varied in 
this phase. Each speed is held for thirty minutes and increased by about twenty per-
cent after each speed, starting at 500 rpm and ending at 6300 rpm. Figure 4 shows 
the load collective. The variants with tapered roller bearings (O and X) are only run 
up to 3200 rpm due to speed limitations of the bearings. 

 

 

 

 Figure 4: Load collective  

During the whole test the frictional torque is measured and documented by the test 
bench. At the end of each speed interval the Temperature at the airside near the 
sealing contact is measured with a thermal imager (Fluke Ti480-Pro; accuracy: ±2 
°C or ±2 % [17]; emissivity = 0.95, transmission = 100 %). For the sake of simplicity, 
this temperature is referred to as the contact temperature in the following, even if the 
temperature in the direct contact area between the sealing lip and the shaft can’t be 
measured. 

Preconditioning Measuring phase 
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3 Results 

Figure 5 shows the measured frictional torque of all variants over the rotational 
speed. For each variant at least two individual test runs are conducted. The scatter 
bars show the maximum and minimum frictional torques of the individual test runs at 
the respective shaft speeds for each variant. 

 

 

 

 Figure 5: Torque over shaft speed  

The reference variant (Ref-SV) shows the lowest frictional torque. The bearing vari-
ants show a trend of increasing frictional torques with speed, which flattens with 
higher speeds. Of the variants with bearings the cylindrical roller bearings (Cyl) has 
the lowest frictional torque. Slightly higher frictional torques are measured with the 
deep groove ball bearings (Ba). The largest frictional torques occur with the tapered 
roller bearings. In this case, the X arrangement (X) shows a slightly flatter trend at 
higher speeds compared to the O arrangement (O). As expected the tapered roller 
bearings show a strong pumping behaviour from the side of the smaller diameter to 
the side of the larger diameter, significantly influencing the oil fill level near the seal. 
Figure 6 shows the resulting oil levels at the lowest speed of 500 rpm for the X and 
O arrangements. 

 

   

 

 Figure 6: Oil levels 500 rpm for the X (left) and O (right) arrangement [18]  

oil level 
 

oil level 
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Already at the lowest speed of 500 rpm, the X arrangement shows a fill level below 
the lowest point of the sealing edge. In the O arrangement, the space between the 
bearing and the seal is almost completely filled with oil. This becomes even more 
apparent with increasing speeds. The other two bearing arrangements, as well as 
the reference variant of the surroundings variation (Ref-SV), show no pumping ef-
fect. Figure 7 shows the Temperature at the sealing edge over the shaft speed. 

 

 

 

 Figure 7: Temperature at the sealing edge over shaft speed  

The highest temperatures occur at the X arrangement closely followed by the O ar-
rangement. The variants with the cylindrical roller bearing (Cyl) and the deep groove 
ball bearings (Ba) show lower temperatures. The lowest temperatures occur without 
bearings (Ref-SV). 

The temperature of the oil near the seal is relevant for the heat transfer out of the 
contact area. The temperature difference between the oil near the seal (additional 
sensor, see Figure 3) and the oil sump at 80 °C is shown in Figure 8. For all variants 
the temperature difference increases nearly linear with the shaft speed. The variants 
with bearings show higher temperatures of the oil near the seal than the reference 
variant. the O arrangement (highest torque) has the highest temperature difference. 
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 Figure 8: Temperature difference between the oil near the seal and the oil sump 
over shaft speed 

 

In Figure 9 the temperature difference between the sealing edge and the oil near the 
seal is plotted over the shaft speed. 

 

 

 

 Figure 9: Temperature difference between the sealing edge and the oil near the 
seal over shaft speed 
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The highest temperature differences between the sealing edge and the oil near the 
seal occur in the X arrangement (X). Due to the low oil level near the seal, the heat 
generated in the contact area cannot be transferred out of the contact area effec-
tively, leading to particularly high temperature differences and the highest contact 
temperatures. The O arrangement (O) has the second highest contact temperatures, 
however the lowest temperature differences to the oil near the seal occur at this 
variant. Due to the high oil level near the seal, the heat generated in the contact area 
can be transferred out of the contact area more effectively, resulting in lower tem-
perature differences between the sealing edge and the oil near the seal. The variants 
with no pumping effect (Ref-SV, Cyl and Ba) show very similar temperature trends 
with respect to speed. The temperature differences are slightly lower for the cylindri-
cal roller bearing (Cyl) compared to the deep groove ball bearing (Ba) and the refer-
ence variant (Ref-SV). 

4 Simulation of the contact temperature 

In addition to the experiments on the test bench, the different rolling-element bearing 
variants were simulated [19]. The numerical fluid flow simulations were conducted in 
Ansys CFX 2021 R2. Due to the heat exchange between solid and liquid domains in 
the model, the Conjugate Heat Transfer (CHT) method was used. This method al-
lows the calculation of temperature distributions in both the solid and fluid domains. 
Due to the interaction of oil and air in the oil chamber, a multiphase flow approach 
was chosen for this area. The simulation closely matches the results from the tem-
perature measurements (difference < 5 K) at the test bench except for the O ar-
rangement (max. difference of 26 K). It is suspected that the higher temperatures of 
the measurements in comparison to the simulation is due to a pressure build up in 
the area between the bearing and the seal. This would lead to increased contact 
pressure in the sealing contact and higher frictional torque at the seal, explaining the 
difference to the simulation without increased torque. 

5 Additional Measurements 

In order to further investigate the pressure build up in the area between the bearing 
and the seal of the O arrangement additional tests are conducted. Instead of the 
second temperature sensor the space between the bearing and the seal is con-
nected to a vertical tube. Using the principle of a liquid column manometer the pres-
sure is determined by the difference in oil level in the tube. The setup is shown in 
Figure 10. 
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 Figure 10: Setup for pressure measurement  

The pressure was measured in two test runs. The pressures at different shaft speeds 
can be seen in Figure 11. 

 

 

 

 Figure 11: Pressure in area between seal and bearing over shaft speed  

The pressure increases with the shaft speed. For speeds over 1500 rpm there is a 
significant increase in pressure. The radial load of a seal ring increases with pres-
sure. For the tested ring the radial load increases by about 0,08 N per mbar [20]. For 
the tested seal ring the radial load should increase by about 0,9 N for the highest 
shaft speed of 6300 rpm. The radial load of a seal at 80 °C (oil sump temperature) 
is about 28 N. Therefore the radial load increases by about 3 %. 

In order to get a better understanding of the frictional torque of the seal under the 
pressurized condition, additional tests are conducted. In these tests the reference 
configuration is used and the oil chamber is pressurized. The pressure is set accord-
ing to the measurements (see Figure 11). The frictional torque of the pressurized 
and unpressurized test runs is shown in Figure 12. 

The pressurized seal (Ref+p) shows higher frictional torque than the unpressurized 
seal (Ref). For the slower shaft speeds the pressure is very low, thus the frictional 
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torque is similar for these speeds. For the highest shaft speed of 6300 rpm the fric-
tional torque increases by about 4 % compared to the unpressurised variant. The 
increase in frictional torque (4 %) is very similar to the increase in radial load (3 %) 

 

 

 

 Figure 12: Seal torque over shaft speed with and without pressure  

6 Simulation of the O arrangement with measured torque 

The simulation of the O arrangement of chapter 4 is updated with the measured 
torque at the seal. In this simulation the frictional power is calculated with the fric-
tional torque at the respective shaft speed and is applied directly in the contact area 
instead of the previously used frictional power model (standard seal, no pressure). 
Figure 13 compares the measurements with the updated simulation results. 

 

 

 

 Figure 13: Maximum temperature at the airside of the sealing lip: simulation results 
(dashed) compared to the measured temperatures (full colored). 
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In order to get a comparable result from the simulations the maximum temperature 
at the airside of the sealing lip is compared with the measurements. These simulated 
results are marked with an (S). The results from the measurements are marked with 
an (M). The simulation closely matches the results from the temperature measure-
ments at the test bench. The O arrangement O (S) still produces colder simulation 
results with a maximum deviation of 15 K, however this is still an improvement com-
pared to the deviation of 26 K of the previous simulation O (S old). The frictional 
torque of the seal ring during the tests with the O arrangement was likely higher. A 
potential cause for this could be the higher temperature of the oil next to the seal in 
comparison to the tests with a pressurized single seal (Figure 12) and the different 
oil levels at the seal (centerline for single seal and flooded for O arrangement). 
The simulations depend on the frictional torque of the seal and the bearings. There-
fore, measurements on a test bench are still necessary. 

7 Conclusion 

Rolling-element bearings near the seal strongly influence the contact temperature. 
The heat generated in the bearings due to friction results in an increase in the tem-
perature of the fluid near the seal, and consequently, an increase in the contact tem-
perature. Tapered roller bearings have the highest torque compared to the other 
variants and pump oil. Depending on the installation situation the pumping leads to 
a higher or lower fluid level near the seal. The X arrangement significantly lowers the 
fluid level in the area near the seal, causing the highest contact temperatures. The 
O arrangement significantly increases the fluid level and has the highest overall 
torque (including the bearings and the seal). For higher shaft speeds the O arrange-
ment increases the pressure at the seal leading to higher frictional power at the seal-
ing edge. However, the O arrangement has a lower contact temperature than the X 
arrangement due to better cooling. The variants with no pumping effect (Ref-SV, Cyl 
and Ba) show very similar temperature differences to the oil next to the seal, which 
increase with speed. Since the temperature in the contact area cannot be measured 
directly, simulations can be used to get an understanding of the temperature in the 
contact area.  
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A high-pressure radial shaft seal with enhanced wear resistance 

Nino Dakov, Martin Franz, Jeff Baehl, Sam Wagoner 

High-pressure radial shaft seals are typically used in hydraulic pumps to seal a continuously 
rotating shaft within a housing bore. When the seal is pressurized, the sealing lip’s contact 
with the shaft increases, which leads to higher wear. At very high pressures, the seal’s cross-
section can collapse, forcing the garter spring out of its retaining groove. This issue can be 
mitigated by stiffening the membrane area, though this reduces the seal’s ability to accommo-
date radial movement of the shaft. The current study presents a new approach to stabilize the 
seal’s cross-section. Multiple pads are added on the seal above the membrane area and next 
to the spring. As a result, a considerably lower laydown is achieved, resulting in improved 
wear performance during tests. Additionally, the pads help maintain the spring’s position. The 
theoretical considerations are supported by tests conducted under varying pressure and shaft 
speed conditions, demonstrating the practical benefits of this new seal design. 

1 Introduction 

Radial shaft seals (RSS), also known as radial oil seals (ROS), are used to seal 
continuously rotating shafts within housing bores, as depicted in Figure 1. These 
rubber-to-metal seals typically separate an air side from an oil side. The elastomer-
covered metal insert ensures a proper static seal at the outer diameter, adding sta-
bility to the sealing profile. The sealing lip features a sharp sealing edge, which is 
connected to the metal insert by a flexible membrane. The sealing edge is pressed 
against the shaft and energized by a garter spring [1-2]. 
The contact force, also referred to as radial force or radial load, between the seal 
and the shaft results from both a garter spring as well as the elastic deformation of 

 

 
 

Figure 1: Schematic of a radial shaft seal 

metal insert

air 
side

oil 
side

garter 
spring

sealing
edge

membrane



80     22nd ISC 
______________________________________________________________________________________________________________ 

the seal due to the overlap with the shaft. The sealing edge is further characterized 
by an air side contact angle to the shaft that is smaller than the oil side contact angle, 
creating an asymmetric contact pressure distribution. The asymmetry in contact 
pressure is essential for reliable dynamic sealing [1].  
The membrane adds flexibility to the sealing edge, allowing it to accommodate the 
misalignment-induced oscillations of the shaft during operation. By design, the RSS 
is capable of sealing against pressure from the oil side. When the seal is pressurized, 
both the membrane and the sealing edge are pressed firmly onto the shaft. The 
pressure activation of the lip ensures leak-tight sealing under high pressure on the 
oil side. However, increased pressure also enlarges the contact area, leading to 
higher friction, elevated contact temperatures, and ultimately, accelerated wear of 
the seal [2]. 

1.1 High-pressure radial shaft seals 

High-pressure radial shaft seals are typically used in gearboxes, hydraulic pumps 
and motors, speed reducers and robotic applications. To endure the additional load 
on the lip from pressure activation, these seals feature special lip designs. For high 
pressure environments, designs are optimized to reduce the laydown of the sealing 
lip on the shaft typically by either shortening or thickening the membrane, thereby 
increasing the membrane’s stiffness [1], Figure 2. Additionally, the use of a harder 
elastomer grade can further enhance performance. The metal insert is overmolded 
with a thicker elastomer layer and reinforced with an axial support, ensuring the 
spring remains in place even when the sealing lip is strongly deformed. 

 

 
 

Figure 2: Design aspects of high-pressure radial shaft seals 

However, there is an upper limit to how much the membrane area can be stiffened. 
Some flexibility of the sealing lip is essential for the RSS to compensate for shaft 
runout. Additionally, as the membrane becomes stiffer, the radial load increases. 
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Excessive radial load leads to unwarranted friction and wear, potentially causing 
premature thermal failure of the sealing system.  

1.2 Performance criteria 

To assess the dynamic properties of a high-pressure RSS, different performance 
criteria are considered: 

• Leak-tightness 
• Friction torque and contact temperature 
• Wear resistance 

Indication as to how well the criteria are met, can be drawn from analytical and nu-
merical calculations. Actual tests are then carried out to measure performance crite-
ria and validate the design. 

2 Materials and methods 

Finite element analysis (FEA) was used to evaluate the deformation and stress state 
of the seal. Subsequently, a dynamic test was conducted to validate the design’s 
wear performance, as well as other general factors such as friction torque and con-
tact temperature. 

2.1 Simulation approach 

A 3D-FEA model is utilized to analyze the deformation and stress state of the seal, 
focusing on a circumferential segment spanning 60 degrees. The mechanical prop-
erties of the 75 ShA fluoroelastomer (FKM) material were characterized using a hy-
per-elastic material model. The actual 3D geometry of the spring was included in the 
FEA to study the interaction between the spring and the spring groove. The metal 
insert was excluded, with nodes contacting the metal fixed in all possible degrees of 
freedom. The assembly of the seal into the housing, and consequently the effect of 
the static sealing at the outer diameter, were omitted from the analysis. 
The FEA consisted of four analysis steps:  

1. Assembling the garter spring into the spring groove.  
2. Mounting the radial shaft seal onto the shaft.  
3. Increasing the temperature to the fluid’s operating temperature of 70 °C, ac-

counting for thermal expansion and softening of the elastomer.  
4. Pressurizing the seal to 10 bar.  

In the numerical model, the contact stress between the seal and the shaft under 
higher pressure were examined in detail. The contact stress is crucial for under-
standing the seal’s leak-tightness and wear behavior during operation. Furthermore, 
the friction torque and contact temperature were estimated using the radial load of 
the seal and the contact area between the seal and the shaft. 
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2.2 Test equipment and procedure 

Validation tests are performed to assess the performance of the RSS design. The 
test rig, shown in Figure 3, consists of a shaft positioned inside the test chamber, 
with a RSS installed at each end. The shaft is supported by two bearings within the 
chamber. During testing, a continuous oil flow of 1 liter/min simulates real-world con-
ditions akin to a hydraulic pump or motor. The chamber is fully flooded with oil and 
the oil temperature is kept constant at 60 °C.  
 

   
Figure 3: Rotary test rig  

The validation tests are carried out at a steady pressure-velocity-value (pv-value) of 
10 bar·m/s over a 48-hour period. The following pressure and velocity combinations 
are examined: 

• 3.5 bar x 2.86 m/s  
• 5.0 bar x 2.00 m/s 

In the test, dynamic leak-tightness is continuously monitored. Any leakage is col-
lected in a beaker and measured. Additionally, friction torque is recorded via a load 
cell. After the test, the wear of the seal on the shaft is analyzed through light imaging  
laser profile sensor measurements [3].  
The shaft sleeves used are plunge-ground and hardened at ≥ 55 HRC. The surface 
roughness values, Ra and Rz, range from 0.2 to 0.5 μm and 1.2 to 3.0 μm, respec-
tively. The bearing ratio is maintained between Rmr = 50 to 70 % at a cutting depth 
of c = 0.25 x Rz. 

3 New design for high-pressure radial shaft seals 

To prevent the cross-sectionsl collapse under high pressures, pads are incorporated 
into the radial shaft seal between the garter spring and the shaft, Figure 4. The pads 
act as an axial stop for the spring. The deformation of the free end of the spring 
retaining groove is limited locally which results in stabilizing the sealing lip at higher 
pressure. The example in Figure 4 features a radial shaft seal measuring 28 x 40 x 
6 mm with a total of six equally spaced pads along the circumference. 

oil flow in 

oil flow out seal 
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From a manufacturing feasibility standpoint, these pad features are a highly cost-
effective performance enhancement, as they can be easily integrated into the tooling 
process and produced using standard manufacturing techniques.  

 
 

        
 

Figure 4: Radial shaft seal design for a pv-value of 10 bar·m/s of size 28 x 40 x 6 mm  
with six supporting pads (top), section view outside pad (bottom left)  

and at/near pad (bottom right) 

4 Results and discussion 

The presented design was analyzed numerically and validated experimentally. The 
results are summarized and discussed in the following two sections. 

additional  
supporting pad 
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4.1 FEA results 

The focus of the FEA is on the deformation of the seal under high pressure. The 
complex interaction between the spring, groove and pad is illustrated using a de-
tailed 3D model of the actual spring in its groove. Figure 5 shows the effect of the 
pad on the deformation of the seal’s cross-section at an overpressure of 10 bar. At 
the pad’s location, the cross-section tilts 27 degrees relative to the radial direction, 
while outside the pad area, the tilting increases to 34 degrees which is 25 % greater. 
At the pad, the garter spring provides additional support, acting like a stiff inlay, which 
stabilizes the lip and reduces deformation at higher pressures. Consequently, the 
pad locally reduces the laydown of the sealing lip on the shaft.  
 

           
Figure 5: Seal at 10 bar pressure, cross-section at a position without pad (left)  

and at position of pad (right) 

The question arises regarding the effect of the pad at different pressure levels. Fig-
ure 6 shows polar plots of the contact band width along the circumference at different 
pressure values. Starting at 3.5 bar, an undulation of the contact band is visible. The 
maximum contact width aligns with that of a seal design without supporting pads. At 
the pad locations, the contact width is reduced, forming a daisy pattern along the 
seal’s circumference. The greatest reduction in contact band width, approximately 
15%, occurs at 3.5 and 5 bar. At 7.5 bar, the contact width reduction decreases to 
about 9 %. Thus, for the given pad design, the optimal reduction in contact area is 
achieved between 3.5 and 5 bar. Moreover, the pad design can be modified to better 
achieve a lower contact area within a specific pressure range. 
The reduced contact width leads to a lower friction torque and less wear on the seal. 
Additionally, the undulation in the sealing contact can enhance lubrication under-
neath the sealing lip, prolonging the lifetime of the seal. Up to an overpressure of 
approximately 5 bar, the undulation amplitude is proportional to the pressure level, 
indicating a self-intensifying effect. Above 5 bar, the positive effect stabilizes at an 
absolute contact band width reduction of about 0.15 mm. 

34° 27° 

max. 
2.9 MPa 

max. 
3.8 MPa 
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Another aspect that favors improved lubrication is the variation in the maximum con-
tact pressure along the circumference. Figure 5 shows that the contact stress be-
tween two pads is 2.9 MPa. At the pad location, the maximum contact stress in-
creases to 3.8 MPa, representing a 30 % increase at the investigated pressure level 
of 10 bar. This means the contact band width is minimal at the pad, while the contact 
stress is maximal. These 3D contact area and pressure distributions are deemed 
favorable for forming a stable lubrication film between the seal and the shaft. 

 

  

  
Figure 6: FEA contact band width along circumference at different pressure levels 

2.5 bar 3.5 bar 

7.5 bar 5.0 bar 
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4.2 Test results 

The new seal design concept underwent testing as outlined in Section 2.2, using a 
standard high-pressure RSS design without supporting pads as a benchmark. All 
tests were completed without any leakage. The wear results for both pressure and 
velocity combinations are shown in Figures 7 and 8.  
Figures 7 a-b) and 8 a-b) depict light images of the wear tracks in the seals’ running 
areas. Except for the new seal design at 3.5 bar x 2.86 m/s in Figure 7 a), all seals 
exhibit circumferential grooves and a wear band width (WBW) ranging from 1 to 
1.6 mm. The benchmark seals show a significantly wider WBW compared to the 
padded seals. Furthermore, it can be inferred that at the same pv-value, higher pres-
sure results in a broader WBW. However, visual analysis reveals that the WBW of 
the new seal design varies along the circumference, making precise quantitative 
comparison impossible based on a single-spot WBW measurements for each seal.  
For a more detailed analysis, the wear track was measured off-shaft over 360° using 
laser profilometry [2]. A total of 10,000 profiles were recorded along the circumfer-
ence and assembled into a pseudo 3D plot of the seal’s surface, as shown in Figures 
7 c-d) and 8 c-d). The left and right borders of the running area, highlighted in green, 
were identified using a lower and upper limit for the gradient of the profiles in axial 
direction. From these profiles, it is evident that, in the addition to a greater width, the 
benchmark seal has a considerably higher maximum depth in the wear track. The 
circumferential grooves in the benchmark seals’ wear track are also visible in the 3D 
pseudo-topography, indicating more severe damage compared to the padded de-
sign. 
The WBW was evaluated as the distance between the left and right ends of the wear 
track, as shown in Figures 7 c-d) and 8 c-d). Quantitative WBW comparisons are 
displayed as polar plots in Figures 7 e-f) and 8 e-f). Both at 3.5 bar x 2.86 m/s and 
5 bar x 2 m/s, the padded seal design exhibits a regular daisy pattern in the WBW. 
Consistent with the FEA results, the minimum WBW aligns with the location of the 
pad. At 3.5 bar x 2.86 m/s, the average WBW of the new design is 1.22 mm, which 
is 20 % less than the benchmark seal’s mean width of the wear track of 1.52 mm. At 
5 bar x 2 m/s, the average reduction in the wear band due to the stabilizing effect of 
the pads is 16 %, a similarly substantial decrease.  
The reduced contact area of the padded design directly impacts the maximal fric-
tional power loss and contact overtemperature, shown in Figure 9. Contact over-
temperature refers to the difference between the contact area’s temperature, meas-
ured using thermography imaging, and the oil sump temperature in the test. Both 
seal designs exhibit higher fictional power loss and contact temperature at 3.5 bar 
and 2.86 m/s compared to 5 bar and 2 m/s. In terms of maximal frictional power loss, 
a 13 % reduction is achieved at 3.5 bar and 2.86 m/s. Regarding maximal over-
temperature, both tests show a significant reduction with the padded design com-
pared to the benchmark. At 3.5 bar and 2.86 m/s, the padded design’s contact area   
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Figure 7:  3.5 bar x 2.86 m/s test, padded design (left) vs benchmark (right): a-b) light image 
of wear area; c-d) 360° of laser profile measurements; e-f) wear band width  

a) b) 

c) d) 

e) f) 
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circumferential 
grooves 
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Figure 8:  5 bar x 2 m/s test, padded design (left) vs benchmark (right): a-b) light image  
of wear area; c-d) 360° of laser profile measurements; e-f) wear band width 

a) b) 

c) d) 

e) f) 
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circumferential 
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is 7 K cooler, while at 5 bar and 2 m/s, the pads provide an advantage of approxi-
mately 3 K. Notably, in accordance with the Arrhenius equation [4-5] a 10 K reduction 
in the temperature can substantially increase service life by nearly halving the speed 
at which aging effects, such as compression set, occur in the elastomer material. 

             
Figure 9: Summary of the measured a) maximal power loss and  

b) maximal contact overtemperature 

5 Summary and conclusion 

High-pressure radial shaft seals are essential for various applications, including 
gearboxes, hydraulic pumps and motors, speed reducers and robotics. To withstand 
high pressure, these specialized radial shaft seals feature a shorter and thicker seal-
ing lip membrane. In this study, we introduced a new design for a 10 bar·m/s radial 
shaft seal, incorporating additional pads along the seal’s circumference. Under high 
pressure, the pads stabilize the cross-section by minimizing the laydown of the seal-
ing lip.  
A detailed 3D FEA model was used to thoroughly analyze the new design. The re-
sults indicated a significant decrease in the contact width at the pad locations for a 
pressure range from 3.5 to 5 bar. Performance benchmarks were conducted at 3.5 
bar x 2.86 m/s and 5 bar x 2 m/s, comparing the padded seal design to a conven-
tional high-pressure seal. The innovative padded design demonstrated considerably 
improved wear performance, exhibiting a distinct daisy-shaped wear bandwidth pat-
tern consistent with the contact width pattern predicted by FEA.  
Moreover, the reduced wear of the new design concept led to lower friction power 
loss and a decrease in maximal contact temperature during testing. These findings 
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highlight the overall performance enhancement achieved through the innovative pad 
feature. 
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A smart seal energizer from shape-memory-alloy 

Anne Marie Lehmann, Anja Dobrinsky, Martin Franz 

Harsh operating conditions can significantly shorten a seal’s lifetime, potentially harming peo- 
ple and the environment. One effective solution to this challenge is the adoption of actuatable 
seals that can adapt to varying operating conditions. Shape-memory-alloys (SMA) serve as 
ideal actuators for polymer seals, thanks to their high operating displacement, relatively low 
tension load and flexible design capabilities. This work presents a proof of concept for a pol- 
ytetrafluoroethylene (PTFE) rod seal energized by a SMA wire. The wire is coiled around the 
seal’s outer circumference and activated through induction. Upon activation, the wire con- 
tracts, thereby increasing the seal’s radial load. The adjustable radial load allows the sealing 
function and friction properties to be precisely tailored to the specific operating conditions in 
application. 

 
 
1 Introduction 

Global changes, such as Industry 4.0 [1], climate change and increasing individuali- 
zation, demand flexibility and adaptation. In modern technical systems, harsh oper- 
ating conditions already challenge the longevity of seals . A crucial factor for a seal’s 
lifespan in dynamic application is the optimal distribution of contact pressure. Typi- 
cally, sealing solutions employ energizers like metal springs or elastomer O-Rings 
to ensure and maintain adequate contact pressure. There are primarily two conven- 
tional approaches for energizers in dynamic sealing systems: the inherent elasticity 
of sealing materials and the additional use of steel springs. 
Some sealing solutions can adapt passively to varying operating conditions through 
mechanisms such as thermal expansion [2] and centripetal forces that cause dis- 
placement and deformation [3]. Nevertheless, the lifetime of sealing systems is finite 
always subject to improvement. Actively adapting a sealing system using smart ma- 
terials represents a promising third approach to optimally adjust contact pressure 
and extend a seal’s lifetime. 
SMAs are well-known smart materials and have exceptional displacement and re- 
storing properties [4]. This paper explores how a SMA can be utilized to regulate the 
contact pressure of a sealing profile, potentially enhancing the overall performance 
and durability of sealing systems. 

 
2 Theoretical background 

2.1 Dynamic Seals 

Dynamic seals are essential components in various mechanical systems, ensuring 
the containment of fluids or gases while permitting relative motion between parts. 
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Unlike static seals, which remain stationary, dynamic seals must accommodate 
movement without compromising integrity. 

As depicted in Figure 1, a basic dynamic seal comprises a movable seal body (SB) 
and a surface in motion (MS) that moves relative to the seal body. The primary seal- 
ing interface (P) is formed between the mating seal faces. The gap at this interface, 
known as the "seal gap" or "film thickness," is extremely narrow, typically measured 
in micrometers (µm). 

The secondary sealing interface (S) prevents leakage between the seal body and 
the housing (H). This is achieved by applying a closing force (F), which reduces 
clearance at both the primary and secondary sealing interfaces. Additionally, a re- 
tention device (R) prevents the seal body from slipping due to friction with the moving 
surface. In more complex sealing systems, a second sealing body often forms an 
additional secondary sealing interface (S) [2]. 

 

 
Figure 1: Schematic of a dynamic seal (adapted from [2]). 

 
Maintaining the closing force between the counter surface and the sealing body is 
crucial for effective sealing. This is achieved by ensuring the total specific load (clos- 
ing force minus the sealing interface area) exceeds the pressure of the sealed fluid. 
Figure 1 illustrates these closing forces as a combined closing force (F). Additional 
closing forces can be implemented, as demonstrated in Figure 2Fehler! Verweis- 
quelle konnte nicht gefunden werden.. Mechanical seals utilize compression 
springs (a) or bellows, which act as springs. Elastomeric seals can be preloaded 
through dimensional interference and elastic deformation of the seal itself (b). Soft 
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packing rings are axially precompressed, creating a closing force at the sealing in- 
terface (c) [2]. 

Ideally, the closing force should compensate for wear and adapt to dynamic condi- 
tions. Some sealing solutions can adapt passively, due to different operational con- 
ditions linked to thermal expansion [2] and centripetal forces, which cause displace- 
ment and deformation [3]. Active adaptation is not yet available for conventional seal- 
ing technologies. This paper focuses on an active, adaptable contact force based on 

 

Figure 2: Examples of conventional preloading concepts (adapted from [2]). 

 
the concept of separate spring loading as shown in Figure 2a. 

 
2.2 Shape-memory alloys (SMAs) 

SMAs are a type of thermo-mechanical-transformation materials that are known for 
unique ability to switch between different atomic structures based on temperature. 
The most common compositions are copper-aluminium-nickel (CuAlNi) and nickel- 
titanium (NiTi), although they can also be synthesized using other elements like zinc, 
copper, gold and iron. While commercially available iron-based and copper-based 
SMAs (such as Fe-Mn-Si, Cu-Zn-Al, and Cu-Al-Ni) are more affordable, NiTi-based 
SMAs are preferred in most applications due to their stability and practicality [5] [6] 
[7]. 
The remarkable effects of SMAs arise from their ability to transition between the 
martensite and austinite phases. Martensite has a face-centered cubic structure with 
an atomic packing factor (APF) of 68 %, while austinite has a body-cantered cubic 
structure with an APF of 74 %, as shown in Figure 3. This phase transition causes a 
volume shift, with specific temperatures marking the start and finish of the transitions 
(Ms, Mf, As, Af). 
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Figure 3: Transition from martensite to austenite (adapted from [4]). 
 

In addition to temperature-induced effects, the martensite exhibits pseudo-plasticity, 
which is explained through a stress-strain-diagram and crystallography as shown in 
Figure 4. Initially, martensite exists in a twinned crystal structure (State A). Applying 
tension leads to elastic deformation, and at a specific tension (Point B), detwinning 
occurs. Heating the SMA above As and then cooling it reverses the deformation, re- 
twinning the martensite (pseudo-plasticity). 

 

 
Figure 4: Pressure effects in the martensite structure (adapted from [4]). 
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Figure 5 shows how the combination of pseudo-plasticity and phase change can be 
used for the one-way effect. The material is pseudo-plastically deformed (A to C) 
and responds to a temperature shift with actuation (C to D). To repeat the actuation, 
the SMA must be cooled (D to A) and deformed again (A to C), with the material only 
memorizing the high-temperature austinite state. As to see in the diagram, a tem- 
perature increase from state A to D causes only a small change of deformation. 

 

 
Figure 5: One-way effect (adapted from [4]). 

 
For significant deformation between different temperatures, the two-way effect is 
necessary. This effect is achieved by training the SMA’s microstructure through ten- 
sion. The intrinsic material effect is shown in Figure 6, where the SMA cycles be- 
tween detwinned martensite and austenite states. This effect can be enhanced un- 
der tension, known as the extrinsic two-way effect. 
To increase pressure in the SMA, force can be applied, either by a constant force , 
or by an antagonist spring (Figure 7). 
In this paper, the extrinsic two-way effect is used, in which the SMA is acting against 
a spring. 

 

Figure 6: Two-way effect (adapted from [4]). 
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Figure 7: Two-way effect under variable force (adapted from [4]). 

 
3 Test Set-up 

The utilization of SMAs to adapt contact pressure was investigated through an ex- 
perimental set-up. This process required several key steps: 

• Selecting the appropriate SMA 
• Developing an adaptable sealing concept 
• Activating the smart energized seal 
• Collecting data 
• Establishing test procedures. 

 
3.1 Selecting the appropriate SMA 

The primary function of the SMA is to adjust the contact pressure of the chosen seal. 
It must be flexible and adaptable to various geometries. Key requirements for the 
SMA included shape-shifting at safe handling temperatures above ambient, availa- 
bility in multiple sizes and a material that offers maximum design flexibility. A NiTiNol 
wire alloyed with NiTiCu was chosen, featuring an austinite finishing temperature of 
60 °C (+/-5) and a thickness of 0.25mm and 0.5 mm. 

 
3.2 Developing an adaptable sealing concept 

The SMA serves as a smart energizer to adjust the radial load of a linear seal made 
from a bronze-filled PTFE compound. The seal’s cross section is designed in a rec- 
tangular shape, as illustrated in Figure 8. The wire is positioned in a groove along 
the outer diameter of the rectangular ring. The wire ends are joined with a reef knot. 
Two different SMA wire thicknesses are chosen for placement in the groove: 

• 0.25 mm 
• 0.5 mm. 
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Figure 8: Design of the SMA actuated PTFE ring. a) CAD-PTFE ring with a groove, b) 
PTFE ring with SMA wire in the groove, c) reef knot of the SMA. 

 
 
 

3.3 Activating the smart energized seal 

The chosen SMA wire has a high nickel content, which gives it a relatively high mag- 
netic permeability. This property makes it ideal for contactless, inductive heating, 
allowing for precise heating of the SMA wire compared to other heating methods. 

The smart energized seal is primarily powered by a conventional laboratory power 
supply. The direct current from the power supply is converted into high frequency 
alternating current via an induction converter. This alternating current is then applied 
to a copper coil, which heats the SMA wire through induction. 

 
3.4 Collecting data 

The radial force of the smart energized seal is measured using a radial force meas- 
urement device in accordance with DIN 3761-9. Instead of employing a rod, the seal 
is mounted on two mandrels – one stationary and the other moveable, connected to 
a load cell. As the radial force of the seal increases, the gap between the mandrels 
decreases, causing deformation in the load cell. This load cell acts as a force-sens- 
ing resistor, which can be monitored using a voltage divider. The voltage signal is 
then amplified, recorded by a computer and displayed as a live graph. Figure 9 
shows the test setup. 

 
3.5 Establishing test procedures 

For all experiments, the test setup shown in Figure 10 was used to examine the 
influence of the SMA wire on radial contact force. The success of these measure- 
ments hinged on two factors: observing significant thermal effects and ensuring the 
safety of personnel and equipment. To this end, only the necessary voltage was 
applied to the power supply for each measurement. 
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Figure 9: Test set-up for actuation and measuring the PTFE-SMA ring. 
 

A human-in-the-loop approach was adopted, where an operator monitored the live 
graph, detected any unusual heat and adjusted the rotary knob of the power supply 
to balance safety requirements and data validity. The procedure involved switching 
on the power supply and observing the live graph until a notable change was de- 
tected. Two different wire sizes (0.25 mm and 0.5 mm) were tested and the tests 
were named accordingly: 

• 0.25 actuated test 
• 0.5 actuated test. 

The second experiment aimed to determine whether the SMA wire could maintain a 
specific contact force. Here, the control loop was managed by a human operator, 
who monitored the live graph and adjusted the power supply accordingly. This ex- 
periment was conducted with the 0.5 mm-SMA wire and is referred to as the main- 
taining-force test. Results and Discussion 

 
3.6 Results 

Figure 10 shows the 0.25 actuated test and Figure 11 presents the results of the 0.5 
actuated tests. Both tests begin with a measurement without activation. In the 0.25 
actuated test, the radial force decreases with heating and increases again once the 
heating is stopped, allowing the set-up to cool passively by the environment. During 
the heating process from 20 to 53 s the graph shows a step-function. 
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Conversely, the result of the 0.5 actuated test shows an increase in contact pressure 
at the onset of heating and a decrease once the heating stops. The graph is smooth 
and reaches a similar level of radial force in the unactuated state after 7 s of passive 
cooling. 

Figure 12 shows the maintaining-force test, which begins in an activated state. Sim- 
ilar to the 0.5 actuated test, stopping the heating after 17 s decreases the radial 
forces, which restarting it increases them. Stopping the heating again results in a 
rapid decrease in radial force to a level comparable to the last non-heated phase. It 
was possible to maintain a contact force of approximately 60 N for about 100 sec- 
onds, albeit with some noise. 

 
 
 

 
Figure 10: Radial force during heating a 0.25 mm SMA wire. 

 
 

Figure 12 shows the maintaining-force test, which begins in an activated state. Sim- 
ilar to the 0.5 actuated test, stopping the heating after 17 s decreases the radial 
forces, which restarting it increases them. Stopping the heating again results in a 
rapid decrease in radial force to a level comparable to the last non-heated phase. It 
was possible to maintain a contact force of approximately 60 N for about 100 sec- 
onds, albeit with some noise. 



100     22nd ISC 
______________________________________________________________________________________________________________ 

 

 

 
 

Figure 11: Radial force during heating a 0.5 mm SMA wire. 
 
 

 

 
Figure 12: Test for maintaining contact pressure with 0.5 mm SMA wire. 
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3.7 Discussion 

The test using a 0.5 mm SMA wire demonstrated an increase in radial force upon 
activation, while the 0.25 mm SMA wire showed a decrease. Maintaining a consistent 
contact pressure was possible in the activated state. Deactivating the 0.5 mm SMA 
wire led to a rapid return to the inactivated radial force level. 

As illustrated in Figure 10s 10-11, the thickness of the SMA wire significantly influ- 
ences the qualitative effect on contact force. This is explained by the thermal behav- 
ior and the equilibrium of forces under thermal influence. 

The displacement u(r) of an annular ring disk, such as a PTFE ring, under a tem- 
perature shift ΔT and a relocatable outer boundary is given in Equation (1) and de- 
pends on the thermal expansion coefficients αt. 
Materials such as thermosets and steels typically have positive thermal expansion 
coefficient αt, with steels generally expanding less then thermoplastics under heat. 
The thermal expansion of the mandrel or rod is therefore neglected in the analysis. 

 
u(r) = αt ΔT r (1) 

 
Notably, SMA’s do not behave according to Equation (1) during their phase shift 
temperature; instead, they exhibit shrinkage as shown Chapter 2.1. 
Assuming a linear time-invariant system and heating conditions within the SMA shift 
temperature range, the final radial force is a cumulation of forces, as shown in Figure 
13. The expansion force of the PTFE opposes the shrinkage force of the SMA wire. 

 
 

 
Figure 13: Direction of forces under heating. 
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The actuating volume of the SMA wire is strongly dependent on its diameter. Dou- 
bling the diameter results in a volume four times larger. Consequently, the force of 
the 0.5 mm SMA wire is therefore assumed to be four times stronger than that of the 
0.25 mm SMA wire. This suggests that in the 0.25 actuated test, the SMA wire was 
not thick enough to counteract the thermal expansion of the PTFE ring; unlike the 
0.5 mm wire, which increased the radial force upon activation. 
Some artifacts of the human-in-the-loop control are evident in the graphs. During the 
0.25 actuated test, the power was incrementally regulated. When the temperature 
exceeded the austinite finishing temperature of 60 °C, activation was halted. The 0.5 
actuated test was regulated by gradually increasing the power output, resulting in 
smoother heating and cooling phases. During the force-maintaining test, the radial 
force was regulated to a specific level, this led to some noise generation. 
There was a slight difference in radial force before and after stopping activation. 
Functions with high gradients are very sensitive to changes. Both SMAs and elasto- 
mers are known for their non-linear effects. Figure 7 simplistically shows how result- 
ing deformations are set by the equilibrium of forces. Any slight change that might 
have occurred could alter the deformation states accordingly. Reasons for changes 
in the measured deformation might include the loosening of the reef knot, non-linear 
effects of SMA and PTFE, load cell drift, different cooling curves of the SMA wire 
and PTFE ring or insufficient recording time to reach a stationary unactuated cooling 
temperature. 

 
4 Summary and Conclusion 

For the first time, a test featuring a rectangular sealing ring and SMA was performed. 
Two different SMA wire thicknesses were evaluated. An induction coil setup was 
developed to facilitate the testing. Key findings revealed the importance of the seal- 
ing ring’s thermal expansion and the necessity for the wire thickness to be suitable 
for the ring’s cross-sectional dimensions. By manually controlling the input voltage, 
a consistent radial holding force was maintained. Performance parameters crucial to 
functionality, such as friction force and leakage – both dependent on radial force – 
can be utilized as signals to calculate adjustments for the SMA wire. 
Sealing applications entail numerous requirements, the most critical being a compact 
installation space and ease of system assembly. For practical use, it is essential to 
thoroughly examine a system configuration that integrates feedback signals and 
meets these specific requirements. 

 
5 Nomenclature 

 
Variable Description Unit 

Af austenite finishing temperature [°C] 
As austenite starting temperature [°C] 
F force [N] 
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k PTFE-spring stiffness [N/m] 
Mf martensite finishing temperature [°C] 
Ms martensite starting temperature [°C] 
u(r) displacement under temperature shift [m] 
αt thermal expansion coefficient [mm-¹ K-¹] 

ΔT temperature shift [K] 
r radius [m] 
ε strain [%] 
σ stress [Pa] 

NiTi nickel-titanium  

NiTiCu nickel-titanium-copper  

PTFE polytetrafluoroethylene  

SMA shape memory alloy  
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Enabling more sustainable sealing solutions via multi-scale 
friction modelling 

Dr. Meghshyam Shisode, Dr. Ron Willems, Dr. Bas van der Vorst, Dr. Mickael 
Sansalone 

A reliable and accurate seal friction model is paramount in optimizing sealing products towards 
energy-efficient and sustainable sealing systems. In seals, depending on the contact 
conditions, boundary and mixed lubrication regimes are as prevalent as the full-film regime 
due to, for example, counterface roughness, lubricant starvation, low speed, severe contact 
pressure, temperature, etc. Although the research on full-film lubrication regime is well 
matured, a reliable predictive model for rubber dry friction, contributing to boundary and mixed 
lubrication regimes, is still lacking, therefore hindering the friction and wear models accuracy 
for sealing applications.  

In this work, a predictive analytical model to estimate temperature and speed dependent 
rubber dry friction is proposed. The model is inspired by a multi-scale representation of a 
metallic counterface combined with a first-order analytical approximation of contact stresses 
and rubber deformation. The counterface is decomposed into different scales of roughness 
and the rubber dissipation energy is then determined on each scale. The transition between 
different scales is also modeled, which is important to correctly estimate the contribution from 
each scale. Subsequently, a cumulative frictional energy loss is estimated to predict the 
friction force. 

The resulting model is able to predict temperature and sliding speed dependent friction 
coefficient and shows a good correlation with in-house experiments. The proposed dry friction 
model can be combined with the lubricant viscous shearing friction model to predict the overall 
friction more reliably in the sealing contact, thereby accelerating the design of more 
sustainable and energy-efficient sealing solutions.    

1 Introduction 

Currently, there is significant momentum in both the industrial and automotive sectors to 
reduce seal friction while simultaneously enhancing seal wear resistance and longevity. One 
of the key customer requirements is to minimize the rotating shaft seal friction torque, which 
improves system efficiency, reduces energy consumption, and lowers overall carbon 
emissions. Given stricter CO2 regulations, the challenge lies in designing optimal sealing 
solutions with reduced friction. To address this, new predictive tools are being developed to 
estimate seal friction, thereby streamlining the testing process and accelerating time to 
market. 

In sealing contacts, total friction arises from two main sources: material friction due to direct 
asperity contact and friction resulting from lubricant viscous shearing. The specific 
contributions of material friction and lubricant viscous shearing depend on various factors such 
as material properties, speed, surface topography, contact load, counterface wetting and 
temperature. While models have matured significantly in estimating friction due to lubricant 
viscous shearing, research is still evolving regarding the modeling of rubber material friction 
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resulting from direct asperity contact. The objective of our research initiative is hence to 
develop a physics-based, simplified and reliable approach for predicting rubber dry friction in 
sealing applications, with the aim to provide rapid solutions for end-users. 

Rubber dry friction is a complex phenomenon fundamentally related to the viscoelastic nature 
of the material. In dry conditions, the interface conditions become significant, as adhesion 
effects are generally activated and may contribute to viscoelastic friction. Under lubricated 
conditions, the effect of adhesion is expected to substantially reduce due to the presence of 
a lubricant layer that inhibits direct intermolecular bonding between the rubber and metal 
counterface. However, viscoelastic friction still predominantly exists in boundary and mixed 
lubrication regimes. Therefore, this study focuses on modeling the viscoelastic friction, in 
alignment with its relevance for sealing applications.  

Grosch [1] conducted the first experimental study on dry friction in rubber. In this research, 
rubber pads were slid across glass, steel, and abrasive plates, resulting in viscoelastic 
deformation within the rubber material. The study revealed that rubber friction reached a 
maximum at a specific speed, declining at higher speeds. Interestingly, the speed at which 
this maximum friction occurred shifts with temperature as described by the Williams–Landel–
Ferry (WLF) equation [2]. This equation is based on measurements of rubber viscoelastic 
properties. Grosch’s observations led to the conclusion that near-surface viscoelastic 
deformation plays a crucial role in dry rubber friction.  

In the literature, two main theories of rubber dry friction have been published. One theory, 
proposed by Klüppel and Heinrich  [3], and another by Persson  [4], both focus heavily on the 
multi-scale nature of counterface and their fractal roughness. Persson et al. [4] developed 
condensed but mathematically complex equations to predict rubber friction. However, these 
models rely on strong assumption of truncating the fractal surface spectrum to a chosen 
wavevector (q1), which makes them less robust as the viscoelastic loss significantly depends 
on the choice of truncation wavevector (q1). 

In 2000, Wassink et al. [5] proposed a physical model for seal viscoelastic friction. Wassink 
used a multi-scale description of surface roughness. They decomposed the counterface into 
16 different scales. When a seal slides over a rough shaft, the seal material must deform to 
move past the asperities on the shaft surface. Since the seal material is viscoelastic, the 
deformation and recovery processes result in energy loss, contributing to total friction. By 
determining the energy loss per roughness scale, the overall viscoelastic friction is estimated. 
The results from Wassink’s model show a good qualitative correlation with experimental data. 
However, the model requires specification of multiple fitting parameters, which limits its 
versatility. 

This paper proposes a different approach to address the challenges encountered with existing 
models. Rather than considering a continuous spectrum of frequencies used in [3] [4], a 
discrete set of scales is proposed to describe the counterface topography. This model is based 
on the concept of determining energy loss due to viscoelastic material behavior of rubber 
interacting at various roughness scales on the contacting metallic surface, similar to the 
approach described by Wassink et al. [5]. However, unlike the Wassink model, the model 
proposed in this paper requires only a single model parameter. 

https://www.deepl.com/en/features/paraphrasing-tool
https://www.deepl.com/en/features/paraphrasing-tool
https://www.deepl.com/en/features/paraphrasing-tool
https://www.deepl.com/en/features/paraphrasing-tool
https://www.grammarly.com/sentence-checker
https://www.deepl.com/en/features/paraphrasing-tool
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2 Multi-scale dry friction model  

This section introduces a first-order model for rubber friction. The model is built upon a multi-
scale representation of the counterface and utilizes analytical equations to calculate stresses 
and deformations in rubber. The predictions highlight the significance of multi-scale surface 
roughness effects and their relationship with rubber material properties in dry friction. Key 
parameters governing rubber friction include contact temperature and speed. For example, 
the coefficient of friction can vary between 0.1 and 2, depending on the speed and temperature 
combination. 

2.1 Multi-scale decomposition of surface roughness 

While standard steel-to-steel friction models employ a single-scale representation of surface 
roughness, predicting rubber friction necessitates a multi-scale description of the counterface. 
In fact, such an approach is required to account for all dissipative phenomena generated 
during sliding. The method proposed in this paper considers a discrete number of scales. For 
simplicity, each scale is represented as a sinusoidal function. Moreover, to avoid superposition 
of dissipative effects, these scales must be distinct from each other. Consequently, a 
maximum of five scales is utilized in the proposed approach to cover the frequency range 
developed onto the surface. The counterface is first measured using confocal microscopy, 
and 2D profiles in the sliding direction are extracted. By discretizing each profile using Fourier 
transform and then applying inverse Fourier transform, five distinct roughness scales are 
determined for each of the original 2D profiles. For each scale of 2D profile obtained, 
parameters such as roughness 𝑅𝑅𝑎𝑎, wavelength 𝜆𝜆, and mean asperity radius 𝑅𝑅 (Equation (1)) 
can be determined. Figure 1 illustrates the example of a measured 2D profile and its 
corresponding five different roughness scales, while Table 1 provides details of roughness 
parameters for each scale. 
 

𝑅𝑅 =
𝜆𝜆2

 2𝜋𝜋𝑅𝑅𝑎𝑎
 

(1) 

Table 1: Roughness parameters for different scales 

Scale  1 2 3 4 5 
Wavenumber domain 
(m-1) <11359 11359 - 

31552 
31552 - 
88346 

88346 - 
239797 

239797 - 
646190 

Ra (um) 0.15 0.10 0.06 0.05 0.03 
Wavelength (um) 162.5 29.7 11.5 4.9 2.2 
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Figure 1: Measured profile of a counterface (𝑅𝑅𝑎𝑎 = 0.45𝜇𝜇𝜇𝜇) and its decomposition into 5 
roughness scales 

 

2.2 Dry friction model for viscoelastic dissipation 

A simple analytical model is proposed to predict the friction resulting from the bulk 
deformation of rubber at each discretized scale of the counterface. The model 
assumes that the deformation and release of rubber at each scale lead to energy 
dissipation due to its viscoelastic nature. The resulting friction is derived by summing 
up all the dissipative effects generated at different scales. Additionally, the model 
assumes that only the rubber surface deforms, while the metallic counterface 
asperities remain rigid. When metallic asperities slide on a rubber surface, the total 
strain energy due to bulk rubber deformation can be expressed as follows: 
 

𝛥𝛥𝐸𝐸𝑇𝑇 = � 𝜎𝜎𝑖𝑖𝑖𝑖
𝑑𝑑𝜀𝜀𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
.

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ,𝑡𝑡𝑖𝑖𝑉𝑉𝑉𝑉
 

(2) 
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Figure 2: Sliding of rubber on metal counterface (a) in unsaturated contact condition (b) in 
saturated contact condition (c) single asperity contact 

where 𝜎𝜎𝑖𝑖𝑖𝑖 and 𝜀𝜀𝑖𝑖𝑖𝑖 are the stress and strain components respectively. Since the 
roughness scale of the metallic counterface is described as a sinusoidal function, 
stresses and deformations are also assumed to respond in the same manner in time 
and space. This allows for the energy dissipation to be approximated as: 
 

𝛥𝛥𝐸𝐸 = −𝜀𝜀𝐶𝐶𝜎𝜎𝐶𝐶
𝐺𝐺"(𝜔𝜔𝐶𝐶)
𝐺𝐺∗(𝜔𝜔𝐶𝐶)

𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 

  

(3) 

where 𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 is the considered deformed volume of rubber (Figure 2c) and 𝜔𝜔𝐶𝐶 the 
frequency of deformation. 𝐺𝐺∗ is the combined shear modulus and 𝐺𝐺" is the loss shear 
modulus. Considering 𝑣𝑣𝑠𝑠 to be the sliding speed and 𝑙𝑙𝐶𝐶, the contact length at asperity 
in the sliding direction, the frequency 𝜔𝜔 at which rubber is excited at this scale, and 
the deformed volume during time 𝑑𝑑, can be expressed as: 
 
𝜔𝜔 =

𝑣𝑣𝑠𝑠
𝜆𝜆

, 𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑 = 𝑆𝑆𝑑𝑑𝑉𝑉𝑑𝑑  𝑣𝑣𝑠𝑠𝑑𝑑 
  

(4) 

where 𝑆𝑆𝑑𝑑𝑉𝑉𝑑𝑑 is the deformed section in the plane perpendicular to the sliding direction. 
Finally, assuming the behavior of rubber to be linear elastic, the energy dissipated 
can be written as: 

𝛥𝛥𝐸𝐸 ≈ −𝐺𝐺"(𝜔𝜔𝐶𝐶)
𝜎𝜎𝐶𝐶2

3𝐺𝐺∗(𝜔𝜔𝐶𝐶)2 𝑆𝑆𝑑𝑑𝑉𝑉𝑑𝑑𝑣𝑣𝑠𝑠𝑑𝑑 
(5) 

 
The total dissipated energy and the frictional force 𝐹𝐹𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓  can be calculated as follows: 
 

𝛥𝛥𝐸𝐸 ≈ � −𝑛𝑛𝑎𝑎𝑖𝑖𝐺𝐺"(𝜔𝜔𝑖𝑖)
𝜎𝜎𝑖𝑖2

3𝐺𝐺∗(𝜔𝜔𝑖𝑖)2

𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑖𝑖=1

𝑆𝑆𝑑𝑑𝑉𝑉𝑑𝑑,𝑖𝑖𝑣𝑣𝑠𝑠𝑑𝑑 

  

(6) 

𝐹𝐹𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓  ≈ 𝑘𝑘𝑑𝑑 � 𝑛𝑛𝑎𝑎𝑖𝑖𝐺𝐺"(𝜔𝜔𝑖𝑖)
𝜎𝜎𝑖𝑖2

3𝐺𝐺∗(𝜔𝜔𝑖𝑖)2

𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑖𝑖=1

𝑆𝑆𝑑𝑑𝑉𝑉𝑑𝑑,𝑖𝑖 
(7) 

 
 
 
where 𝑛𝑛𝑎𝑎𝑖𝑖 is the number of asperities at scale 𝑖𝑖 and 𝑘𝑘𝑑𝑑  is the model parameter 
determined by reducing the error in model results and experiments. The parameter 
𝑘𝑘𝑑𝑑 is introduced to account for complex phenomena that are not adequately captured 
by the proposed first-order model. The coefficient of friction resulting from 
viscoelastic losses is then estimated as follows:  
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𝜇𝜇𝑑𝑑𝑓𝑓𝑑𝑑 =
𝐹𝐹𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓
 𝑊𝑊𝐶𝐶

=
𝐹𝐹𝑑𝑑𝑓𝑓𝑖𝑖𝑓𝑓

 𝐴𝐴𝐶𝐶𝑃𝑃𝐶𝐶
 

 
(8) 

 
where 𝑊𝑊𝐶𝐶, 𝑃𝑃𝐶𝐶 and 𝐴𝐴𝐶𝐶 are normal contact load, mean contact pressure and apparent 
contact area respectively. Finally, the coefficient of friction estimated for each 2D 
profile is averaged to determine the overall dry friction coefficient. 

 Geometry and stresses for a single asperity 
The asperity level calculations of stress and deformations are based on the Hertzian 
theory and on Johnson developments [6] for elastic contacts of sinusoidal surfaces. 
The number of asperities 𝑛𝑛𝑎𝑎𝑖𝑖 and load on each asperity 𝑊𝑊𝑖𝑖 at scale 𝑖𝑖 can be 
determined as: 
 

𝑛𝑛𝑎𝑎𝑖𝑖 =
𝐴𝐴𝐶𝐶
𝜆𝜆𝑖𝑖2

 ,     𝑊𝑊𝑖𝑖 =
𝑊𝑊𝐶𝐶

𝑛𝑛𝑎𝑎𝑖𝑖
 

 
(9) 

 
According to the Hertzian theory, the contact area is defined by the following 
diameter of contact 𝑙𝑙𝑖𝑖: 
 

𝑙𝑙𝑖𝑖 = 2 �
3

16
𝑊𝑊𝑖𝑖𝑅𝑅𝑖𝑖
𝐺𝐺∗(𝜔𝜔𝑖𝑖)

�
1/3

 
 

(10) 

 
where 𝑅𝑅𝑖𝑖 is the mean radius of asperity (Equation (1)) and 𝜔𝜔𝑖𝑖  is the frequency at 
scale 𝑖𝑖 (Equation (4)). The mean contact stress can thus be expressed as: 
 

𝜎𝜎𝑖𝑖 =
4𝑊𝑊𝑖𝑖

𝜋𝜋𝑙𝑙𝑖𝑖2
 

 
(11) 

 
These equations are valid when the penetration of an asperity into the rubber is 
relatively small. However, as the load increases, saturation occurs, and the rubber 
fully penetrates the contacting surface asperities (see Figure 2b). Under such 
situation a different equation is required. Johnson [6] showed that the stress at which 
saturation occurs can be calculated as: 
 

𝜎𝜎𝑠𝑠𝑎𝑎𝑡𝑡,𝑖𝑖 =
8𝜋𝜋𝑅𝑅𝑎𝑎𝑖𝑖𝐺𝐺

∗(𝜔𝜔𝑖𝑖)
𝜆𝜆𝑖𝑖

 
(12) 

 
When the saturation stress (𝜎𝜎𝑠𝑠𝑎𝑎𝑡𝑡,𝑖𝑖) is reached,  𝜎𝜎𝑖𝑖 = 𝜎𝜎𝑠𝑠𝑎𝑎𝑡𝑡,𝑖𝑖 = 𝑃𝑃𝐶𝐶 , 𝑙𝑙𝑖𝑖 = 𝜆𝜆𝑖𝑖  , 𝛿𝛿𝑖𝑖 = 2𝑅𝑅𝑎𝑎𝑖𝑖 and 
since the stress varies between 0 and 𝜎𝜎𝑠𝑠𝑎𝑎𝑡𝑡,𝑖𝑖, a following relation is assumed between 
contact stress 𝜎𝜎𝑖𝑖 and penetration depth 𝛿𝛿𝑖𝑖: 
 

𝛿𝛿𝑖𝑖 = 4𝑅𝑅𝑎𝑎𝑖𝑖 �
𝜎𝜎𝑖𝑖

𝜎𝜎𝑖𝑖 + 𝜎𝜎𝑠𝑠𝑎𝑎𝑡𝑡,𝑖𝑖
� 

 

(13) 
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From these relations, the deformed section of rubber can be estimated as: 
 

 𝑆𝑆𝑑𝑑𝑉𝑉𝑑𝑑,𝑖𝑖 = 𝑙𝑙𝑖𝑖𝛿𝛿𝑖𝑖  (14) 
 
Finally using Equation (7), the friction force at each asperity scale can be calculated. 

 Roughness scale interaction  
Up until now, dissipative effects have been estimated independently at each scale 
and then aggregated to determine the overall frictional energy loss. However, this 
approach ignores the interaction and effects of roughness scale at subsequent 
scales. An important parameter influenced by scale interaction is indeed the 
apparent area available at the subsequent scale.  
 

 
Figure 3: Illustration of subsequent roughness scales interaction 

As illustrated in Figure 3, if the apparent area available at scale  𝑖𝑖 is 𝐴𝐴𝐶𝐶 then at scale 
(𝑖𝑖 + 1), the total available apparent contact is 𝐴𝐴𝑓𝑓𝑉𝑉𝑓𝑓𝑓𝑓𝑉𝑉𝑓𝑓𝑡𝑡𝑉𝑉𝑑𝑑 = 𝐴𝐴𝑑𝑑𝑖𝑖+1 ∗ 𝐴𝐴𝐶𝐶 = 𝑉𝑉𝑖𝑖

𝜆𝜆𝑖𝑖
𝐴𝐴𝐶𝐶 where 

𝐴𝐴𝑑𝑑𝑖𝑖+1   is the area correction factor. Similarly, for scale (𝑖𝑖 + 2), 𝐴𝐴𝑓𝑓𝑉𝑉𝑓𝑓𝑓𝑓𝑉𝑉𝑓𝑓𝑡𝑡𝑉𝑉𝑑𝑑 =
𝐴𝐴𝑑𝑑𝑖𝑖+2 ∗ 𝐴𝐴𝐶𝐶 = 𝑉𝑉𝑖𝑖−1

𝜆𝜆𝑖𝑖−1
∗ 𝑉𝑉𝑖𝑖
𝜆𝜆𝑖𝑖
𝐴𝐴𝐶𝐶. Therefore, at scale 𝑖𝑖 = 1,𝐴𝐴𝑓𝑓𝑉𝑉𝑓𝑓𝑓𝑓𝑉𝑉𝑓𝑓𝑡𝑡𝑉𝑉𝑑𝑑 = 𝐴𝐴𝐶𝐶 and for all 

subsequent scales 𝑖𝑖 > 1,𝐴𝐴𝑓𝑓𝑉𝑉𝑓𝑓𝑓𝑓𝑉𝑉𝑓𝑓𝑡𝑡𝑉𝑉𝑑𝑑 = 𝐴𝐴𝑑𝑑𝑖𝑖 ∗ 𝐴𝐴𝐶𝐶. Accordingly, the number of asperities 
𝑛𝑛𝑎𝑎𝑖𝑖 and load on asperity 𝑊𝑊𝑖𝑖  (Equation (9)) at scale 𝑖𝑖 are updated to account for the 
roughness scale interaction. 
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 Viscoelastic friction computation 
The detailed flow used to compute the viscoelastic dry rubber friction can then be 
described as illustrated in Figure 4 below: 
 

 
 

Figure 4: Flow chart: rubber viscoelastic friction computation in dry contact condition 

3 Experiments and model validation 

Rubber friction highly depends on the operational conditions. Under dry conditions, the 
coefficient of friction can vary between 0.1 and 2, depending on the speed and temperature. 
Therefore, it is necessary to characterize rubber friction across various temperatures and 
sliding speeds. To achieve this, an in-house CETR universal tribometer is used to measure 
the dry friction coefficient using a rubber ring on a steel disk configuration and across a range 
of relevant temperatures and sliding speeds. 
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3.1 Tribometer set-up and friction measurement 

The setup principle is illustrated in Figure 5. A stationary ring made of elastomer material, 
applies load against a rotating steel disk. A 3D load sensor measures the resulting frictional 
torque. The ring, along with its support and the load sensor, can be vertically displaced to load 
and unload the sample. To ensure alignment between the ring and disk surfaces, the ring is 
mounted on a ball joint. The tribometer features an insulated chamber, allowing tests at 
temperatures ranging from -20°C to +150°C under stable conditions. The ring’s inner diameter 
is 32mm, and the outer diameter is 40mm. An electrical motor drives the steel disk at a 
predefined rotational speed. To minimize self-heating during contact, the maximum rotational 
speed range is limited to 0.01 to 50 RPM, which corresponds to a linear sliding speed range 
of 0.02 to 95mm/s. Experiments are conducted at different temperatures (25°C to 85°C) and 
with a normal load, resulting in a nominal contact pressure of 0.1 - 0.2 MPa. For a given 
temperature and normal load, speed sweeps from 0.02 to 95 mm/s are repeated at least twice. 
The coefficient of friction is then determined based on the stable part of the friction torque 
curve obtained for each speed. Ultimately, the average coefficient of friction is calculated 
across repetitions for a specific speed, temperature, and normal load combination. 
 

 
Figure 5: Tribometer setup 

3.2 Samples 

Several proprietary fluoro-elastomers (FKM1, FKM2, FKM3 and FKM4) are used for this 
study. The required material properties are thus procured from a proprietary sealing material’ 
database. The counterface used is a steel disk of 54mm diameter and a surface roughness 
of 𝑅𝑅𝑎𝑎 = 0.5𝜇𝜇𝜇𝜇. The surface is purposefully plunge ground resulting in a roughness pattern 
oriented in the sliding (circumferential) direction, as shown in Figure 6. 
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Figure 6: Surface topography of steel counterface 

 

3.3 Results: model vs. experiments 

The experimental results and their comparison with the model for four different FKM materials 
are shown in Figure 7 to 10. It should be noted that, the unique model parameter 𝑘𝑘𝑑𝑑  is derived 
by minimizing the difference between experiments and the model prediction for FKM1, FKM2, 
and FKM3 materials. Subsequently, this derived parameter is applied to validate the model 
for FKM4 material. The comparison reveals a strong qualitative and quantitative correlation 
between the model predictions and experimental data across the whole range of speed and 
temperature considered. 
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Figure 7: Coefficient of friction (COF) comparison for FKM1; model vs. experiments 

 

 
Figure 8: Coefficient of friction (COF) comparison for FKM2; model vs. experiments 
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Figure 9: Coefficient of friction (COF) comparison for FKM3; model vs. experiments 

 

 
Figure 10: Coefficient of friction (COF) comparison for FKM4; model vs. experiments 



A04     119 
____________________________________________________________________________________________________________ 

 

4 Seal material optimization for sustainability 

The urgent need to address climate change has led to a growing focus on sustainability. It is 
crucial to engage all stakeholders across the entire value chain, including suppliers, 
manufacturers, and customers, in discussions about the environmental impact of our 
products. As part of SKF’s commitment to sustainability, web-based calculation tools are 
developed, such as the CO2 emissions estimator, to assess the impact of our products. 

Seals are sustainable by nature, as their main function consists of preventing spillage of 
lubricant into the environment and protecting rotating equipment from external contamination, 
thereby enabling extension of machine service life. However, to ensure this main function 
seals also play a significant role in the friction of rotating equipment, accounting for up to 60% 
of the total friction torque in some applications. Reducing seal friction is a key customer 
requirement to enhance system efficiency, lower energy consumption, and minimize overall 
carbon emissions. With stricter CO2 regulations, designing optimal sealing solutions that 
balance low friction with effective sealing performance remains a challenge. Accurate 
prediction of seal transient dynamics and friction, aided by simulation tools, is essential for 
accelerating product development and achieving customer-defined friction targets. 

In lubricated contact conditions, adhesion effects are significantly reduced and friction 
originates predominantly from two main sources: viscous shearing of the lubricant in the 
contact and direct asperity contacts (viscoelastic friction). The contribution from these 
components depends on various parameters, with the lubrication regime being a critical factor. 
Material friction can be significant in boundary and mixed lubrication regimes when surfaces 
are not fully separated by a lubricant film. Conversely, in the full-film lubrication regime, 
lubricant viscous shearing dominates. Sealing applications can experience all these 
lubrication regimes during operation. Combining the results of dry (material) friction estimated 
from the proposed model with viscous shearing effects allows us to determine the overall seal 
friction. Therefore, this new model serves as a valuable tool for optimizing new sealing 
solutions towards reduced friction. For example, to minimize material friction, different seal 
materials can be ranked based on the dry friction coefficient estimated virtually within the 
relevant range of application conditions. 

To illustrate such virtual material selection process, Figure 11 shows the estimated dry friction 
coefficient for three different proprietary NBR (nitrile butadiene rubber) compounds at a 
nominal contact pressure of 0.2MPa and temperature and speed range of 25 to 600C and 10 
to 100mm/s respectively. Figure 11 and Table 2 clearly show that there can be substantial 
difference in dry friction depending on the rubber compound. Assuming that all three 
compounds satisfy other seal design requirements, then choosing NBR2 over NBR1 enables 
to reduce the contribution of material dry friction by ~55% on average. However, the overall 
seal friction will not be reduced by 55% due to the unaccounted lubricant viscous friction 
contribution. Nevertheless, it can be safely assumed that at least 30% of the overall friction 
torque will be caused by material dry friction. In that case, selecting the right material 
leads to a net reduction in overall friction torque by 0.55*0.3~16.5%.   
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Figure 11: Estimated coefficient of friction (COF) comparison for three different NBR 

compounds in the temperature and speed range of 25-60oC and 10-100mm/s respectively 

 

Table 2: Estimated COF comparison for different NBR compounds 

Material 
Average COF 

(Temperature: 25-60oC 
Speed: 10-100mm/s) 

NBR1 1.72 
NBR2 0.76 
NBR3 1.09 

 
To demonstrate the potential of sustainable seal design, an example of railway wheel bearing 
unit system is considered which is gaining an increased attention to reduce friction. Assuming 
6 wagons per train, 2 bogies per wagon and 4 bearings per bogie leads to total of 48 bearing 
units. Each bearing unit has 2 seals and furthermore assuming a realistic reference torque of 
0.8Nm per seal based on the test data results in a total seal frictional torque of 1.6Nm per 
bearing unit system. Therefore the reduced seal frictional torque for optimized seal material 
(NBR2) is expected to be 1.37Nm per bearing unit (16.5% less). Based on this estimate and 
using aforementioned SKFs CO2 emissions estimator, the net reduction in CO2 emission 
using NBR2 sealing material (scenario # 2) over NBR1 sealing material (scenario # 1) for total 
wheel bearing units (48x) on yearly basis can be estimated as depicted in Figure 12. The CO₂ 
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emissions due to estimated frictional losses are calculated based on the regional CO₂ 
emissions per kWh for the chosen geographical location. In this example, the chosen region 
is European union for which the CO₂ conversion factors are used from the Greenhouse Gas 
Protocol [7]. 
 

 
 

Figure 12: CO2  emission - estimation using SKFs CO2  estimator 

5 Summary and conclusions 

Rubber friction is a complex phenomenon, which is fundamentally related to the viscoelastic 
nature of the material in question and the multi-scale character of the counterface. Three 
physical phenomena are involved in rubber friction: lubricant shearing, viscoelastic losses due 
to the deformation of rubber by the counterface roughness and intermolecular interactions 
(adhesion) between the two surfaces. In this paper, an enhanced 1st order approach based 
on viscoelastic energy dissipation at different counterface roughness scales has been 
developed. This approach allows for rapid prediction of rubber dry friction. The method is 
applicable for seals and can be coupled with friction due to lubricant viscous shearing to 
estimate the overall seal friction. The model does not yet take into account the adhesion 
contribution, although the fitting parameter 𝑘𝑘𝑑𝑑 indirectly accounts for its effect.   

The predictions emphasize the importance of the multi-scale surface effects and the relation 
between rubber material properties and rubber friction under dry condition. Comparison with 
experiments showed the validity of this approach developed to model rubber dry friction. 
Finally, this simple yet effective model can be used to compare the dry friction characteristics 
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of different sealing compounds and thereby assisting seal designers in selecting the optimal 
compound for sustainable and efficient sealing solutions. 
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A new constitutive model describing the rate-, temperature- and 
strain-dependent behaviour of polymeric sealing materials 

Dr. Bharath Kumar Sundararajan, Dr. Michael Fasching,  
Dr. Mickael Sansalone, Dr. Thomas Schwarz, Dr. Bas van der Vorst 
 
The continuous advancement of virtual simulation platforms is a fundamental aspect of the 
ongoing global digitalization megatrend. To broaden the applicability of these platforms to 
sealing applications, there is a need for more comprehensive material models that can de-
scribe the complex and diverse behaviour exhibited by various polymeric materials used in 
sealing products, such as elastomers, thermoplastic polyurethanes (TPUs) and PTFE. To ad-
dress this need, a new generalized modelling framework and approach is introduced in this 
paper. The proposed approach allows different aspects of the model to be modified, tailoring 
to the material being studied. The model demonstrates a remarkable potential to accurately 
describe the strain rate, temperature, and strain dependent behaviour of a chosen seal mate-
rial, PTFE, within the relevant conditions experimentally covered. 

1 Introduction 

In recent years, virtual simulation platforms have become indispensable in the de-
sign and development of sealing solutions. Within these platforms, the usage of ma-
terial models serve as foundational elements that accurately captures the seal’s be-
haviour under various operating conditions. The challenge here lies in the diverse 
range of polymeric materials used in sealing products, displaying a spectrum of be-
haviours ranging from simple linear viscoelasticity to more complex and non-linear 
elastoviscoplasticity. Consequently, the stress levels experienced by these materials 
in application are significantly influenced by various factors such as deformation 
level, deformation rate, and operating temperature.  

Over the past decades, numerous models have been proposed to predict the com-
plex behaviour exhibited by different polymer materials, and the approach generally 
tailored to specific applications. These models often employ networks of springs and 
dashpots, such as Maxwell or Kelvin Voigt units, to establish constitutive equations 
that determine the material's stress response as a function of strain. However, there 
remains a need for a more generic and universal modelling framework, that allows 
for adapting the model to the material under study by selectively activating and de-
activating its different components.  

Therefore, this paper seeks to address the existing gap by proposing a new consti-
tutive modelling approach, validated using Polytetrafluoroethylene (PTFE) as the 
material system. PTFE exhibits a complex, non-linear elastoviscoplastic behaviour 
compared to their rubber counterparts and hence, serves as an ideal candidate for 
demonstrating the complete capabilities of the proposed approach. Uniaxial tensile 
experiments are conducted on unfilled PTFE material at different strain rates and 
temperatures. The yield and post-yield kinetics are then carefully analysed to gain 



124     22nd ISC 
______________________________________________________________________________________________________________ 

insights into the underlying phenomenology and a suitable law is proposed to de-
scribe the observed behaviour. Finally, the output from the proposed model is com-
pared against the experimental data to demonstrate its predictive capabilities.  

2 Phenomenology and constitutive modelling of PTFE 

Polytetrafluoroethylene (PTFE), also commonly known as Teflon, has some remark-
able and unique properties that makes it suitable for sealing applications. Notably, 
PTFE has the ability to withstand extremely high and low temperatures, demon-
strates excellent chemical resistance and a low coefficient of friction [1] resulting in 
enhanced wear resistance and reduced energy consumption compared to elasto-
mers. Therefore, despite the ongoing PFAS discussions, PTFE is still being used in 
a wide array of applications.  

Given its diverse usage, there exists a pressing need to understand its mechanical 
behaviour under anticipated operating conditions. However, being a semicrystalline 
thermoplastic polymer, PTFE exhibits a complex behaviour that is dependent on 
several factors including processing conditions, operating temperature, deformation 
rate, load and deformation levels, among others. 

Figure 1 provides a schematic illustration of a typical stress-strain curve observed 
with PTFE materials when subjected to an uniform deformation rate. Initially, at very 
small strains, PTFE exhibits fairly linear viscoelastic response, which progressively 
transitions to a non-linear response until reaching a yield point. The Young’s modu-
lus and yield point are strongly dependent on the applied deformation rate, 𝜀𝜀̇ and 
temperature, T. Post-yield, at large deformations, stress levels continue to increase 
exhibiting a strain hardening behaviour due to the orientation of polymer chains 
along the loading direction [2].  

 
Figure 1: Schematic representation of a typical stress-strain response of PTFE 
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The new constitutive model proposed in this study is a phenomenological model, 
following the notable work of Haward and Thackray [3]. The model can account for 
the stress contributions arising from diverse interactions within polymer over the en-
tire deformation range. Consequently, the total stress (𝜎𝜎) is decomposed into two 
components: a driving stress (𝜎𝜎𝑑𝑑) and a hardening stress (𝜎𝜎ℎ) contribution as de-
picted in equation (1). 

𝜎𝜎 =  𝜎𝜎𝑑𝑑 + 𝜎𝜎ℎ (1) 

The hardening stress is typically characterized by the elastic response of the entan-
glement network at large deformations and can be represented by a linear elastic 
spring. The driving stress, on the other hand, is primarily governed by the intermo-
lecular interactions and helps in characterizing the viscoelastic response of the pol-
ymer up to and including yield. This is typically represented by an elastic spring con-
nected in series with a dashpot. The well renowned Eyring equation [4], which has 
been shown to effectively capture the rate and temperature dependent yield kinetics 
of several polymers [5-7], is used for representing the dashpot. The yield kinetics 
can then be expressed as shown in Equation (2).  

𝜎𝜎𝑦𝑦 = 
𝑘𝑘𝑇𝑇
𝑉𝑉∗

∗ sinh−1 �
𝜀𝜀̇
𝜀𝜀0̇

exp �
∆𝑈𝑈
𝑅𝑅𝑇𝑇

�� (2) 

where 𝜀𝜀0̇ is a thermodynamic constant, ∆𝑈𝑈 is the activation energy, 𝑉𝑉∗ is the activa-
tion volume, 𝑘𝑘 and 𝑅𝑅 are Boltzmann and universal gas constant respectively. Fur-
thermore, in order to accurately represent the behaviour of polymers across a wide 
range of temperatures and strain rates, the use of just a single spring-dashpot net-
work is found to be rather insufficient. Hence, it is a common practice to include 
multiple branches in parallel, which is representative of a spectrum of relaxation 
times that is associated with the polymer.  

Additionally, it is known that certain polymers also exhibit a thermorheologically com-
plex behaviour. As a result, the driving stress contribution could potentially arise from 
more than one molecular process. In case of a semicrystalline thermoplastic polymer 
like PTFE, driving stress originates from the mobility of the main chain of the amor-
phous phase (α-relaxation) as well as transitions associated with the crystalline 
phase (β-transition) [8].  

From a modelling perspective, this is easily addressed by adding multiple spring-
dashpot networks in parallel, each representative of the relevant molecular process 
under consideration. The yield kinetics are then described using the Ree-Eyring 
modification to the Eyring equation [9], as shown in equation (3), where the different 
molecular processes are considered to act simultaneously and their stress contribu-
tions being additive in nature. 

𝜎𝜎𝑦𝑦 = �
𝑘𝑘𝑇𝑇
𝑉𝑉𝑖𝑖∗

sinh−1 �
𝜀𝜀̇
𝜀𝜀0̇,𝑖𝑖

exp �
∆𝑈𝑈𝑖𝑖
𝑅𝑅𝑇𝑇

��
𝑛𝑛

𝑖𝑖=1

 (3) 
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Incorporating multiple relaxation times and accounting for contributions from molec-
ular processes having different origins are essential for effectively capturing the dif-
ferent transitions occurring within the material, in the range of conditions that is rel-
evant to real-world applications.  

Additionally, in the subsequent section (refer Figure 8 (b)), it will be demonstrated 
that the mere implementation of the conventional Ree-Eyring equation for the dash-
pot is rather insufficient to fully describe the complex behaviour exhibited by PTFE. 
In addition to the strain rate and temperature dependence, PTFE also exhibits a 
strong dependency on the strain level. Therefore, to address this, a new strain mod-
ified Eyring equation is proposed in this study, as expressed in equation (4).  

𝜀𝜀̇ = 𝜀𝜀0̇(𝜀𝜀) ∗ sinh�
𝑞𝑞𝑉𝑉∗(𝜀𝜀)
𝑘𝑘𝑇𝑇 �  exp�

∆𝑈𝑈(𝜀𝜀)
𝑅𝑅

 �
1
𝑇𝑇
−

1
𝑇𝑇ref

��   (4) 

𝑉𝑉∗(𝜀𝜀) = 𝑓𝑓(𝑉𝑉initial∗  ,𝑉𝑉final∗  , 𝜀𝜀, 𝜀𝜀0) (5) 

𝛥𝛥𝑈𝑈(𝜀𝜀) = 𝑓𝑓(𝛥𝛥𝑈𝑈initial ,𝛥𝛥𝑈𝑈final, 𝜀𝜀, 𝜀𝜀0) (6) 

𝜀𝜀0̇(𝜀𝜀) = 𝑓𝑓(𝜀𝜀0̇,initial , 𝜀𝜀0̇,final, 𝜀𝜀, 𝜀𝜀0) (7) 

Where 𝜀𝜀 is the strain accumulated in the material. 𝜀𝜀0̇(𝜀𝜀), 𝑉𝑉∗(𝜀𝜀) and ∆𝑈𝑈(𝜀𝜀) are the 
strain modified rate constant, activation volume and activation energy parameters. 
These parameters are defined as a function of the strain level and 𝜀𝜀0, a strain based 
numerical constant, in such manner that they change from an initial to final value as 
indicated in equations (5-7).  

Considering all essential aspects discussed above to describe the behaviour of 
PTFE, the mechanical analogue of the proposed model is constructed and illustrated 
in Figure 2. The model incorporates stress contributions from both α and β pro-
cesses, connected in parallel. Each process has multiple branches that corresponds 
to the multiple relaxation times associated with them. The dashpot is modelled using 
the strain-modified Eyring equation, resulting in a fully non-linear elastoviscoplastic 
model. The final equilibrium branch, represented by a standalone elastic spring, cap-
tures the elastic strain hardening component of PTFE. 

It is worth noting that, having such a modular and versatile modelling approach helps 
in selectively choosing the level of complexity based on the material under consid-
eration. For instance, when applying the model to a material exhibiting predominantly 
linear viscoelastic behaviour, the approach can be simplified by deactivating the 
strain dependency in the Eyring dashpot or even using a linear Newtonian dashpot 
if proven sufficient. Furthermore, if the material demonstrates a thermorheologically 
simple response across temperatures and strain rates, a single-process version of 
the model may suffice. Therefore, this approach presents a universal sealing mate-
rial modelling framework that can be tailored to any polymeric sealing product and 
application. 
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Figure 2: Mechanical analogue of a two process model for PTFE, with each process having 
multiple relaxation times. The modified Eyring dashpot takes into consideration the influence 
of strain rate, temperature as well as the strain levels. 

2.1 Implementation using ABAQUS Parallel Rheological Framework 

In order to implement the proposed model for PTFE, the parallel rheological frame-
work (PRF) of ABAQUS, a finite element software package, is utilized. The complete 
description and formulation of PRF can be found in the work of Dalrymple et al. [10]. 
Though the constitutive equations can be found there, it is important to emphasize 
that, for a finite deformation, the deformation gradient (𝑭𝑭𝒊𝒊) in each branch is multipli-
catively decomposed into an elastic (𝑭𝑭𝑒𝑒,𝑖𝑖) and plastic part (𝑭𝑭𝑝𝑝,𝑖𝑖) as depicted in equa-
tion (7). 
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Meanwhile, the total stresses are determined as a summation of the stress contribu-
tions from each individual branch. Furthermore, PRF only allows the use of a single 
hyperelastic model for all the springs used in the model. Therefore, In order to get a 
simple linear elastic response, the neo-Hookean hyperelastic model available in 
ABAQUS is utilized. On the other hand, although PRF has several built-in functions 
for describing the viscosity evolution in the dashpot, they are not representative of 
the strain modified Eyring equation that is necessary to describe the behaviour of 
PTFE. Therefore, the subroutine UCREEPNETWORK of the PRF is utilized to im-
plement equation (4). In the following section, the experimental methodology 
adopted for testing the unfilled PTFE material is discussed, followed by the experi-
mental results and a comparison of the model output against it in order to showcase 
its capabilities. 

3 Experimental method 

The material used for model development and validation as mentioned above is vir-
gin PTFE. Experiments are conducted using a universal testing machine equipped 
with a 0.5 kN load cell, employing uniaxial tension. The testing procedure consists 
of two phases. In the initial loading phase, samples undergo loading at a constant 
crosshead displacement rate until reaching a predefined strain level. Subsequently, 
in the relaxation phase, the sample is maintained at the predefined strain level for 
one hour, during which the decay of stress over time is recorded. This testing proto-
col is designed to replicate real-world scenarios (Figure 3), such as when a seal is 
assembled on to a shaft (loading phase) and subjected to operational conditions 
where radial forces gradually diminish over time post-installation (transient relaxation 
phase).  

During the loading phase, strain rates of 0.1 s-1 and 0.02 s-1 controlled by the cross-
head displacement are chosen to understand the strain rate sensitivity of PTFE. In 
order to analyse the influence of temperature, tests are conducted at room temper-
ature, 50°C, 80°C and 120°C. In the relaxation phase, the influence of strain on the 
relaxation rate is analysed by stopping the loading phase at three different strain 
levels, at each strain rate and temperature tested. The overall test matrix listing all 
the test conditions are presented in Table 1. Two samples are tested per test condi-
tion to ensure repeatability of the test results presented. 

Table 1: Test matrix with Virgin PTFE 

Temperature [°C] Strain rate [s-1] Strain level [%] 

23 0.1 5, 16, 25 
0.02 5, 16, 26 

50 0.1 6, 16, 28 
0.02 6, 16, 28 

80 0.1 6, 18, 28 
0.02 6, 17, 28 

120 0.1 5, 17,28 
0.02 6, 17, 28 



A05     129 
______________________________________________________________________________________________________________ 

 

Figure 3: (a) Loading phase: Seal is assembled on to a shaft inducing strain in the material. 
(b) Relaxation phase: After the seal is assembled, the strain in the material is fixed while the 
stresses that developed during the loading phase decays over time. (c) Schematic represen-
tation of the stress and strain as a function of time during both loading and relaxation phase. 

 

 
Figure 4: Schematic representation of tensile test samples. All dimensions in mm. 
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Tensile test samples were prepared in a stripe geometry, as depicted in Figure 4, 
with dimensions of 40 mm * 10 mm * 2 mm. A gauge length of 20 mm and a gripping 
length of 10 mm on either side of the gauge section were employed. To prevent 
slipping during testing, sandpaper (SP) tabs were used in the gripping region. Addi-
tionally, a clamping pressure of 7 bar was used with the help of pneumatic clamps 
while performing the experiments. 

Digital Image Correlation (DIC) technique was employed for a precise measurement 
of the engineering strain values. Spray pattern was applied on the specimen in the 
gauge section. Considering the homogeneous deformation state of the specimen, 
the line strains of the middle part of the specimen is considered as the region of 
interest, with a gauge length of 10 mm. After the completion of an experiment, the 
engineering strains are calculated, which are then converted to true strain and true 
stress following the expression in equation (9).  

𝜀𝜀𝑡𝑡  = ln(1 + 𝜀𝜀) ;   𝜎𝜎𝑡𝑡 =  𝜎𝜎(1 + 𝜀𝜀) (9) 

where 𝜀𝜀𝑡𝑡 is the true strain, 𝜎𝜎𝑡𝑡 is the true stress, 𝜀𝜀 is the engineering strain and 𝜎𝜎 is 
the engineering stress. Furthermore, since the strains are calculated after the exper-
iment, it is important to note that reaching the same precise true strain as intended 
is not feasible with each experiment. 

4 Results and discussion 

4.1 Uniaxial tensile test results 

In general, the experimental methodology adopted in this study produces highly re-
peatable results and is demonstrated in Figure 12 for some of the results in Appendix 
1. Therefore, in order to ensure clarity in visualizing the data in the following sections, 
only one set of data is presented in the figures.  

In Figure 5 (a), the quasi-static data obtained during the loading phase illustrates the 
material's response to different strain rates and temperatures. It becomes evident 
that stress levels within the material are strongly influenced by these factors due to 
the time dependent behaviour exhibited by PTFE, with higher strain rates or lower 
temperatures resulting in increased stresses for a given strain level, and vice versa.  

However, identification of a distinct yield point proves challenging from the true stress 
strain curves presented in Figure 5 (a). Instead, the yield point is determined by con-
sidering the intersection between the initial slope within the viscoelastic region and 
the hardening slope observed at larger strains. Subsequently, the yield kinetics of 
PTFE is depicted in Figure 5 (b), where the experimental markers are fit using Equa-
tion (3) and the parameters listed in Table 2. The data reveals two distinct regions: 
Region I having a higher rate dependence at lower temperatures, and Region II with 
a lower rate dependence at higher temperatures. As discussed in the previous sec-
tion, this observation is attributed to the contributions of multiple molecular pro-
cesses within PTFE, stemming from its amorphous (α-process) and crystalline (β-
process) phases.  
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Figure 5: (a)True stress-strain plots at four different temperatures and two strain rates.  
(b) Yield stress dependence on strain rate and temperature visualized on a semi-log scale. 
Solid lines are fit using Equation (3) and parameters listed in Table 2. 

Table 2: Eyring parameters needed to fit the yield kinetics of PTFE 

Process 
𝑽𝑽∗  

[nm3] 
�̇�𝜺𝟎𝟎  

[s-1] 
𝚫𝚫𝑼𝑼 

 [KJmol-1] 

α-process 12 2*1023 205 

β-process 14.7 6*10164 950 

 
Dynamic Mechanical Analysis (DMA) data obtained internally (Figure 6), along with 
other literature findings [8], provide substantial support for this observation. The β-
transition associated with the crystalline phase occurs between 20°C and 30°C, and 
the α-relaxation related to the amorphous phase, occurs at 120°C. As a result, in 
Region I, only the α-process is active, whereas in Region II, both α and β processes 
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are active, resulting in increased rate dependence. Consequently, at 120°C, where 
α-relaxation occurs, the strain rate dependence becomes almost negligible, and 
therefore depicts a deviation from the Ree-Eyring description as observed in Figure 
5 (b). 

 

Figure 6: Tan delta versus temperature plot from DMA analysis showing the different relaxa-
tion processes occurring in PTFE. 

Moreover, the quasi-static data presented in Figure 5 (a) indicates a strain hardening 
response that is not purely elastic, but rather dependent on both the loading rate and 
temperature. Specifically, the strain hardening component appears to be more pro-
nounced at lower temperatures and higher strain rates. This observation has been 
shown for other polymers such as polycarbonate [11] and may be attributed to an 
additional viscous contribution arising from the entanglement network within the ma-
terial. 

Figure 7 illustrates the data in the subsequent stress relaxation phase 1, for a loading 
rate of 0.02 s-1. The stresses in Figure 7 are normalized to highlight the differences 
in the relaxation behaviour as the strain level and temperature varies in the experi-
ment. The data clearly suggests a strong dependence of the relaxation behaviour on 
the predefined strain level at which the relaxation phase begins and the testing tem-
perature. This observation further highlights the need for the implementing the full 
non-linear elastoviscoplastic model proposed in this study. The following section will 
detail on the procedure adopted to obtain all the necessary parameters required for 
the model. 

 
1 Please note that the data for a loading rate of 0.1 s-1 is presented in Appendix 2, Figure 13 
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Figure 7: Stress relaxation behaviour of PTFE at three different strain levels under a strain 
rate of 2*10-2 s-1 and four different temperatures. 

4.2 Parameter determination for the PTFE model 

As briefly described in section 2.1, the PRF framework of ABAQUS is utilized to 
implement the model. Since the quasi-static data suggests the contribution of two 
molecular processes towards the yield kinetics of PTFE, a two-process model as 
depicted in Figure 2 is used. The initial Eyring parameters for both the processes are 
taken from Table 2.  

The methodology presented in the work of Kadin and Schaake [12] is utilized to de-
termine the C10 modulus of the neo-Hookean hyperelastic spring and the initial 
Eyring parameters of the dashpot in each branch of α-process. The true stress-strain 
curve at 50°C and a strain rate of 0.1s-1 is used for this purpose, as at this condition 
only the α-process is active (refer DMA data presented in Figure 6). To achieve an 
accurate fit of PTFE's initial non-linear viscoelastic response up to the yield point, 14 
branches for the α-process are required, as shown in Figure 8(a).  It has to be noted 
that the strain hardening parameter is not yet included in the model and hence, once 
the yield point is reached, there is no additional stress contribution from the model.  
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The final Eyring parameters of α-process are determined by fitting the post-yield data 
at 50°C and 80°C under a strain rate of 0.1 s−1and the model fit is presented in Figure 
8 (b) (solid lines). The figure also shows the output from the standard Eyring model 
(dash-dotted lines) without strain dependency. While the standard Eyring model 
matches the data well up to the yield point, they deviate significantly at higher strain 
levels. In contrast, the new model, which includes strain dependency, aligns closely 
with the experimental data. This observation once again reiterates the importance of 
implementing the strain dependent Eyring equation proposed in this study to accu-
rately describe the mechanical behaviour exhibited by PTFE. It is worth noting that 
in these simulations, the strain hardening parameter was included to showcase the 
differences highlighted.  

 

Figure 8: (a) Model fit (solid line) to tensile data obtained at 50°C under a strain rate of  
0.1 s-1, to determine the initial Eyring parameters for all the branches of α-process using the 
methodology proposed in [12]. (b) Model output compared against the experimental data. 
Dashed-dotted lines are output from the standard Eyring model, whereas solid lines are output 
from the strain modified Eyring model proposed in this study. Dashed line in both figures rep-
resent experimental data. 

Subsequently, the initial and final Eyring parameters for the β -process is obtained 
through the best fit of the data at room temperature under a strain rate of 0.1 s-1. This 
is illustrated in Figure 9, where the model fit is represented by blue solid line. The 
figure also highlights the importance of having a two process model for PTFE by 
displaying the model output (grey solid line) when only the contribution from the α-
process is considered. Clearly, in this case, there is a substantial difference in the 
modulus and the stress levels predicted by the model when compared to the exper-
imental data. Therefore, the decision to include multiple processes, supported by the 
DMA data, is also verified through the simulation results. It is worth noting that, since 
the β-process is active only at room temperature among the tested temperatures, a 
single branch is sufficient to achieve a good fit, as observed in Figure 9. 
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Figure 9: (a) Model fit to tensile data obtained at 23°C under a strain rate of 0.1 s-1, to deter-
mine the initial and final Eyring parameters for β-process. Blue solid line is the model output 
when both α and β processes are included in the model. Grey solid line is the model output 
when only α process is included in the model. 

Furthermore, based on the best fit of the data presented in both Figure 8 (b) and 
Figure 9, it is found that it is necessary to implement the strain dependency for the 
activation volume of both the processes. The activation energy parameter is made 
strain dependent for the α-process, whereas, it is strain independent for the β -pro-
cess. The thermodynamic constant, ε̇0, is kept constant for both the processes. Im-
portantly, it should also be noted that all the model parameters are determined based 
on the short-term quasi-static data obtained during the loading phase. Therefore, the 
model output for the long-term stress relaxation behaviour in the subsequent phase 
can be considered to be predictive.   

4.3 Model predictions 

After acquiring all the necessary parameters as discussed in the preceding section, 
simulations are run in ABAQUS using a single element, 2-D axisymmetric model, 
considering the isotropic nature of virgin PTFE, and replicating the conditions of uni-
axial tensile testing outlined in section 3. 

Figure 10 illustrates the comparison between the output from these simulations, rep-
resented by solid lines, and the experimental data obtained during the loading phase, 
represented by dashed lines. Given that the model parameters are derived through 
fitting data at temperatures of 23°C, 50°C and 80°C under a strain rate of 0.1 s-1, it 
is anticipated that the model would exhibit good agreement with these data. How-
ever, it is quite remarkable to observe that the predictions at other conditions also 
closely align with the data. The strain rate and temperature dependencies are aptly 
captured, following the Eyring equation. Importantly, the model demonstrates a re-
markable potential in capturing the strain rate- and temperature-dependent harden-
ing behaviour, due to the addition of strain dependency in the Eyring equation.  
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Figure 10: Model predictions, represented by solid lines, compared against the experimental 
data obtained at four different temperatures and two strain rates during the loading phase. 

 

Figure 11: Stress relaxation behaviour of virgin PTFE under a strain rate of 0.02 s-1. Solid 
lines represent model predictions and dashed lines are experimental data in all figures. 
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Following this, the model’s capability to predict the stress relaxation behaviour is 
assessed. Figure 11 reveals an excellent agreement between the data and model 
predictions across all strain levels and temperatures tested 2, under a strain rate of 
0.02 s-1. Similar to the observation in the loading phase, the figures strongly suggest 
that the strain rate, temperature and strain dependency exhibited by PTFE in the 
relaxation phase are also captured remarkably well. Additionally, the model is able 
to capture the transient relaxation response based only on quasi-static short-term 
stress-strain data obtained at different temperatures and strain rates during the load-
ing phase. This clearly depicts the consistency of the model in terms of strain rate, 
temperature and strain level influence across different solicitations and response 
mechanisms (loading versus relaxation).  

5 Conclusion 

A novel modelling approach is proposed in this study which is found to be very ef-
fective in describing the non-linear elastoviscoplastic behaviour exhibited by virgin 
PTFE under uniaxial tensile loading conditions. By incorporating the newly proposed 
strain-modified Eyring equation, the model accurately predicts both quasi-static and 
transient relaxation phenomena, while taking into account the influence of strain rate, 
temperature and strain levels. Consequently, the model also holds the potential to 
predict seal behaviour under anticipated operating conditions.  

Furthermore, given the versatility of the proposed approach, it is possible to tailor it 
to other polymeric materials such as elastomers and thermoplastic polyurethanes 
(TPUs), thereby enabling a universal modelling framework for materials used in seal-
ing applications.  
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9 Additional data and simulation output 

Appendix 1: Repeatability of the uniaxial tensile test data 

 

Figure 12: Quasi-static and stress relaxation data for Virgin PTFE. For stress relaxation, only 
the data at room temperature is presented as an example. Dashed lines indicates test that is 
repeated. The data at each test condition lies exactly on top of each other, indicating excellent 
repeatability of the methodology adopted. 
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Appendix 2: Stress relaxation behaviour of virgin PTFE obtained at a strain 
rate of 0.1 s-1 and compared against model predictions 
 

 

Figure 13: Stress relaxation behaviour of virgin PTFE at three different strain levels at a strain 
rate of 0.1 s-1 and four different temperatures, namely 23°C, 50°C, 80°C and 120°C. Solid 
lines represent model predictions and dashed lines are experimental data. 
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Simulative Prediction of Leakage for Seat Valves and Bio-Hybrid 
Fuels 

Marius Hofmeister, Felix Fischer, Lukas Boden, Katharina Schmitz 

Seat valves play a critical role in various technical applications, such as automotive injectors. 
Here, predicting leakage is vital, as it can lead to poor combustion behaviour or complete 
system failure. To address this, a simulation model originally designed for predicting leakage 
of air in ball seat valves was adapted for the use with bio-hybrid fuels. Since many bio-hybrid 
fuels differ significantly in their fluid-mechanical properties from conventional fuels and gases 
like air, the simulation model cannot be used for these liquids without any adjustments. For 
this reason, additional experiments and simulations have been conducted for various bio-hy-
brid fuels. The corresponding results are compared and discussed in this study. 

1 Introduction 

Bio-hybrid fuels are produced based on renewable energy and non-fossil carbon 
sources. This way a closed carbon loop and CO2 neutral combustion is feasible. 
Therefore, bio-hybrid fuels are a promising alternative to other green energy carriers 
such as electric batteries and hydrogen. Within the excellence cluster “The fuel sci-
ence center”, bio-hybrid fuels are investigated at a holistic level, with the aim of de-
veloping methods that can predict the properties of a fuel based solely on its molec-
ular structure. This includes the prediction of combustion related properties like igni-
tion delay, spray propagation and soot formation. Ultimately, these methods can be 
used to perfectly design a fuel to meet specific technical, economic, and ecological 
boundary conditions. 
By using bio-hybrid fuels as drop-in fuels, existing vehicles and an extensive network 
of refineries and filling stations can be used, which is a further advantage over other 
alternative energy sources. To benefit from the mentioned advantages and to ensure 
safe operation, the compatibility with automotive components is a mandatory pre-
requisite. However, previous investigation revealed intolerable rates of swelling of 
elastomer sealing materials, bad lubrication and deviating fluid mechanical proper-
ties affecting spray propagation [1–7]. 
For safe operation especially the functionality of the injection system is of great im-
portance, since unwanted leakage leads to poor combustion affecting engine effi-
ciency and soot formation. In the worst case, leakage can result in damage to com-
ponents or failure of the entire system. Since many bio-hybrid fuels differ significantly 
from conventional fuels in terms of their fluid-mechanical properties, it is necessary 
to check whether conventional injection systems can be used for these fuels or how 
they need to be modified. To address this, a simulation model originally designed for 
predicting leakage of air and hydrogen in metallic ball seat valves was adapted for 
the use with bio-hybrid fuels [8–14]. The aim of this study is to investigate the extent 
to which the deviating properties of bio-hybrid fuels influence poppet valves. 
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In the first part of this contribution the used simulation model is described.  
Subsequently, the experimental setup for the validation of the simulation model is 
presented. Here, particular attention is paid to the measurement problems arising 
from the high vapor pressures of the liquids under investigation. Furthermore, the 
measurement methods for the determination of the fluid mechanical properties and 
the surface parameters needed for the simulation model are described. Afterward, 
the results obtained by means of the simulation model and the experimental results 
are discussed. 

2 Simulation model 

The simulation model used in this work is based on the contact mechanics model 
developed by Persson [15, 16] and a leakage model based on the Hagen–Poiseuille 
equation. The simulation method has been described comprehensively in previous 
works [10, 14]. This method can be separated into two distinct steps: a macroscopic 
simulation and a microscopic simulation. A schematic diagram of the simulation 
model can be seen in Figure 1. The constituent parts of the simulation are further 
described in the following subsections. 

 

 
Figure 1 Scheme of the leakage simulation model 

2.1 Macroscopic model 

The macroscopic simulation model aims to calculate the contact pressure distribu-
tion at the sealing surface between the ball and the conical seat. The contact pres-
sure distribution is calculated using an analytical description of the geometry of the 
ball and the seat at the contact area as well as the elastic material properties of both 
bodies. 
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It is important to incorporate the effects of surface roughness into this calculation. 
The nonzero roughness of all physical bodies leads to a smoothening of the calcu-
lated contact pressure distribution; it increases the contact area and reduces the 
maximal contact pressure. These effects can be included in analytical or numerical 
models like the finite element method (FEM) by calculating a relation between the 
distance of the surfaces and the contact pressure; this relation is called the contact–
pressure relation. 
There are multiple methods to calculate the contact–pressure relation; the most well-
known being the Greenwood–Williamson method. This work uses the contact me-
chanics model developed by Persson two decades ago [16]. The Persson method is 
based on the spectral decomposition of the rough surfaces and can thus incorporate 
roughness of multiple length scales. This theory is also fit to describe the effects of 
the plastic deformation of the surface asperities leading to an increased leak-tight-
ness compared to the purely elastic case. 
The calculated contact pressure distributions of the rough surfaces in contact are in 
the next step used as input parameters of the microscopic simulation model. 

2.2 Microscopic model 

The microscopic model aims to predict the geometry of the microscopic slit (or more 
accurately the geometry of the systems of microscopic channels through the appar-
ent contact area) causing the leakage through the valve, as well as calculating the 
resulting leakage. 
The length of the leakage slit can be estimated by defining a contact width based on 
the contact pressure distribution determined in the previous simulation step. Mean-
while, the height of the channels at the determined contact pressure can be calcu-
lated by using a method developed by Persson based on his previously mentioned 
method [15]. This theory predicts the height of the microscopic net of channels using 
a percolation-based method. The percolation theory is a mathematical theory pre-
dicting the fraction of real contact area and contactless area, at which a free path is 
formed through a 2D porous medium, in this case, the contact area. The width and 
length of this critical path, as well as the macroscopic circumference of the contact 
area, are used to describe the geometry of the leakage slit. 
Finally, the leakage through this microscopic slit is calculated using the Hagen–
Poiseuille equation for the flow of viscous liquids through a thin rectangular slit. 

3 Experimental setup 

In the following the experimental setup used in this study is presented. This includes 
a test rig for the validation of the simulation results, measurements methods for the 
determination of the fluid mechanical properties needed for the execution of the sim-
ulation model, and the optical measurement methods for the evaluation of the sur-
face parameters of the ball seat valve. 
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3.1 Leakage test rig 

For the validation of the simulation the test setup shown in Figure 2 was build up. 
The test rig mainly consists of a ball placed on a metallic seat. Due to a piston sup-
plied by pneumatic pressure 𝑝𝑝pneumatic, the contact force between seat and ball is 
adjusted. At the inlet the test rig housing is connected to the pressurized sample 
liquid. From there the sample liquid flows through the sealing seat and the outlet. 
When leaving the outlet drops form, which are collected in a measuring cylinder. For 
the determination of the flow rate at the outlet of the test rig, two different methods 
are used in parallel. The first method is counting the number of droplets passing 
through the outlet. The determination of the droplet volume will be explained in more 
detail later. The second approach is measuring the volume flow directly with a meas-
uring cylinder. Additionally, the flow rate is determined with help of a scale. The first 
method is suitable for low leakage rates, while the second method can be used for 
high leakage. Depending on the expected flow rate, three different measurement 
cylinders can be placed into the tube shown in Figure 2. The nominal and actual 
volume as well as the resolution and the standard deviation indicated by the manu-
facturer are listed in Table 1 for each measurement cylinder. 

Table 1: Volume and measuring resolution of the used measurement cylinders 
Measurement 

cylinder 
Nominal 
volume 

Mean  
volume 

Measuring  
resolution 

1 10 ml 10,01 ± 0,01 ml  0,1 ml 
2 25 ml 24,90 ± 0,02 ml 0,5 ml 
3 50 ml 50,09 ± 0,06 ml 1,0 ml 

 
The Accuracy of the described measurement principle depends highly on a constant 
and time-independent droplet size. However, due to the high vapor pressure of some 
investigated fuel, an evaporation rate can be expected, which is high compared to 
the measured leakage flow and avoids precise evaluation of flow rate. For this rea-
son, the described setup was adjusted for the use of low-boiling liquids. To avoid 
evaporation during the measurement process, an additional tube is mounted at the 
outlet of the test rig, which is sealed to the atmosphere (Figure 2). Inside of the tube 
a measuring cylinder is placed. Before each measurement series, the measuring 
cylinder is filled with corresponding sample liquid. Now the sample liquid starts to 
evaporate, whereupon the level in the measuring cylinder lowers. When the liquid 
level inside the measuring cylinder doesn’t change anymore, the thermodynamic 
equilibrium is reached, and no more evaporation occurs during the actual measuring 
process. 



A06     145 
______________________________________________________________________________________________________________ 

 
Figure 2 Test rig for the determination of leakage flow rate 

Since leakage strongly depends on the viscosity and density and therefore on the 
liquid temperature, the temperature in the laboratory is measured for each test pro-
cess. Afterwards, the measured temperature is used to calculate the fluid mechani-
cal properties based on the measurement results presented in section 4.1. The cor-
rected fluid mechanical properties are used as input parameters for the simulation 
model. 

3.2 Determination of droplet volume 

To measure the leakage for small flow rates precisely, the droplet volume for the 
different sample liquids must be estimated with sufficient accuracy. To check the 
plausibility of the measured droplet volume, the size of the droplets is also estimated 
by evaluating the surface and gravitational forces acting at the outlet (Figure 3). 

 
Figure 3 Equilibrium of forces at outlet capillary 
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The equilibrium of surface and gravitational forces is shown in equation (1). The 
capillary force 𝐹𝐹capillary is the product of the liquid surface tension 𝜎𝜎 and the capillary 
diameter 𝑑𝑑𝑐𝑐 multiplied by π. The gravitational force 𝐹𝐹gravity acts against the capillary 
force and depends on the droplet volume 𝑉𝑉D and the liquid density 𝜌𝜌. 

�𝐹𝐹𝑖𝑖

𝑛𝑛

𝑖𝑖=1

= 𝜎𝜎𝑑𝑑cπ���
𝐹𝐹capillary

− 𝑉𝑉D𝜌𝜌g�
𝐹𝐹gravity

   (1) 

If both forces are in equilibrium, the droplet volume reaches its maximum and can 
be calculated with (2). 

𝑉𝑉D =  
𝜎𝜎𝑑𝑑cπ
𝜌𝜌g

   (2) 

In this study a capillary made of stainless steel with an inner diameter 𝑑𝑑𝑐𝑐 of 0.6 mm 
and an outer diameter of 0.8 mm was used. 

3.3 Determination of fluid mechanical properties 

For the calculation of leakage and the estimation of droplet volume, the fluid me-
chanical properties viscosity, density and surface tension are necessary. In the fol-
lowing the measurement methods used for the determination of these values are 
presented. 
Kinematic viscosity 
The kinematic viscosity of the different fuels is determined by means of an Ub-
belohde viscometer according to DIN 55660 [17]. For tempering the sample liquid 
during the measurement, a temperature control unit with an accuracy of 0.01 K is 
used. At the beginning of the experiment, the Ubbelohde viscometer is filled with 
sample liquid and is placed into the temperature control unit. To ensure a constant 
temperature level of the liquid, the actual measurement starts 30 minutes after the 
viscometer were placed into the temperature control unit. An overall number of 7 sub 
measurements is conducted for each temperature step, whereby the first two meas-
urements are meant to flush the capillary of the viscometer and are not considered 
for the evaluation of viscosity. The mean value is calculated from the remaining 5 
measurements. For all measurements, care was taken to ensure that the measure-
ment time was not less than 100 s. 

Density 
The liquid density is measured by help of the Archimedean principle [2, 18]. In total 
10 sub measurements are carried out from which the mean value is calculated. For 
the temperature control of the liquid the same system is used as for the determination 
of kinematic viscosity. 
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Surface tension 
The surface tension of the sample liquids was determined by the du Noüy ring 
method in accordance with DIN EN 14370 [19]. The used tension scale has a meas-
urement resolution of 0.1 mg. In total 10 measurements are conducted for each fuel 
and each temperature step. The temperature of the sample liquid is controlled by a 
temperature control unit with a temperature accuracy of 0.02 K. 

4 Results and discussion 

In the following the results obtained in this study will be shown. First, the results for 
the fluid mechanical properties viscosity, density and surface tension are shown. 
Afterwards, the measured and the simulated leakage rates are presented. 

4.1 Fluid mechanical properties 

In Figure 4 the results for the viscosity measurements described in 3.3 are shown 
for EN 590, Ethanol and Acetone for a temperature range between 10 and 30 °C. 
Overall a low standard deviation less than 0.5 % could be achieved for each liquid 
and temperature step. The highest values for viscosity are obtained for EN 590 with 
3.898 mm2/s at 20 °C. The viscosity of ethanol and acetone is significantly lower than 
for diesel EN 590 (1.5 mm2/s, 0.317 mm2/s). 
 

 

 Liquid A B C 

 EN 590 0.123 0.079 0.183 
 Ethanol 670.2 480.5 33.11 
 Acetone 173.7 143.4 40.64 

 
 

Figure 4 Results for kinematic viscosity and corresponding Arrhenius coefficients 

To correct the viscosity values for the simulation model, based on the measurement 
data and the Arrhenius equation visible in (3) a regression analysis was performed. 

𝜈𝜈(𝑇𝑇) = 𝐴𝐴 ∙ exp �
𝐵𝐵

𝐶𝐶 + 𝑇𝑇
�  (3) 
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With help of (3) and the calculated Arrhenius coefficients listed in Figure 4 the vis-
cosity can be calculated for varying liquid temperatures during the leakage experi-
ment. 
The results for the density measurements and the coefficients of the linear regres-
sion analysis are shown in Figure 5. The standard deviation for each measuring 
point is less than 1 %. 
 

 

 Liquid A B 

 EN 590 843.5 -0.614 
 Ethanol 806.1 -0.926 
 Acetone 812.3 -1.106 

 
 

Figure 5 Results for density and corresponding linear coefficients 

In Figure 6 Results for surface tension and corresponding linear coefficients the re-
sults for the surface tension measurements conducted with the du Noüy ring method 
are shown. Just as with the density results, a linear regression analysis was per-
formed. The corresponding coefficients of the analysis are shown in Figure 6. 
 

 

 Liquid A B 

 EN 590 26.62 -0.079 
 Ethanol 23.84 -0.082 
 Acetone 25.97 -0.134 

 
 

Figure 6 Results for surface tension and corresponding linear coefficients 
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4.2 Droplet size 

Depending on the fluid mechanical properties determined in 4.1 the droplet size was 
calculated according to the simplified approach described in (2). The results for tem-
peratures in a range between 10 and 30 °C are shown in Figure 7.  

 
Figure 7 Estimated droplet volume 𝑉𝑉𝐷𝐷 and measured droplet size deviation 

Due to the high surface tension the droplet volume of EN 590 is the highest in the 
considered temperature range. The values for Ethanol and Acetone are slightly lower 
but in the same order of magnitude. 
The results show that the droplet volume in the relevant temperature range depends 
insignificantly on the temperature. The target temperature during the leakage tests 
is 20 °C. Assuming a maximum temperature deviation of 2 °C during or between 
individual experiments, the maximum deviation of the drop volume is only 0.48 % for 
EN 590. For ethanol and acetone, the maximum deviation is 0.50 and 0.87 %. 
The estimated droplet volume was also used to check the plausibility of the meas-
ured droplet sizes. On the right-hand side in Figure 7 one can see the results for the 
droplet volume obtained with the methods described in 3.2. As can be seen the re-
sults are in the same order of magnitude for the calculated and measured values. 
However, for each fuel a high deviation in droplet size is obtained. In case of EN 590 
and Ethanol the measured mean value is below the calculated drop size. For Ace-
tone the simplified underestimates the measured mean value. 

4.3 Leakage 

The leakage measurements described in 3.1 were carried out for two different seats 
differing in surface properties. In Figure 8 the results for the flow rate measurements 
are shown for the investigated liquids and seat 1. For all fuels and seats a pneumatic 
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piston pressure and a fluid pressure of 3 bar was applied. Although all measure-
ments were carried out under similar boundary conditions, there are large deviations 
within the individual measurement series. This is most evident for the diesel meas-
urement. Here, the averaged flow rate for measurement 2 is 27 μl/s and therefore 
one order of magnitude higher than for measurement 1 and 3 (2.3 μl /s and 1.8 μl/s). 
 

 
Figure 8 Flowrate measurements for seat 1 

For ethanol and acetone, the results are more reproducible than for EN 590, alt-
hough they still differ greatly from each other. Furthermore, the results show that the 
volume flow decreases after a certain time. This phenomenon can be seen most 
clearly for ethanol and the sub measurements 2 and 3. While the average flow rate 
at the beginning of the measurement between the first two increments is 4.65 μl/s 
(measurement 2) and 5.00 μl/s, it decreases significantly over time. At the end of 
each measurement series, the flow rate for measurement 2 is 1.69 μl/s and for meas-
urement 3 2.50 μl/s. Here it was assumed that during the measurement, particles 
increasingly accumulate in the contact between the ball and the seat, which gradu-
ally close the gap and reduce the flow rate. 
Similar behavior is already known from measurements with distilled water. Here it 
was assumed that during the measurement, particles increasingly accumulate in the 
contact between the ball and the seat, which gradually close the gap and reduce the 
flow rate. For measurements performed with nitrogen as sample fluid, this behavior 
could not be observed. For this reason, it is assumed that particles are also respon-
sible for the phenomena shown in this case [12, 13]. 
The averaged results for the measured leakage flow rate and for the simulated flow 
rate are listed in Table 2. As already indicated in Figure 8, the repeatability of the 
leakage measurements is poor, which is reflected in a high standard deviation for all 
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seats and liquids examined. In the case of diesel and seat 2, the standard deviation 
is even greater than the calculated mean value. 
It can also be seen that the measured leakage is very high compared to the simu-
lated values. For most measured values are one order of magnitude higher than 
calculated. 

Table 2: Measured and simulated leakage flow rate for different seats 
 Seat 1 Seat 2 

 𝑆𝑆𝑄𝑄 = 2.53 𝛾𝛾 = 0.75 𝑆𝑆𝑄𝑄 = 1.9 𝛾𝛾 = 0.35 
 Leakage in μl/s Leakage in μl/s 

Sample  
liquid 

Viscosity 
in mm2/s measured simulated measured simulated 

Acetone 0.317 66 ± 17 5.1 17 ± 6 2.6 
EN 590 3.898 12 ± 6 0.47 10 ± 12 0.25 
Ethanol 1.500 55 ± 20 1.3 5.1 ± 1.4  

 
The investigated seats differ from each other regarding their surface properties indi-
cated by the mean squared roughness value 𝑆𝑆𝑄𝑄 and the Peklenik number 𝛾𝛾. In this 
context an infinite Peklenik number corresponds to a surface with grooves in parallel 
to the flow direction. An Peklenik number equal to zero is related to grooves aligned 
orthogonally to the direction of flow. Consequently, the surface of seat 1 is rougher, 
and the surface peaks are more aligned in flow direction than for seat 2. Both factors 
promote leakage flow. This trend can be seen both in the measurement results and 
in the results of the simulation. 

5 Summary and Conclusion 

In this paper, a simulation model for the investigation of leakage in ball seat valves 
and corresponding methods for the experimental validation of the leakage flow were 
presented. A particular focus was placed on the challenges arising from the low vis-
cosity and high vapor pressure of many bio-hybrid fuels. 
Subsequently, the experimental results and the results of the simulation were pre-
sented. It was found that the results for leakage vary greatly. This is especially true 
for EN 590. A probable reason for the large deviations could be the contamination 
of the test liquids by particles. 
It was also found that the simulation underestimates the leakage by an order of mag-
nitude, which can also be explained by particles that prevent the valve from closing 
completely. 
Overall, the high standard deviations of the measurement results make a meaningful 
comparison with the simulation results difficult. For this reason, future investigations 
will focus on the improvement of reproducibility. This primarily involves the system-
atic investigation of the particle load of the test liquids used and a finer pre-filtering 
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of the liquids. The tests are then repeated using the filtered liquids with a defined 
particle load. 
At the same time, the results also show that the qualitative trends like the influence 
of surface parameters and viscosity on the leakage can already be correctly captured 
by the simulation. 
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7 Nomenclature 

Variable Description Unit 
𝐴𝐴 

Coefficients for regression analysis of fluid mechanical 
properties 

 
𝐵𝐵  
𝐶𝐶  
𝑑𝑑𝑐𝑐 Capillary diameter [mm] 

𝐹𝐹capillary Capillary force [N] 
𝐹𝐹gravity Gravitational force [N] 
𝑔𝑔 Gravitational constant [m/s2] 

�̇�𝑚leakage Leakage mass flow [kg/s] 
𝑝𝑝atm Atmospheric pressure [bar] 
𝑝𝑝inlet Inlet pressure [bar] 

𝑝𝑝pneumatic  Pneumatic pressure [bar] 
𝑅𝑅 Droplet radius [mm] 
𝑆𝑆𝑄𝑄 Mean square roughness [μm] 
𝑇𝑇 Temperature [°C] 
𝑉𝑉D Droplet volume [ml] 
𝛾𝛾 Peklenik number [-] 
𝜎𝜎 Surface tension [mN/m] 
𝜌𝜌 Liquid density [kg/m3] 
𝜈𝜈 Kinematic viscosity [mm2/s] 
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Influence of surface topography on stick-slip-effects – an 
experimental and numerical study 

Martin Wittmaack, Markus André, Sebastian Rakowski, Katharina Schmitz 

Lubricated sealing systems tend to have undesirable stick-slip-effects under certain service 
conditions. This paper presents a tribometer test to analyze the influence of the surface to-
pography on the stick-slip effect. In this test, it is possible to provoke or avoid the stick-slip 
effect by rotating the surface structure by 90°. Corresponding numerical contact- and CFD-
simulations, based on the measured surface topography show clearly the influence of the 
surface structure on the flow in the lubrication gap. These numerical studies show the influ-
ence of the surface topography on the fluid dynamics in the lubrication gap of translational 
seals and enable a deeper understanding of the stick-slip mechanisms in lubricated sealing 
contacts. 

1 Introduction 

Lubricated sealing systems, such as in automotive brake master cylinders or other 
hydraulic systems, tend to have undesirable stick-slip-effects under certain service 
conditions. These stick-slip-effects are clearly driven by the complex frictional be-
havior in the mixed lubrication regime [1]. A significant factor in this tribological sys-
tem is the surface topography. Thus, it is necessary to investigate and describe the 
lubrication effects on a micromechanical level. The systematic structuring of the sur-
face topography can enhance the load carrying capacity of the lubricating film while 
simultaneously reducing friction [2, 3]. Furthermore, this targeted change in hydro-
dynamic lubrication allows minimizing the stick-slip tendency in pin on disk tribo-
meter tests [4, 5].  

In this paper, a tribometer test is presented and used to investigate the influence of 
surface structure on the stick-slip effect. Finally, numerical contact and CFD simula-
tions are carried out based on measured surfaces, which show the influence of the 
surface topography on the flow in the lubrication gap and thus provide some conclu-
sions on the complex friction behavior. 

2 Tribometer test 

The standard DIN 51834-5 [6], which is currently in the draft status, was recently 
published for the investigation of the stick-slip tendency of brake fluids in EPDM 
(ethylene propylene diene monomer rubber)-steel contacts. In this standard tribo-
meter test, a roller bearing steel ball rubs on a roughened EPDM surface (point con-
tact). This test procedure allows to successfully quantify the stick-slip tendency of 
brake fluids [7]. For a better tribological description of lubricated sealing systems, 
this standard test is modified so that an EPDM cord slides on a steel surface (line 
contact). 
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2.1 Experimental setup 

In this test the tribometer presses a cylindrical 70 ShA EPDM specimen (Figure 1 - 
Item 2) (diameter: 5 mm, length: 5 mm) onto a ground C45 steel surface (Figure 1 - 
Item 4) with a defined normal force 𝐹𝐹𝑁𝑁 = 10, 20, 30 N. The tribometer performs an 
oscillating motion 𝑢𝑢(𝑡𝑡) with the frequency 𝑓𝑓 = 1, … ,6 Hz and an amplitude 𝑎𝑎 =
1.5 𝑚𝑚𝑚𝑚 according to 

𝑢𝑢(𝑡𝑡) = 𝑎𝑎 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 (2 ⋅ 𝜋𝜋 ⋅ 𝑓𝑓 ⋅ 𝑡𝑡). (1) 

The specimen holder is connected to the tribometer with two flat springs with a thick-
ness of 0.5 mm. The resulting stiffness per spring is 315 N/mm. The stiffness of the 
adapter can be adjusted using the flat springs. The fluid (Figure 1 - Item 3) to be 
tested covers the steel specimen. In this work, a brake fluid with a viscosity of  
𝜂𝜂 = 11.5 ⋅ 10−3 Pa ⋅ s and ethanol with a viscosity of 𝜂𝜂 = 1.2 ⋅ 10−3 Pa ⋅ s are exam-
ined.  

 
Figure 1: Experimental setup: 1) specimen holder; 2) cylindrical EPDM specimen; 3) fluid;  

4) steel specimen 

2.2 Investigated surfaces 

The size of the analyzed surface section is 99.58 × 99.58 µm2 and is measured with 
a confocal laser-scanning microscope (Keyence VK-100) with a resolution of ∆𝑥𝑥 =
∆𝑦𝑦 = 0.341 μm. This results in a surface resolution of 293 × 293 pixels. After the 
measurement, the curvature and the inclination of the measured surface are cor-
rected using a second order polynomial. Furthermore, the measured data is 
smoothed with a 3x3 Gaussian matrix filter. Figure 2 shows the undeformed surfaces 
𝑟𝑟1,0(𝑥𝑥, 𝑦𝑦) and 𝑟𝑟2,0(𝑥𝑥, 𝑦𝑦). As well, the visualization of the steel surface in Figure 2 as 
the roughness parameter in Table 1 and Table 2 show the clear anisotropic rough-
ness of the steel surface due to grinding. The line roughness parameters are calcu-
lated for seven equidistant lines with an evaluation length of 89.349 µm. The average 
values (Avg.) and the standard deviations (SD) of the multiple lines are listed in Table 
1. Table 2 shows the surface roughness values for both surfaces. 
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Figure 2: Examined surfaces 

Table 1: Line roughness parameters of the examined surfaces 

Surface Direction  𝑅𝑅𝑎𝑎 [μm] 𝑅𝑅𝑝𝑝𝑝𝑝 [μm] 𝑅𝑅𝑝𝑝 [μm] 𝑅𝑅𝑣𝑣𝑝𝑝 [μm] 𝑅𝑅𝑧𝑧 [μm] 

Steel 𝑥𝑥 
Avg. 0.964 0.911 2.748 1.522 6.605 
SD 0.038 0.314 0.195 0.191 0.509 

Steel 𝑦𝑦 
Avg. 0.548 0.431 1.484 0.784 2.925 
SD 0.190 0.202 0.659 0.799 1.084 

EPDM 𝑥𝑥 
Avg. 0.593 0.542 1.766 0.943 4.110 
SD 0.050 0.134 0.230 0.252 0.491 

EPDM 𝑦𝑦 
Avg. 0.512 0.592 1.408 0.914 3.838 
SD 0.032 0.121 0.131 0.236 0.323 

 
Table 2 Surface roughness parameters of the examined surfaces 

Surface 𝑆𝑆𝑎𝑎 [μm] 𝑆𝑆𝑝𝑝𝑝𝑝  [μm] 𝑆𝑆𝑝𝑝  [μm] 𝑆𝑆𝑣𝑣𝑝𝑝  [μm] 𝑆𝑆𝑡𝑡𝑡𝑡  [°] 𝑆𝑆𝑡𝑡𝑡𝑡 [−] 
Steel 0.923 0.962 2.58 1.583 91.2 0.082 

EPDM 0.649 0.671 1.972 1.081 82.8 0.132 

 

2.3 Test results 

Figure 3 shows the ratio of the friction force 𝐹𝐹𝑅𝑅 to normal force 𝐹𝐹𝑁𝑁 depending on the 
harmonic motion 𝑢𝑢(𝑡𝑡) for two orientations of the steel sample. In the load case 
shown, the normal force is 𝐹𝐹𝑁𝑁 = 20 N and the frequency 𝑓𝑓 = 4 Hz. On the left side, 
the EPDM sample slides perpendicular (⊥) to the grinding direction. It can be seen, 
that no stick-slip effect occurs. The maximum ratio 𝐹𝐹𝑅𝑅 𝐹𝐹𝑁𝑁⁄  occurs when the EPDM 
changes from sticking to sliding (𝑢𝑢 ≈ 1 mm,𝑢𝑢 ≈ −1.2 mm). Afterwards the friction 
force decreases and increases again as the sample slows down. However, if the 
steel sample is rotated by 90° so that the EPDM sample slides in the direction of 
grinding (right diagram (||)), the stick-slip effect occurs. In this case, the maximum 
ratio 𝐹𝐹𝑅𝑅 𝐹𝐹𝑁𝑁⁄  during the change from sticking to sliding is nearly constant. The stick-
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slip effect is not only visible in the friction force signal, but is also clearly audible 
through squeaking noises.  

 
Figure 3: Measured ratio of friction force to normal force for two orientations of the steel 

sample for the brake fluid  

For the quantification of the stick-slip tendency of a brake fluid to the standard DIN 
51834-5 defines the stick-slip index 𝜎𝜎. This index corresponds to the standard devi-
ation of the oscillating force during stick-slip movement. Details on the calculation of 
the stick-slip index 𝜎𝜎 can be found in [6, 8]. 

Figure 4 shows the stick-slip index 𝜎𝜎 for the test program of the brake fluid. It is 
clearly visible, that no stick-slip occurs while the EPDM cord is rubbing perpendicular 
⊥ to the grinding direction. If the surface structure is orientated parallel to the moving 
direction, it can be seen that the stick-slip effect occurs with the exception of the 
frequency 𝑓𝑓 = 1 Hz. The diagram shows also that the stick-slip index has a maximum 
at a frequency of 𝑓𝑓 = 4 Hz and decreases again with higher excitation frequencies 
and the resulting higher sliding velocities. 

 
Figure 4: Stick-Slip Index force for two orientations of the steel sample for the brake fluid 
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Figure 5 shows the ratio of the friction force 𝐹𝐹𝑅𝑅 to normal force 𝐹𝐹𝑁𝑁 for the fluid Ethanol. 
Just as in the tests with brake fluid, the stick-slip effect occurs when sliding in the 
grinding direction (||) and does not occur when the EPDM cord is rubbing perpen-
dicular (⊥) to the surface structure. Furthermore the friction force is higher compared 
to the brake fluid due to the lower lubricating effect of the ethanol.  

 
Figure 5: Measured ratio of friction force to normal force for two orientations of the steel 

sample for the fluid Ethanol 

The stick-slip index for ethanol (Figure 6) also shows the dependence on the orien-
tation of the surface structure. For movement perpendicular ⊥ to the grinding direc-
tion, there is no stick-slip effect. Similar to the brake fluid, no stick-slip occurs at a 
frequency of 𝑓𝑓 = 1 Hz. According to the ratio 𝐹𝐹𝑅𝑅 𝐹𝐹𝑁𝑁⁄ , the stick slip indexes 𝜎𝜎 are 
greater than for brake fluid due to the larger amplitudes. In addition, compared to the 
brake fluid, there is no drop in the index with increasing frequencies. 

 
Figure 6: Stick-Slip Index force for two orientations of the steel sample for the fluid Ethanol 
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3 Numerical Study 

For a deeper understanding of the test results, a numerical analysis of the tribological 
system is carried out below. For this purpose, the solid contact between the EPDM 
cord and the steel surface is first simulated on a microscopic scale. Subsequently, 
flow simulations between the deformed surfaces show the influence on the lubricat-
ing film. 

3.1 Contact simulation on micro scale 

Figure 7 shows the effective gap height ℎ(𝑥𝑥,𝑦𝑦), which is calculated from the differ-
ence between the 𝑧𝑧-coordinates of the deformed surfaces 1 and 2 to 
ℎ(𝑥𝑥, 𝑦𝑦) = 𝑧𝑧1(𝑥𝑥, 𝑦𝑦) − 𝑧𝑧2(𝑥𝑥, 𝑦𝑦). (2) 

 

 
Figure 7: Definition of the gap height 

In macroscopic component simulations, the surfaces of the parts are usually mod-
elled as ideally smooth surfaces. This ideally smooth surface can be interpreted as 
the average plane of roughness. In this sense, the deformed gap height ℎ𝑡𝑡𝑑𝑑𝑑𝑑 takes 
into account the mechanical deformations caused by the local contact of the two 
surfaces. It is calculated by averaging over the examined surface section Ω as fol-
lows 

ℎ𝑡𝑡𝑑𝑑𝑑𝑑 =
1
Ω

 � ℎ(𝑥𝑥,𝑦𝑦) 𝑑𝑑Ω
⬚

(Ω)

. (3) 

To describe the elastic deformations in the solid contact and the normal force as a 
function of the distance between the two rough surfaces, a contact simulation of real 
measured surfaces (Figure 2) is carried out on a microscopic scale. An elastic half-
space model is used for this purpose, by solving the Boussinesq equation according 
to Bartel [9].  
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Figure 8: Gap height ℎ(𝑥𝑥,𝑦𝑦) and the real contact area at ℎ𝑡𝑡𝑑𝑑𝑑𝑑 = 2.06 𝜇𝜇𝑚𝑚  

Figure 8 shows on the left side an example of the effective gap height ℎ(𝑥𝑥,𝑦𝑦) at the 
deformed gap height ℎ𝑡𝑡𝑑𝑑𝑑𝑑 = 2.06 μm. The structure of the steel surface is still clearly 
visible. In addition to the effective gap height ℎ(𝑥𝑥, 𝑦𝑦), Figure 8 shows the real contact 
area. It can be seen that contact only occurs at the roughness peaks of the steel 
surface. 

3.2 Flow simulation 

The common approach to describe the lubricant film is the Reynolds equation. As-
suming an incompressible Newtonian fluid (density 𝜌𝜌 = const., viscosity 𝜂𝜂 = const.), 
this equation depends on the gap height ℎ, the pressure gradients 𝜕𝜕𝜕𝜕 𝜕𝜕𝑥𝑥⁄  and 𝜕𝜕𝜕𝜕 𝜕𝜕𝑦𝑦⁄ , 
the tangential velocities �̇�𝑢 and �̇�𝑣 of the moving surfaces 1 and 2  
𝜕𝜕
𝜕𝜕𝑥𝑥

�
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𝜕𝜕𝜕𝜕
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2

𝜕𝜕ℎ
𝜕𝜕𝑥𝑥

+
�̇�𝑣1 + �̇�𝑣2 

2
𝜕𝜕ℎ
𝜕𝜕𝑦𝑦

. (4) 

The components of the specific volume flows 𝑞𝑞 for the 𝑥𝑥- and 𝑦𝑦-direction are com-
puted as follow 

𝑞𝑞𝑥𝑥 =
ℎ3

12 ⋅ 𝜂𝜂
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥

−
�̇�𝑢1 + �̇�𝑢2 

2
ℎ 

and 

𝑞𝑞𝑦𝑦 =
ℎ3

12 ⋅ 𝜂𝜂
𝜕𝜕𝜕𝜕
𝜕𝜕𝑦𝑦

−
�̇�𝑣1 + �̇�𝑣2 

2
ℎ. 

(5) 

The specific volume flow can be determined from the directional components (Equa-
tion (4))  

𝑞𝑞 = �𝑞𝑞𝑥𝑥2 + 𝑞𝑞𝑦𝑦2. (6) 

To perform a computational fluid dynamic (CFD) simulation of the lubrication film, 
the Reynolds equation (4) is used and is solved by applying the finite difference 
method (FDM). The FDM uses a central difference scheme according to Equation 
(7). The derivations in the y-direction are computed accordingly. This FDM scheme 
is implemented in the mathematics program MATLAB. 
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(7) 

The previously performed contact simulation using a half-space model provides the 
deformed gap geometries ℎ(𝑥𝑥, 𝑦𝑦) for several deformed gap heights ℎ𝑡𝑡𝑑𝑑𝑑𝑑. These de-
formed gap geometries are now used to perform both pressure and shear flow sim-
ulations for the brake fluid (𝜂𝜂 = 11.5 ⋅ 10−3 Pa ⋅ s). In order to obtain a more accurate 
solution the mesh is refined using a cubic spline. In the pressure flow simulation, 10 
additional points are generated between the individual pixels. For the shear flow sim-
ulation 20 additional points are generated between the individual pixels.  

 Results of the flow simulation 
To carry out the pressure flow simulation, a fluid pressure of 𝜕𝜕𝑖𝑖𝑖𝑖 = 0.2 MPa is speci-
fied on the inlet side (𝑥𝑥 = 0) and a fluid pressure of 𝜕𝜕𝑜𝑜𝑜𝑜𝑡𝑡 = 0.1 MPa on the outlet 
side(𝑥𝑥 = 99.58 μm). The surface velocities are assumed to be zero (�̇�𝑢1 = �̇�𝑢2 = �̇�𝑣1 =
�̇�𝑣2 = 0). The flow of the fluid is prevented by specifying a pressure gradient (𝜕𝜕𝜕𝜕 𝜕𝜕𝑦𝑦)⁄  
equal to zero on the sides(𝑦𝑦 = 0, 𝑦𝑦 = 99.58 μm). Figure 9 shows the specific volume 
flow for the pressure flow simulation at a deformed gap height of ℎ𝑡𝑡𝑑𝑑𝑑𝑑 = 2.06 μm. If 
the fluid flows perpendicular (⊥) to the grinding direction, the roughness impedes the 
fluid. The fluid therefore flows through branched channels. If the fluid flows in grind-
ing direction (||), the surface topography supports the fluid flow, which results in a 
higher specific volume flow.  

 
Figure 9: Specific volume flow for the pressure flow simulation at ℎ𝑡𝑡𝑑𝑑𝑑𝑑 = 2.06 𝜇𝜇𝑚𝑚 

For the shear flow simulation, the same pressure is defined on the inlet and outlet 
side 𝜕𝜕𝑖𝑖𝑖𝑖 = 𝜕𝜕𝑜𝑜𝑜𝑜𝑡𝑡. The velocities of the surfaces are specified in opposite directions to 
each other in the direction of flow (�̇�𝑢1 = −�̇�𝑢2 = 100 mm s⁄  ). Similar to the pressure 
flow simulation, a pressure gradient equal to zero prevents the fluid from flowing out 
over the sides. Figure 10 shows the specific volume flow for this load case at a de-
formed gap height ℎ𝑡𝑡𝑑𝑑𝑑𝑑 = 2.06 μm. If the surfaces move perpendicular (⊥) to the 
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grinding direction, the roughness valleys transport more fluid than if they move par-
allel (||) to the surface structure.  

 
Figure 10: Specific volume flow for the shear flow simulation at ℎ𝑡𝑡𝑑𝑑𝑑𝑑 = 2.06 𝜇𝜇𝑚𝑚 

If the EPDM cord rubs perpendicular to the grinding direction, the surface topography 
hinders the fluid so it enters the lubrication gap. At the same time, the surface topog-
raphy in the lubrication gap impedes the volume flow and thus supports the build-up 
of fluid pressure. If the EPDM cord now switches between sticking and slipping, a 
lubricating film builds up. Once this has built up, the surface topography prevents the 
fluid from flowing out, resulting in a stable lubricating film. However, if the EPDM cord 
rubs in the direction of grinding (||), the cord partially pushes the fluid in front of it. 
Within the lubrication gap, the surface topography supports the volume flow. When 
alternating between sliding and sticking, a smaller lubricating film builds up com-
pared to the perpendicular movement. Furthermore, the surface structure allows the 
fluid to flow off again quickly. This is why the contact quickly switches back from 
slipping to sticking. 

 Flow Factors 
Usually the Reynolds equation (4) above describes the fluid film dynamics for smooth 
surfaces. The direct depiction of surface roughness in component simulation would 
be associated with a large computational effort due to the differences in scale (com-
ponent simulation [mm] – surface topography [μm]). Therefore, the method of flow 
factors by Patir and Cheng [10, 11] is often used to describe the influence of rough-
ness on the flow in the lubrication gap. For further illustration of this roughness influ-
ence, the flow factors are calculated below based on the previous flow simulations. 

The flow factor method extends the Reynolds equation (4) by the pressure flow fac-
tor Φp and the shear flow factor Φs. The pressure flow factor Φp scales the Poiseuille 
term of the Reynolds equation and describes the influence of the surface roughness 
on the fluid film. Additional Couette terms containing the shear flow factors Φs de-
scribe the additional fluid transport through the surface roughness. By adding the 
flow factors, the Reynolds equation is obtained as follows 
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(8) 

The pressure flow factor Φp (Equation (9)) indicates the ratio of the average specific 
volume flows of the pressure flow in the rough gap 𝑞𝑞�𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟ℎ and the pressure flow in 
the ideally smooth gap 𝑞𝑞�𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑡𝑡ℎ. The average volume flow is calculated from the inte-
gration over the examined surface section Ω.  
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Based on the shear flow simulation carried out above, the shear flow factor Φs is 
calculated from the average specific volume flow and velocities of the surfaces as 
follows  

Φs =
2

�̇�𝑢1 − �̇�𝑢2
⋅ �

1
Ω
�

ℎ3

12 ⋅ 𝜂𝜂
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(A)

�. (10) 

Figure 11 shows the pressure and shear flow factors depending on the sliding direc-
tion. A dashed line marks the deformed gap height ℎ𝑡𝑡𝑑𝑑𝑑𝑑 of the pressure flow simula-
tion in Figure 9. In the pressure flow simulation perpendicular (⊥) to the surface 
structure, the specific volume flow is smaller than for a flow between two smooth 
surfaces, which results in Φ𝑝𝑝 < 1. At the marked deformed gap height ℎ𝑡𝑡𝑑𝑑𝑑𝑑 =
2.06 𝜇𝜇𝑚𝑚, flow is barley possible because there is almost solid contact at the peaks 
of the roughness, which can also be seen from the contact area shown in Figure 8. 
The pressure flow simulation parallel (||) to the roughness results in Φ𝑝𝑝 > 1, because 
the surface topography favors the fluid. It is noticeable here that Φ𝑝𝑝 drops again for 
small gap widths. The reason for this is that the individual flow channels are blocked 
by the solid contact as the gap becomes smaller. This behavior correlates very well 
with the specific volume flows of the pressure flow simulation, shown in Figure 9. 

 
Figure 11: Flow factors for the flow parallel || and perpendicular ⊥ to grinding direction 
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The comparison of the shear flow factors Φ𝑠𝑠 shows that more fluid is transported in 
the flow perpendicular to the surface structure. The shear flow factor reaches its 
maximum for the flow perpendicular to the roughness at ℎ𝑡𝑡𝑑𝑑𝑑𝑑 = 3 μm and then de-
clines again due to the increasing solid contacts. 

4 Summary and Conclusion 

To investigate the influence of surface topography on stick-slip effects, a standard 
tribometer test was improved in order to better represent the tribological system of a 
lubricated dynamic seal. In addition to quantifying the stick-slip tendency of individual 
fluids, this test also enables the investigation of the influence of the surface structure 
on stick-slip effects. By rotating the surface structure, it is possible to provoke and 
prevent the stick-slip effect.  
Furthermore, contact and CFD simulations based on measured surfaces are carried 
out to check the plausibility of the results. These simulations clearly show the influ-
ence of the surface topography on the lubricating film. If the EPDM cord slides per-
pendicular to the grinding direction, the flow is prevented through the surface struc-
ture, which favors the buildup of a stable fluid film, which results in no stick-slip effect. 
If the EPDM cord slides parallel to the grinding direction, the surface structure favors 
the flow, so that the fluid can quickly flow out again during sticking and the lubricating 
film that has formed collapses, which supports the occurrence of stick-slip effects.  
By combining experiment and simulation, this work contributes to a deeper under-
standing of stick-slip effects and the influence of surface structuring on them. 
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6 Nomenclature 

Variable Description Unit 
   

𝑎𝑎 Amplitude [mm] 
𝑓𝑓 Frequency of the tribometer [Hz] 
𝐹𝐹𝑁𝑁 Normal Force [N] 
𝐹𝐹𝑅𝑅 Friction Force [N] 
ℎ Effective Gap Height [µm] 

ℎ𝑡𝑡𝑑𝑑𝑑𝑑 Deformed Gap Height [µm] 
𝜕𝜕 Pressure [MPa] 
𝑞𝑞 Specific Volume Flow [mm²/s] 
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𝑞𝑞� Average Specific Volume Flow [mm²/s] 
𝑟𝑟 Local Roughness [µm] 
𝑢𝑢 Displacement in 𝑥𝑥 –direction [mm] 
�̇�𝑢 Velocity in 𝑥𝑥 –direction [mm/s] 
�̇�𝑣 Velocity in 𝑦𝑦 –direction [mm/s] 
𝑥𝑥 Coordinate [mm] 
𝑦𝑦 Coordinate [mm] 
𝑧𝑧 Coordinate [mm] 
𝜂𝜂 Viscosity [Pa·s] 
Φ𝑝𝑝 Pressure Flow Factor [-] 
Φ𝑠𝑠 Shear Flow Factor [µm] 
𝜌𝜌 Density [g/cm³] 
𝜎𝜎 Stick-Slip Index [-] 
Ω Surface section [mm²] 
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TEADIT’s sealing solutions for the electrolyser market 

PhD Johannes Müller, TEADIT International Produktions GmbH 

1  Importance of hydrogen as an energy source of the future 

Due to its wide range of applications and its potential role in the decarbonization of 
various sectors, hydrogen is considered a promising energy carrier of the future. 
The competitiveness of hydrogen to generate the much-mentioned hydrogen ramp-
up is the immediate focus here. On the one hand, this includes the ability of this 
form of energy to compete with other energy sources and technologies in terms of 
cost, efficiency, availability and applicability. As hydrogen is seen as a promising 
energy carrier of the future, its competitiveness is crucial for its widespread adop-
tion and adoption. The following topics are particularly important to consider. The 
costs of hydrogen production, storage, distribution and use are crucial. Hydrogen 
from renewable energy sources such as electrolysis can be competitive, especially 
if the cost of renewable energy continues to fall. The efficiency of hydrogen produc-
tion and use is important to ensure that the efficiency is high enough compared to 
other forms of energy to be economical and environmentally friendly. The availabil-
ity of sufficient infrastructure for hydrogen production, storage, distribution and use 
is crucial to enable widespread adoption and application. Support measures such 
as government subsidies, tax breaks and subsidy programs can increase the com-
petitiveness of hydrogen and increase its economic attractiveness. International 
cooperation between countries and companies can help scale hydrogen production 
and use, thus reducing costs. The relevance of such a hydrogen ramp-up is also 
underlined by the National Hydrogen Strategies (NWS). Germany, for example, 
published its first decision of the NWS in June 2020. This was expanded and ex-
panded in July 2023 and represents an even more detailed solution and implemen-
tation of the above points. In addition, three hydrogen flagship projects were pre-
sented, including the sub-areas H2-Mare, H2-Giga and TransHyDE. These flagship 
projects are a key contribution of the Federal Ministry of Education and Research 
(BMBF) to the implementation of the National Hydrogen Strategy to advance the 
production of green hydrogen. 

               
1: The BMBF's flagship projects on behalf of Project Management Jülich (from left): H2-

Mare, H2-Giga and TransHyDE. 

 



172     22nd ISC 
_____________________________________________________________________________________________________________ 

In addition, the Kopernikus projects were adopted, which support partners from 
science, business and civil society in ensuring that Germany is to be largely cli-
mate-neutral by 2050. The Kopernikus projects are one of the largest research ini-
tiatives of the German government on the topic of the energy transition. Together, 
they want to enable a secure, climate-neutral and affordable energy supply for 
Germany. They are divided into the ENSURE project, which is responsible for the 
development of the power grid of the future, as follows. The P2X project investi-
gates the conversion of renewably generated electricity into gases, fuels, chemi-
cals and plastics. The third project, SynErgie, investigates how energy-intensive 
industrial processes can be made more flexible and thus adapted to the availability 
of renewable energies. The last project, called ARIADNE, analyses political 
measures that can be used to successfully implement the energy transition – and 
includes the results of its sister projects in its analysis. [1] 
Furthermore, a standardization roadmap "Hydrogen Technologies" is intended to 
support the market ramp-up and is scheduled to run until the end of 2025. Hydro-
gen is a central building block for the transformation to a fossil free economy as an 
energy carrier, storage and element of sector coupling. The joint project "Standard-
ization Roadmap for Hydrogen Technologies", funded by the German Federal Min-
istry for Economic Affairs and Climate Action (BMWK), actively supports the hydro-
gen market ramp-up and helps to establish a corresponding quality infrastructure 
for hydrogen technologies. Norms and standards define terminology, interfaces, 
safety, system and quality requirements, as well as testing and certification princi-
ples, thus creating a uniform understanding across disciplines and enabling the 
scaling of this technology. Technical regulation also supports legally secure action 
and forms the basis for resilient economic investments. As part of the joint project, 
which started in January, a strategic roadmap is being developed together with ex-
perts from business, politics, science and civil society for a rapid and targeted ex-
pansion and adaptation of the technical regulations in the field of hydrogen tech-
nologies. The standardisation roadmap for hydrogen technologies is being devel-
oped in the five working groups (AK) Generation, Infrastructure, Application, Quali-
ty Infrastructure and Training, Safety, Certification. Each of the working groups 
consists of thematically in-depth sub-working groups (UAK) and subordinate work-
ing groups (AGs). The content work is carried out in the working groups, in which 
all interested parties can participate (Fig. 2). [2] 
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Fig. 2: Committee structure of the working groups Standardization Roadmap "Hydrogen 

Technologies". 

 

2  TEADIT's manufacturing process of ePTFE 

 
The general-purpose single-expanded PTFE sealing products (Fig. 3, left) are 
manufactured from 100% pure PTFE (polytetrafluoroethylene). A special thermo-
mechanical stretching process results in a microporous fiber structure that adds 
high tensile strength and deformability to the overall advantages of PTFE, while the 
negative properties such as cold flow and creep are almost eliminated. Due to the 
excellent deformability of expanded PTFE, sealing products easily adapt to individ-
ual installation structures required in electrolyser production, for example. The 
manufacturing process of monoaxially expanded PTFE strips further improves the 
cold flow properties and deformation properties of the expanded PTFE material. In 
addition, the complex stretching process has been further developed to result in a 
multidirectional fiber structure that ensures uniform tensile strength in all directions 
(Fig. 3, center). As a result, the new material has excellent dimensional stability 
and shows significantly superior creep resistance. All this has been realized without 
losing the excellent sealing properties of pure PTFE. For this reason, ePTFE prod-
ucts are predestined for use in H2 applications. The latest addition to the ePTFE 
sealing products is supported by TF tapes. A unique manufacturing process results 
in a highly fibrillated PTFE structure of the sealing tapes, which - together with the 
carefully selected filling materials - results in very high mechanical strength of the 
tapes to improve handling. The filling materials are selected according to the differ-
ent applications that occur in all types of industrial applications (Fig. 3, right). 
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Fig. 3: Overview of the three different types of our PTFE products. From left to right: single-

directional PTFE, multi-directional PTFE and structured PTFE. 

 

3  Electrolysers – the key technology in H2 production 

 
The world is in a race to achieve a clean energy transition. Green hydrogen, which 
is produced by water electrolysis with renewable energy, is considered a central 
building block for achieving net zero emissions. As electrolyser manufacturers im-
prove existing technologies, develop new ones, and increase their production ca-
pacity to meet increasing demand, the demand for electrolyser components is also 
increasing. Large electrolyser and fuel cell systems can consist of several hundred 
individual cells that must be properly sealed to ensure safe and efficient operation. 
The opportunity for companies to accelerate the upscaling of green hydrogen pro-
duction worldwide is immense. Due to its excellent sealing properties, PTFE has 
become a commonly used material for seals in electrolysers. In the past, gaskets 
were often made of asbestos and coated with PTFE. However, nowadays asbestos 
is no longer used, so gaskets made of expanded or textured PTFE have become a 
standard alternative. In the coming years, the cumulative capacity of electrolysers 
is expected to reach over 200 GW by 2030 (see Fig. 4, right). The majority (48%) 
of hydrogen is produced by the conversion of natural gas and refinery gas (grey 
H2), as a by-product of chemical production (30%, white H2) and by coal gasifica-
tion (18%, brown H2).  
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Fig. 4: Overview of the color palette: selected production possibilities of hydrogen from elec-

trolysis. 

 
Only about 4% of global hydrogen production comes from electrolysis. When look-
ing at electricity allocation as an intermediate step in H2 production, there are even 
more color variants of H2. For example, purple H2 is produced from nuclear power 
plants, and yellow H2 comes from a mixture of renewable and fossil fuels. Howev-
er, achieving climate-neutral H2 production, the electricity used for water electroly-
sis must be green and therefore come exclusively from renewable energies such 
as solar energy (PV) and wind energy or from hydropower turbines. This is one of 
the most proven options for low-carbon hydrogen and today plays a key role in 
mobility, industry or energy storage. An overview of the color palette of the H2 is 
shown in Fig. 4. Electrolysis plays an important role in the global energy transition. 
These electrolysers can be scaled according to the different input and output are-
as, ranging from small industrial plants in shipping containers to large-scale cen-
tralized production plants that can deliver the hydrogen by truck or be connected to 
pipelines. There are three main types of electrolysers: proton exchange membrane 
(PEM), alkaline and solid oxide electrolysers. These different electrolysers work 
slightly differently depending on the electrolyte materials used. Both alkaline and 
PEM electrolysers can deliver hydrogen on-site and on-demand, pressurize hydro-
gen without a compressor, and produce 99.999% pure, dry, and carbon-free hy-
drogen. 
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Fig. 5: left: Showcase project for the application of ePTFE seals in alkaline electrolyzers 

(MPreis, Völs). Right: Schematic exploded drawing of the composition of an electrolysis cell 
with the 24SH seal from TEADIT©. 

 
In the electrolyser shown (Fig. 5, left), TEADIT©'s sealing solution has been co-
designed, using one of our products. This single stack is located in Völs near Inns-
bruck and is the largest of its kind in Europe. Well-known partners were involved in 
the project development, implementation and testing (e.g. Sunfire). The pressur-
ized alkaline electrolyser delivers 3.2 MW and has an operating pressure of up to 
30 bar. [3]  
The most interesting point for a gasket manufacturer, however, is the structure of 
the components that are assembled to form a cell, as well as the structure of the 
stack. A schematic cell composition is shown in Fig. 5 shown on the right. The 
stack structure (later electrolyser structure) then inevitably affects the design of the 
seal. This is a very important point, because due to this fact there is no general and 
uniform sealing solution. A new sealing solution must therefore be developed for 
each requirement, which appears with a new design and new dimensions. TEAD-
IT© should be involved in project planning as early as possible to generate an op-
timal sealing solution. An open exchange on the status quo, ideas and thoughts 
are basis for a further development of the sealing solution. We take this task very 
seriously by incorporating our know-how into customer expertise, sharing experi-
ence and helping with the installation of the "finished" seal. TEADIT© develops 
seals for the energy transition strictly according to its company motto: Seals for a 
safer and greener future.  

4  H2 Application: Use of ePTFE seals in electrolyzers 

Alkaline Electrolyser (AEL) 

Alkaline electrolysers are used on an industrial scale worldwide because they are 
considered the best tested, work with comparatively inexpensive materials and are 
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characterized by high long-term stability. These electrolysers use a potassium hy-
droxide solution (KOH) as an electrolyte with a concentration of 20 to 40%. By ap-
plying a direct voltage of at least 1.5 volts, hydrogen is produced at the cathode 
(positively charged) and oxygen at the anode (negatively charged). Nickel-based 
electrodes and titanium electrodes coated with ruthenium oxide or iridium oxide 
serve as electrodes. In AEL electrolysis, efficiency is limited: the anode and cath-
ode are separated from each other by a porous, semi-permeable membrane in al-
kaline electrolysers. This membrane can only withstand limited pressure and can 
only be operated at low current densities (maximum 600 milliamperes per square 
centimeter of membrane area). Therefore, the hydrogen in AEL electrolysis must 
then be compressed at high energy consumption to be able to store it and 
transport it further. 

Proton Exchange Membrane (PEM) Electrolysers 

Instead of a liquid electrolyte, a solid polymer electrolyte is used in the PEM elec-
trolyser for hydrogen production. This is also known as the "proton exchange 
membrane" (PEM). The membrane is surrounded by distilled water or drinking wa-
ter. PEM electrolysis places high demands on the materials due to the aggressive, 
acidic environment. For this reason, the polymer membrane is equipped with a po-
rous, platinum-coated carbon electrode on the cathode side. On the anode side, it 
usually has a ruthenium or iridium oxide coating. PEM electrolysis is characterized 
by high efficiency: With 2,000 milliamperes per square centimeter of membrane ar-
ea, the solid, semi-permeable polymer membrane of PEM electrolysis enables a 
current density three times higher than the zirfon membrane in AEL plants. De-
pending on the area of application, PEM electrolysis achieves an efficiency of 60 to 
70%. It can also withstand greater load fluctuations. Since PEM electrolysers can 
operate under high pressure, the energy required for subsequent hydrogen com-
pression for storage and transport is reduced. The higher efficiency makes it possi-
ble to produce the same amount of hydrogen with smaller electrolysers as with 
larger AEL units. By replacing the expensive catalyst platinum with molybdenum 
sulphite, the investment costs in production can also be reduced. In addition, the 
comparatively new PEM electrolysis still has considerable potential for technical 
developments. 

Anion Exchange Membrane (AEM) Electrolyzers 

By integrating a membrane (DURAION)® into an AEM electrolyser, the cost of in-
vestment and operation in hydrogen production can be reduced compared to the 
current benchmark, PEM water electrolysis. AEM electrolysis takes place under 
slightly alkaline conditions, which allows precious metal-free catalysts to be used 
for the electrodes and low-cost materials for the cells. In contrast to AEL, AEM 
electrolysis can be operated at higher current densities and dynamically started 
and shut down, resulting in a high degree of flexibility. In this way, AEM electrolysis 
combines the advantages of PEM and AEL technology. 
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5  Test, Certification and Approval – Tigthness to H2 

The aim of the investigation is to determine the sealing parameters in accordance 
with the European test standard DIN EN 13555. This standard is required for the 
calculation according to DIN EN 1591-1 and necessary for the approval of sealing 
solutions for the sealing of hydrogen. The conditions that must be met under this 
standard are a minimum surface pressure in the assembled state Qmin(L) (40 bar) 
and a minimum surface pressure in the operating state Qs, min(L) (40 bar). In de-
viation from the test standard, the leak tests were carried out with the test medium 
hydrogen (H2). In the leak test, the seal is loaded and relieved in several stages, 
whereby the leak rate is determined for each surface pressure level. The leakage 
measurement is carried out up to a surface pressure level of 160 MPa. Not only the 
load curve is recorded, but also several relief curves based on the surface pressure 
levels of 20 MPa, 40 MPa, 60 MPa, 80 MPa, 100 MPa, 120 MPa and 160 MPa. 
The minimum surface pressure level is 10 MPa. The seal tests were carried out on 
TEMESfl.ai1 test equipment in amtec's test laboratories (Fig. 6). For several dec-
ades, amtec has been testing the properties of seals, calculating strength and 
measuring bolt forces. 
 

  
Fig. 6: Presentation of the test equipment: Leak tests are carried out on the test stand of the 

company "amtec" (TEMESfl.ai1). 

 
The test medium for these leak tests is hydrogen 5.0. The 
leakage curve can be used to calculate the required minimum 
surface pressure Qmin (L) for the different tightness classes L 
during assembly and the required minimum surface pressure 
Qs,min (L) during operation, depending on the previously ap-
plied initial surface pressure QA. The tightness class L0.01 
was achieved in the test with 40 bar and a surface pressure 
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of 26 –27 MPa. If the PTFE flat gasket 24 SH is further loaded up to 160 MPa, the 
leakage rate decreases. The lowest leakage rate was measured at the surface 
pressure level of 160 MPa with 1.5*10-7 mg/s/m. The required minimum surface 
pressure Qs,min (L) in the operating state for tightness class L0.01 with an initial sur-
face pressure QA = 60 MPa is Qs,min (0.01) = 10 MPa. The results are shown in the 
following graph (Fig. 7). 
 
 

 
7: Presentation of the seal load test of an ePTFE gasket (24 SH) with 40 bar H2 pressure at 
room temperature. The green line represents the tightness class L0.01 (TA-Luft), the blue 

line shows the surface pressure at the required tightness level. 

 
One of the most interesting questions in electrolysis is the technical requirements 
for the seals themselves. The PTFE solutions can be used universally for various 
electrolyser applications. They are suitable for all types of flanges, almost all me-
dia, a wide temperature range and for applications with the highest purity require-
ments. They are naturally clean and non-toxic. In addition, they have a high tight-
ness (sealing ability) with low installation loads, even when the smallest molecules 
(H2) are used. Since our PTFE gaskets are used in electrolyser stacks, they need 
to be electrically non-conductive to isolate the anode from the cathode. The PTFE 
fluoropolymer offers remarkable dielectric strength, high resistance and mechanical 
stability against creep stress. In addition, a wide range of ePTFE sealing products 
have been designed and manufactured to meet a wide range of industrial needs. 
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6 Technical requirements of seals for use in electrolysers 

Understandably, the seals used must have an extraordinary tightness due to the 
small molecular size of the hydrogen molecule. The ePTFE boards from TEADIT 
can be used universally for all applications. They are suitable for all types of flang-
es, almost all (liquid and gas) media, a wide temperature range and for applications 
with the highest purity requirements. In addition, our product is typically clean and 
non-toxic. With its products, TEADIT has created a way to seal the smallest natural 
chemical element – namely hydrogen – in the best possible way (see section 5). 
Furthermore, it is possible to isolate the anode and cathode from each other as 
well as from the electrodes or the bipolar plates, as PTFE is an electrically non-
conductive fluoropolymer. In this respect, PTFE differs significantly from other insu-
lation materials. Its remarkable electrical stability over a wide frequency range and 
against ambient conditions are requirements that the components of electrolyzers 
must inevitably meet. The dielectric strength of pure PTFE is 24 kV/mm. 
In terms of mechanical stability, it can be said that our ePTFE and TF products are 
among the PTFE with the highest creep relaxation. This point of view results in a 
sealing material that has a long service life. This property in turn has to be seen 
from the point of view of low maintenance costs in connection with the running 
times of electrolysers (normally planned: 10 – 15 years). The long service life (no 
aging) of PTFE gaskets are further advantages in this context. 
A noteworthy property is the high chemical resistance to potassium hydroxide solu-
tion (KOH, any concentration), which is particularly evident in the application in al-
kaline electrolysis. In the following, it can be said that TEADIT PTFE is inert against 
all acids and bases (pH 0 – 14).  

7  Conclusion and Outlook 

The demand for hydrogen is growing enormously worldwide, and at the same time 
the market ramp-up is starting, focusing on the production, use and integration of 
hydrogen. In order to be able to produce the required quantities of hydrogen, a 
large number of electrolysers is required. Increasing activities towards series pro-
duction are becoming more and more apparent. Due to this dynamic, the demand 
for H2-compatible sealing solutions will continue to grow in the coming years. 
TEADIT© has already become willing to offer high-quality PTFE products. There-
fore, TEADIT© can serve with a portfolio of PTFE products suitable for use in elec-
trolysers. By striving for the optimal sealing solution, TEADIT© is doing its part to 
create a greener, greener and safer future. 
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Influence of hydrogen on the material properties of non-metallic 
materials for sealing applications 

Philipp Hirstein, Sandra Kofink, Joel Thompson 

Hydrogen entails challenging conditions for all sealing materials. For metals, the effect of hy-
drogen embrittlement is well known. However, little attention has been paid to elastomers and 
plastics, which are commonly used as sealing materials. For hydrogen storage and transport, 
high pressures and extreme temperature situations must be covered. This paper discusses 
the influence of hydrogen on mechanical properties, volume and weight change as well as 
compression set. Additionally, the influence of extreme application temperatures on mechan-
ical properties is presented. In general hydrogen has no harmful influence on the compounds 
presented in this study, which are known as polymers suitable for hydrogen use.  

1 Introduction 

The hydrogen market is experiencing rapid growth due to various factors such as 
the need for low-emission mobility, political support and funding [1], as well as tech-
nological advancements. It is estimated that the hydrogen market's turnover could 
reach 840 billion euros by 2050, potentially creating 5.4 million jobs [2]. In addition, 
the share of hydrogen in global final energy consumption is projected to increase to 
19 percent by 2070, which would translate to an annual hydrogen production of 1,084 
million tons [3].  

However, the use of hydrogen poses certain technical challenges, especially in 
terms of sealing technology, as different requirements are imposed on seals and 
materials throughout the entire hydrogen value chain, including production, storage, 
transportation, and end applications such as fuel cells or combustion [4]. 

The development of hydrogen seals faces a significant hurdle due to the absence of 
meaningful global industry standards. The hydrogen industry sometimes utilizes 
specifications that are intended for high-pressure gases in the oil and gas sector, 
such as Norsok M-710. However, these standards do not accurately represent the 
actual conditions of hydrogen applications. A comprehensive analysis of the stand-
ards landscape found that only a limited number of specifications are geared towards 
elastomers and plastics, which are commonly classified as non-metallic materials. 
The tests that are typically cited include: 

• Oxygen ageing (according to ASTM D572)   
• Ozone ageing (according to ISO 1431)   
• Hydrogen compatibility   

However, the fundamental question of how hydrogen impacts the material properties 
of sealing materials is still not answered. Hydrogen is not an aggressive gas, but it 
diffuses easily into non-metallic materials such as elastomers and plastics. It is there-
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fore crucial to understand how sealing materials are affected by the absorbed hydro-
gen molecules. This will help to determine if a component is “hydrogen ready”. If 
components and systems need to be redesigned to make them fit for hydrogen, it 
can cause significant costs in some cases.  

2 Material Properties Relevant for Hydrogen Sealing 

For metals the effect of hydrogen embrittlement is well-known and is the subject of 
many studies. This phenomenon can significantly reduce the ductility and load-bear-
ing capacity, causing cracking and catastrophic brittle failures at stresses below the 
yield stress [5]. A frequently asked question from designers who are used to working 
with metal is how much sealing materials will embrittle or change under the influence 
of high-pressure hydrogen. Especially in the field of hydrogen storage and transport, 
seals must be able to withstand extreme temperatures and pressures.  

When exposed to certain fluids or gases such as hydrogen, elastomers and thermo-
plastic materials may undergo changes in their physical and chemical properties, 
consequently affecting their performance and durability. Therefore, it is important to 
test the compatibility of the sealing material against hydrogen when it is planned to 
use them in a hydrogen-related application. 

First, it is important to know which material properties can be affected by hydrogen. 
Secondly, there is a need to understand which of these properties are relevant to 
ensure a good sealing function. This study will investigate how the most relevant 
parameters change under the influence of hydrogen.  

2.1 Mechanical properties 

Material behavior is typically characterized by mechanical properties such as tensile 
strength, stiffness modulus and elongation at break. These universal characteristics 
need to be investigated for both elastomers and plastics.  

Another important parameter which is relevant for a reliable sealing function is the 
change in weight and volume. Due to the small size of hydrogen molecules, diffusion 
into the polymer matrix is inevitable and will cause swell. In real applications, this 
can become critical if the sealing groove is overfilled, leading to damage of the seal-
ing material or the surrounding hardware. However, shrinkage can be more concern-
ing as it can easily cause leakage in sealing applications. Since hydrogen diffuses 
easily into the polymer matrix, it will also escape after pressure releases. Therefore, 
it is vital to differentiate between reversible swell, which is important for the design 
of a sealing system, and permanent volume change, which indicates changes in the 
polymer.   

If weight loss is present, it means part of the polymer was extracted and is now 
floating in the hydrogen gas, indicating that material properties are most likely 
changed. Additionally, this could result in damaging sensitive downstream systems 
like fuel cells.  
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Furthermore, for elastomer sealing the change of hardness and compression set are 
crucial to understand if hydrogen affects the sealing properties of a compound. For 
plastics this is not relevant, because the plastic seals are typically activated by pres-
sure, metal springs or elastomer energizers. Compression set describes the loss of 
elasticity, meaning the permanent deformation that remains after a seal has been 
compressed over a longer period of time. When selecting a sealing material, it is 
important to ensure that compression set is still in an acceptable range considering 
the influence of the surrounding media.  

2.2 Temperature-related material properties 

Especially for elastomers, the temperature limits are very important to consider when 
selecting a compound. At very low temperatures the elastomer will not only shrink, 
but also lose its elasticity, resulting in leakage. The lower temperature limit is deter-
mined by the glass transition temperature TG and by the TR10 value. The latter de-
scribes the temperature at which an elastomer has 10 percent of its elasticity, which 
is the minimum requirement for a good sealing function. In combination with high 
pressures, these limits will increase, commonly known as TG-shift. For most elasto-
mers the TG-shift lies in the range of two to three Kelvin per 10 MPa pressure in-
crease. Since this phenomenon is independent of the media and not specific for 
hydrogen only, it will not be considered in this study.  

The upper temperature limit of plastics and elastomers is largely determined by the 
base material. At higher temperatures, mechanical properties decrease, and degra-
dation is accelerated. Materials for sealing applications should be selected below 
their upper temperature limit. Therefore in this study the change of temperature limits 
is not considered, but rather the influence of extreme application temperatures on 
the mechanical properties of sealing materials.  

3 Materials and Methods 

In this study we investigate four ethylene propylene diene monomer rubbers 
(EPDM), one fluoroelastomer (FKM) and one thermoplastic polyurethane (TPU) as 
elastomer sealing materials. For the plastics side one ultra-high molecular weight 
polyethylene (UHMW PE) and six high-performance plastics with a PTFE-matrix as 
listed in Table 1 are tested. The compounds are selected according to common in-
dustrial practice and hydrogen market experience.  

3.1 Compatibility testing 

A very established method for testing media compatibility is ISO 1817. This standard 
specifies a procedure for determining the resistance of vulcanized and thermoplastic 
rubbers to the effects of liquids or vapors in accordance with specified conditions. 
The method involves immersing test specimens of elastomers in a test liquid or ex-
posing them to a test vapor for a specified duration and temperature, and then meas-
uring the changes in their mass, volume, hardness, tensile strength and elongation 
at break.  
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Table 1: Materials used in this study 
Material 
Family 

Compound 
Name 

Hardness Temperature 
Range 

EPDM 

E7T30 70 Shore A -45 °C to +150 °C 
E8T31 80 Shore A -45 °C to +150 °C 
E8T24 80 Shore A -50 °C to +150 °C 
EBT25 86 Shore A -50 °C to +150 °C 

FKM V9T82 90 Shore A -45 °C to +200 °C 
TPU ZLT 93 Shore A -60 °C to +110 °C 

Turcon® 
PTFE 

T01 22 Ball Ind.H. -200 °C to +260 °C 
T05 24 Ball Ind.H. -200 °C to +260 °C 
MF2 22 Ball Ind.H. -200 °C to +260 °C 
MF6 32 Ball Ind.H. -200 °C to +260 °C 
MF8 55 Shore D -200 °C to +260 °C 

UHMW PE Z80 29 Ball Ind.H. -200 °C to +80 °C 

 

The test method was enhanced to mirror hydrogen specific challenges to the mate-
rials. The samples were immersed for 168 hours at nominal working pressure (NWP, 
typically 70 MPa) and then pressure was released to ambient conditions within less 
than one second [6]. This approach is based on the toughest requirements for RGD-
testing, namely ISO 17268 and SAE J2600.  

Test samples of each material were loaded into a pressure vessel to be filled with 
gaseous hydrogen. Once pressurized, the vessel was placed into a temperature 
chamber. A typical pressure vessel is shown in Figure 1. After 168 hrs, the final 
pressure was recorded before depressurizing to verify that the gas did not leak dur-
ing the test.   
 

 
Figure 1: Compatibility test pressure chamber 

The change in mass and volume was measured after one hour for the first interval 
and a second time after 24 hours. In contrast, tensile testing was only carried out 
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after 24 hours as the change of mechanical properties was to be detected without 
the influence of remaining swelling due to hydrogen.  

3.2 Compression set testing 

For elastomeric sealing materials, the compression set is one of the most important 
values. It is a method to evaluate the ability of the material to recover to its original 
shape after being compressed for a period of time. Usually, the value is measured 
after ageing in air at a temperature dependent on the actual application temperature. 
The surrounding media can improve or impair the compression set of a material de-
pending on the interaction between material and media. Tests were carried out in a 
hydrogen atmosphere to determine the influence of this gas on the compression set 
of elastomers. All tests were performed according to ISO 815-1A in which the mate-
rial is compressed between two metal plates. Compression rate depends in this case 
on the hardness of the material as described in the standard.  
Sample materials were 13 x 6 mm buttons clamped between two stainless steel 
plates. The fixture and compressed samples were loaded into a pressure chamber 
to be filled with hydrogen. A vacuum was pulled on the chamber to remove ambient 
air prior to pressurizing with gaseous hydrogen to 0.01 MPa. The filled gas chambers 
were then placed into a temperature-controlled chamber at the specified conditions 
for 72 hrs. Post-test material properties were measured upon test completion.  

4 Results 

Given the distinct nature of elastomers and plastics which results also in different 
test results to be investigated, the results presented in this chapter are separated by 
material type. Results of mechanical properties are obtained from S2 dog bone sam-
ples. Results for volume and weight change are measured on O-Ring samples, typ-
ically one hour after pressure release.  

4.1 Elastomers 

 Room temperature tests 
When immersed at room temperature, the samples show small changes of volume 
and weight (see Figure 2). Weight change is close to zero and therefore negligible. 
Volume increases for all elastomers, whereas the TPU material, ZLT and the FKM 
material, V9T82, show very small swell of much less than one percent. The EPDM 
materials with 80 Shore A show higher swell of around 1.5 percent. Compared to 
compatibility tests in other fluids, this is however still very low.  

Looking at the changes of tensile strength and elongation at break, it can be stated 
that hydrogen does not cause embrittlement of the elastomers. The change of IRHD 
hardness shown in Figure 3 further confirms this. Four out of the six materials dis-
played show changes of less than five percent, which is negligible in the elastomer 
world. The TPU material, ZLT, had an 11 percent change in tensile strength and 



188     22nd ISC 
______________________________________________________________________________________________________________ 

elongation values when compared to pre-test results. The absorbed hydrogen 
seems to cause a slight softening of the material.  

   
Figure 2: Change of volume, weight, tensile strength and elongation at break of different 

compounds after immersion in H2 for 168 h at +23 °C and 70 MPa 

 
Figure 3: Change of IRHD hardness of different compounds after immersion in H2 for 168 h 

at +23 °C and 70 MPa 

Mechanical properties are normally measured on dog bone specimens, whereas in 
real applications the seal is molded into a shape e.g. an O-Ring. Comparing the 
volume change of these two specimen types produces interesting results, see Figure 
4. All materials show a much greater volume change when tested as an S2 sample; 
E8T31 swells three times more, EBT25 eight times more and ZLT even 10 times 
more. The reason for this phenomenon lies in the manufacturing method of the sam-
ples. When produced as an O-Ring, the material experiences a greater amount of 
shear stress in the molding tool and the polymer network is more dense than in a 
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test sheet. Therefore, the hydrogen molecules are able to more easily enter a spec-
imen cut from a test sheet. Thus, if a material passes a certification test based on 
results from a dog bone sample, the final seal will likely swell less in a real applica-
tion. This phenomenon should be considered in design and certification processes.  

The volume change considered here is measured one hour after taking the material 
out of the hydrogen atmosphere. If you compare the swell 24 hours later, it becomes 
obvious that the volume change is not permanent. This indicates that the hydrogen 
gas likely did not have any adverse effects on the polymer. The volume increase of 
V9T82 shown in Figure 4 is small and still within the measurement error.  

   
Figure 4: Volume change depending on specimens (left, 1 hour) and time of measuring 

(right) after immersion in H2 for 168 h at +23 °C and 70 MPa 

 Influence of the temperature 
Hydrogen seals need to cover a large temperature window from typically -40 °C to 
+85 °C. Results for volume change at room temperature and at the temperature lim-
its are shown in Figure 5. E8T31 shows higher swell at elevated temperature but 
stays overall in a small percentage range.  

Figure 6 shows the change of tensile strength and elongation under the influence of 
temperature. Typically, elongation tends to increase at +85 °C and decrease at -40 
°C. However, V9T82, E7T30, E8T24 and EBT25 show almost no change in elonga-
tion at break at elevated temperature compared to prior hydrogen immersion. A rea-
son could lie in the higher mobility of the polymer chains which allows entrapped 
hydrogen molecules to escape faster. The tensile tests were done at room temper-
ature 24 hours after pressure relief. For tensile strength there is similarly no clear 
trend visible. Only E8T31 shows a slight increase in tensile strength over tempera-
ture. For ZLT, the previously described slight softening is reduced at higher temper-
atures. After exposure to -40 °C hydrogen, the polymer shows a small embrittlement. 
However, it should be investigated if this effect persists after a longer period. Due to 
the very dense structure of this polymer, some hydrogen molecules could still be 
trapped in the matrix after 24 hours. 



190     22nd ISC 
______________________________________________________________________________________________________________ 

   
Figure 5: Volume change after immersion in H2 for 168 h at different temperatures and 

70 MPa 

   
Figure 6: Change of tensile strength and elongation at break after immersion in H2 for 168 h 

at different temperatures and 70 MPa 

In essence, the results show that there is no critical influence on the mechanical 
properties of the tested elastomers. Compared to immersion tests in some fluids, the 
changes observed here are relatively very small.   

 Compression set 
When elastomer seals lose their elasticity over lifetime, leakage can occur easily. It 
is therefore vital to understand if the compression set changes under the influence 
of hydrogen. The results of five elastomers are shown in Figure 7. Except for E8T24, 
hydrogen has no or even a positive impact which comes most likely from the absence 
of oxygen. Ageing elastomers in air allows oxygen to attack the polymer chains, 
which is why a hydrogen atmosphere helps to reduce this effect. Small differences 
like in the case of V9T82 can also originate from the higher swell due to hydrogen, 
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which could compensate the actual compression set. The reason for E8T24 showing 
higher compression set in hydrogen needs to be studied further.  

 
Figure 7: Compression set after immersion in H2 and air for 72 h according to ISO 815-1A 

4.2 Thermoplastic polymers  

In the initial testing phase for thermoplastic polymers, the goal was to investigate the 
effect of hydrogen on the volume and mechanical properties of the seal material. In 
Figure 8, the PTFE-based compounds show a small noticeable swell independently 
of the filler content. This is due to the sintered structure of PTFE materials. When it 
comes to mechanical properties, only MF2 and T05 show an increase in strength 
and elongation, whereas the other PTFE compounds show a small embrittlement of 
less than five percent, which is normally not a reason for concern.  

 

   
Figure 8: Change of volume, weight, tensile strength, and elongation at break of different 

compounds after immersion in H2 for 168 h at +23 °C and 70 MPa 
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Z80 is a UHMW polyethylene with a solid thermoplastic matrix, which is why there is 
almost no weight or volume change, since the amount of hydrogen molecules ab-
sorbed must be very small. The mechanical properties also show a slight embrittle-
ment below five percent.  

Thermoplastic sealing materials are preferably used when the application tempera-
ture exceeds the limits of elastomers. With high temperatures, volume increases a 
bit more, but still below two percent as shown in Figure 9. The increase is slightly 
smaller in unfilled PTFE, which is T01, due to less diffusion paths for hydrogen along 
the fillers.  

 
Figure 9: Volume change of thermoplastic compounds after immersion in H2 for 168 h at 

+23 °C and 70 MPa 

Figure 10 compares the mechanical properties at room temperature and +130 °C. 
Z80 is not shown, because its upper temperature limit is +80 °C. Overall higher tem-
peratures tend to make the materials slightly more brittle. This can be observed in 
MF2, MF6, MF8 and T05 with low percentages. The amount of change however is  

   
Figure 10: Change of tensile strength and elongation at break after immersion in H2 for 

168 h at different temperatures and 70 MPa 
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still not at a worrying level. More research is needed to differentiate temperature 
aging effects from the influence of hydrogen at elevated temperatures. 

5 Summary and Conclusion 

In this study, the influence of hydrogen on non-metallic sealing materials, namely 
elastomer and plastics, is investigated. Focus lies on the change of mechanical prop-
erties, as well as volume, weight and hardness after hydrogen exposure at high pres-
sure. Compression set under hydrogen atmosphere is also studied for elastomers, 
because it is highly relevant for the sealing performance.  

The results show no embrittlement of the elastomers tested. Only in the case of one 
TPU material could a slight softening be observed. Also, extreme application tem-
peratures of -40 °C and +85 °C show no critical influence on the mechanical proper-
ties of tested elastomers. The volume change is below two percent and is largely 
temporary. However, the results of volume change are highly dependent on the 
shape and production method of the samples. O-Ring samples show less change 
after hydrogen immersion. This phenomenon should be considered in design and 
certification processes. Compression set under hydrogen atmosphere shows no sig-
nificant deterioration except for one compound, which needs to be studied further.  

The swell of plastic materials under hydrogen atmosphere in this study is around one 
percent and does not depend on the filler level. The change of mechanical properties 
depends on the specific compound. Some improve and some decrease, but not more 
than five percent, which is usually not a concern. The influence of hydrogen at high 
temperature tends to show a slight embrittlement of the polymers investigated. More 
research is needed to differentiate temperature aging effects from the influence of 
hydrogen at elevated temperatures.  

It is concluded that hydrogen has no significant influence on the compounds inves-
tigated in this study, which are known to be polymers suitable for hydrogen use. The 
findings should therefore not be generalized for all compounds of their material fam-
ilies. Specific testing may be needed to ensure a safe use in hydrogen applications.  
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Investigation of sealing materials with excellent cold 
temperature flexibility in hydrogen environments 

Michael Fasching, Thomas Schwarz, Silvio Schreymayer, Thomas Hafner, 
Geraldine Theiler, Natalia Cano Murillo, Andreas Kaiser  

This work investigates various polymeric materials as sealing materials in hydrogen applica-
tions. Materials made of TPU, EPDM and NBR were investigated in relation to minimum ser-
vice temperature, their permeability depending on pressure and temperature, compatibility to 
hydrogen, and tribological behaviour in hydrogen atmosphere. Results show that all selected 
materials meet the demand of cold-temperature flexibility and compatibility to hydrogen, how-
ever distinguish in their swelling behavior, wear resistance and permeability.  

1 Introduction 

Reliable operation is a key requirement for hydrogen technology. Operating condi-
tions of up to 1000bar pressure and temperatures of -40°C and 85°C, which are 
demanded for hydrogen-powered vehicles, are challenging to be met by sealing ma-
terials such as TPEs and rubbers.  

In-depth understanding of material behavior is therefore needed to meet the require-
ment of reliable operation. First, cold temperature flexibility of a sealing material de-
termines the minimum service temperature under which a sealed system can be 
pressurized, in combination with compression and roughness of countersurface. 
Second, permeability of a sealing material influences the leakage rate of a sealing 
application. Literature [1,2] indicates that permeation is strongly dependent on tem-
perature, but limited data is available for sealing materials at high pressure to date. 
Third, sealing materials are continuously exposed to high pressure hydrogen gas, 
which may affect their tribological behaviour and mechanical properties in general.  

This paper addresses in detail all of the above topics for candidate materials, two 
polyurethane grades, one EPDM, and two NBR grades with low ACN content. To 
study the minimum service temperature per material, a cold-temperature test rig was 
adapted to achieve temperatures as low as -70°C with nitrogen gas. A test rig to 
measure permeation of hydrogen was developed that allows the measurement at 
conditions of up to 800 bar pressure and 75°C. To investigate the mechanical prop-
erties of sealing materials under the influence of hydrogen, material samples were 
placed in an autoclave and exposed to temperatures at the upper service tempera-
ture at a pressure of 1000bar. Mechanical properties were tested accordingly before 
and shortly after the exposure. Finally, material samples were exposed to pressur-
ized hydrogen at room temperature and tribological properties (wear, coefficient of 
friction) were characterized in-situ with a linear tribometer in ball-on-plate configura-
tion.  
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In this work, the relevant properties for hydrogen applications are studied for two 
polyurethane grades, one EPDM, and two NBR grades with low ACN-content.  

2 Theoretical background  

2.1 Cold temperature flexibility 

Self-sealing materials such as rubbers or thermoplastic elastomers show elastic be-
haviour in their service temperature range, which is responsible for their sealing be-
haviour. When cooling such materials to the region of glass-transition and below, 
these materials gradually loose their elasticity and eventually their sealing function-
ality. In general, properties that characterize the glass transition temperature are 
corresponding to the minimum service temperature of a sealing material. Typical 
values are the E’’, max of a DMA analysis, Tg obtained via DSC, or the TR-10 value. 
However, the real minimum service temperature of a sealing material is also signifi-
cantly influenced by application details, such as (1) roughness of counter-surface, 
(2) interference of sealing material and housing, and (3) potential interaction of me-
dia to be sealed with sealing material (media that cause swelling of the sealing ma-
terial may act as plasticisers, with a positive influence on minimum service temper-
ature).  

2.2 Permeation   

Mass diffusion generally occurs between sites with different chemical potentials, in 
case of sealing applications caused by different gas pressures on both sides of the 
sealing material [1,2]. The higher upstream pressure p1 and the lower downstream 
pressure p2, at either side of a sample membrane, causes the gas molecules to 
permeate through the sample membrane to compensate for the pressure difference 
[3-5]. It can be assumed that the Henry sorption model and the Fick model for con-
centration-independent diffusion describe the sorption-desorption of gas molecules 
on the membrane surfaces and the diffusion of the gas molecules in the membrane, 
respectively, when the permeate is a gas with small molecules such as hydrogen 
(H2) and the sample membranes consist of elastomers or thermoplastic elastomers 
tested at temperatures above glass transition temperature [3, 6]. Since most mem-
branes have a much smaller thickness compared to their lateral dimensions, the 
mathematical problem of permeation through the membrane can be considered to 
be one-dimensional. A detailed description of the theoretical background to evaluat-
ing permeation properties from permeation measurements is given by [7]. 
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3 Experimental 

3.1 Materials 

A range of candidate materials with minimum service temperatures suitable for typi-
cal hydrogen applications (below -40°C) was selected, both commercially available 
and development grades. Table 1 gives an overview over the investigated materials.   

Table 1: Materials investigated for their suitability in hydrogen applications 

Material designation Polymer Hardness (Shore A) Nominal service 
temperature 
range (°C) 

TPU 1 TPE-U 95 -50 to 110 

TPU 2 TPE-U 95 -50 to 110 

EPDM 1 EPDM 90 -50 to 150 

NBR 1 NBR 85 -45 to 100 

NBR 2 NBR 85 -50 to 100 

 

While the thermoplastic Polyurethanes are unfilled, all rubbers were reinforced with 
carbon black as main filler. Both NBRs were selected as grades with low ACN-con-
tent, and NBR 2 was additionally modified with a plasticizer to investigate the effects 
on compatibility in hydrogen environment. TPU 1 and TPU 2 were supplied by SKF 
Sealing Solutions Austria GmbH, whereas the EPDM and NBR grades were supplied 
by Arlanxeo Deutschland GmbH as experimental grades.  

 

3.2 Cold temperature flexibility  

In order to characterize the minimum service temperature of sealing materials in 
gaseous media, a test rig originally developed for seal tests according to the oil and 
gas test standard API 6A Annex F [8] was modified to evaluate the minimum service 
temperature, under which a sealing material can be activated in nitrogen gas.  

Figure 1 gives a schematic overview over both test rig and sealing design. The seal 
design consists of a T-seal type design of the active sealing material, supported by 
back-up rings made of a PEEK material on both sides to prevent static extrusion. 
The cross-section of the active sealing material was varied in order to investigate the 
effect interference on the minimum temperature where the test assembly can be 
pressurized, which is also the minimum service temperature.  
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Figure 1: High pressure – low temperature test fixture and corresponding sealing design and 

backu-up ring 

Table 2 introduces the test parameters. The approach was selected as follows: First, 
the test rig was cooled down to -40°C and pressurized for at least 5 minutes. In 
subsequent steps, the temperature was then lowered in 5°C steps, until no further 
activation was possible. Next, temperature was raised again in 1°C steps until the 
minimum temperature, where the sealing assembly could be activated, was found.  

Table 2: Test parameters in high pressure- low temperature test fixture 

Gas Nitrogen 

Temperature -40°C to -70°C (theoretical minimum 
temperature of test rig) 

Pressure 875 bar 

Extrusion gap 0.17mm 

Test seals Machined T-seals, variation of cross-
section 

 

3.3 Permeation 

To measure permeation of hydrogen through the investigated materials, a test rig 
was developed that allows the measurement of hydrogen permeation at tempera-
tures up to 85°C and pressures of up to 1000bar. This test rig was developed within 
the COMET-module “Polymers4Hydrogen” at the HyCentA (Graz, Austria), with con-
tributions from the Polymer Competence Center Leoben GmbH (Leoben, Austria) 
and SKF Sealing Solutions Austria GmbH.  

Figure 2 shows an overview of the permeation test-set-up. On the upstream side, 
high pressure hydrogen is supplied to the material sample, whereas on the down-
stream side, nitrogen purges the permeated hydrogen as carrier gas to the hydrogen 
detection sensor, which is established via thermal conductivity.  
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Figure 2: Permeation-system test set-up [7] 

Figure 3 shows a detailed view of the permeation test cell. The material sample is 
supported by a sinter filter, which support the sealing materials so that a test pres-
sure of up to 1000bar can be applied. SKF developed a sealing system that prevents 
leakage of the pressurized hydrogen. A leakage bore and leakage detection system 
was installed additionally for safety reasons. The effective sample diameter (diame-
ter of the supporting sinter-disc) for the permeation measurement is 80mm. 
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Figure 3: Schematic view of high-pressure permeation test-cell [7] 

Table 3 shows the test parameters for the various candidate materials to investigate 
their permeation depending on pressure and temperature.  

Table 3: Test program for determination of permeation of candidate materials 

Material Temperature (°C) Pressure (bar) 

TPUs 0, RT, 50, 75°C 50, 400, 800 

EPDM RT, 75°C 50, 400, 800 

NBR 1 0, RT, 50, 75 50, 400, 800 

NBR 2 RT, 75°C 50, 400, 800 

 

3.4 Material compatibility tests to hydrogen including Tribology 

The topic of material compatibility to hydrogen gas was investigated in various ways. 
First, material samples were exposed to hydrogen 85°C and 1000bar pressure for 
168 hours. Mechanical properties of the materials were investigated both before and 
after the hydrogen exposure.  

In addition, an insitu-tribometer was developed by Bundesanstalt für Material-
forschung und -prüfung (BAM, Berlin, Germany), which allows the measurement of 
friction and wear under hydrogen atmosphere under a pressure of up to 100 bar. 
Pressurized tribo-experiments do allow the characterization of properties in pres-
ence of swelling, which was previously found to be critical for sealing materials [9,10]. 
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[11] gives a detailed description of the tribometer. It is designed as an insert in an 
autoclave made of stainless steel. Normal and frictional forces are measured using 
strain gauges that are attached to deformation bodies in a bridge circuit. Figure 4 
gives and overview of the test set-up. It uses a ball-on-disc configuration, where the 
ball is made of 316L stainless steel with a diameter of 6.0mm. The disk are respec-
tive samles of the sealing materials. A normal load of 5N, frequency of 10Hz and 
stroke of 2mm was found to be most suitable for stable operation for characterization 
of material fretting. A total of 20000 cycles was conducted per material, where the 
tests were performed in both reference environment (ambient air, moisture range 40-
50%), and in gaseous hydrogen (H2O content <500ppm), at both 1 bar and 100 bar 
pressure level. In order to investigate potential ageing effects of preceding hydrogen 
exposure on tribological behaviour, an additional tribological test setting was exe-
cuted for the rubber samples. These were tribo-tested after being pre-exposed to 
1000bar hydrogen for 168h at 85°C.  

 
Figure 4: Permeation-system test set-up [11] 

The following main results were evaluated for each material: average coefficient of 
friction for each condition, and wear volume, based on a 3D profile obtained with a 
3D profilometer (nanofocus, Oberhausen, Germany).  

4 Results and discussion 

4.1 Cold temperature flexibility 

Table 4 shows the results for the minimum temperature where pressure could be 
built-up in the cold temperature test rig for the example of TPU 1. This material 
shows glass transition temperature of -46.8°C, obtained with DSC, and a E’ onset 
temperature of -54.1 °C, obtained with dynamic mechanical analysis. It can be seen 
that activation is possible even below the E’ onset temperature which typically the 
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lower end where a seal can be activated in static sealing applications. In addition, 
the level of compression applied on the seal does affect the minimum activation tem-
perature as expected, where an increased compression reduces the minimum acti-
vation temperature.  

Table 4: Minimum temperature for sealing activation depending on compression of cross-
section on the example of TPU 1, nitrogen as medium, criteria: absence of leakage at a 

pressure of 875 bar for a minimum time of 5 minutes 
Compression (%) Minimum temperature for pressure 

build-up (°C) 
8.5 -55.3 
12.3 -57.3 
15.9 -63.3 

4.2 Permeation results 

This subchapter shows the results for permeation through sealing materials. Due to 
the fact that testing effort of these tests is high (roughly 24h for on data point) and 
the limitation that particularly rubbers could not be tested at the combination of high-
est pressure and highest temperature, a selection of pressure, temperature and ma-
terial was made and tested that is considered to representatively cover the material 
behaviour.  
Figure 5 (50 bar hydrogen test pressure) and Figure 6 (400 bar hydrogen test pres-
sure) show the temperature dependency of the hydrogen permeation, which is 
shown in (cm³ x cm / (cm² x s x bar)). All tested materials share an almost Arrhenius-
type dependency on temperature, which means that permeation at 75°C is roughly 
6 to 7 times as high compared to permeation at room temperature. Furthermore, a 
ranking for permeation through various materials can be done. While TPU 2 shows 
slightly higher hydrogen permeation compared to TPU 1, both polyurethanes show 
the lowest permeability, followed by NBR and EPDM. The plasticizer content of NBR 
2 does not seem to significantly influence the permeability, compared to NBR 1.  
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Figure 5: Hydrogen permeation results for different materials, obtained at 50 bar 

 

Figure 6: Hydrogen permeation results for different materials, obtained at 400 bar 
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Figure 7 shows the influence of pressure for the NBR materials, which are repre-
sentative for all investigated polymers. The pressure level was varied in the range of 
50 bar to 800 bar. It can be seen that rising pressure level reduces the permeability 
of the tested materials, however the effect is less pronounced than the temperature 
influence. A pressure increase of 750bar at room temperature roughly reduces the 
permeability by 50%.  

 
Figure 7: Influence of pressure on hydrogen permeation on the example of NBR 

4.3 Compatibility 

Table 5 and Table 6 show the change in properties of the investigated materials after 
storage in pressurized hydrogen, 2h after immersion and 48h after immersion. This 
was done to distinguish between physical effects such as reduction of density as 
consequence of hydrogen diffusion into the sealing material, and chemical ageing 
effects (e.g. hardening of rubbers). Comparing the hardness changes of both NBR 
and the EPDM rubber 2h after immersion and 48h after immersion, it can be seen 
that the initial decrease, which is correspondingly reflected in reduced density, is a 
fully reversible phenomenon and no longer measurable 48h after the exposure. It 
can therefore be assumed that the changes initially observed after the exposure are 
of physical nature and no chemical ageing phenomena could be observed. This is 
supported by the tensile properties, which show minor changes only. With the Poly-
urethanes TPU1 and TPU2, the effects of reduced hardness and density shortly after 
immersion could not be observed. While the amount of physical interaction (e.g. vol-
ume increase) under pressure is unknown as the autoclave in use had no window to 
assess volume changes in-situ, it is still an indication that the physical effects of 
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pressurized hydrogen on TPU is lower compared to EPDM and NBR rubbers. Like 
with the rubbers, both TPUs did not show any signs of chemical ageing, as property 
changes 48h after end of immersion were small and almost within measurement 
scattering.  

Table 5: Change of material properties measured 2h after exposure to Hydrogen at 1000bar, 
85°C for 168h 

 EPDM NBR1 NBR2 TPU1 TPU2 
Shore A Hardness -13 -8 -8 +0 -1 
Density -19.6 % -27.7 % -9.2 % -2.8 % -0.5 % 
Tensile strength +11.1 % -4.4 % 4.0 % -0.7 % -0.7 % 
Elongation at break -14.6 % -3.0 % -1.0 % 1.9 % 12.2 % 

 

Table 6: Change of material properties measured 48h after exposure to Hydrogen at 
1000bar, 85°C for 168h 

 EPDM NBR1 NBR2 TPU1 TPU2 
Shore A Hardness +0 +1 +0 +0 -1 
Density - +0.47 % +0.07 % -0.01 % -0.01 % 
Tensile strength +9.8 % +13.0 % -10.0 % +1.2 % -0.7 % 
Elongation at break -12.7 % +4.0 % -16.7 % +1.9 % +12.2 % 

 

4.4 Tribology 

This subchapter addresses the tribological fretting behaviour of the sealing materials 
in hydrogen atmosphere. Figure 8 shows the coefficient of friction obtained in the 
tribological experiment. It can bee seen that neither the pressure level, under which 
the tests are performed (1 bar and 100bar), nor the pre-exposure to pressurized 
hydrogen at elevated temperature, as was done for EPDM and the NBRs, has a 
significant negative impact on the obtained coefficient of friction. While EPDM shows 
a slight increase in friction with hydrogen atmosphere, NBRs and TPUs show a slight 
reduction compared to the reference measurement in ambient air.  
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Figure 8: Coefficient of friction obtained in tribological experiments under different media and 

pressures 

Figure 9 shows the wear volume resulting of the respective tribological experiments. 
For this result, no negative impact of the hydrogen atmosphere could be found on 
any of the materials: All wear results obtained under hydrogen were either equal or 
lower compared to the reference measurement in ambient air, but always in the 
same range. The main finding was the strong influence of the material polymer: As 
expected, both polyurethanes show their well-known superior wear resistance, and 
particularly under hydrogen atmosphere, showed wear results an order of magnitude 
below the next best material. Like with the other results shown in this paper, NBR 2 
containing a plasticizer showed comparable results to its corresponding NBR 1 coun-
terpart without plasticizer. Both NBRs showed wear still on a low level, particularly 
when compared to EPDM, for which the highest wear level was obtained by far, 
independent of hydrogen pressure or pre-exposure. Still, this is not an interaction 
caused by the hydrogen, as the reference test in air atmosphere showed very com-
parable results.  
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Figure 9: Wear volume obtained in tribological experiments under different media and pres-

sures  

5 Summary and Conclusion 

The experiments to determine the minimum temperature where a seal can be acti-
vated show that the glass-transition temperature is a good indicator for an estimation 
of this temperature. However, the variation of cross-sectional compression showed 
that in this temperature range, tolerances are of significant importance and need to 
be considered for reliable functionality of a seal.  

The measurements of permeability showed that permeation decreases with rising 
pressure level and increases with rising temperature level. Thereby, the effect of 
temperature is much more pronounced: an increase in temperature from room tem-
perature to 75°C leads to a roughly 7 times increase in permeation, whereas an 
increase of pressure by 750bar only reduced the permeation by about 50%. It could 
be clearly observed that material-wise, the applied polymer has the main influence. 
TPU 1 and TPU 2 showed to lowest permeability, followed by NBR and EPDM. While 
NBR 2 containing 10phr of plasticizer did show a minor increase in permeation com-
pared to NBR 1, the effect was comparably small and likely irrelevant for any appli-
cation.  

Immersion tests where material samples were exposed to 1000 bar hydrogen at 
85°C for 168h revealed that none of materials showed signs of chemical ageing. 
Both NBR and EPDM showed significant reduction in hardness and density when 
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being tested 2 hours after the immersion, which is likely caused by physical interac-
tion of the hydrogen diffusing into the rubber materials. Tests 48h after the immersion 
confirmed that these changes in hardness and density were fully reversible. While a 
small reduction in density was also measurable with the TPUs 2h after immersion, 
the effect was significantly smaller compared to the rubbers.  

The tribological experiments showed that hydrogen atmosphere, at both 1 bar pres-
sure and 100 bar pressure, did not have a negative impact on any of the 5 tested 
materials and resulting coefficients of friction as well as wear volume were in the 
range of the reference experiment in ambient air. However, EPDM by far showed 
the highest wear volume, whereas both TPU grades could demonstrate their out-
standing wear resistance. Like observed with other properties, the plasticizer in 
NBR 2 did only show a marginal effect on the tribological behaviour, which is much 
smaller than the effect of the polymer itself.  

To summarize, all 5 tested material grades are generally suitable for hydrogen ap-
plications. While none of the materials showed chemical ageing in hydrogen atmos-
phere, EPDM showed higher permeation, loss of hardness caused by hydrogen dif-
fusion, and wear volume compared to the other materials. Both TPUs showed ex-
cellent performance in all investigations and are therefore considered to be an ex-
cellent choice for sealing applications in pressurized hydrogen.  
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Influence of hydrogen environment on friction properties of 
silicone rubber 

Hikaru Hashimoto, Suguru Norikyo, Ayako Aoyagi, Hiroyoshi Tanaka,  
Takehiro Morita, Yoshinori Sawae, Joichi Sugimura 

To elucidate the effect of hydrogen on the friction properties of silicone rubber, sliding tests 
were conducted in hydrogen and air with various moisture contents. The friction coefficient in 
hydrogen was higher than that in air. Regarding moisture content in hydrogen, the rubber 
surface after sliding test in humid hydrogen showed severe wear compared to that in dry hy-
drogen. These results suggested that gas atmosphere and moisture content of gas had influ-
ences on the friction between silicone rubber and austenitic stainless steel and the wear of 
silicone rubber. The surfaces of silicone rubber and austenitic stainless steel after sliding tests 
were analysed using optical microscopy, confocal laser scanning microscopy, FT-IR micros-
copy and SEM/EDS to explore the influence of hydrogen on the wear process. 

1 Introduction 

In recent years, the utilisation of hydrogen energy has gained importance in order to 
achieve carbon neutrality. Safe utilisation of hydrogen energy requires establishment 
of new technologies for ensuring reliability and durability of machine elements used 
in hydrogen networks, and the role of sealing materials is essential in achieving this 
goal. Examples of sealing elements used in high-pressure hydrogen gas applications 
include piston rings for reciprocating compressors and rubber O-rings for flanges, 
couplings and pressure vessels. Although O-rings are used as static seals for pre-
venting gas leakage, they are subject to repeated micro-movements within the 
groove during compression-decompression cycles. Consequently, these O-rings ex-
perienced sliding against the metal groove surface in hydrogen gas. Especially, un-
expected high friction of the O-ring causes excessive elastic deformation and possi-
bly induces serious mechanical failure [1-12]. For these reasons, researches have 
intensively been conducted to understand frictional properties of rubber [13-17] and 
thermoplastics [18-21] in hydrogen.  

In this study, the effect of hydrogen on friction between silicone rubber and stainless 
steel was investigated. Reciprocating sliding tests were performed with a pin-on-disk 
apparatus in air and hydrogen.  

2 Experimental Methods 

2.1 Material 

Silicone rubber and austenitic stainless steel (AISI 316L steel) were selected as a 
representative material for O-rings and their metal sliding counterface, respectively, 
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in high-pressure hydrogen gas applications. The silicone rubber pin specimen had a 
hemispherical shape with a diameter of 5 mm. The surfaces of the stainless steel 
disks were polished using 3 μm diamond slurry to have a surface roughness of 0.02 
μm Ra. After that, the disks were cleaned ultrasonically using a mixture of acetone 
and hexane for three minutes.  

2.2 Sliding test 

Friction and wear of the silicone rubber-on-stainless steel sliding pair was evaluated 
by using a pin-on-disk apparatus installed in the vacuum chamber (Figure 1 (a)). The 
vacuum chamber was evacuated with a scroll and turbomolecular vacuum pumps. 
Then, the gas was introduced to raise the chamber to ambient pressure. The gas 
continued to flow in and out of the chamber during the sliding tests. Gas leaving the 
chamber was directed to a moisture sensor (HUMICAP®HM70, VAISALA). The 
gases were continued to flow during the sliding tests. Subsequently, load to press 
the rubber pin against the stainless steel disk was applied by dead weights through 
the loading lever. The applied load and friction force were measured using a biaxial 
load cell. Friction coefficients were calculated by friction force divided by load. Figure 
1(b) shows the speed of stainless steel disk and the relative displacement of rubber 
pin to stainless steel disk during sliding test. The stainless steel disk rotated at a 
constant speed in a certain direction and quickly switched back to the other direction. 

The purity of hydrogen was 99.999%. The vacuum chamber was equipped with a 
precision moisture controller which was developed by Fukuda [22] and used to adjust 
the trace moisture content of hydrogen gas environment. Several sliding tests were 
performed in hydrogen, which was moisturized by using this moisture controller. All 
sliding tests were performed for 10000 seconds. All experimental conditions are 
summarized in Table 1.  
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Figure 1: (a) Schematic diagram of pin-on-disk tribometer equipped with advanced atmos-
phere control system, (b) Motion of servo-controlled motor 

Table 1: Conditions of sliding tests 

Motion Reciprocating sliding 
Environment Air, hydrogen 

Load 5 N 
Sliding speed 4.5 mm/s 

Sliding distance 3 mm 
Temperature 25 °C 

Pressure 0.1 MPa 

2.3 Surface analysis 

2.3.1 Optical Microscopy and confocal laser microscopy 
The worn surfaces of rubber specimens were observed by using optical microscope 
(VH7000, KENYENCE) at a magnification of 50. In addition to that, the specimens 
were observed by using a confocal laser microscope (VK-X1000, KENYENCE) at 
magnification of 10 to obtain 3D topography, arithmetic average roughness (Ra) and 
maximum roughness (Rz). The roughness parameters were measured on five posi-
tions near the top of rubber surface. 

2.3.2 IR spectroscopy 
Infrared (IR) spectroscopy (FT/IR 4X, IRT-7100, JASCO) was performed to collect 
spectra from silicone rubber and stainless steel. The IR spectra of silicone rubber 
confirming the wave number range of 400 to 4000 cm-1 were obtained by using at-
tenuated total reflection (ATR) method with a diamond prism. The spectra from stain-
less steel surfaces were obtained by reflection method. The aperture size was 50 × 
50 μm and the number of scans was 16.  
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2.3.3 SEM/EDS 
Scanning electron microscopy and energy dispersive X-ray spectrometry 
(SEM/EDS) (SEM SU3500 Oxford EDS EMAX Evolution, Hitachi) was performed to 
observe the surface of specimen and to collect EDS spectra from silicone rubber and 
stainless steel. The accelerating voltage was 15kV, and operating pressure was 
30Pa.  

3 Results 

3.1 Friction in various environments 

3.1.1 Measurement of friction coefficient 
Figure 2 (a)~(c) shows the transition of friction coefficient (COF) of silicone rubber 
in dry air and hydrogen together with the moisture content. Figure 2 (d)~(l) shows 
enlarged views of (a), (b) and (c), expressing the shape of the friction curves. Mois-
ture contents in hydrogen ranged from 0.4 to 0.9 ppm (hereinafter called dry hydro-
gen) and from 83 to 110 ppm (humid hydrogen), while that in air (dry air) was from 
1.4 to 2.0 ppm.  
Comparing the results among the gases which have similar moisture content, the 
friction coefficients after 2000 seconds in dry hydrogen were higher than those in 
dry air. Furthermore, the friction coefficients after 2000 seconds in dry hydrogen 
was higher than those in humid hydrogen.  
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Figure 2: Transition of friction coefficient (a) in dry air, (b) in dry hydrogen, (c) in humid hy-
drogen, (d)(e)(f) Enlarged view of the result in dry air, (g)(h)(i) Enlarged view of the result 
in dry hydrogen, (j)(k)(l) Enlarged view of the result in humid hydrogen 

The shape of the friction curve also depended on the environment (Figure 2 
(d)~(l)). After 60 seconds from measurement start, the shape of friction curves was 
similar among all gases. The shape has plateau region, indicating that the silicone 
rubber slipped on the surface of stainless steel. The shape changed to a triangular 
shape after 2000 seconds, which suggests that silicone rubber sticked to stainless 
steel and did not slip on it. After 9900 seconds, the duration on the plateau region 
in the friction curve in dry hydrogen was shorter than that in dry air. In addition to 
that, that in dry hydrogen was shorter than that in humid hydrogen. 
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3.2 Surface analysis after sliding test 

3.2.1 Morphology measurement  

 
Figure 3: Microscope image and 3D image of  (a) virgin rubber before the friction test, 
(b) rubber after the friction test in dry air, (c) rubber after the friction test in dry hydro-
gen,(d) rubber after the friction test in humid hydrogen 

 
Figure 4: Microscope image of stainless steel after the friction test  
(a) in dry air (b) in dry hydrogen (c) in humid hydrogen  

The microscope images and 3D shape obtained using confocal laser scanning mi-
croscopy are shown in Figure 3. The rubber surface after the sliding test in humid 
hydrogen (d) showed severe wear compared to that in dry air (b) and that in dry 
hydrogen (c). There was no clear difference between the rubber surface after sliding 
test in dry hydrogen and that in dry air. As shown in Figure 4, the stainless steel after 
sliding test in humid hydrogen exhibited a clear wear track, in addition to the severe 
wear on the rubber surface.  
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3.2.2 Investigation of chemical composition change 
IR spectra of rubber surface were measured in order to analyse chemical composi-
tion changes. The spectra were shown in Figure 5. The peaks were observed at 787, 
1006, 1258 and 2962 cm-1 for silicone polymer and 452 and 1068 cm-1 for silica filler. 
The observed peaks were reasonable because silicone rubber was composed of 
silicone polymer and silica filler. The IR spectra were normalized at 787 cm-1, which 
was assigned to Si-C bonds of silicone polymer. The peak intensity at 452 cm-1 and 
at 1068 cm-1 increased after sliding tests compared to the spectrum of silicone rubber 
before sliding test. It suggested that the amount of silicone polymer decreased com-
pared to that of silica filler after sliding test. The amount of silica filler on rubber sur-
face after sliding test in humid hydrogen was greater than that in dry hydrogen. The 
amount of silica filler on rubber surface after sliding test in dry hydrogen was greater 
than that in dry air. 
 

 
Figure 5: IR spectra of rubber surface normalized at 787 cm-1 

Although the observed wear appearance and wear debris were different in degree 
among the three conditions, the results in FTIR and SEM/EDS were similar. 
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Therefore, the analysis results for humid hydrogen were particularly shown in Fig-
ure 6. As shown in Figure 6(b), the IR spectra at the edge of the friction tracks have 
peaks at 1100, 1258 and 2962 cm-1. The peaks at 1258 and 2962 cm-1 were as-
signed to Si-C and C-H bonds of silicone polymer. The peak at 1100 cm-1 was as-
signed to Si-O-Si bonds of silicone polymer and silica filler. The EDS mapping of 
silicon also indicated that the particles includes silicon atoms (Figure 6(c) and (d)). 
Thus, debris of silicone rubber were transferred on the stainless steel surface. On 
the other hand, grooves directed to sliding direction were observed at the centre of 
the stainless steel (Figure 6(e)).  

 
Figure 6: The analysis of countersurface after sliding test in humid hydrogen (a) Mi-
croscope image of stainless steel surface after sliding test, (b) IR spectrum obtained 
from the edge of wear track, (c) SEM image at the edge of wear track, (d) EDS ele-
mental distribution map of silicon atom, (e) SEM image at the centre of wear track 

 

4 Discussion 

All the results described above suggest influences of the hydrogen environment and 
moisture content on the friction behaviour of silicone rubber.  
As for the influence of hydrogen, friction coefficients in hydrogen after reaching its 
peak were higher than that in air at a similar moisture content. After sliding test in 
dry hydrogen, the amount of silica filler on the rubber surface increased compared 
to that in dry air. These phenomena may have been caused by the absence of oxi-
dative reaction in hydrogen. When oxidative reaction occurred on rubber surface in 
dry air, the hardness of rubber surface increase, resulting in lower friction coefficients 
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and reduced exposure of silica filler. However, there are other possibilities, such as 
the influence of hydrogen to silicone rubber. Further study will be necessary to un-
derstand the respective aspects. 
Tribological characteristics of the silicone rubber were also sensitive to moisture con-
tent. Friction coefficient in dry hydrogen after reaching its peak is higher than that in 
humid hydrogen. After sliding test in humid hydrogen, the amount of silica filler on 
the rubber surface increased compared to dry hydrogen. These results may have 
been caused by hydrolysis reaction of silicone polymer. Similar change in IR spec-
trum was reported by Nagasawa [23]. Hydrolysis of silicone polymer may enhance 
the degradation of silicone polymer, resulting in low friction coefficients and in-
creased exposure of silica filler. In another possibility, lower friction coefficients and 
increased exposure of silica filler in humid hydrogen may have been caused by the 
time difference in rubber slipping on stainless steel. Further study will be necessary 
as well.  
Deep grooves were observed on the stainless steel after the sliding test in humid 
hydrogen. These grooves appear to have have been caused by the wear resulting 
from the exposed silica on the rubber surface. 

5 Conclusions 

In order to clarify the features of friction in hydrogen, influences of gas and moisture 
content to friction and wear were investigated. 
As for the influence of hydrogen, friction coefficients in hydrogen were higher than 
those in air at a similar moisture content. Moisture content also influenced friction 
coefficients. The friction coefficients in the dry condition were higher than those in 
high humidity conditions. As moisture content increases, silicone polymer was se-
lectively removed from the rubber surface during sliding test. As a result, the silica 
fillers were exposed on the rubber surface and the groove may have been generated 
on the stainless steel. 
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Simulation of Leakage Flow in dynamic seals from 3D-printing 

Matthias Graf, Tobias Lankenau, Kathrin Ottink, Thomas Ebel 

Additive Manufacturing (AM) technologies are advancing rapidly, even within the realm of seal 
production. However, the surface quality of AM seals typically falls short when compared to 
seals manufactured conventionally. For instance, Fused Filament Fabrication (FFF) yields 
components with a characteristic string-like surface texture. The dimensions of this texture 
align with the fluid film thickness of a dynamic rod seal. Through a fluid-structure interaction 
(FSI) simulation employing coupled Navier-Stokes equations, the fluid flow between the seal 
and rod can be analyzed. This simulation demonstrates that periodically fragmented contact 
has a significant impact on the sealing properties of the dynamic seal. A comparison between 
traditional seals and those produced via FFF manufacturing reveals notable implications, such 
as alterations in the reverse feed rate through the seal gap. 

1 Introduction 

Additive Manufacturing has made significant strides in recent years and presents 
itself as a viable alternative for seal production. Seals, being components subjected 
to wear due to tribological factors, require periodic replacement. The availability of 
spare parts can be improved through fast and on-demand additive manufacturing. 
Fused Filament Fabrication (FFF) emerges as a promising production method, par-
ticularly for TPU-based dynamic rod seals [1]. Experimental studies have indicated 
that careful selection of printing parameters and materials results in seals boasting 
impressive sealing properties [2]. Although the lifespan of FFF seals may be shorter 
compared to their conventionally manufactured counterparts, they serve as a quick 
and interim solution to prevent costly machine downtime. 
However, the manufacturing process yields seals with slightly different surface struc-
tures than those from conventional methods. In FFF production, a thermoplastic fil-
ament is extruded through a heated nozzle and deposited in a viscous state. As the 
nozzle moves over a build platform, a structure is gradually formed, with the molten 
filament cooling at ambient temperature. Figure 1 illustrates a cross-section of a seal 
produced using this method. The notable differences in material distribution, com-
pared to seals from conventional production, include: 

1. Porosity between individual printing strands. 

2. Surface topography characterized by a series of arcs rather than smoothness. 

While the presence of pores (porosity) is not the primary focus of this research, as 
they are isolated and non-connected, the non-smooth surface topography exhibits a 
periodic structure at a length scale deemed relevant for sealing properties, particu-
larly in fluid transport during the in- and outstroke. This periodic surface structure 
operates at a scale of a few hundred micrometers, contrasting with the significant 
role played by the design of the seal lip geometry, a fundamental aspect of dynamic 
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seal design [3]. The provided source offers fundamental equations for analytical fluid 
flow calculations during the in- and outstroke phases. 

 
Figure 1: Surface structure and crossection of one dynamic rod seal manufactured by FFF. 

Arrow marks the seal lip. 

A seal is typically considered tight when the reverse fluid flow through the seal is 
equal to or higher than the leakage flow during the outstroke. Therefore, this study 
focuses on assessing the capability of seal geometry to facilitate reverse fluid flow 
during the instroke. 

2 Short state of the art 

The simulation of fluid motion within a seal gap can only be analytically solved for a 
limited number of cases. One of the initial solutions was presented by Blok, referred 
to as the "inverse Theory" [4]. Generally, the flexibility of the seal introduces fluid-
structure interaction (FSI). Early numerical solutions with slightly varied approaches 
were presented by Öngün [5] and Salant [6]. 
Currently, FSI simulations conducted through commercial software represent the 
state of the art. These software tools typically resolve the Reynolds equation for thin 
film flow and leverage the rotational symmetry of the system. Lankenau [7] demon-
strated an instance where the Navier-Stokes equations were solved instead of the 
Reynolds equation for a seal application. 
The sources mentioned above primarily focused on situations with microscopically 
smooth contact. Microscopic roughness of the seal was considered by [8]. However, 
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the roughness examined in that study does not align with the typical surface structure 
produced by FFF. The FFF-generated surface structure is notably periodic, charac-
terized by arcs arranged in rows with tip-to-tip distances of a few hundred microme-
ters. Studies on fluid flow simulations for the instroke motion of 3D printed seals are 
not yet publicly available. 

3 Model definition 

3.1 Physical modelling: Geometry, Parameters, Domains, Boundaries 

The model system parameters are detailed in Table 1, and the geometry is illustrated 
in Figure 2. The intersections of geometry between the seal, rod, and groove indicate 
that the seal is statically energized to ensure sealing functionality. 

Table 1: Parameter list for the simulation. 

Two geometry cases are currently under investigation: the "reference" geometry, 
which represents the seal from conventional manufacturing without microscopic sur-
face structure, and the "FFF" geometry, which is identical to the reference geometry 
except for the presence of surface structure at the seal lip (Figure 2). In the FFF 
geometry, the surface is depicted by a series of arcs. It was ensured that the outer-
most tip point of both geometries was identical to maintain the same macroscopic 
pretension in contact with the rod and groove. 

The cylinder fluid pressure was set to 1.5 𝑏𝑏𝑏𝑏𝑏𝑏, and the rod was operated from stand-
still to a sliding velocity of 2 𝑚𝑚/𝑠𝑠 for the instroke (upward motion in Figure 2). The 
entire free space around the seal was filled with hydraulic oil. During instroke motion, 
this represents the scenario that demonstrates the maximum inward fluid transpor-
tation capability of the system. In practical terms, only the amount of fluid available 
on the rod surface can be transported into the cylinder. 

Variable Name Numerical value and Unit 
𝑣𝑣 rod velocity 0 … 2.0 

𝑚𝑚
𝑠𝑠

 

𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ambient pressure 0 𝑏𝑏𝑏𝑏𝑏𝑏 
𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑐𝑐 cylinder pressure 1.5 𝑏𝑏𝑏𝑏𝑏𝑏 
𝑑𝑑𝑅𝑅𝑅𝑅𝑐𝑐  rod diameter 50 𝑚𝑚𝑚𝑚 
𝜂𝜂𝑂𝑂𝑎𝑎𝑐𝑐 dynamic oil viscosity 0.2 𝑃𝑃𝑏𝑏 ⋅ 𝑠𝑠 
𝜌𝜌𝑂𝑂𝑎𝑎𝑐𝑐 oil density 

850 
𝑘𝑘𝑘𝑘
𝑚𝑚3 

Δ𝑠𝑠 contact offset in seal gap 2 𝜇𝜇𝑚𝑚 
𝐶𝐶1 Neo-Hooke stiffness pa-

rameter for seal 
8 𝑀𝑀𝑃𝑃𝑏𝑏 
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The fluid is modeled using the Navier-Stokes equations without compressibility. 
Laminar flow behavior is ensured due to small Reynolds numbers. Cavitation effects 
are not anticipated to be dominant and are therefore neglected. The in- and outflow 
of the cavity where pressure is applied are subjected to Dirichlet boundary condi-
tions. The solid seal, modeled as hyperelastic and incompressible, follows a Neo-
Hook material model. Solid friction is not taken into account in the model. 

 
 

A) B) 
Figure 2: A) Geometry of the simulated seal in unloaded case. Position of the axis for rota-

tion symmetry only for indication, not to scale. Upper side is cylinder side. Lower side is am-
bient side. B) Blue: Smooth reference surface geometry. Red: FFF surface geometry. 

Length in Millimetres.  

The free interface between the fluid and solid is described by fully coupling the bal-
ance of forces, mass conservation, and continuity. No-slip conditions are applied to 
all rigid interfaces (groove, rod) or solid interfaces (seal). 

3.2 Numerical solution: Solver, Elements, Steps, Contacts 

The coupled FSI problem is formulated using Arbitrary Lagrangian Eulerian (ALE) 
coordinates. For practical modeling and numerical solution, the software tool "COM-
SOL Multiphysics" is utilized. The solvers employed are "MUMPS" and "PARDISO," 
which compute a quasistatic solution. The simulation is conducted in two steps. 

• Initially, for the pretensioned seal, the fluid is not included. A "too-small" rod 
and a "too-big" groove are initially modeled. With the assistance of rigid body 
motion, the geometry is corrected, and the seal is pretensioned (see Figure 
3A). The contact between the seal and rod is incorporated using a Lagrange 
contact condition with a permanent offset 𝛥𝛥𝑠𝑠 = 2 𝜇𝜇𝑚𝑚. This method, proposed 
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by v. Wahl [9], ensures that a minimum fluid gap between the seal and rod 
is always maintained. The seal is modeled using linear triangle elements, 
with element side lengths ranging between 0.00268 𝑚𝑚𝑚𝑚 and 0.188 𝑚𝑚𝑚𝑚. 

• Following the pretension buildup, the fluid is included in the simulation. The 
triangular fluid elements operate using quadratic shape functions, with ele-
ment side lengths defined up to 0.5 𝜇𝜇𝑚𝑚. These elements are inserted into 
the gap with a smallest discretization of 13 elements for the seal gap height 
(see Figure 3B). In the simulation, the velocity of the rod is increased from 
standstill to 2 𝑚𝑚/𝑠𝑠. 

  

A) B) 
Figure 3: A) Configuration of pretensioned seal in contact with grove and rod. Color code: 

Von Mises equivalent stress. B) Element size for the fluid mesh in the seal gap. 

The entire simulation time on a conventional workstation lasted approximately 3 
hours. The analysis of results focused on fluid pressure and surface load on the 
seal. 
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4 Simulation Results and Discussion 

4.1 Smooth reference geometry 

Initially, the simulation focuses on the smooth reference surface geometry. Upon 
applying the fluid pressure in the cylinder (1.5 𝑏𝑏𝑏𝑏𝑏𝑏), the rod undergoes acceleration 
for upward instroke motion. Consequently, it tends to transport hydraulic fluid from 
the ambient low-pressure side into the pressurized cylinder, resulting in an acting 
pressure difference in the cylinder. Figure 4 illustrates the increase of the elastohy-
drodynamic pressure peak in the converging gap. With increasing sliding velocity, 
the pressure peak opens the seal gap. 

   
𝑣𝑣 =  0 𝑚𝑚/𝑠𝑠 𝑣𝑣 =  1 𝑚𝑚/𝑠𝑠 𝑣𝑣 =  2 𝑚𝑚/𝑠𝑠 

Figure 4: Fluid pressure distribution in the seal gap at different rod velocities for the smooth 
reference seal. 

The seal lip experiences loading from two pressures: one resulting from the solid 
body contact with the rod and the other from the hydrodynamic fluid. Both are de-
picted in Figure 5. At lower sliding velocities, the solid body pressure predominates, 
while at higher velocities, the hydrodynamic pressure becomes dominant. It's evident 
that the fluid pressure acts on a significantly larger contact area compared to the 
contact force, resulting in a less pronounced local stress peak in the seal material. 
To obtain the total force on the seal lip, the stress has been surface integrated. Fig-
ure 6 illustrates how increasing rod velocity continuously converts contact force into 
fluid force. 
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For sliding velocities lower than approximately 1.86 𝑚𝑚/𝑠𝑠, a residual solid body con-
tact is retained, with the minimum distance between the rod and seal at 𝛥𝛥𝑠𝑠 = 2 𝜇𝜇𝑚𝑚. 
However, at a sliding velocity of 1.86 𝑚𝑚/𝑠𝑠, solid body contact is lost, and only fluid 
forces remain. At this velocity, the minimum distance between the seal and rod in-
creases to 2.6 µ𝑚𝑚. 

   
𝑣𝑣 =  0 𝑚𝑚/𝑠𝑠 𝑣𝑣 =  1 𝑚𝑚/𝑠𝑠 𝑣𝑣 =  2 𝑚𝑚/𝑠𝑠 

Figure 5: Contact pressure on the seal with smooth reference geometry. Red: Load from 
solid body contact between seal and rod. Black: Hydrodynamic load from the fluid. 

 
Figure 6: Velocity dependency of the load for the smooth reference geometry. 
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4.2 Fused Filament Fabrication (FFF) geometry 

The same simulation was conducted again, this time utilizing the FFF surface geom-
etry. Upon pressing in, three of the seal lip surface strings make contact with the rod 
surface. Consequently, FFF manufacturing results in a surface contact that is frag-
mented into several contact regions. These individual contact regions exhibit a lo-
cally nearly Hertz-like pressure distribution, as depicted in Figure 7. As the sliding 
velocity increases, the fluid pressure peak develops in front of the first contact be-
tween the string and rod (the lowermost in Figure 7), which the fluid must pass 
through. The pressure continues to grow until the contact opens. Subsequently, the 
pressure peak "jumps" to the next closed contact. Once again, the peak grows until 
the contact opens. This process of continuous opening observed in the smooth ref-
erence seal (Figure 5) is thus replaced by a stepwise opening phenomenon. 

 

   
𝑣𝑣 =  0 𝑚𝑚/𝑠𝑠 𝑣𝑣 =  1 𝑚𝑚/𝑠𝑠 𝑣𝑣 =  2 𝑚𝑚/𝑠𝑠 

Figure 7: Contact pressure on the seal with FFF geometry. Red: Load from solid body con-
tact between seal and rod. Black: Hydrodynamic load from the fluid. 

A small region of solid body contact persists up to the maximum sliding velocity of 
2 𝑚𝑚/𝑠𝑠, as illustrated in Figure 8. It becomes apparent that the transition of load from 
solid body contact to the fluid is no longer continuous but rather step-like. This cor-
responds to the locally discrete loss of contact for individual strings. This phenome-
non occurs because the local converging rate at the seal gap differs between the 
smooth reference surface and the FFF surface generated by multiple strings. 
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Figure 8: Velocity dependency of the load for the FFF geometry. 

4.3 Consequences for fluid flow 

In the fluid transport through the seal gap, drag flow predominantly occurs, which is 
carried with the moving rod through the seal gap against a pressure difference of 
1.5 𝑏𝑏𝑏𝑏𝑏𝑏. To examine fluid transfer through the seal gap, the velocity field is integrated 
over the cross-section of the annular gap. Figure 9 illustrates the velocity-dependent 
mass flow. For velocities significantly lower than 1.86 𝑚𝑚/𝑠𝑠, the expected linear rela-
tionship between velocity and volumetric flow rate is observed. The linear behavior 
is nearly identical for both surface structures since the model assumes that the min-
imum distance between the rod and seal is identical: 2.0 µ𝑚𝑚. Smaller differences 
between both curves arise from the discrete loss of contact for individual strings and 
are not anticipated to be relevant in practical applications. 

At higher sliding velocities, differences in the volumetric flow rate emerge: the 
smooth reference surface permits a higher volumetric flow rate compared to the FFF 
structure. The reason for this is that the smooth reference surface, with its continu-
ously converging gap, loses solid body contact at significantly lower sliding velocities 
compared to the FFF structure. The dimples between individual strings reduce the 
gap's capability for continuous pressure buildup, as depicted in Figure 10. Conse-
quently, solid body contact persists at sliding velocities higher than 1.86 𝑚𝑚/𝑠𝑠. Since 
at 2 𝑚𝑚/𝑠𝑠 the smallest seal gap is smaller for the FFF case (2.0 µ𝑚𝑚) compared to the 
smooth reference case (2.6 µ𝑚𝑚), the capability for fluid transport is higher in the 
smooth reference case. 
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Figure 9: Maximum volumetric flow rate depending on rod velocity. 

  

A) B) 
Figure 10: Comparison of fluid pressure distribution and seal gap height at 2 𝑚𝑚/𝑠𝑠. A) For 

smooth reference seal structure and. B) for FFF seal structure. 

5 Summary and Conclusion 

This numerical study employs FSI simulation to compare the fluid transport capability 
of dynamic rod seals during instroke back into the cylinder, against a background 
cylinder pressure of 1.5 𝑏𝑏𝑏𝑏𝑏𝑏. The primary transport mechanism is drag flow induced 
by translational motion. Two geometries are compared, differing in their local micro-
structure on the seal lip: a conventional smooth reference and one inspired by the 
string structure of an FFF additive manufacturing process. 
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Key findings include: 

• The FFF structure results in periodically fragmented contact with local 
pressure distributions similar to Hertz-type. 

• Both structures exhibit very similar transport capabilities as long as they 
maintain solid body contact between the outermost seal tip and the rod. 

• The continuously converging gap of the smooth reference surface enables 
the loss of solid body contact at lower velocities compared to the FFF 
structure. In the latter, the dimples between individual strings reduce the 
ability to establish a pressure peak, thereby preserving solid body contact 
to higher sliding velocities. 

• Consequently, for higher rod velocities, the transport capability of the 
smooth reference seal is significantly higher compared to the FFF struc-
ture. 

The model utilized in this study fully couples a fluid domain represented by the Na-
vier-Stokes equation with a solid body domain. No free fluid surface for the ambient 
space was included. In practical applications, the volumetric flow during instroke is 
limited by the film thickness on the rod. Therefore, the computed volume flow in this 
study does not precisely represent the actual volumetric flow but rather provides the 
maximum possible transport rate that a dynamic rod seal allows. 

These results suggest that seals with an FFF structure can be expected to exhibit 
similar transport capability compared to their smooth reference counterparts as long 
as they are not operated under conditions of full hydrodynamic lubrication, i.e., on 
the right side of the Stribeck curve. 
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Pneumatic Seals: A Review of Experimental Measurement and 
Theoretical Modeling of Sealing Friction 

Niklas Bauer, Katharina Schmitz 

Research on friction behavior in pneumatic sealing contacts has been ongoing since the late 
twentieth century, predominantly through experimental characterization of friction forces for 
different relative velocities and operating pressures. Simulative modeling of these contacts 
has utilized both lumped and distributed parameter models. This paper presents an overview 
of the most important findings in research and discusses consensus and discrepancies among 
various studies in the field of reciprocating pneumatic sealing friction. It was found that there 
are a lot of contradictions in the experimental results especially about the influence of the 
relative velocity on the friction force, which can possibly be attributed to different grease film 
heights. 

1 Introduction 

The correct functioning of seals in pneumatic components is essential for safe oper-
ation. Pneumatic seals prevent the leakage of compressed air or the ingress of un-
wanted particles into the pneumatic system. Leakage in particular can lead to a sharp 
drop in the efficiency of pneumatic systems or undesired behavior. Due to the low 
viscosity of air, even the smallest gaps lead to high leakages. O-rings and other 
elastomer components or even adhesives are used for static sealing. Dynamic seals 
are usually reciprocating and are used as piston or rod seals in cylinders or pneu-
matic valves [1]. 

While reciprocating seals are also used in hydraulic systems, the requirements for 
reciprocating seals in pneumatics differ significantly. In addition to the lower operat-
ing pressures, there is a significant difference in the type of lubrication as consider-
ably lower quantities of lubricant are used in pneumatics compared to hydraulics. In 
pneumatic systems, there is often an initial lubrication that is not renewed during the 
service life of the component. This results not only in the requirement for better dry-
running behavior of pneumatic seals, but also in particular the requirement for a 
lower wiping effect of the seal. As a result, the geometries of pneumatic seals are 
less sharp-edged than hydraulic seals in the contact area and have a flatter de-
sign [2]. 

A typical reciprocating pneumatic sealing system consists of the actual seal, an in-
stallation groove, the counter surface and the lubricating grease in the sealing con-
tact. During operation, there is a relative movement between the counter surface and 
the installation groove. Typically, the seal is made of soft material like an elastomer. 
The strong focus on soft seals in industrial applications is also reflected in the avail-
able literature. In recent years, far more publications have appeared that deal with 
the behavior of conventional soft-sealed pneumatic contacts than with alternative 
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concepts like using air bearings [3–5], air-lubricated seals [6] or ultrasonic friction 
reduction [7]. Therefore, these special concepts are not discussed in this publication.  

Studies on the friction behavior of pneumatic sealing contacts have been conducted 
since the end of the twentieth century. A large part of this work is concerned with the 
purely experimental characterization and measurement of friction forces. Usually, 
the main focus of the research lies on influence of the relative velocity and the oper-
ating pressure and less frequently also on the manufacturing tolerances or the ma-
terials. There are also some studies that deal with the simulative modeling of pneu-
matic sealing contacts. Both distributed and concentrated parametric simulation 
models have been used for that.  

The aim of this paper is to give an overview of the state of research of experiments 
and theory of the friction in reciprocating pneumatic sealing contacts. For that, the 
most important results of selected literature sources from the past 30 years are 
briefly summarized compared. Both consistent conclusions and contradictions be-
tween the results of different authors are discussed. 

2 Experimental characterization of pneumatic sealing contacts 

The aim of most experimental investigations is to measure the friction force in sealing 
contacts. The sealing systems under consideration are usually cylinders or spool 
valves. Although the two components fulfil different purposes and consist of different 
materials, the sealing systems are nevertheless comparable in terms of operating 
pressures and ambient media. 

A common comparison criterion for tribological systems is the coefficient of fric-
tion (COF) 𝜇𝜇, i.e. the ratio of friction force to normal force. However, the COF is not 
provided in most publications on pneumatic seals, as the normal force in the sealing 
contact is usually unknown. The normal force in most tests is caused by compression 
of the sealing material due to an interference fit and/or the applied operating pres-
sures. Since therefore the COF cannot be calculated in most publications, it cannot 
be used as a criterion for comparing the literature sources. As the pneumatic sys-
tems differ in type and also in size and number of seals, a comparison of the meas-
ured values for the friction forces also appears to be difficult to compare. Instead, 
the focus in this section is placed on the qualitative influence of individual parameters 
such as applied pressure difference, lubricating grease and velocity. The qualitative 
parameter influences measured in the literature are compared below. 

2.1 Influence of pressure 

Many sources do not clearly state which pressures are acting on the sides of the 
seal. Instead, usually only the operating pressure of the pneumatic system is given, 
so that an exact quantitative comparison is often not possible. 

When measuring the friction force of the piston seal of a pneumatic cylinder, Qian et 
al [8] observed that for lip seals mounted in pairs on the piston, only the total pres-
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sure in both chambers, but not the differential pressure between the chambers, in-
fluences the friction force of the seal pair. However, if O-rings are used as piston 
seals instead of lip seals, the friction depends on both the total pressure and the 
differential pressure. 

Azzi et al [9] measured the friction of piston and rod seals of pneumatic cylinders at 
different velocities and pressures for an O-ring, a U-ring and an X-ring piston seal. 
For all three seals, the friction force increases with increasing operating pressure. 
However, the friction force of the U-ring seal increases more steeply than that of the 
other two seals investigated. Whether this behavior can be attributed to the investi-
gated geometries cannot be concluded from the investigations, as all three investi-
gated geometries were manufactured from different materials. 

The investigations by Papatheodorou [10] also show an increase in friction force with 
increasing operating pressure. The experiments by Tadic et al [11] investigated how 
the friction force changes when the chamber on the piston rod side is pressurized 
with ambient pressure while there is a pressure below ambient in the chamber on 
the piston side. Likewise, Belforte et al [12] found that an increased pressure differ-
ence at the seal also leads to an increased friction force. 

Most of the sources mentioned thus show that the seal friction increases with in-
creasing differential pressure across the seal.  

2.2 Grease 

Papatheodorou [10] determined the friction force of selected rod and piston seals for 
15 different greases in new condition and after an unspecified “short endurance test”. 
The friction force for certain operating points and sealing materials differed between 
the grease with the highest and the lowest friction force by more than a factor two. 

Further studies on the influence of the lubricating grease were carried out by 
Heipl [13], who selected three different greases with different thickeners and base 
oils. The friction when using the greases was compared for an O-ring seal and a lip 
seal as well as two accelerations. When using the softer grease, the friction force for 
an acceleration of 40 µm/s2 was up to 200 % higher than when using the other 
greases. For a higher acceleration of 100 mm/s2 and higher velocities, the friction 
force of the harder greases remained largely constant. The friction force of the softer 
grease, on the other hand, dropped significantly at high accelerations and velocities 
and approached the friction force of the other greases. At higher acceleration, how-
ever, the friction force for the lip ring differed significantly for all three greases tested. 
In particular, the two harder greases showed an increase in friction force with in-
creasing velocity by a factor of more than 1.5. The friction force when using the softer 
grease was up to a factor 3 below the friction force of the other two greases from a 
velocity of around 30 mm/s and higher. 

The results discussed by Heipl [13] thus show that the friction that occurs when using 
a lubricating grease depends massively on acceleration, velocity and seal geometry. 
The influence of different greases on the friction force can therefore only be com-
pared with precise knowledge of all relevant boundary conditions. In addition, the 



240     22nd ISC 
______________________________________________________________________________________________________________ 

comparison of greases is also hindered by the fact that it was not investigated 
whether and under which operating conditions how much lubricant was removed. 
Therefore, it cannot be concluded with absolute certainty whether the observed phe-
nomena are solely related to the behavior of the lubricant in sealing contact. It is also 
possible that the lubricant film height was set to different levels in different test ar-
rangements. A comprehensive comparison of the operating conditions would also 
have to include the lubricant film height. 

2.3 Grease film height 

Overall, there are only a few publications that systematically take into account the 
influence of film height on friction force in pneumatic sealing contacts. This is prob-
ably due to the fact that the film height can only be measured or specifically adjusted 
with great effort. One of the few publications that deals with the measurement of film 
height is by Pichon et al [14]. They determined the lubricating film height for an O-
ring of a pneumatic valve in its initial state and after friction force measurements had 
been carried out. To determine the film height, they weighed the running surface with 
a precision balance. For one test, the lubricating film height was measured after each 
stroke. Already within the first five strokes, there was a significant decrease in the 
lubricant film height from about 1.2 µm to approx.0.2 µm. 

In addition, Pichon et al [14] found in their experiments that increasing the initial lub-
ricant film height at the start of the measurements lead to a higher resulting film 
height after the measurements. When increasing the initial film height beyond values 
of 0.6 µm and higher, only negligible changes in the resulting film height occured 
after the friction force measurements. With sufficiently high initial lubrication, the re-
sulting lubricating film was up to 0.4 µm for tests without pressure load on the seal. 
In tests with a pressure load of 0.8 MPa on the seal, film heights of up to 0.2 µm were 
measured. 

When comparing the friction force for the unlubricated and lubricated condition, 
Pichon et al [14] found that the friction force in the unlubricated condition is up to a 
factor of 10 higher than in the lubricated condition. These results are consistent with 
the investigations by Heipl [13], in which the friction force can also be reduced by a 
factor of 5 to 20 by lubrication. 

Overall, a strong influence of the lubricant film height on the friction force can there-
fore be observed. With decreasing lubricant film height above a certain limit value, 
the measured friction force drops only slightly. There is no source that specifies both 
the roughness of the contact partners and the measured film heights. 

2.4 Velocity 

In contrast to the influence of pressure already discussed, where the experimental 
observations agree that an increase in the applied pressure causes an increase in 
the friction force, there are qualitatively very different measurement results for the 
influence of velocity. 
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For example, Raparelli et al [15] observed that friction increases with velocity. In a 
simple tribometer test, the coefficient of friction was first examined for three different 
lubrication conditions (dry, boundary lubrication and fluid lubrication) for velocities in 
a range of 20 to 250 mm/s. A degressive increase in the coefficient of friction with 
velocity was found for all three lubrication states. Nevertheless, these tests clearly 
show that there is an increase in friction force with increasing velocity for the NBR 
samples tested. This was also determined by Papatheodorou [10] for 14 of the 15 
lubricating greases investigated. There, the friction force also increased with the ve-
locity in the investigated velocity range between 5 and 100 mm/s. For one of the 
greases tested, however, the friction force decreased with increasing velocity. These 
two observations were made both in the new state and after the aforementioned 
unspecified “short endurance test”. The grease for which the friction force decreased 
with increasing velocity had the lowest base oil viscosity. 

This contrasts with the results of Pichon et al [14]. They only considered the two 
velocities 10 mm/s and 100 mm/s, but found no significant influence of velocity on 
the friction force. 

Another deviating observation comes from Tadic et al [11], who found that the friction 
force initially increases with an increase in velocity from 0 to 9.3 mm/s. For higher 
velocities up to the investigated maximum velocity of 236 mm/s, however, the friction 
force decreases continuously. 

In addition, the work of Belforte et al [12] should be mentioned, in whose investiga-
tions classical Stribeck behavior was observed. An initial decrease in friction for ve-
locities up to 100 mm/s is followed by an increase in friction, which persists up to the 
maximum velocity of 600 mm/s investigated. This corresponds qualitatively with the 
results of Nepp and Kröger [16], who also determined Stribeck behavior for two rod 
seals made of FKM or NBR with a transition from mixed to fluid friction (lift-off veloc-
ity) at about 10 mm/s. The investigations by Heipl [13] also show Stribeck behavior 
with a degressive increase in friction after the lift-off speed. The lift-off was typically 
at velocities of around 5 mm/s in the unpressurized state. For one of the seal geom-
etries examined, the lift-off velocity in the unpressurized state was up to 30 mm/s. 
At an operating pressure of 6 bar, the lift-off shifted to higher velocities. Up to the 
maximum investigated velocity of 100 mm/s, no clear lift-off could be identified for 
one of the seals investigated. The lift-off velocity therefore depends heavily on the 
seal geometry used and the operating pressure present. The gradient of the friction 
after lift-off also depends heavily on the operating pressure and seal geometry. The 
experimental results from Wangenheim [17] also show Stribeck behavior for the fric-
tion force.  

Consequently, it can be stated that no clear tendency regarding the influence of ve-
locity on friction can be identified from the experimental observations. Assuming that 
all experiments were carried out and recorded correctly, it can therefore be assumed 
that complex interactions between the parameters of material, geometry or lubricant 
are responsible for the velocity dependence of the friction force, which cannot be 
clearly classified according to the current state of the art.  
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Further work by Belforte et al [18] provides an indication of a relevant influencing 
factor on the velocity dependency. In the studies mentioned, it was observed that 
the friction force depends strongly on whether lubricated or dry conditions are pre-
sent. On the one hand, this affects the amount of friction force, which is reduced by 
up to a quarter, and on the other hand the velocity dependency. The friction forces 
of the investigated seals in dry running increased by more than 100 % with an in-
crease in velocity from 0 to 100 mm/s, whereas the increase in friction force at the 
same velocity range for seals with lubrication is less than 20 %. 

The results presented in [18] therefore suggest that the influence of the velocity is 
not only quantitatively but also qualitatively significantly influenced by the lubrication 
condition. A comparison of the various literature data is therefore not very meaningful 
without precise knowledge of the lubrication condition. However, very few sources 
provide precise information on the lubricant used. In addition, most sources did not 
record the thickness of the lubricant film applied. Furthermore, no information was 
given as to how it was ensured that an even and comparable lubricant film was ap-
plied for all tests. The comparability of different test series and thus of different 
sources, especially from different authors, is therefore severely limited. However, the 
sparse documentation of the lubrication conditions provides a further explanation for 
the different velocity dependence of the friction force. If different lubrication condi-
tions were present in different publications, this provides an explanation for the de-
viations in the observed behavior. 

2.5 Other investigations 

For the sake of completeness, studies investigating other effects than the those dis-
cussed in the sections above shall also be mentioned here. For reasons of space, 
however, they will not be discussed in detail here. These other studies include the 
investigation of geometric tolerances [19], the development of new sealing geome-
tries  [12, 18, 20, 21] and the measurement of the contact pressure distribution in the 
sealing contact by a film sensor [22–24] or a force sensor [25]. Investigations of 
causes of failure were conducted by Chen et al [26]. 

2.6 Conclusion on the experimental characterization 

From the comparison of the studies presented, it is clear that there is not yet a com-
prehensive understanding of the mechanisms of pneumatic seal friction. There is a 
broad consensus that the friction force increases when the pressure in the sealing 
contact is increased, no matter whether the pressure increase is caused by higher 
pressures or tighter fits. In contrast, no clear statement can be derived from the ex-
periments conducted regarding the influence of velocity. However, the investigations 
carried out by Belforte et al [18] suggest that the influence of velocity depends mas-
sively on the lubricant film height. 

The influence of the surface structure of the seal and counter surface has not yet 
been systematically investigated. Furthermore, although the friction forces were 
measured with different lubricants, the lubricants were not comprehensively charac-
terized in terms of their material properties. Consequently, it is not possible to deduce 
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from the results which lubricant properties influence the friction behavior of pneu-
matic sealing contacts. 

The research results presented show that most investigations carried out in the past 
have so far only dealt with the measurement of the friction force in steady states. A 
characterization of transient phenomena was presented in Bauer et al [27] and for 
the measurement of breakaway friction, as for example by Pham and Twiefel [7]. 

3 Theoretical modelling of pneumatic sealing contacts 

After the experimental studies on pneumatic sealing friction were discussed in the 
previous section, a brief overview of all the methods used to date for modeling pneu-
matic sealing contacts is provided here. The section is divided into the groups of 
lumped and distributed parameter simulation models. 

3.1 Lumped parameter models 

All simulation and calculation models that describe the friction in pneumatic compo-
nents exclusively with the aid of algebraic equations and ordinary differential equa-
tions are to be subsumed under lumped parameter modeling. These models offer 
the advantage of a comparatively short calculation time, but often use empirical pa-
rameters that cannot be determined directly from geometric and material properties. 
The calculation of friction is often only one part of a larger simulation model that 
describes an entire component or system, for example. It is possible to model the 
friction of each individual sealing contact separately, as well as to describe the com-
bined friction force of several friction contacts of a component simultaneously. 

One of the most frequently used models in literature is the LuGre model by Canudas 
de Wit et al [28] and Olsson [29], which models friction using elastic bristles in order 
to determine the friction force not only in the steady state but also before the start of 
steady-state sliding (“presliding displacement”). Accordingly, the friction force is de-
fined as a function of the deformation of the bristles and the relative velocity. The 
parameters of the model cannot be determined directly from geometry, material or 
lubricant properties, but are usually fitted with the help of measured friction forces. 
The parameterization of the LuGre model for a pneumatic cylinder was investigated 
by Carneiro and de Almeida [30], among others, who compared two methods for 
determining the static parameters for the friction force of a pneumatic cylinder.  

However, due to the abstracted modelling of the contact by bristles, the LuGre model 
is not or only to a very limited extent possible to optimize or redesign sealing sys-
tems. As the model is more descriptive than explanatory, it is suitable for describing 
the behavior of existing friction contacts as part of a larger system model. For exam-
ple, a modified version of the LuGre model by Valdiero et al [31] was used to model 
a pneumatic servo cylinder.  
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Another example of the use of a lumped parameter model for a pneumatic servo 
cylinder comes from Soleymani et al [32]. They used a modified version of the gen-
eralized Maxwell slip model to model the friction of a pneumatic servo cylinder. They 
used this modeling for the position control of the servo cylinder. 

Mazza and Belforte [33] took a different approach to the friction models described 
so far. They developed a friction model for pneumatic lip seals that is not based on 
the abstracted description of the contact, but instead describes an abstracted form 
of the macroscopic geometry. For this purpose, the sealing lip is modeled as a rigid 
body supported by a torsion spring, which is pressed onto the seal mating surface 
by the applied pneumatic pressure. In this case, the friction in the contact is modeled 
by a constant coefficient of friction. Unlike the friction models presented so far, this 
model makes it possible in principle to estimate the friction force of modified or newly 
developed lip seals or to investigate the influence of the operating pressure. 

In contrast to the aforementioned lumped parameter approaches, the approach used 
by Wangenheim [17] to model pneumatic sealing friction is based on the surface 
topography. The approach is based on the hysteresis friction model proposed by 
Lindner [34], where the coefficient of friction is calculated using a spring damper el-
ement which slides over a line scan of the rigid counter surface. With his calculations, 
Wangenheim was able to show that less than 1 % of the dissipated energy dissipated 
due to friction in a pneumatic rod seal goes into the seal itself, which means that the 
temperature change of the seal can be neglected for friction modeling of typical 
pneumatic sealing systems. The temperature calculations were validated using a 
thermal camera. Furthermore, since his model considers the surface topography, he 
was able to predict and optimize the friction behavior of a pneumatic sealing contact 
by changing the surface topography. 

3.2 Distributed parameter models 

In contrast to the lumped-parameter models considered in the previous section, dis-
tributed parameter models are based on partial differential equations. As a result, 
these models can also take into account input parameters such as the geometries 
of the seal and counter surface. A disadvantage of these models is that their solution 
is significantly more time-consuming and computationally expensive than the solu-
tion of lumped parameter systems. 

For pneumatic sealing contacts, by far the most common approach to distributed 
parameter modeling is structural simulation using commercial finite element pro-
grams (FEM programs) such as Abaqus/Standard or Ansys Mechanical. 

To calculate friction, contact pressure and/or wear, a model of the seal geometry has 
to be created first. Hyperelastic material models such as the Mooney-Rivlin model 
are often used as material models, for example in the work of Debler [35], Belforte 
et al [12, 18] or Zhang et al [36]. Following the meshing and parameterization of the 
material model, various loads and boundary conditions are imposed on the model, 
such as pressures or the installation situation. 
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A decisive point in the modeling of friction is the choice of contact model. In addition 
to the Coulomb friction model, many commercial FEM programs also offer the option 
of implementing their own friction models. Nevertheless, the Coulomb friction model 
has been used most frequently in the past in distributed parametric modelling due to 
its simple parameterization. For friction contacts in pneumatic sealing systems, val-
ues of 0.3 up to 0.6 for dry contacts and values of 0.05 up to 0.2 for lubricated contacts 
were usually selected [12, 18, 21–24]. 

In addition to selecting a constant coefficient of friction, it is also possible to specify 
a function for the coefficient of friction that defines it e.g. as a function of the velocity. 
For example, Raparelli et al  [37] used a velocity dependent coefficient of friction 
determined experimentally on a tribometer. They determined the coefficient of fric-
tion for three lubrication conditions, which they described as dry, boundary lubrica-
tion and fluid friction. The values of the coefficient increased degressively with ve-
locity in the considered velocity range of 20 to 250 mm/s, in the dry state from 0.55 
to 0.75 and in boundary lubrication from 0.2 up to 0.35. For fluid lubrication, the co-
efficient of friction was below 0.05 for all speeds. Raparelli et al carried out simula-
tions with all three lubrication conditions. He showed that the test results best 
matched the simulation results with boundary lubrication. 

Regardless of the material or friction model, distributed parameter simulations can 
be used for various applications. Since the modelling is dependent on material and 
geometry parameters, existing geometries can be analyzed and optimized. For ex-
ample, Calvert et al [20] used an FEM model with a constant coefficient of friction to 
calculate the force required to move an X-ring seal in a spool valve. The analysis of 
the calculated deformation of the seal predicted a loss of the sealing effect in certain 
operating conditions. This assumption was confirmed experimentally. Based on the 
simulation results, the seal cross-section was optimized so that no more leaks oc-
curred in the simulation. Subsequent experiments with the optimized geometry con-
firmed that the problem had been solved. 

Further optimizations of the geometry of the seal and seal seat were carried out by 
Conte et al [12, 18, 21–23]. In these studies, the simulation model was not validated 
using the calculated friction forces but using the contact pressure distribution. There 
was good agreement between the calculated and measured contact pressure distri-
bution. The aim of the optimizations was to ensure the highest possible maximum 
contact pressure with a simultaneously low normal force in order to achieve the high-
est possible sealing effect with a low friction force. 

In addition to geometry optimization, distributed parameter simulations can also be 
used to investigate the influence of assembly and manufacturing tolerances. These 
investigations were carried out by Belforte et al  [18] for the diameter of the counter 
surface of a valve seal. Lin et al [19] investigated at the influence of straightness and 
roundness of the running surface on the friction force of the piston seal of a pneu-
matic cylinder. 

Debler [35] dealt with the calculation of wear for a pneumatic lip seal, the wear of 
which he calculated mathematically using an FEM model. The local amount of wear 
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was assumed to be proportional to the local pressure. The local pressure was cal-
culated as the weighted sum of the pressures for different load cases. A comparison 
of measurement and simulation shows that the measured wear profile could be pre-
dicted very well using the FEM-based wear model. 

3.3 Conclusion on computational modelling 

In summary, all of the presented lumped parameter models use strong abstractions. 
The models can be used well for descriptive modeling or control of systems, as 
shown for example by Valdiero et al [31] or Soleymani et al [32]. However, it is not 
possible to increase the understanding of the mechanisms of pneumatic sealing con-
tacts with these models, as measured data of the friction force or empirical 
knowledge must be used for parameterization. 

In order to gain a better understanding of the processes in the modelled sealing 
contact and to make optimizations, distributed parameter models are more suitable 
than lumped parameter models. The potential for the analysis and optimization of 
sealing contacts was shown, for example, in the investigations by Calvert et al [20]. 
Using an FEM calculation, they succeeded in correctly predicting the leakage of a 
specific sealing ring geometry and developing an optimized concept, the perfor-
mance of which they subsequently confirmed experimentally. 

Most optimizations based on distributed parameter models are mainly based on a 
consideration of stresses in the material or the contact pressure. Friction in the con-
tact, which is determined, for example, by the material pairing, the surface structure 
and the properties and film height of the lubricant, has not yet been taken into ac-
count by the optimization. What all the sources mentioned have in common is that 
no detailed modeling of the coefficient of friction has been carried out. Instead, the 
friction was modeled using Coulomb friction with a constant coefficient of friction or 
with an experimentally measured characteristic diagram. Thus, no understanding of 
the processes in the actual contact zone can be gained. Consequently, the theoret-
ical potential of distribution parametric simulations to evaluate and optimize different 
designs before carrying out experiments cannot be fully exploited. 

4 Conclusion and outlook 

The research into the state of the art shows that a large number of experimental 
studies have been carried out in recent decades. However, the results of the exper-
imental investigations reveal some significantly different outcomes, even for basic 
qualitative relations such as the velocity dependence of friction. These differences 
can presumably be explained by the fact that many publications only provide incom-
plete information on the boundary conditions of the tests presented, such as material 
behavior, the nature of the surfaces and, in particular, the type and quantity of lubri-
cant used. Consequently, the results are difficult to compare with each other and it 
is difficult to derive general findings or gain an understanding of the mechanisms in 
pneumatic sealing contacts. Accordingly, there is little literature on the theoretical 
modeling of friction in pneumatic sealing contacts. Most of the literature sources 
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listed in these publications are more focused on empirically based description than 
on increasing the understanding of the mechanisms in pneumatic sealing contacts. 

According to the presented literature review, the next steps for research on pneu-
matic sealing friction should focus on the grease. Both the relevant properties of the 
grease as well as the resulting grease film heights during operation need to be better 
understood before further research into other influencing factors is conducted. With 
precise experimental investigation and theoretical modelling, new system models 
and design paradigms for pneumatic sealing contacts to reduce friction and increase 
lifetime can be derived.  
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Direct numerical simulation of mixed lubrication in elastohydro-
dynamic systems 

Tim Hantusch, Böðvar Ólafsson, Casper Schousboe Andreasen 

The present work proposes a direct numerical model for reciprocating sealing systems which 
are subject to mixed lubrication. A model is developed to predict tribological characteristics 
such as friction and leakage in mixed lubrication. The direct implementation allows a seamless 
coupling between macro-, micro-, and fluid mechanics and ensures full accountability for the 
highly non-linear material properties. The experimental validation of the model was performed 
on a newly developed test rig for reciprocating seals where the friction force was measured 
and compared to the friction force obtained by numerical analysis. The model can be used for 
the simulation of rod as well as piston seals.  

1 Introduction 

In the field of hydraulics, reciprocating rod and piston seals are crucial for the perfor-
mance of cylinders and actuators. With respect to energy efficiency, leakage as well 
as product lifetime, numerical design tools play an important role in the design pro-
cess of these seals. Early studies of the elastohydrodynamic lubrication (EHL) theory 
date back to the 1970’s [1], [2] with later application for line contacts [3], [4] and 
reciprocating seals [5]. Contact mechanics models as the ones proposed by [6] and 
[7] along with technological progress in computing made it possible to couple solid, 
micro, and fluid mechanics and hence to build numerical models for mixed lubrication 
regimes. The obtained coupled equations can be solved both inverse and direct. The 
inverse method requires that the hydrodynamic pressure distribution is known to cal-
culate the film thickness. Common models for mixed lubrication that use the inverse 
method use commercial FEA software to compute the static contact pressure and 
export an influence coefficient matrix to find the transient equilibrium in a custom 
offline program [8], [9], [10]. Direct methods on the other hand solve the Reynolds 
equation by discretizing the domain, forming a system of algebraic equations, and 
directly solving these to obtain the pressure distribution. Hence, direct methods re-
quire less initial knowledge about the fluid pressure distribution and include defor-
mation of the sealing lip due to deviations between static and hydrodynamic pres-
sure. The direct method has been used to solve mixed elastohydrodynamic lubrica-
tion for axisymmetric O-rings by [11] and [12] . Based on this work and inspired by 
[13], a 2-component sealing system was studied in the presented work. The model 
was exclusively implemented within the COMSOL® Multiphysics platform and hence 
allows a full coupling between macro-, micro- as well as fluid mechanics. 

The validation of the numerical model is done using a test rig for friction caused by 
reciprocating seals. The surface of the sealing lip is characterized by 3D surface 
texture measurement. Finally, the coefficient of friction for the rod-seal contact pair 
is determined using an application-oriented test apparatus. The purpose of this work 
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is to apply and validate the direct method for a multi-part elastohydrodynamic sys-
tem. Focus is put on a profound experimental study which, along with the numerical 
results, provides insights into the accuracy of directly solved mixed lubrication mod-
els. 

2 Numerical model 

A sealing system consisting of an O-ring and a PTFE (Polytetrafluorethylene) lip seal 
is investigated. This specific sealing system was numerically studied by [14] and [15] 
using the inverse method. The system is shown in Figure 1. The rod is considered 
smooth whereas the surface roughness of the seal needs to be taken in to account. 
The simulation is carried out using 2D-axisymmetry conditions. 

 

 
Figure 1: Sealing system 

To predict the mechanical response of the O-ring, the hyperelastic Mooney-Rivlin 
model [16] is utilized. This model describes the strain-energy density as a linear 
combination of two invariants and two coefficients as seen in (1). The last term in 
this model describes the volumetric response of the material and can be neglected 
when assuming incompressibility of the material. 

𝑊𝑊 = 𝐶𝐶10(𝐼𝐼1 − 3) + 𝐶𝐶01(𝐼𝐼2 − 3) + 𝐷𝐷1(𝐽𝐽 − 1)2 
 

(1) 

The material used is bronze-filled PTFE which is modelled using a non-linear elastic 
material model calibrated with compression test data according to ISO 604 [17]. 

To solve the fluid mechanics in the gap between rod and seal, the Reynolds equation 
is used. Side leakage is neglected as axisymmetric conditions apply. Moreover, the 
fluid is assumed to be Newtonian and incompressible. Under these assumptions the 
Reynolds equation for the investigated problem takes the form: 
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(2) 

With respect to the finite-element implementation, the Reynolds equation is stated 
in its weak form: 

� �∇𝛿𝛿𝑝𝑝𝑓𝑓 ⋅ �
ℎ3

12𝜂𝜂
∇𝑝𝑝𝑓𝑓� + 𝛿𝛿𝑝𝑝𝑓𝑓∇(𝑢𝑢ℎ)�

𝛺𝛺
𝑑𝑑𝑑𝑑 = 0 

(3) 

The above equation requires the implementation of boundary conditions. In this 
case, Dirichlet boundary conditions are chosen and yield: 

𝑝𝑝𝑓𝑓(𝑥𝑥 = 𝑥𝑥0) = 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ; 𝑝𝑝𝑓𝑓(𝑥𝑥 = 𝑥𝑥𝑠𝑠𝑚𝑚𝑚𝑚) = 𝑝𝑝𝑚𝑚𝑠𝑠𝑠𝑠 (4) 

As the total load consists of a hydrodynamic and an asperity component, the friction 
force is the sum of the hydrodynamic shear force and the shear force caused by 
interacting asperities over the contact area and hence can be written as: 

𝐹𝐹𝑓𝑓,𝑠𝑠𝑡𝑡𝑠𝑠 = � �𝜏𝜏𝑚𝑚𝑠𝑠𝑎𝑎 + 𝜏𝜏𝑓𝑓�
𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐

𝑑𝑑𝑑𝑑 
(5) 

In terms of finite-element implementation, the total friction force takes the following 
form: 

𝐹𝐹𝑓𝑓,𝑠𝑠𝑡𝑡𝑠𝑠 = �� �𝜇𝜇𝑝𝑝𝑚𝑚𝑠𝑠𝑎𝑎 +
2𝜂𝜂𝑢𝑢
ℎ
�

𝛺𝛺𝑖𝑖

𝑁𝑁

𝑖𝑖=1

𝑑𝑑𝑑𝑑 
(6) 

To determine the coefficient of friction caused by the asperities a statistical model is 
used. The coefficient of friction for a single asperity is defined as the ratio between 
shear stress and pressure and is given in (7). 

𝜇𝜇𝑖𝑖 =
𝜏𝜏𝑚𝑚𝑠𝑠𝑎𝑎,𝑖𝑖

𝑝𝑝𝑚𝑚𝑠𝑠𝑎𝑎,𝑖𝑖
 

(7) 

[6] proposed a widely used model to determine the asperity contact pressure, 𝑝𝑝𝑚𝑚𝑠𝑠𝑎𝑎, 
in which they considered a nominally flat surface which is covered with asperities of 
identical radius 𝛽𝛽. The asperity height on the other hand varies randomly. Using a 
reference plane in the rough surface, [6] describe the probability that a particular 
asperity has a height between 𝑧𝑧 and 𝑧𝑧 + 𝑑𝑑𝑧𝑧 as 𝜙𝜙(𝑧𝑧)𝑑𝑑𝑧𝑧. Hence, the probability that 
an asperity has a height greater than the separation ℎ can be written as shown in 
(8). 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(z > ℎ) = � 𝜙𝜙
∞

ℎ
(𝑧𝑧)𝑑𝑑𝑧𝑧 

(8) 

Thus, the total area of contact is defined as stated in (9). 
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Finally, the total load is given in (10). 

𝑃𝑃 =
4
3
𝜋𝜋𝑁𝑁′𝛽𝛽1/2 � (z − ℎ)3/2

∞

ℎ
𝜙𝜙(𝑧𝑧)𝑑𝑑𝑧𝑧 

(10) 

Assuming that the distribution of asperity heights is Gaussian, (11) can be used for 
the probability function. 

𝜙𝜙 ∗ (𝑠𝑠) =
1

√2𝜋𝜋
𝑒𝑒−

s2
2  

(11) 

Combining (9), (10) and (11) the following expression for the asperity contact pres-
sure is obtained: 

𝑝𝑝𝑚𝑚𝑠𝑠𝑎𝑎 =
4
3
𝑁𝑁′𝑛𝑛𝛽𝛽1/2𝜎𝜎3/2 1

√2𝜋𝜋
� (𝑠𝑠 − ℎ𝑛𝑛)3/2
∞

ℎ𝑐𝑐
𝑒𝑒−

𝑠𝑠2
2 𝑑𝑑𝑠𝑠 

(12) 

A solution for the elastohydrodynamic problem with mixed lubrication must therefore 
satisfy the equilibrium shown in (13). 

𝑝𝑝𝑐𝑐 = 𝑝𝑝𝑓𝑓 + 𝑝𝑝𝑚𝑚𝑠𝑠𝑎𝑎 (13) 

For the direct numerical model presented in this paper, the static FEA model of the 
sealing system was extended by (3) as a weak form boundary PDE. Since (12) is a 
statistical expression, it could not be assigned into a weak form. Hence, the surface 
mechanics model was added as an analytical expression. The statistical character 
of the Greenwood-Williamson model makes it difficult to solve for as FEA deals with 
deterministic problems where explicit boundary conditions can be stated. [18] has 
therefore suggested to perform a curve fit to obtain an analytically invertible expres-
sion for the film thickness. In this work, it was found that the statistical expression as 
suggested by [6] could be solved within a reasonable amount of time assuming 
proper scaling of variables as well as fine-tuned solver settings. The mesh size at 
the lip-rod interface is set to 2𝜇𝜇𝜇𝜇 with a curvature factor of 0.01 to ensure accurate 
results. For the same reason, the contact model at this interface, which includes 
friction, is of augmented Lagrangian type. The shape functions used for both solid 
and fluid mechanics in this model are quadratic Lagrangian. 

The scheme of the model is illustrated in Figure 2. The provided input data includes 
geometric properties of the sealing system, surface parameters, structural and 
tribological material properties as well as the application parameters. The proposed 
model follows the loading sequence which the sealing system would undergo un-
der real conditions. First, the seal is mounted. Next, pressure is applied while the 
system remains static. In further progress of the simulation, the static contact pres-
sure is calculated using the surface mechanics model. Finally, motion is applied to 
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the rod and the transient system consisting of structural mechanics, surface me-
chanics and fluid mechanics is directly solved. The output includes the transient as-
perity pressure, the transient fluid pressure, the friction force, and the leakage. 
 

 
Figure 2: Multi-step numerical model 

3 Identification of material parameters 

As this work aims to validate the proposed numerical model by experimental inves-
tigation, an accurate determination of material parameters used in the equations 
presented in chapter 2 is required. 

To start with, the Greenwood-Williamson surface model requires a profound inves-
tigation of the surface texture to determine the parameters 𝜎𝜎, 𝛽𝛽 and 𝑛𝑛. For this pro-
ject a 3D surface texture measurement is performed using a high-resolution optical 
instrument. Both the values for cut-off length and magnification can be found in Ta-
ble 1. The profile is evaluated in the transverse direction, i.e. in the direction of the 
tool during manufacturing. Moreover, the profile is levelled before extraction of sur-
face parameters. 

(6) contains the dry coefficient of friction (dry COF) for the contact between sealing 
lip and piston rod. As the asperity friction force is proportional to the dry COF, it is 
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important to determine this parameter highly accurate. To do so, a test apparatus 
as shown in Figure 3 was built for this project. The dry COF is measured from 
specimens that are cut from the investigated seal and mounted on a load sledge 
that slides on two parallel piston rods similar to the one mounted in the test rig. 

 
Figure 3: Test setup for the determination of the dry COF 

Several studies have shown that the dry COF depends on both the normal load and 
the sliding velocity [19], [20], [21]. For the determination of the dry COF in this work, 
a fixed normal load is chosen. The value of this load can be found in Table 1  and is 
chosen so that approximately half of the area under the contact pressure curve for 
100bar in Figure 4 lie below the dry COF test pressure. 

 
Table 1: Material and processing parameters 

Parameter Unit Value 
𝛽𝛽 𝜇𝜇𝜇𝜇 3 × 10−3 
𝜆𝜆𝑐𝑐 𝜇𝜇𝜇𝜇 25 × 10−3 
𝜇𝜇 − 0.085 
𝜎𝜎 𝜇𝜇𝜇𝜇 2 × 10−3 
𝑀𝑀 − 20 
𝑛𝑛 1

𝜇𝜇𝜇𝜇2 1 × 105 

𝑝𝑝𝑐𝑐𝑡𝑡𝑓𝑓 𝑀𝑀𝑃𝑃𝑀𝑀 20 
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4 Numerical results 

Here, the results for the operating conditions defined in Table 2 are presented. The 
static pressure distributions for the investigated pressures are given in Figure 4. 
The coordinate, which is to be found on the x-axis of the plot, refers to the spatial 
coordinate of the nodes. The oil is located at the lower coordinate values outside 
the contact area. This applies for all the figures in this chapter. 

 
Figure 4: Static contact pressure distribution 

Next, the pressure distributions for the outstroke can be seen in Figure 5. Due to the 
relative motion between rod and seal, the static contact pressure is split up into as-
perity pressure and fluid pressure fractions. 

 
Figure 5: Pressure distributions for 50mm/s (left) and 150mm/s (right), outstroke 

    

For the investigated system, the asperity pressure is significantly higher than the 
fluid pressure. Towards the air side, the fluid pressure drops to zero. Both investi-
gated velocities show similar pressure distributions. However, the fluid pressure ex-
tends further towards the air side for 50 mm/s than for 150 mm/s. For instroke, it is 



258     22nd ISC 
______________________________________________________________________________________________________________ 

 
 

to be noted that the simulation assumes a sufficient amount of oil on the rod in order 
to properly lubricate the contact zone. Looking at the results in Figure 6, the asperity 
pressure is found to carry the major share of the total load. At lower pressures up to 
100 bar, the pressure distributions are close to the ones obtained for outstroke. For 
150bar, the fluid pressure extends significantly longer towards the air side. This ap-
plies to both 50 mm/s and 150 mm/s rod velocity. 

 
Figure 6: Pressure distributions for 50mm/s (left) and 150mm/s (right), instroke 

Figure 7 shows the film thickness for both the static condition as well as instroke and 
outstroke at 50bar and 100bar respectively. The corresponding film thickness at 
150bar is given in Figure 8. For better visualization, the plot contains a zoom-in of 
the region between maximum and minimum contact pressure gradient. 

   
Figure 7: Film thickness for 50bar (left) and 100bar (right) 

The deviation between the static and transient film thickness is due to the fluid film 
pressure and thus dependent on the rod velocity (see chapter 2). Within the analysed 
velocity range, this dependency cannot be clearly observed for 50bar pressure. 
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Figure 8: Film thickness at 150bar 

5 Experimental setup 

To validate the proposed numerical model, a hydraulic test rig for reciprocating 
seals was developed at Haagensen A/S. The test rig is capable of friction and leak-
age measurement for both rod and piston seals. Figure 9 shows a simplified sketch 
of the test rig which consists of a test and a load cylinder, a hydraulic pump station 
as well as a sensor and control system. The seal to be investigated is mounted in 
the test cylinder where all other friction sources are eliminated. Both pressure and 
temperature are constantly measured in the test cylinder. The force transmitted be-
tween test and load cylinder is measured by a force transducer and compared to 
the force acting on either rod or piston in the test cylinder. 

Table 2: Test parameters 

Parameter Unit Value 
Rod diameter 𝜇𝜇𝜇𝜇 40 

Fluid − Hydraulic oil ISO VG 46 
Stroke length 𝜇𝜇𝜇𝜇 800 

Evaluation length 𝜇𝜇𝜇𝜇 500 
Pressure MPa 50, 100, 150 

Rod velocity 𝜇𝜇𝜇𝜇
𝑠𝑠

 -150, -50, 50, 150 

Ambient temperature ∘C 23 
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Figure 9: Reciprocating test rig 

Test rigs for reciprocating seals can follow different design principles. One commonly 
used principle uses a symmetric pressurized housing where the piston rod sticks out 
on both sides of the housing. The advantage of this principle is that the net force on 
the rod is zero. However, as the housing is symmetric, two seals are needed where 
always one seal operates on instroke while the other seal is on outstroke. Examples 
of this test rig can be seen in [22] and [10] . Another principle is the one used in the 
presented work, where two hydraulic cylinders work against each other. The forces 
in the cylinder are higher, which requires an accurate measurement of both the cyl-
inder pressure and the transmitted force. Through careful alignment of piston rods 
of the test and load cylinder, the developed test rig can temporarily run without ad-
ditional guide rings or bushings, ensuring that the investigated seal is the only source 
of friction during the test. 

6 Comparison between numerical and experimental results 

To validate the proposed numerical model, the friction forces obtained by both sim-
ulation and experiment are compared. The results are given in Figure 10. The re-
sults for the experimental friction force plotted in this figure are obtained by averag-
ing the friction force over the evaluation length of the stroke, which is defined as 
the part of the cycle where the rod velocity is at steady state. For each operation 
point, a total of 7 strokes are evaluated. The results for each evaluated stroke are 
included in Figure 10, which also contains the simulation results for 10, 20, 30, 40 
and 75bar. 
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The experimental results for instroke match closely with the simulations. At 50bar 
and 50mm/s, the experiments show a maximum deviation of -5.8% compared to 
the numerical results. This deviation increases towards higher velocities, resulting 
in a maximum deviation of +15% for 50bar at 150mm/s. For 150bar, the experi-
ments show a maximum deviation of -13.6% to the numerical results at 50mm/s 
and a maximum deviation of -11.5% at 150bar. 

         
Figure 10: Instroke(left) and outstroke (right) friction force 

The deviations for outstroke are in general slightly higher than the ones seen for in-
stroke. At 50bar and 50mm/s, the experiments show a maximum deviation of 
+27.5% compared to the numerical results. At 150bar and 150mm/s, this maximum 
deviation is found to be -31%. 

Although there is a good overall agreement between experiments and simulations, 
the simulations tend to underestimate the friction force for low pressures. This is 
concluded based on the results obtained at 50bar pressure for both test velocities 
on in- and outstroke. At higher pressures, the simulations overestimate the friction 
force for both test velocities on in- and outstroke. A possible explanation for the in-
creasing overestimation of the friction force towards higher pressures could be 
found in chapter 3, where it is stated that the friction coefficient for PTFE is load de-
pendent and decreases with increasing load [19], [20], [21] . 

7 Conclusion 

The presented work introduces a direct numerical model for reciprocating sealing 
systems which are subject to mixed lubrication. The implementation of the model is 
done exclusively within the COMSOL® Multiphysics platform. The numerical model 
covers solid mechanics, surface mechanics as well as fluid mechanics by manual 
implementation of the Reynolds equation as a weak boundary PDE and the Green-
wood-Williamson surface model as an analytical expression. The full coupling be-
tween macro-, micro- and fluid mechanics allows for a continuous adjustment of non-
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linear material properties and a deviation between static and dynamic contact pres-
sure. The model is characterized by a high robustness as well as a short set-up time. 
Provided a profound analysis of the seal’s surface texture and an application-ori-
ented determination of the friction coefficient, the model shows good agreement with 
experimentally obtained data for the friction force for both instroke and outstroke 
motion of the rod. For instroke, the accuracy of simulation results is closer to the 
experimental values than for outstroke. 
The results presented in this paper show that complex tribological models can be 
implemented within a single multiphysics platform while reaching a high agreement 
with experimentally obtained data. This way, set-up and computation time can be 
reduced significantly. Using correct values for the friction coefficient and the surface 
texture parameters is crucial for an accurate determination of the fluid film thickness 
and friction force in mixed lubrication. 

8 Nomenclature 

Variable Description Unit 
Ω Domain indicator [−] 
β Radius of asperities [𝜇𝜇𝜇𝜇] 
δ Laplace operator [−] 
η Dynamic viscosity [𝑀𝑀𝑃𝑃𝑀𝑀𝑠𝑠] 
λ𝑐𝑐 Cut-off length [𝜇𝜇𝜇𝜇] 
μ Friction coefficient [−] 
σ Standard deviation of peak heights [𝜇𝜇𝜇𝜇] 
τ𝑚𝑚𝑠𝑠𝑎𝑎 Asperity shear stress [𝑀𝑀𝑃𝑃𝑀𝑀] 
τf Viscous shear stress [𝑀𝑀𝑃𝑃𝑀𝑀] 
 ∇ Gradient operator [−] 
𝑑𝑑𝑐𝑐𝑡𝑡𝑛𝑛 Contact area [𝜇𝜇𝜇𝜇2] 
𝐶𝐶𝑖𝑖𝑖𝑖 Material model parameter(s) [𝑀𝑀𝑃𝑃𝑀𝑀] 
𝐷𝐷𝑖𝑖 Volumetric response parameter(s) [𝑀𝑀𝑃𝑃𝑀𝑀] 
𝑁𝑁′ Effective Young’s modulus [𝑀𝑀𝑃𝑃𝑀𝑀] 
𝐹𝐹𝑓𝑓,𝑠𝑠𝑡𝑡𝑠𝑠 Total friction force [𝜋𝜋] 
𝐼𝐼𝑖𝑖 Matrix invariant(s) [−] 
𝐽𝐽 Determinant of deformation gradient [−] 
𝑀𝑀 Magnification factor [−] 
𝜋𝜋 Number of asperities [−] 
𝑊𝑊 Strain energy density [𝑀𝑀𝑃𝑃𝑀𝑀] 
𝑢𝑢 Mean velocity, 𝑢𝑢𝑎𝑎+𝑢𝑢𝑏𝑏

2
 [𝑠𝑠𝑠𝑠

𝑠𝑠
] 
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ℎ Film thickness [𝜇𝜇𝜇𝜇] 
ℎ𝑛𝑛 Standardized film thickness, ℎ

σ
 [−] 

𝑛𝑛 Asperity density [ 1
𝑠𝑠𝑠𝑠2] 

𝑝𝑝𝑚𝑚𝑠𝑠𝑎𝑎 Asperity pressure [𝑀𝑀𝑃𝑃𝑀𝑀] 
𝑝𝑝𝑐𝑐𝑡𝑡𝑓𝑓 Pressure for determination of μ [𝑀𝑀𝑃𝑃𝑀𝑀] 
𝑝𝑝𝑐𝑐 Contact pressure [𝑀𝑀𝑃𝑃𝑀𝑀] 
𝑝𝑝𝑓𝑓 Fluid pressure [𝑀𝑀𝑃𝑃𝑀𝑀] 
𝑥𝑥 Coordinate variable [𝜇𝜇𝜇𝜇] 
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Prediction of RSS Sealing Performance by Fully Coupled EHL 
Simulation 

Fabian Kaiser, Andreas Gropp, Daniele Savio, Daniel Frölich, Christian Wilbs 
and Dirk Möhring 

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: 

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

• 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. 

• 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 Kammüller [2]: After installation, an asymmetric contact 
pressure distribution between the shaft and the seal is formed due to the difference 
between the angles α and β 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 Kammüller 

 
2 Current State of Research 

The asperity deformation model of Kammüller 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 µm-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 Grün 
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 µm. 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 mm²/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 µm, but for other seal types like pressure 
seals with wider contact bands up to 1 mm, the resolution could be restricted to 8 µm. 
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 
[7]. 
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: 
 

ℎ𝑓𝑓𝑓𝑓 
∇ (−𝐴𝐴ℎ∇𝑝𝑝𝑓𝑓𝑓𝑓 − 𝐵𝐵ℎ(𝑣𝑣𝑎𝑎 − 𝑣𝑣𝑏𝑏) + 2 (𝑣𝑣𝑎𝑎 + 𝑣𝑣𝑏𝑏)) = 0 

(1) 

𝐴𝐴ℎ and 𝐵𝐵ℎ are the flow factor matrices that are a function of the local distortion angle 
𝛾𝛾; 𝑣𝑣𝑎𝑎 and 𝑣𝑣𝑏𝑏 are the velocities of shaft and seal surface. 
For the results presented in here, all surface features with a wavelength bigger than 
20 µm 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 𝛿𝛿𝑥𝑥 and distortion angle 𝛾𝛾 

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 Grün 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 𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏 = 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 
𝑝𝑝𝑓𝑓𝑓𝑓 Fluid Pressure [MPa] 
𝑝𝑝𝑠𝑠𝑏𝑏𝑓𝑓 Solid Body Pressure [MPa] 
ℎ𝑓𝑓𝑓𝑓 Fluid Film Thickness [µm] 
𝑣𝑣 Velocity [m/s] 

𝐴𝐴ℎ, 𝐵𝐵ℎ Influence Coefficient Matrices [-] 
𝛾𝛾 Distortion Angle [rad] 
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Frictional characteristics of elastomeric radial lip seals at 
extremely low temperatures 

Mousa Amro, Bengt Wennehorst, Gerhard Poll 
 
A novel, low-temperature radial lip seal test rig was set up, allowing for simultaneous 
non-contact, telemetric measurements of both radial lip seal contact temperature 
and seal friction torque. Extreme cooling of the sealing contact zone down to below 
-50 °C was achieved by continuously feeding carbon dioxide snow pellets into the 
bore of a hollow seal counterface adaptor. In this work, the frictional characteristics 
of single test seals that were wetted were investigated.  

Experiments were conducted with plain radial lip seals made of NBR and FKM, re-
spectively, using two polyglycol oils with different viscosity grades of VG 220 and 
VG 46, respectively. Starting from a stationary state at 200 rpm (0.84 m/s) with con-
tact temperatures in the range of 45 °C to 60 °C, the sealing contacts were cooled 
down, finally reaching steady state seal contact temperatures as low as approx. -
50 °C. Thus, during cool-down of the sealing systems, both seal elastomers pass 
through the glass transition, and both lubricants pass through their pour points. In 
contrast to warm operating conditions, where speed-step dependent seal friction 
changes could be accurately predicted based on soft micro-elastohydrodynamic as-
perity lubrication theory, speed step experiments at such extremely low tempera-
tures revealed that there was no viscous friction response, i.e., the seal friction was 
due to Coulomb-type friction. While showing larger fluctuations, the overall level of 
this Coulomb-type friction was comparable to the steady-state seal friction measured 
under warm operating conditions. When warming the systems up, the original lubri-
cation mode was reestablished. 

1 Introduction 

Although elastomeric radial lip seals are used at extremely low temperatures, their 
behaviour under these conditions has not been sufficiently explored. Especially dur-
ing operation at temperatures below the glass transition point (𝑇𝑇𝑔𝑔) of the elastomer 
as well as the pour point of the lubricant, the properties of the sealing system (e.g., 
the seal’s elastic modulus or lubricant’s viscosity) change drastically, preventing the 
prediction of the seal’s behaviour. 

The aim of this study, which was originally presented in [1], is to introduce a method 
for the characterization of the friction losses of cooled down elastomeric seals and 
to discuss the behaviour of different combinations of elastomers and lubricants.  
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2 Experimental setup 

This section describes the experimental equipment and tested materials in this 
study. 

2.1 Low-temperature test rig 

To investigate the functional behaviour of radial lip seals with regard to friction torque 
and contact temperature, a novel low-temperature functional test rig was developed 
and built, see Figure 1. 

 
Figure 1: schematic illustration of the low-temperature test rig 

In this work, a single test seal was mounted on the seal counterface in such a way 
that the sealing edge was placed on a miniature thermocouple cemented into and 
ground along with the counterface. This thermocouple, which had a diameter of ap-
proximately 0.4 mm, enables a direct measurement of the temperature inside the 
contact zone of the seal. A similar approach to measure the contact temperature is 
also described in [2], see Figure 2. The temperature signal is then transmitted tele-
metrically to the data acquisition system. To cool the sealing contact area, dry ice 
pellets approximately the size of a grain of rice were continuously fed into the hollow 
adaptor of the counterface by means of a feeding device consisting of a funnel and 
a covering disc, as seen in Figure 3. The contact zone in this design is cooled directly 
via the counterface so that, depending on the sliding speed, extreme contact tem-
peratures of below -50 °C could be achieved. To lubricate the sealing system, oil 
was applied manually to the oil side using a syringe. The seal itself was mounted in 
an adaptor that was connected to a torque measuring flange. By measuring frictional 
torque using this technique rather than at the drive shaft, systematic errors resulting 
from additional friction in the test rig bearings are eliminated.  
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Figure 2: Miniature thermocouple ground along with the counterface, [2] 

 
Figure 3: Low-temperature test rig during an experiment 

Although two identical test seals with an oil-filled inner gap in between may be eval-
uated in this setup, an arrangement with only one seal was studied in this work. By 
using this method, the oil-filled ring gap is avoided, the churning losses of which 
– caused by the oil's increasing viscosity as temperature drops – would significantly 
impede the measurement of the seal friction. As a result, the measured friction torque 
can be directly associated with the friction occurring in the seal lip. 

2.2 Investigated elastomers and lubricants 

The experiments were conducted with plain radial lip seals with a nominal diameter 
of 80 mm made of NBR and FKM, respectively, using two polyglycol (PG) oils with 
different viscosity grades of VG 220 and VG 46, respectively. 
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In order to understand the characteristic behaviour of the sealing system, it is nec-
essary to have information on the behaviour of its components. The temperature-
dependent dynamic properties complex shear modulus (𝐺𝐺∗) and loss factor (tan(𝛿𝛿)) 
of both elastomers were obtained by means of dynamic mechanical analysis at the 
Deutsches Institut für Kautschuktechnologie e.V. (DIK, Hannover). This analysis re-
vealed a glass transition temperature (𝑇𝑇𝑔𝑔) of -28 °C for NBR and -12 °C for FKM at 
a frequency of strain oscillation of 0.1 Hz. At this temperature, tan(𝛿𝛿) reached its 
peak value, indicating a viscoelastic behaviour of the elastomer. 

According to the datasheet of the lubricants, the pour points of PG ISO-VG 46 and 
PG ISO-VG 220 are -40 and -35 °C, respectively. At these temperatures, the oils 
lose their viscous behaviour. 

3 Experimental results 

Without yet cooling the sealing contact, the manually performed tests began at 
200 rpm rotating speed (approx. 0.84 m/s). After the contact zone reached a steady-
state temperature, dry ice was continuously fed into the hollow counterface adaptor. 
Once the contact temperature stabilised, the speed was gradually reduced to 2 rpm. 
Thereafter, the speed was gradually increased back up to the initial speed again, 
depending on the observed sealing contact behaviour. Finally, the cooling of the 
sealing contact was terminated so that a steady-state condition at 200 rpm was re-
established at the end of the test. By comparing the corresponding temperatures and 
seal friction torques with the initial steady-state, conclusions can be drawn about 
wear effects as well as damage to the sealing systems. 

3.1 Friction torque at very low temperatures 

In each of the experiments, cooling down the system at first resulted in an increase 
of the frictional losses in the sealing system, which can be explained by the increased 
viscous friction due to the increasing lubricant viscosity. After reaching a maximum 
value, the frictional losses start to decrease until they reach a level similar to that 
observed at the end of the uncooled run-in period, as seen in Figure 4 for an exper-
iment with an NBR-seal and PG ISO-VG 220 as a lubricant. 
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Figure 4: Trend of friction torque during the cool-down phase; NBR, PG ISO-VG 220 

The decrease in the friction torque can be explained by the strongly increasing oil 
viscosity and the loss factor of the elastomer. As cooling continues, the increasing 
viscosity of the lubricant, combined with the pumping mechanism of the sealing con-
tact, prevents the lubricant from wetting the seal’s contact zone, which reduces the 
viscous friction. Furthermore, once the temperature is lowered below the glass tran-
sition temperature, there is a drop in the loss factor, i.e., a decrease in the viscoe-
lastic losses in the elastomer. Both effects result in the observed steep drop of the 
friction torque after cooling the contact zone down below 0 °C. It is worth noting that 
the poor lubrication of the sealing contact may cause deeper counterface wear tracks 
and increased seal lip wear, as observed in long-term tests carried out on a different 
test rig where the lubricating oil was cooled down to -15 °C [1]. 

Under the conditions described above, the viscous friction in the contact zone de-
clines and we may therefore attribute the observed friction to largely Coulomb-type 
boundary friction. This is supported by Figure 5, which shows that, when the rotation 
speed is altered, the friction does not change, as would be the case when assuming 
a viscous lubricant behaviour. 



284     22nd ISC 
______________________________________________________________________________________________________________ 

 
Figure 5: Friction torque in speed step experiment, contact temperature: approx. -40 °C 

Despite the frictional torque maintaining a consistent level, it shows increased fluc-
tuations and instabilities compared to the uncooled state. Notably at extremely low 
speeds below 20 rpm and contact temperatures ranging from -50 to -40 °C, intense 
vibrations and noise emissions were detected. Interestingly, under these conditions, 
the frictional torque decreased by more than 50 % compared to the levels observed 
when no vibrations were present. This effect stopped once the shaft was accelerated 
to 200 rpm. 

3.2 Ice build-up and influence of condensate on the lubrication condition 

In the course of each experiment, ice formed on the test rig, as shown in Figure 6. 
At the end of an experiment, while the test rig was heating up again, and soon after 
this ice started to melt, the friction torque suddenly dropped to a considerably lower 
level. After a certain period, it returned to its original level. An example for this phe-
nomenon is shown in Figure 7. 

 
Figure 6: Ice build-up during the experiments 
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Figure 7: drop in the friction torque during the heat-up phase; NBR, PG ISO-VG 220 

This behaviour indicates that water entered into the air side of the sealing contact 
and mixed with the lubricant within the contact zone, thus lowering its viscosity. After 
the water was pumped onto the oil side by the seal, the friction torque returned to its 
initial level and the initial lubricating state was restored.  

It deserves attention that this effect was exclusively observed in NBR seals. In con-
trast, FKM seals did not exhibit a similar behaviour on their own, but the effect could 
be induced by actively injecting water into the air side of the sealing contact. This 
effect might, therefore, be related to a different wettability of FKM and NBR seals. 

3.3 Influence of extremely low temperatures on the seal 

At the end of each experiment, the cooling was stopped, allowing the systems to 
stabilize and return to their initial thermal steady-state conditions. In this state, all 
experiments showed similar friction torque and contact temperature levels as initially 
recorded before cooling down the sealing contacts. This indicates that, although hav-
ing been subject to impaired or even starved lubrication when operated at extremely 
low temperatures, the lip seals were not damaged during the tests. 
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4 Conclusion 

Using a novel low-temperature radial lip seal test rig, the behaviour of radial lip seals 
made out of NBR and FKM was studied at contact temperatures as low as approx. -
50 °C.  
It was observed that, following an initial increase during the cooling phase due to the 
lubricant's increasing viscosity, the friction torque at low contact temperatures finally 
reached levels comparable to those observed during uncooled steady-state opera-
tion, and that the friction of the sealing system evidently transitioned from viscous 
lubricant friction to Coulomb-type boundary friction. 

In addition to this observation, it was seen, that under specific conditions, conden-
sate could enter into the sealing contact and alter the lubrication mode. The impact 
of water within the sealing contact zone on the lip seals’ behaviour will be explored 
in future research. 
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Stochastic analysis on tribological behaviour of radial shaft 
seals with focus on lubricants 

Yongzhen Lin, Ringo Nepp, Matthias Kröger, Stefanie Haupt 

This study deals with a methodical interpretation into the complex landscape of the tribological 
behaviour of Radial Shaft Seals (RSS) using dynamic investigations focusing on the influence 
factor lubricant. The lubricant has been identified as one of the main drivers for the tribological 
behaviour of RSS, especially due to its chemical structure and physical properties such as 
viscosity. This study evaluates the impact of lubricants with different chemical structure but 
similar viscosity on the tribological behaviour of RSS, which allows to gain a deeper under- 
standing of the further physical properties of lubricants. More specifically, the tribological per- 
formance of different types of lubricants have been examined on different RSS materials. 
Thereby, the rotational speed has been varied in relevant ranges. Using stochastic calculus 
analysis, the tribological behaviour of RSS with lubricants can be evaluated in more detail. 
The aim of the extensive investigations is to provide a basis for future, more in-depth research 
into understanding on the tribological behaviour of RSS as well as predictions for specific 
classified working environments such as minimal lubricant condition, high temperature, etc., 
for the different RSS systems. 

 
 
1 Introduction 

In the modern industry the application of the combination of Radial Shaft Seal (RSS) 
with minimal lubrications, such as grease and oil, has been widely developed and 
utilized, as well as widely researched in the scientific field [1] [2]. The RSS, the shaft 
as well as the counter surface and the applied lubricant form a specific tribological 
system [3]. The functional task of the simplified RSS is to avoid fluid leakage [3]. A 
utilized combination of the RSS and the correctly selected lubricant should help to 
avoid the irregular wear and extend the service lifetime of the RSS. This work is 
about to gain a better understanding of the tribological behaviour on different possi- 
ble combinations of RSS and lubricants, especially how the lubricants with similar 
physical properties such as viscosities reflect on the tribological behaviours of RSS. 
In addition, the physical properties of lubricants with similar viscosities are about to 
be evaluated and discussed using stochastic analysis. 

 
2 Test Procedure and Test Material 

In this chapter, the test procedure, or more precisely the test rig and the applied test 
materials will be introduced. A specially designed RSS test rig is available at the 
Institute for Machine Elements, Design and Manufacturing for the experimental in- 
vestigations based on the minimal lubrication principle. Other than that, specifically 
applied test materials such as the RSS parts and the lubricants are studied according 
to the minimal lubrication principle. The selection of determinant factors on RSS and 
lubricants is introduced. 
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2.1 Test Setup for Tribological Measurement 

The tribological measurement in this study has been investigated on a self-devel- 
oped test rig at the institute, which has been used for many previous friction perfor- 
mance measurements [1] [2]. Specifically, the friction performance parameters of a 
RSS system such as torque and temperature can be measured with different oper- 
ating conditions. The test rig includes the fundamental components is described in 
Figure 1. This test rig was used to collect the significant measurement data for this 
work. 

 

Figure 1: Test rig with sufficient components. 

As shown in Figure 1, the main components of the test rig are the motor, bearing, 
test head including the torsional moment sensor, and the counter face. The RSS is 
mounted with a seal adapter. The oil injection device and a contactless temperature 
sensor are placed on the sides with defined distance onto the contact area. During 
the tests, the oil injection device provides continuously certain amount of lubricants 
into the contact area. 

 
2.2 Test Material 

This chapter is about to introduce the applied materials, more specifically the RSS, 
the shaft surface and the lubricant. 

 
 Radial Shaft Seals and Shaft Counter Surfaces 

A specific RSS with a helical spring but without the dust lip from Freudenberg (in 
Simmerring® BAUM form) has been investigated in this work. This typical RSS is 
manufactured according to the German standard DIN 3760 [4]. The RSS elements 
in this work vary in two different materials: seal A is fluoro rubber (FKM) and seal B 
is nitrile butadiene rubber (NBR), as well as in two different dimensions: 45x75x7 
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and 38x52x7 (𝑑𝑑 × 𝐷𝐷 × 𝐵𝐵 [𝑚𝑚𝑚𝑚]). Though the comparison between different dimen- 
sions is not focused in this work, which has been analysed in previous works [5] [6]. 

The shaft part in this tribological system serves as the counterface. In this work two 
different counter faces have been applied. One is a plunge ground shaft made of 
bearing steel 42CrMo4 specifically for RSS with dimension 45x75x7, while the other 
is C45R specifically for RSS with dimension 38x52x7. There is no focusing on the 
comparison of the potential difference caused by different counter faces in this work. 
This influence factor has been deeply analysed in different aspects in other re- 
searches [7] [8]. 

 
 Lubricants 

As it has been researched in the recent years, lubricants have a significant influence 
on the tribological behaviours of RSS under minimal lubrication environment [1]. In 
the modern industry, the variations of lubricants are basically classified into nature 
mineral oil and synthetic oil. More and more synthetic oils have been developed with 
sustainable and environment friendly considerations. In order to improve the syn- 
thetic oil development meeting industrial operation demands, the functional aspects 
of lubricants need to be examined for stabile tribological behaviours. Based on the 
applications, synthetic oil should perform stable in higher temperature range such as 
above 90 °C. In this study mineral oils and synthetic oils with similar physical prop- 
erties are applied for the specific tribological behaviour analyzing. 

The applied lubricants are listed in Table 1. Basically, there are two types of mineral 
oils and 5 different synthetic oils. The important relevant parameters are shown in 
Table 1. The synthetic oils share one ISO VG class, while the mineral oils have a 
higher ISO VG class. The ISO VG class describes the relative temperature depend- 
ence of lubricants, which significantly affects the tribological behaviour of RSS. 

 
Table 1: Physical properties of the applied oils with short labels. 

 

 
Label 

 
Description 

Kinematic vis- 
cosity [mm2/s] ISO 

VG 

Density 
(by 20°C) 
[g/cm3] 40°C 100°C 

M1 Mineral oil 320 24 320 0.9 
M2 Mineral oil 345 25 320 0.9 
PAO1 Poly-alpha olefin oil 234 30 220 0.85 
PAO2 Poly-alpha olefin oil 234 22 220 0.85 
PG1 Polyglycol oil 220 41 220 1.06 
PG2 Polyglycol oil 220 41 220 1.06 
PG3 Polyglycol oil 220 41 220 1.06 

From the table, it’s significant to realize that the oils in each group (Mi, PAOi or PGi) 
share similar physical properties such as kinematic viscosities or densities. Slight 
differences between the oils in each group are caused by production processes and 
potentially different proportions of additives, etc., which lead to the hypothesis of this 
work if the potential different tribological performances are recognisable. 
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2.3 Measuring Procedure 

In this work, the operational variations in the investigations are partially located on 
different rotational speed profiles. Investigations with different approach profiles 
have been analysed in a previous study and provided significant results under simple 
variable method [5]. The specifically applied rotational speed profiles for this work 
under two or multi variables are listed in Table 2. The measurement results after 
operating with different rotational speed profiles show significant difference among 
the individual RSS and lubricant combinations. The different combinations show dif- 
ferent tribological performances after operation, which will be analysed in next sec- 
tion. 

 
Table 2: Applied different approach profiles with short labels. 

 

Label Description Diagram 

E1 Run in profile 2 hours constant high rotation speed 

Testing Short testing pro- 
file 

Added up rotation speed from minimal to defined 
maximal nmax with short time stepping rate 

Vi 
Long added up 
profile 

Added up rotation speed from minimal to limit nlim 
with long time stepping rate 

As it’s shown in Table 2, the applied approaches can be generally sorted into three 
groups: run in, short testing and long added up profiles. Approach E1 is performed 
in 2 hours constantly with the highest rotational speed, which services as running-in 
process of each new RSS part. 

In order to generate the following different rotation speed profiles Vi, one particular 
testing profile has been introduced to define the maximum and the limit rotation 
speed. In the testing approach, the rotation speed is added up after each short time 
period, starting at from minimum to a defined maximal nmax. In each step, the rotation 
speed remains constant in order to observe short time tribological performance and 
to observe the difference after rotation speed change. 

Approaches Vi are all added up profiles from minimum to a defined limit rotation 
speed nlim with different relative stepping rates. With help of these different ap- 
proaches in this working, it is possible to identify the different tribological perfor- 
mances of RSS. 

 
3 Results and Discussion 

3.1 Measurement Analysis 

In the very beginning, approach testing has been used to set a limit rotation speed 
nlim for further research. Figure 2 shows the measurement results from possible var- 
iable combinations among RSS and lubricants. In the diagram the torque develop- 
ments varied very much from one combination to another. Especially the absolute 
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values differ from each other strongly. This could be explained by the particular tribo- 
logical behaviour of the combinations of RSS and lubricants. But the tendency of the 
torque development in the whole testing phase is quite similar. The most significant 
change in tendency occurs between ti and tj, while in one particular combination it 
occurs earlier between th and ti. One the other hand, the temperature developments 
varied only slightly from each other till th. However, after ti the tendency of the tem- 
perature development varies from each other very strongly. 

 

Figure 2: Determination of a limit rotation speed nlim, Seal A – FKM, Seal B – NBR . 

To keep the further research, more specifically the investigation process effective in 
short time, a limit rotation speed nlim has been set for this study to observe the sig- 
nificant different tribological performances among different RSS and lubricant com- 
binations. 

After extensive investigations with different measurement setups, the measurement 
data could be analysed in various ways. In general, similar but in detail different 
developments on the tribological performance will be discussed in this following sec- 
tion. Figure 3 first shows the measurement results on two RSS rings applied with 
one specified operating condition (Vi) and with one particular lubricant. 
As it’s shown in Figure 3, with one particular rotation speed profile, two RSS parts 
with different materials displayed similar tribological performance. In this particular 
rotation speed profile, the rotation speed increases with defined ranges after one 
hour constantly running. In each testing, the developments of torque and tempera- 
ture have been measured. In each constant rotation speed phase, the development 
of torque and temperature is significant recognizable, especially after each rotation 
speed change. 
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Figure 3: Friction performances from two different RSS, Seal A – FKM, Seal B – NBR, with 

lubricant PAO1. 

On one hand, the development of torque increased immediately due to the break- 
away friction between the RSS and the shaft. The increasing of rotation speed 
causes momentary interaction onto the contact area. Along the time, rotation speed 
in one phase keeps constant. As a result, after the short time break-away, torque 
decreases to a steady state. This phenomenon in torque development will be 
changed till next rotation speed change. 

On the other hand, the development of temperature presents firstly a climbing due 
to the increasing relative movement between the RSS and the shaft. Along the time, 
rotation speed in one phase keeps constant. As a result, the growth rate of temper- 
ature tends to be constant. Other than some minimal difference between two differ- 
ent RSS materials, the tribological performances are basically similar according to 
one rotation speed profile as input. 

In Figure 3, some irregular peaks can be observed in torque and temperature devel- 
opment. Especially there is one peak in torque by seal A – FKM, meanwhile no effect 
on the temperature. On the opposite, friction oscillating can be observed by both 
different seals in the last time phase with correlated temperature oscillating. The 
correlation between torque and temperature development need to be further studied. 
[9] 

In another case, the difference among different approaches has been analyzed with 
the help of Figure 4. The measurement results from seal A - FKM and PAO1 are 
shown with approach V1 in red, V2 in blue and V3 in black curves. The developments 
of temperature in three different approaches represents the changing in rotation 
speed inputs. The climbing in each phase is correlated with the adding up of rotation 
speed. On the opposite, the developments of torque are not correlated with the ro- 
tation speed inputs. Especially the development of torque from V1, has the lowest 
peak points in the first half time period compared with V2 and V3, but the highest 
peak points in the second half time period. 
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Figure 4: Friction performances from three different approaches Vi and with lubricant PAO1, 

Seal A – FKM. V1 = blue curve in Figure 3. 

This phenomenon could not only be found by analysing on different seal materials, 
but also could be found by analyzing on different lubricants. In some particular cases, 
the tribological performance can not be correlated with influence factors such as dif- 
ferent lubricants or different approaches. To find out the correlations more deeply in 
details, large number of investigations need to be implemented with diligent design 
of experiments. 

 
3.2 Stochastic Analysis 

In order to understand the tribological performance of RSS in more details with lim- 
ited measurement signals, the measurement data will be analysed under aspects 
such as mean values, variance, tendency and distribution based on a stochastic an- 
alyse principle. 

Figure 5 shows the distribution of torque and temperature on Seal A - FKM with one 
particular rotation speed profile and one particular lubricant. It is displayed for both 
systematic variables in the different time phases, or the constant rotation speed 
phases. As it is observed from the distributions of torque and temperature, it is clear 
to conclude that the torque distribution in each constant rotation speed phase stays 
mostly normal distributed. On the other hand, the temperature distribution shows a 
continuously increasing trend in the whole process as well as in each time phase. 
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Figure 5: stochastic analyze from one approach with seal A - FKM, with lubricant PAO1 and 

rotation speed profile V1. 

In both diagrams the y-axis represents the frequency of the measured value in torque 
or temperature. This could be used as a criteria of the stability of this tribological 
system. In the torque distribution, it could be observed that the frequency of the mean 
value (as well as the highest frequency in each time phase) of each time phase is 
higher one after another. On the other hand, the frequency of temperature is increas- 
ing in each time phase. However, the highest frequency of each time phase is de- 
creasing, while the interval length in x-axis in each time phase is increasing. This 
could be interpreted as the slower temperature increasing in the whole time phases, 
even with smaller temperature changes. While the temperature changing in the final 
phases is mostly with quicker climbing and greater value changes. 

In Figure 6 it’s shown the distribution of torque and temperature on seal B - NBR 
with the same rotation speed profile and the same lubricant. It could be observed 
that the distribution in torque and temperature from different seal materials has sim- 
ilar tribological developments and distributions. A slight difference can be observed 
in the absolute frequency value in torque distribution, especially in the last time 
phase. Also the trend in temperature distribution differs from the other seal material 
in Figure 5. 
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Figure 6: Stochastic analyze from one approach with Seal B - NBR, with lubricant PAO1 and 

rotation speed profile V1. 

Another example in the stochastic analysis in comparison with different lubricants 
and with repeated runs is shown in Figure 7. Both diagrams show significant analyze 
results in different ways. In the left diagram, the comparison between different lubri- 
cants is presented in sub-figures in each time phase. From one particular rotation 
speed profile, the torque development as well as the distribution in the first two time 
phases are similar from one oil to another. But the torque development and distribu- 
tion varies strongly in the next time phases. In the first two time phases, with lower 
temperature environment, the two PAO lubricants with similar physical properties 
present as well similar tribological performance on one particular RSS. 

 

Figure 7: Stochastic analyze in comparison: Left 6 sub-figures: Seal A – FKM with PAO1 
and PAO2. Right: Seal A – FKM with PAO1 with repeated runs. 

In the right diagram, the comparison between repeated runs is presented as well in 
sub-figures in each time phase. As each testing set up is manually adjusted, there is 
a slight difference in the first half time phases. Since in these two repeated runs the 
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set ups are identical, the torque development and distribution approaches from one 
to another. This could be interpreted as local minor difference in a generally similar 
situation. 

 
4 Summary and Conclusion 

In this work investigations with different combinations of RSS and various operating 
conditions have been carried out and the results have been analysed in different 
aspects, with the goal of deeper understanding on this particular tribological system, 
especially with the focus on lubricants. Among all the lubricants used in this works, 
which could be classified in 3 essential groups. In each group, the selected lubricants 
share similar physical properties. This work aims to figure out whether they present 
similar tribological performance as well. After a large number of investigations with 
different combinations, the measurement data were first analysed according to the 
testing process over time. Afterwards, the data has been analysed with different sto- 
chastic approaches. 

In the end, it shows that different combinations of RSS and lubricants even if the 
lubricants have similar physical properties, can lead to different tribological perfor- 
mance on RSS. This phenomenon needs to be further studied to gain more in-depth 
knowledge about the tribological behaviour of RSS with different combinations of 
lubricants, as well as the potential predictions for special classified operating condi- 
tions to extend the potential lifetime. 

 
5 Nomenclature 

 
Variable Description Unit 

𝐵𝐵 Seal width [mm] 
𝑑𝑑 Seal normal diameter [mm] 
𝐷𝐷 Seal outer diameter [mm] 
𝑀𝑀𝑑𝑑 Torque [Nm] 
𝑛𝑛 Shaft rotation speed [rpm] 

𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚 Defined maximum shaft rotation speed [rpm] 
𝑛𝑛𝑙𝑙𝑙𝑙𝑚𝑚 Defined limit shaft rotation speed [rpm] 
𝑇𝑇 Temperature [K] 
𝑡𝑡 Time [min] 
𝑣𝑣 Velocity [m/s] 
𝜌𝜌 Density [g/cm3] 
ν Kinematic viscosity [mm2/s] 
η Dynamic viscosity [Pas] 
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Abbrev. Description  

Ei; Vi Approach label  

FKM Fluoro rubber  

NBR Nitrile butadiene rubber  

Mi Mineral oil label  

PAOi Poly-alpha olefin oil label  

PGi Polyglycol oil label  

RSS Radial shaft seal  

th, ti, tj Time variables [min] 
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Performance Analysis of Radial Shaft Seals in Non-Stationary 
Rotational Movements 

Lenine M. de C. Silva, Yvo Stiemcke, Tim Schollmayer, Oliver Koch,  
Stefan Thielen 

This work aimed to investigate the impact of non-stationary rotational movements on radial 
shaft seals (RSS). To explore various operational scenarios, a set of experiments was de- 
signed, and conducted using the MEGT High Acceleration Test Bench. The tests were real-
ized analysing the development of negative pressure in the intermediate cavity between main 
and dust lip and observing the influence of the variation of several parameters in this negative 
pressure appearance. The results showed the occurrence of oil leakage under short oscillation 
angles and concluded that the negative pressure build-up might change the sealing geometry 
as well as the followability of the RSS to the movement leading to failure of the sealing lip. 

1 Introduction 

The number of applications involving rotational non-stationary movements has sig- 
nificantly increased in the past decade. Such dynamic rotational oscillations are often 
found in applications such as robotic arms. These dynamic rotational oscillations 
correspond to high levels of acceleration along with frequent changes in the direction 
of rotation. However, the impact of these oscillations on radial shaft seals (RSS) 
remains unknown [1] [2] [3] [4]. In practical applications, mineral oil has been found 
in undesirable situations such as in groceries [5] [6] [7] [8] [9] [10] [11]. Machines 
from the food production chain for instance work under critical operating conditions 
being frequently washed with hot water jets. The avoidance of leakage in such situ- 
ations is primordial and the usage of RSS with dust lip to protect the sealing lip might 
be recommendable. 

A initial study about non-stationary rotational movements has tested several work 
conditions such as RSS with and without dust lip, RSS with and without garter spring, 
RSS with and without grease in intermediate cavity, casing completely filled up and 
up to the middle of the shaft of oil, rolled and ground shafts, and four different types 
of curves, which the motors should perform during the test, in order to reproduce the 
non-stationary rotational movements. The study concluded that the use of a contact- 
ing, non-vented dust lip is essential for the occurrence of leakage [12] [13]. Although, 
the role of the dust lip during the non-stationary rotational movements remained un- 
known. 

A later work proposed then an investigation about the role played by a contacting 
dust lip of an RSS in the non-stationary rotational movements. The study developed 
a mechanism capable to carry out reproducible pressure measurements directly 
from the intermediate cavity. These measurements were realized with the aid of 
pressure sensor and a medical needle, which could be always positioned in the mid- 
dle of the dust lip to prick and have access to the intermediate cavity of the RSS 
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(C.f.Figure 2). The work observed that a negative pressure is build-up in the interme-
diate cavity during the non-stationary rotational movements and that this negative 
pres- sure deforms the intermediate cavity as well as change the angles formed be-
tween the sealing lip and the dust lip with the shaft [14]. The results of this work repre-
sented a substantial advancement in the explanation of the reasons why the RSS 
without dust lip or with a vented dust lip do not present any sign of leakage, and in 
some cases RSS with a non-vented dust lip produced leakage. However, the non-
station- ary rotational movements involve several dynamic variables as well as vari-
ables in- herent to the application of an RSS in a mechanical system, whose influence 
on this negative pressure appearance remain unknown. Such analysis of several 
parame- ters in various levels of intensity has been described by [15] and might be 
suitable for practical applications as in the sealing technology. 

This current work merges the conclusions drawn by the prior studies carrying out a 
series of experiments, which vary systematically the work parameters along with the 
realization of pressure measurements during the tests. The main objective of this 
work is to point out the influence of the working parameters at different levels in the 
formation of negative pressure in the intermediate cavity of RSS with contacting dust 
lip as well as in the occurrence of leakage during non-stationary rotational move- 
ments. 

2 Materials and methods 

To investigate different operational conditions and evaluate the impact of parameter 
changes on sealing performance during the non-stationary rotational movements, a 
series of tests was structured. These tests were executed on the High Acceleration 
Test Bench at MEGT, which features dual test cells directly coupled to two servomo- 
tors, enabling dynamic rotational oscillation. In addition, a device was designed to 
measure the pressure in the intermediate cavity using a pressure sensor and a med- 
ical needle. The experiments varied the following parameters: (i) the acceleration at 
the sealing contact; (ii) the oscillation angle; (iii) the greasing level in the intermediate 
cavity; and (iv) the curve type used in the oscillation. 

2.1 The High Acceleration Test Bench 

The operating condition of non-stationary rotational movements were executed by 
the MEGT's High Acceleration Test Bench. This test bench consists of two test cells 
to which two servo motors are coupled. Each test cell consists of a metallic housing 
with a driving shaft that is supported by two bearings in an O-arrangement and is 
lubricated in an oil sump. Each test cell is then sealed with one test shaft and one 
RSS per side (see Figure 1). 
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Figure 1: Section view of a test cell 

 

 Pressure Measuring Device 
In addition to the High Acceleration Test Bench, a pressure measuring device was 
developed with the aim of measuring the negative pressure, which is formed in in- 
termediate cavity during the non-stationary rotational movements. This device con- 
sists of two aluminium profiles for adjusting the vertical position, hand screws in the 
horizontal position to adjust the angle of the sensor with the horizontal line and a 
pressure sensor connected with a medical needle that has a diameter of Ø 0.4 mm 
(see Figure 2). Once the medical needle is positioned in the middle of the dust lip, a 
linear spindle needs to be rotated by hand to prick the dust lip and connect the pres- 
sure sensor with the intermediate cavity of the RSS. 

 

Figure 2: Pressure Measuring Device 
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After the prick, the puncture area needs to be sealed with silicone sealant, to avoid 
pressure equalization during the tests. The sealant fully dries after 24 hours, and 
then the High Acceleration Test Bench is ready for tempering the test cells. The 
pressure data were recorded during the tests. 

 Tempering System 
Besides the pressure measuring device, the test bench is equipped with a tempering 
system, whose purpose is to ensure that the oil sump works with the operating tem- 
perature of 60°C. Each cell was equipped with a tempering sleeve, which can temper 
the housing uniformly minimizing the risk of local overheating. In addition, the cells 
are equipped with a safety system that switches off the entire test bench if a cell 
temperature reaches 120°C. 

 

2.2 Work Method 

The work executed 18 experiments with the High Acceleration Test Bench, each 
lasting up to 400 hours. The experiments varied several working parameters sys- 
tematically, to determine the influence of each parameter on the sealing perfor- 
mance. The selected working parameters were: (i.) the cycle type, which is the curve 
that has to be followed by the motor in order to reproduce the non-stationary move- 
ments (see Figure 3); (ii.) the linear acceleration-maximum between the sealing ring 
and the shaft (i.e. at the sealing contact); (iii.) the angle of amplitude in which the 
shaft oscillates; and (iv.) the degree of greasing, which determines the proportion of 
grease in the intermediate cavity. 

 

Figure 3: Representation of the cycles used to reproduce the non-stationary rotational move- 
ments. From left to right: industrial curve, sine curve, triangular curve. 

In addition, the values of each parameter variation were planned according to the 
results obtained by [12] [13], and each parameter was varied at three levels (light, 
medium and heavy) to cover the most various situations in non-stationary rotational 
movements (see Table 1). 
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Table 1: Parameters with their 3 levels of values variation. 

 
Parameters Settings 

RSS Model RSS without garter spring, with dust lip, material 75 
FKM 585 

Counter surface Rolled 
Oil Sump Volume=1000 ml; full filled test cell; Temperature=60°C 
Cycle type Industrial curve Sine curve Triangular curve 
Acceleration / m/s² 80 160 240 
Angle of Amplitude / ° 5 10 15 
Degree of Greasing / % 30 50 70 

 

The complete variation of 4 factors in 3 levels would lead to 81 different combinations 
of tests. Considering that each test could last up to 400 hours, the realization of 81 
tests would be a time-consuming process. Therefore, some combinations were cho- 
sen in order to cover the most challenging situations with some variations. The de- 
tailed test plan can be found in Table 2. 

 

Table 2: Test plan for parameter variations test with non-stationary rotational movements 

 

Te
st

 

 
Cy

cl
e 

A
m

pl
itu

de
/ °

 

Ac
ce

le
ra

tio
n 

/ m
/s

² 

G
re

as
in

g 
/ 

vo
l%

 

Te
st

 

 
Cy

cl
e 

A
m

pl
itu

de
/ °

 

Ac
ce

le
ra

tio
n 

/ m
/s

² 

G
re

as
in

g 
/ 

vo
l%

 

T1 Indus. 5 160 30% T10 Sine 20 160 30% 
T2 Triang. 15 240 30% T11 Sine 10 160 50% 
T3 Triang. 15 240 70% T12 Sine 5 160 50% 
T4 Triang. 15 240 50% T13 Triang. 10 160 50% 
T5 Triang. 10 240 70% T14 Sine 5 240 70% 
T6 Triang. 5 240 70% T15 Indus. 10 160 50% 
T7 Triang. 15 160 70% T16 Indus. 5 80 70% 
T8 Triang. 15 80 70% T17 Sine 15 160 50% 
T9 Sine 20 160 70% T18 Sine 10 80 50% 
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Each test lasted up to 400 hours, and the measurement of the pressure in the inter- 
mediate cavity was conducted during the tests as well as the monitoring of leakage 
in both sides of the test cells. 

Considering the factorial design method presented by [15] to analyse different vari- 
ables ranging from different levels of intensity, the test plan presented in Table 2 
would be classified as fractioned factorial design 34. A fractioned factorial design 34 

has 4 factors varying in 3 different levels of intensity and its analysis is conducted 
assuming values of -1, 0 and 1 for the lowest level, the intermediate and the highest 
level of intensity of each factor respectively to analyse the main effect of each factor. 
The Table 3 considers also the parameters cycle, angle of amplitude, acceleration 
and greasing in the intermediate cavity as the factors I, II, III and IV respectively. In 
order to analyse de interaction effect between two factors, the product of the notation  
-1, 0 and 1 of the parameters’ levels within the combinations should be considered. 

 
Table 3: Fractional factorial design 34 for the non-stationary rotational movements' tests. 

 
Test I II III IV IxII IxIII IxIV IIxIII IIxIV IIIxIV 
T1 -1 -1 0 -1 1 0 1 0 1 0 
T2 1 1 1 -1 1 1 -1 1 -1 -1 
T3 1 1 1 1 1 1 1 1 1 1 
T4 1 1 1 0 1 1 0 1 0 0 
T5 1 0 1 1 0 1 1 0 0 1 
T6 1 -1 1 1 -1 1 1 -1 -1 1 
T7 1 1 0 1 1 0 1 0 1 0 
T8 1 1 -1 1 1 -1 1 -1 1 -1 
T9 0 1 0 1 0 0 0 0 1 0 
T10 0 1 0 -1 0 0 0 0 -1 0 
T11 0 0 0 0 0 0 0 0 0 0 
T12 0 -1 0 0 0 0 0 0 0 0 
T13 1 0 0 0 0 0 0 0 0 0 
T14 0 -1 1 1 0 0 0 -1 -1 1 
T15 -1 0 0 0 0 0 0 0 0 0 
T16 -1 -1 -1 1 1 1 -1 1 -1 -1 
T17 0 1 0 0 0 0 0 0 0 0 
T18 0 0 -1 0 0 0 0 0 0 0 
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The calculation of the main effect and the interaction effect shall be conducted as 
follows: 

𝐸𝐸 = �̅�𝑦+ − �̅�𝑦− (1) 

which, 

𝐸𝐸: the effect, and 

𝑦𝑦𝑦+ 𝑜𝑜𝑜𝑜−: the mean of the response variable for the negative or positive variation 

3 Results 

The results confirmed the expectation of a negative pressure buildup in the interme- 
diate cavity during the non-stationary rotational movement tests (e.g. see Figure 4). 
Moreover, the results showed different responses according to the variations applied 
on the parameters. Table 4 summarizes the tests carried out presenting the following 
information: 

1. the maximum negative pressure during the test, 
2. the time required to reach the maximum negative pressure during the 

test, 
3. the highest net flow rate during the test, 
4. the time required to reach the highest net flow rate during the test, 
5. whether there was leakage on the pricking side or on the reference side. 

 

 
Figure 4: Pressure curve of T3 

The net flow rate mentioned in point 3 is the volume of air per unit of time that was 
aspirated out of the intermediate cavity during a test. It was determined based on 
the theoretical amount of air that must be aspirated to create the measured pressure 
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change [14]. Suctioning this volume of air creates a negative pressure in the inter- 
mediate cavity. 

Table 4: Parameters and results from the non-stationary rotational movements’ tests 
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T1 Indus. 5 160 30% -15 321 3 45 - - 
T2 Triang. 15 240 30% -41 137 18 1 - - 
T3 Triang. 15 240 70% -169 12 47 4 Grease Prick 
T4 Triang. 15 240 50% -21 17 5 1 - - 
T5 Triang. 10 240 70% -73 66 6 4 Grease Ref. 
T6 Triang. 5 240 70% -47 102 6 287 Oil Both 
T7 Triang. 15 160 70% -98 25 16 2 - - 
T8 Triang. 15 80 70% -54 124 4 109 Grease Ref. 
T9 Sine 20 160 70% -177 24 24 0 - - 
T10 Sine 20 160 30% -76 192 10 54 - - 
T11 Sine 10 160 50% 0 89 0 89 - - 
T12 Sine 5 160 50% -44 28 7 1 Oil Ref. 
T13 Triang. 10 160 50% -57 48 7 1 - - 
T14 Sine 5 240 70% -67 37 6 6 - - 
T15 Indus. 10 160 50% -39 164 7 0 - - 
T16 Indus. 5 80 70% -115 90 8 315 - - 
T17 Sine 15 160 50% -16 186 5 157 - - 
T18 Sine 10 80 50% -43 335 6 1 Grease Both 

 

3.1 The Most Negative Pressures: T3, T9 and T16 

Considering that the negative pressure in the intermediate cavity is an important 
variable to be analysed, since it changes the geometry of the intermediate cavity as 
well as the angles from the dust and the sealing lip [14], the T3, T9 and T16 were 
the tests, which presented the most negative pressures and so should be highlighted 
among the other tests. The Table 5 exhibit the mentioned tests with their applied 
parameters along with their respective results in terms of negative pressure, net flow 
rate and leakage. 
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Table 5: Parameters and results from T3, T9 and T16 
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T3 Triang. 15 240 70% -169 12 47 4 Grease Prick 
T9 Sine 20 160 70% -177 24 24 0 - - 
T16 Indus. 5 80 70% -115 90 8 315 - - 

 
The comparison between the applied parameters on T3, T9 and T16 shows that: 

1. each test used a different cycle from the other two tests, 
2. T9 applied the greatest angle of amplitude, as T16 used the 

smallest angle of amplitude among the others, 
3. T3 applied the highest acceleration at the sealing contact, as 

T16 applied the lowest acceleration among the others, and 
4. all three tests applied the highest level of greasing in the interme-

diate cav- ity. 
The comparison between the results obtained on T3, T9 and T16 shows that: 

1. T9 presented the greatest negative pressure among the others 
test, which is 8 mbar greater than T3 and 62 mbar greater than 
T16, 

2. the time of achievement in T3 (12 hours) is two times shorter 
than T9 and 7,5 times shorter than T16, and 

3. the net flow rate values are inversely proportional to time of achieve-
ment. 

 

3.2 The Oil Leakage Cases: T6 and T12 

A similar analysis has been made considering the leakage cases, i.e. T6 and T12. 
Table 6 displays the specified tests along with the parameters used and their corre- 
sponding outcomes, including negative pressure, net flow rate, and leakage occur- 
rences. 
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Table 6: Parameters and results from T6 and T12. 
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T6 Triang. 5 240 70% -47 102 6 287 Oil Both 
T12 Sine 5 160 50% -44 28 7 1 Oil Ref. 

 

The comparison between the applied parameters on T6 and T12 shows that: 

1. both tests applied the same angle of amplitude, and, 
2. theoretically, T6 applied in parameters cycle, acceleration and 

greasing one level more critical than the parameters applied 
on T12. 

The comparison between the results obtained on T6 and T12 shows that: 

1. the difference of maximal negative pressure developed by both 
tests is 3 mbar and both tests presented similar pressure 
curves, 

2. the difference of maximal net flow rate achieved by both tests is 
1 mm³/h, and 

3. T6 produced oil leakage in both sides of the test cell, as T12 
produced oil leakage at reference side of the test cell. 

3.3 The Factorial Design Analysis of the Results 

In order to calculate the main effects and the interaction effects the Table 3 was filled 
with the results obtained with the realized tests. The correlation between fac- tors, 
interactions and results can be visualized in Table 7. The application of the Equation 
(1) for the main effects of each factor and for the interactions’ effects be- tween fac-
tors can be visualised in Table 8 and Table 9 respectively. 
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Table 7: Fractional factorial design 34 for the non-stationary rotational movements' tests and 
their results. 

Test I II III IV Ix 
II 

Ix 
III 

Ix 
IV 

IIx 
III 

IIx 
IV 

IIIx 
IV P tp N tN 

T1 -1 - 
1 0 -1 1 0 1 0 1 0 -15 321 3 45 

T2 1 1 1 -1 1 1 -1 1 -1 -1 -41 137 18 1 
T3 1 1 1 1 1 1 1 1 1 1 -169 12 47 4 
T4 1 1 1 0 1 1 0 1 0 0 -21 17 5 1 
T5 1 0 1 1 0 1 1 0 0 1 -73 66 6 4 

T6 1 - 
1 1 1 -1 1 1 -1 -1 1 -47 102 6 287 

T7 1 1 0 1 1 0 1 0 1 0 -98 25 16 2 
T8 1 1 -1 1 1 -1 1 -1 1 -1 -54 124 4 109 
T9 0 1 0 1 0 0 0 0 1 0 -177 24 24 0 
T10 0 1 0 -1 0 0 0 0 -1 0 -76 192 10 54 
T11 0 0 0 0 0 0 0 0 0 0 0 89 0 89 

T12 0 - 
1 0 0 0 0 0 0 0 0 -44 28 7 1 

T13 1 0 0 0 0 0 0 0 0 0 -57 48 7 1 

T14 0 - 
1 1 1 0 0 0 -1 -1 1 -67 37 6 6 

T15 -1 0 0 0 0 0 0 0 0 0 -39 164 7 0 

T16 -1 - 
1 -1 1 1 1 -1 1 -1 -1 -115 90 8 315 

T17 0 1 0 0 0 0 0 0 0 0 -16 186 5 157 
T18 0 0 -1 0 0 0 0 0 0 0 -43 335 6 1 
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Table 8: Main effects of the factors on the response variables. 

 
Main Effects P / mbar tP / h N / mm³/h tN/ h 

Cycle -13,67 -127,3 7,62 -68,87 

Ampli. -23,9 -25,97 10,125 -89,8 

Accel. 1 -121,17 8,67 -91,17 

Greas. -56 -156,67 4,29 57,54 

Table 9: Interactions' effects between the factors and their impact on the response variables. 

 
Interact. Effects P / mbar tP / h N / mm³/h tN / h 

Cycle + Amp. -26,28 1,71 8,4286 -218,86 

Cycle + Accel. -23,67 -53,33 11 -7 

Cycle + Greas. 2 -5,17 0,67 -82,83 

Amp. + Accel. -30,5 -23,67 14,17 -53,75 

Amp. + Greas. -33,4 -10,4 9,2 -100,6 

Accel. + Greas. -19 -62,75 6,25 -66,41 
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4 Conclusions 

This work carried out successfully a series of experimental tests varying systemati- 
cally several working conditions in order to reproduce the non-stationary rotational 
movements and monitored the impact of the variation of these parameters on RSS 
and their sealing effectiveness. The results showed that: 

• The grease volume in the intermediate cavity has the major ef-
fect on the negative pressure induction. 

o The negative pressure is on average increased in -56 
mbar, when the greasing level is raised from a lower 
level to a directly upper level. 

o The effect of the greasing on the formation of the neg-
ative pres- sure can be visualized by taking T3, T4 
and T16 into account, which had just the greasing 
level as a common parameter in the same level. 

• The amplitude has second greatest effect on the negative pres-
sure induc- tion and the greatest effect on the net flow rate. 

o T9 applied a greater amplitude than T3 and T16 and, alt-
hough, T9 had applied lower levels of cycle and accelera-
tion than T3, T9 pro- duced the highest negative pressure 
among all tests. 

o The amplitude has the major effect on the net flow rate 
induction, and this can also be visualized in the interac-
tion effects involving the amplitude and the other param-
eters. 

• The amplitude might have a major effect in the cases of leakage of oil. 
o T6 and T12 just had the level of the amplitude as a com-

mon parameter, which was the smallest angle tested. 
o The effect of small oscillations angles on the followa-

bility of the dust lip of RSS must be considered for fur-
ther studies. 

• The acceleration shows a small influence on the negative pres-
sure formation as main effect, but its interactions’ effects with pa-
rameters are considerable. 

5 Nomenclature 

P: Maximal pressure in intermediate cavity, 

tP: Time of achievement of the maximal pressure in intermediate cavity, 

N: Maximal net flow rate, and 

tN: Time of achievement of the maximal net flow rate. 
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Development and testing of sleeve-type lip seals with  
stamped back-pumping structures 

Marco Gohs, Lothar Hörl, Frank Bauer 

The Back-Structured Shaft Seal (B3S) [1] was developed to achieve an optimal balance be-
tween static and dynamic tightness, thermal and chemical resistance, as well as high reliability 
and durability for PTFE shaft seals. Structures on the back of the sleeve create an active 
pumping mechanism in the sealing contact. This paper sums up the results of a stamped 
version in comparison to the laser engraved version. The stamping process causes significant 
alterations to the material properties of the seal. All prototypes underwent both static and dy-
namic tests which demonstrate that the B3S principle can be successfully implemented in a 
stamped version. However, the design of the structures must take additional influencing fac-
tors into account. 

1 Introduction 

In mechanical engineering, a multitude of diverse seals are employed to seal rotating 
shafts [2]. To guarantee a dependable, leakage-free seal, a back-pumping effect is 
indispensable. Consequently, shaft seals function as miniature pumps, actively 
pumping fluid back so that it does not occur as leakage. In the case of rotary shaft 
seals made of elastomer, a self-induced back-pumping effect is created by the ge-
ometry of the sealing edge and the surface roughness in contact with the shaft [3]. 
Therefore, no additional sealing aids are necessary [4].  

In the event of high thermal or chemical loads, the use of elastomers is often no 
longer an option, necessitating the use of higher-grade materials such as PTFE com-
pounds. Sleeve-type lip seals made of PTFE do not exhibit a self-induced back-
pumping effect [5]. However, in order to achieve a back-pumping effect spiral 
grooves or other sealing aids in the sealing contact are used [6-7]. The back-struc-
tured shaft seal was developed at the Institute of Machine Components (IMA) for this 
purpose, representing an optimal combination of the positive properties of different 
shaft seal types. It ensures good static and dynamic tightness with high thermal and 
chemical resistance. The back-pumping effect is caused indirectly by structures on 
the backside of the sleeve, ensuring high reliability and a long service life [8]. 

This novel seal design was subjected to extensive testing and optimization with pro-
totypes on test benches. The prototypes for this were produced by laser engraving. 
In order to facilitate more efficient production with reduced emissions, particularly in 
view of possible restrictions in the use of per- and polyfluoroalkyl substances (PFAS), 
stamping has now been tested as an alternative production process. Compared to 
laser engraving, stamping results in additional alterations to the material properties 
and thus a change in the sealing properties. The same geometry as a pumping struc-
ture exhibits different properties in stamped form than in laser engraved form. This 
paper therefore compares the functional behavior of stamped back-structured shaft 
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seals to that of the laser engraved reference variant. The advantages and special 
features of the stamped variant are demonstrated on the basis of experimental in-
vestigations, thereby illustrating the suitability of stamping as an alternative manu-
facturing process for back-structured shaft seals. 

2 Sleeve type lip seals made of PTFE 

PTFE is utilized in the production of sleeve type lip seals, which is compounded with 
fillers to reduce wear and creep tendency while maintaining high chemical and ther-
mal resistance and optimum dry-running properties [9]. Flat disks are typically em-
ployed, which are clamped in sheet metal rings. Due to the inner diameter being 
smaller than the shaft diameter, the sleeve lies flat on the shaft surface after the 
installation, as illustrated in Figure 1. Due to the surface roughness and the lack of 
a back-pumping effect, it is inevitable that leakage will occur during operation. 

Spiral grooves (Figure 1, middle) or stamped structures in the sealing contact (Figure 
1, right) are used to enhance dynamic tightness. However, the continuous spiral re-
duces static tightness and only one direction of rotation is possible [7]. Stamped 
structures in the sealing contact can also be utilized for shafts rotating in both direc-
tions, but are subject to heavy wear and are therefore not durable [6,10]. Bidirectional 
hydrodynamic seals where first mentioned in [11]. 

 
Figure 1: PTFE Lip Seals without and with Sealing Aids [8] 

2.1 Back Structured Shaft Seal 

The indirect structuring of the B3S combines the advantages of the three aforemen-
tioned variants. As the structures are not in the sealing contact, the static tightness 
remains at a similarly high level as with the unstructured sleeve type lip seal. The 
structures are applied as indentations on the side facing away from the shaft. As a 
result of the widening of the inner diameter during assembly, flat, very active pump-
ing channels result in the contact area, as illustrated in Figure 2. The geometry of 
the structuring allows for the creation of channels with a wide range of shapes, ena-
bling the realization of both unidirectional and bidirectional structures [12]. The active 
pumping channels in the sealing contact are a consequence of the structuring on the 



A19     317 
______________________________________________________________________________________________________________ 

backside and remain effective even in the presence of wear, as they are also acti-
vated in dynamic operation by drag pressure due to the locally lower stiffness of the 
material. 

 
Figure 2: Working Principle of the Back Structured Shaft Seal [12] 

A comprehensive account of the B3S's functionality and testing on laser engraved 
variants has been previously published by STOLL and DAKOV [8,12]. Optimal ge-
ometries were developed and tested for various applications using different geome-
try variants. The sickle-shaped geometry implemented here was found to be the 
most robust variant. In particular, the position, number, and depth of the structures 
can be varied within certain limits without a significant impact on the function. This 
allows for a seamless transition to a stamping die. 

3 Manufacturing of the Prototypes 

The raw material utilized in the production of the sheet material is a PTFE compound 
filled with glass spheres [13]. The base material in this case is expanded PTFE, 
which exhibits compressibility and provides optimal conditions for the stamping pro-
cess. The same raw material was employed in the experiments before with the laser 
engraved variant, ensuring direct comparability with previous investigations. 

3.1 The Stamping Process 

For the production of stamped back-structured shaft seals, the geometry was first 
adapted to the requirements of a stamping die. Prototypes were then produced and 
the influence of the stamping parameters, namely pressure, duration and tempera-
ture during stamping, was investigated. 
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3.2 Adaptation of the geometry 

A subtractive manufacturing process, such as laser engraving, allows for the creation 
of structures with no restrictions on distance, geometry, or depth. This enables the 
structuring to be designed with great freedom, with the goal of achieving the optimal 
pumping effect. However, material deposition during stamping is necessary, and 
there must be sufficient distance between structures to ensure clean impression ac-
curacy. Additionally, it is essential to ensure that the metal stamping die, which is to 
be produced as a negative of the stamped geometry, can be manufactured. The 
optimized geometry of the laser engraved version (Figure 3, left) was therefore 
adapted (Figure 3, right). In order to achieve a greater distance between the struc-
tures, the number of structures was reduced and the shape slightly adjusted. 

 
Figure 3: Reference Geometry and for Stamping optimized Version 

The inner diameter was chosen slightly smaller to allow cutting to obtain an optimal 
edge. This is done by removing the burr caused by the gap of the die. The dotted 
line marks the position where the cut is made. 

3.3 The Stamping Process 

The prototypes were produced on a stamping press with heatable plates, as illus-
trated in Figure 4. For this purpose, the disk of raw material is placed between a 
milled stamping die, which has the shape of the structuring as a negative on the 
surface, and a counter mold. The heatable plates at the top and bottom can heat the 
stamping die and the disk up to 270°C. The stamping process is realized via a pres-
sure-controlled hydraulic cylinder. It can be subjected to a pressure of up to 25MPa, 
which corresponds to a force of up to 200kN. The PTFE disks have an inner diameter 
of 65mm and an outer diameter of 100mm. 

 
Figure 4: Scheme of the Stamping Process 

upper plate

lower plate

stamping die

countermold PTFE disk
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The stamping process can be divided into four steps. First, the disk is placed in the 
die. Second, the die is heated for approximately 10 minutes between the preheated 
plates of the press. After heating, pressure is applied and maintained for a predeter-
mined time. For all the variants in this paper the pressure was applied for one minute. 
Finally, the stamped disk is removed and allowed to cool down. The stamping die 
used for the prototypes is shown in Figure 5. 

 
Figure 5: Stamping Die 

The structures of the die have an average height of approximately 0.32 mm.  

3.4 Evaluation of the structures 

Different stamping parameters result in variations in the replication of the stamping 
die in the material to be stamped. They also cause shallow indentations on the op-
posing sleeve surface. The variants enumerated in Table 1 were created with the 
objective of identifying the relationships between the stamping parameters and the 
resulting stamped geometry. The mean contact pressure in table 1 is the mean pres-
sure applied on the whole disk surface during the stamping process. 

Table 1: Stamping Parameters of the Analyzed Variants 

Stamping Pressure 20 MPa 10 MPa 5 MPa 2.5 MPa 
Mean Contact Pressure 35.3 MPa 17.6 MPa 8.8 MPa 4.4 MPa 

Stamping  
Temperature 

20°C G001 G002 G003 G004 
200°C G005 G006 G007 G008 

Figure 6 illustrates the three variants G001, G004 and G005. The differences in char-
acteristics between the structures with varying stamping parameters are clearly evi-
dent. 
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Figure 6: Examples of Stamped Structures with different Stamping Parameters 

The depth of the structures and the depth of the indentations in the contact area 
were measured and evaluated. The surface measurements were conducted on a 
laser scanning microscope (Keyence VK9700 Gen. II). An illustrative example of a 
measurement of the top and bottom sides is presented in Figure 7. 

 
Figure 7: Example of a Measurement of the Top and Bottom Side 

 Structures on the back 
Figure 8 presents the measured depths of the various variants. 

 
Figure 8: Depth of the Stamped Structures 

The structures of the variants stamped at 200°C are significantly deeper than those 
of the variants stamped at 20°C. This behavior can be explained by the fact that the 
PTFE flows more strongly at higher temperatures and already deforms plastically at 
lower strains. The structure depth decreases with lower stamping pressure. In the 
variant stamped at 200°C, no discernible differences in depth are observed between 
10 and 20MPa stamping pressure. Therefore, 10MPa at 200°C is sufficient for 
achieving the maximum depth of the structure. 
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The stamping temperature also has a significant effect on the shape of the stamped 
structure. Figure 9 shows the cross-sectional geometry of a structure stamped at 
20°C (left) and one stamped at 200°C (right). Note that the structures stamped at 
higher temperature have significantly sharper edges. The structures stamped at 
20°C show a curvature of the bottom surface in addition to the strongly rounded top 
edges. 

 
Figure 9: Profiles of the Stamped Structures at different Temperatures 

 Structures in the contact area 
The indentations that have been formed on the opposite surface are approximately 
50 µm deep at the deepest point in the variant stamped at 200°C. In the variant 
stamped at 20°C, they are slightly deeper at approximately 80 µm. The results from 
the contact analysis, which follow in section 4.2.2, also confirm this. 

In conclusion, it can be stated that a higher stamping temperature results in deeper 
structures on the back side and a more accurate geometry of the structures. Con-
versely, a higher stamping temperature results in shallower indentations on the con-
tact side. 

4 Experimental tests of the functionality 

In order to demonstrate the effect of the stamped structures and to compare them 
with the laser engraved version, a series of static and dynamic tests were carried out 
on prototypes. 

4.1 Manufacturing and selection of variants 

Prototypes were produced with the following stamping parameters for the purpose 
of experimental investigation of the stamped variant: 

• S01: 1 minute at 200°C and 20MPa stamping pressure 
• S02: 1 minute at 20°C and 20MPa stamping pressure 

In addition to a variant without pumping structures, two reference variants were pro-
duced with laser engraving to permit a direct comparison under identical test condi-
tions: 

• WS: Smooth lip without pumping structures 
• L01: Reference geometry with 60 structures, 0,4mm deep 
• L02: Geometry of the stamped variant with 40 structures, 0,25mm deep 
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A series of four identical seals of each variant were tested in order to ascertain the 
impact of the stamping process. The reference variant, L01, corresponds to the un-
changed original laser engraved variant. The variant L02 was equipped with the ge-
ometry adapted for the stamping die. A depth of 0.25 mm was selected, as this cor-
responds to the measured structure depth of the stamped variants. L02 therefore 
represents the geometrically identical equivalent to the stamped variants. Due to the 
laser engraving process, this variant does not exhibit the material-related changes 
caused by the stamping process. Consequently, it is possible to differentiate the 
properties caused by the structure from those caused by the stamping process. 

4.2 Preliminary and follow-up studies 

The radial load was quantified on all manufactured variants both before and after the 
tests. Furthermore, the contact area was evaluated, and the sealing edges were vis-
ually inspected. 

 Radial load 
In the case of seals, the radial load is the load with which the sealing edge is pressed 
against the shaft. The measurements were conducted on a radial load measuring 
device using the split shaft method and Automatic Diameter Control [14]. The sealing 
rings were mounted on a shaft and stored for one hour prior to the first measurement. 
The second measurement was conducted after the static test. This corresponds to 
a total time of approximately 240 hours mounted on the shaft at 20°C. The third 
measurement was conducted after the subsequent endurance test. The seals were 
therefore mounted on the shaft for a total of approximately 480 hours and exposed 
to an oil temperature of 20°C for half the time and 120°C for the other half. The 
measured values are presented in Figure 10. For each variant, all the seals were 
measured at four points, with each point offset by 90°. Consequently, each bar is 
averaged over a total of 16 values. 

 
Figure 10: Radial Loads 

It is clear that the stamping process of version S01 and S02 has an effect on the 
radial load compared to the smooth lip WS. The smooth lip WS also represents the 
values of the disk before the stamping process as it is not possible to measure the 
radial load before and after the stamping process on the same seal due to plastic 
deformations while mounting. The radial load after 1 hour is slightly lower for the 



A19     323 
______________________________________________________________________________________________________________ 

variant S01 than for the variant S02. However, with increasing storage time on the 
shaft, the radial loads of the variant S01 remain almost constant, while the radial 
load of the variants S02 decreases significantly. The behavior of the stamped vari-
ants S01 and S02 is very similar to the behavior of the laser engraved variants L01 
and L02. After 240 hours of continuous running at 120°C, the radial loads are almost 
identical for all variants. However, they remain significantly lower than before the 
endurance test. 

 Contact analysis 
During contact analysis, the seals are mounted on a hollow glass shaft that is illumi-
nated from the front surface. This type of illumination makes the areas that touch the 
shaft appear bright, which allows for the visualization of the very flat structures in the 
sealing contact. The images were taken with a Sealobserver, which enables the ob-
servation of the sealing edge radially from the inside to the outside through the glass 
shaft onto the sealing edge [15]. Selected images of the different variants before the 
tests are shown in Figure 11. 

 
Figure 11: Contact Areas before the Endurance Test 

It is evident that both stamped variants exhibit a continuous pressure line on the fluid 
side in the circumferential direction. This renders the stamped variant more advan-
tageous in this regard than the reference variant L01. The laser engraved variant 
L02 clearly demonstrates that, in the absence of the additional effects resulting from 
the stamping process, the structuring merely creates a relatively weak pumping 
structure in the form of a wavy pressure line and lacks any ridges in the pressure 
distribution. 

The contact analysis after the endurance test at 120°C in Figure 12 shows that the 
laser engraved structures have become less pronounced. In the stamped variants, 
there is a clear difference between the variants S01 and S02 visible. In variant S01, 
the channels have even become slightly more pronounced, while in variant S02, the 
geometry of the channels has changed significantly. This again illustrates the influ-
ence of the stamping parameters on the back-pumping structures. 



324     22nd ISC 
______________________________________________________________________________________________________________ 

 
Figure 12: Contact Areas after the Endurance Test 

4.3 Static tightness 

In the process of testing the static tightness, the seal is completely flooded on the 
fluid side and the extent of the leakage at the sealing edge is evaluated visually. This 
evaluation is carried out at specified intervals. The leakage is qualitatively divided 
into six classes, which are illustrated in Figure 13. The classes range from P6, which 
indicates that no leakage is visible, to P1, which signifies that the leakage has al-
ready reached the housing. The classes in between are used for finer gradation. The 
ratings of the five variants are presented in Figure 13. 

 
Figure 13: Static Leakage and Measurement Method [7] 

As anticipated, the variant WS without any structuring (WS) exhibited the best per-
formance. The variant L02 with the laser engraved equivalent structures exhibited 
slightly inferior performance, but within a similar order of magnitude. The at 200°C 
stamped variants (S01) exhibited particularly favorable results, demonstrating signif-
icantly enhanced static tightness compared to the reference structure (L01) despite 
the channels that are clearly visible in the contact analysis. This evidence demon-
strates the significance of the closed pressure line on the fluid side, which is absent 
in the laser engraved reference variant (L01) and consequently results in inferior 
static tightness. 
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4.4 Pumping rates 

To test the pumping rate, the seals are mounted on the test bench in reverse. Fluid 
is now present on the air side and the pumping action pumps fluid from the air side 
to the fluid side of the seal. With the fluid side now facing outward, the amount of 
pumped fluid escapes and can be measured. Pumping rate measurements were 
taken both before and after the endurance test on two samples of each version to 
evaluate the change in pumping efficiency over time. Figure 14 shows the measured 
pumping rates before the endurance test and Figure 15 shows the values after the 
endurance test. 

 
Figure 14: Pumping Rates before the Endurance Test 

As expected, the seals without pumping structures (WS) also show no pumping ef-
fect. The laser engraved reference variant L01 has a pumping rate of about 15 g/min 
at 4500 rpm. The two stamped variants S01 and S02 differ significantly. The variant 
S01 had more than four times the pumping rate of the laser engraved reference 
variant L01. However, variant S02 had a lower pumping rate than the reference var-
iant L01. Variant L02 clearly shows that the structuring of the stamped versions 
alone, without the influence of the stamping process, has a very low pumping rate. 
It can be concluded that the very good pumping effect is mainly caused by the 
changes that occur during the stamping process, in particular the significantly rein-
forced structures in the sealing contact. 

 
Figure 15: Pumping Rates after the Endurance Test 
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As a result of the endurance test, the pumping effect of the laser engraved variants 
L01 and L02 and the stamped variant S01 is reduced by more than 30%. The 
stamped variant LS02 shows a slight improvement in the pumping effect, which 
means that both stamped variants now have a higher pumping effect than the laser 
engraved variants. It is positive to emphasize that all back-structured variants show 
a clear pumping effect even after the endurance test, thus demonstrating the dura-
bility of the structuring. 

4.5 Endurance test 

Endurance tests were performed to verify the function over a longer period of use. 
The test conditions and a section of the used test rig are shown in Figure 16. 

 
Figure 16: Test Rig and Operation Conditions 

None of the stamped variants showed any leakage over the entire test period. The 
exceptions were individual failures that were due to other causes and therefore could 
not be included in the evaluation of the stamped structure. 

5 Influence on the material behavior through the stamping process 

The PTFE compound used is compressible, which alters the mechanical properties 
as a consequence of the stamping process. To ascertain the influence of this phe-
nomenon, tensile tests were conducted on compressed raw material at 20°C and 
120°C. The raw material was therefore pressed at 20°C and 200°C. The tensile 
specimens were then punched out of the prepared material and the thickness was 
measured, (Figure 17 left). The material compressed at 20°C exhibited a compres-
sion of approximately 13%, while the material compressed at 200°C showed a com-
pression of around 46%. 
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Figure 17: Measured Specimen Thickness and Stress-Strain Curve of the Raw Material 

Figure 17 on the right shows the stress-strain curves of the raw material measured 
at 20°C and 120°C. The stress is reduced by about 50% due to the increased ambi-
ent temperature whereas the elongation at break remains nearly the same at about 
2.5 mm/mm. 

The stress-strain curves of the compressed PTFE sheets are shown in Figure 18. 
The plot on the left shows measurements on specimens compressed at 20°C for one 
and ten minutes and the plot on the right shows the measurements on specimens 
compressed at 200°C for one minute. 

 
Figure 18: Stress-Strain Curves of the Compressed Material at 20°C and 200°C 

At 20°C it is evident that the length of time the material has been compressed has a 
significant influence on the stress-strain behavior. The material compressed for 10 
minutes almost reaches the values of the raw material, while the material com-
pressed for one minute shows significantly lower stresses. This difference is not vis-
ible in the tensile tests at 120°C. It can therefore be concluded that the residual 
stresses generated by the pressing process are relieved either by heating or longer 
compression times when not heated. The material shows a discernible shift in its 
physical properties upon compression at 200°C. Initially, the material exhibits a 
nearly linear response, followed by the onset of viscous flow under a consistent 
stress level. 
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6 Summary and Conclusion 

Seals made of elastomer are often unsuitable for sealing rotating shafts in thermally 
or chemically challenging conditions. In contrast, sleeve type lip seals are employed 
in this area of application. Unlike rotary shaft seals made of elastomer, sleeve type 
lip seals do not form a self-induced back-pumping effect that enables continuous 
operation without leakage. In order to achieve an optimum combination of chemical 
and thermal resistance, as well as static and dynamic tightness, a sleeve type lip 
seal with special back-pumping structures, designated the B3S, was developed at 
the IMA. To test the functional principle, the prototypes have so far been produced 
using laser engraving. However, this process is very time-consuming and involves 
problematic emissions during production. The studies presented in this paper have 
demonstrated that stamping is an optimal manufacturing process for back-structured 
shaft seals. This implies that a simpler, more efficient manufacturing process is now 
available that is associated with fewer harmful emissions. Stamping creates addi-
tional active back-pumping structures on the contact side, thus resulting in an en-
hanced back-pumping effect compared to the variant produced by laser engraving. 
The back-pumping effect can be significantly influenced by the stamping pressure 
and temperature. 

7 Outlook 

The data obtained from the material analysis now permits the precise design of the 
stamped structures through the use of simulative optimization. The effects of the 
stamping process can now be incorporated into the design. Furthermore, the test 
results can be used to optimize the pumping effect and to develop a B3S with opti-
mized stamped bidirectional pumping structures. 
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Predicting Compatibility of Sealing Material with Bio-Hybrid 
Fuels: Development and Comparison of Machine Learning 
Methods 

Lukas Boden, Marius Hofmeister, Faras Brumand-Poor, Linda Pleninger, 
Katharina Schmitz 

 
Bio-hybrid fuels, derived from sustainable raw materials and green energies, offer a promising 
alternative to conventional fuels made of mineral oil. Within the cluster of excellence “The Fuel 
Science Center (FSC)” at RWTH Aachen bio-hybrid fuels are investigated on a holistic level, 
including an examination of their compatibility with sealing materials. Previous time-consum- 
ing experiments revealed that many bio-hybrid fuels show poor material compatibility with 
elastomer sealing materials (e.g. NBR & FKM) leading to issues such as volume expansion, 
hardness alteration, or chemical reactions upon immersion. These incompatibilities could re- 
sult in catastrophic failures during practical applications. Due to the high number of possible 
fuels, fuel-mixtures and therefore fuel/seal combinations a solely empirical approach is im- 
practical. Consequently, this work presents a hands-on framework of machine learning (ML) 
regression models that predicts material compatibility based on experimental results and se- 
lected fluid properties, thereby enabling the preselection of possible fuel/seal combinations 
for subsequent immersion tests. 

 
 

1 Motivation and Introduction 

In terms of global climate change, CO2-neutral forms of energy from sources other 
than fossil feedstock are of immense importance to all of society. One possibility for 
providing climate-neutral energy for automotive applications is the use of bio-hybrid 
fuels, which are produced either based on biological resources or with the use of 
other carbon sources and renewable energy. In order to select fuels from the almost 
infinite number of possible molecules that meet environmental, economical, and 
technical requirements, the Cluster of Excellence "The Fuel Science Center (FSC)" 
is developing methods to identify optimal fuel candidates. 

One advantage of bio-hybrid fuels over other alternative energy sources, such as 
fuel cells or electrical energy, is the use of existing infrastructure. If bio-hybrid fuels 
are used as so-called "drop-in fuels" in existing combustion engines, a worldwide 
network of filling stations and production facilities in the fuel industry can be utilized. 

A mandatory prerequisite for the unrestricted use of “drop-in fuels” developed in the 
FSC is material compatibility with all system components. Static and dynamic seals 
are particularly at risk. Failure of seals can have far-reaching consequences as has 
been shown in the past with test bench failures caused by damaged seals. Previous 
studies and immersion tests have shown that many bio-hybrid fuels have poor ma- 
terial compatibility with conventional elastomer sealing materials, leading to an in- 
crease in elastomer volume of more than 200 % [1, 2]. Such large amounts of swell- 
ing lead to immediate failure in real technical applications. In addition to swelling, 



334     22nd ISC 
______________________________________________________________________________________________________________ 

other wear mechanisms such as changes in hardness or chemical reactions were 
observed [1, 2]. Based on these findings, material compatibility has become a im- 
portant design parameter for bio-hybrid fuels within the FSC and therefore is ad- 
dressed in this study. 

Given the vast array of fuel candidates and blends, along with corresponding 
fuel/seal combinations, conducting manual immersion tests becomes impractical. In 
addressing this challenge, an automated test rig was developed, facilitating the sim- 
ultaneous execution of 90 immersion tests. However, despite this advancement, 
achieving a comprehensive examination of all potential fuel/seal combinations re- 
mains unfeasible. Thus, there arises the necessity for a strategic selection of com- 
binations to investigate further. 

Machine learning (ML) has proven to be successful in the area of fluid power appli- 
cations, like fault detection [3] and data-based condition monitoring [4]. Furthermore, 
several studies have been conducted on the discovery of new materials and predic- 
tion of fuel properties with ML algorithms [5, 6]. The ability of ML algorithms to dis- 
cover patterns and trends in a vast amount of data represents a powerful tool for the 
identification of material compatibility and the prediction of compatibility of untested 
combinations, resulting in a narrowed-down fuel/seal configuration. Hereby, a pair- 
ing is valid if the hardness change and sealing material volume after the immersion 
test are close to the values of immersion tests with conventional fuels, such as diesel 
or gasoline. The configurations are not further considered if the values deviate too 
much. 

In the following study, the process of conducting immersion tests, selecting suitable 
parameters, and preprocessing the resulting dataset is presented. Furthermore, the 
setup of the ML framework, model training, and evaluation and subsequently the 
comparison of different regression models are shown. 

 
2 Methodology 

In the following section the investigated bio-hybrid fuels and regression methods are 
introduced. 

 
2.1 Investigated bio hybrid fuels 

Different promising drop-in fuel candidates have emerged out of the FSC. Six of 
them are included in this work. Additionally, diesel in accordance with DIN EN 590 
and gasoline according to DIN EN 228 are used as reference fuels [7, 8]. In the 
following, the composition of the bio-hybrid fuels is shortly introduced. 

The first representative for bio-hybrid diesel fuels is OME 3-5. OME 3-5 is a mixture 
of polyoxymethylene dimethyl ethers with chain lengths between 3 and 5 carbon 
atoms. It is intended to be produced based on methanol and formaldehyde by using 
low carbon electricity [9]. The two HyFit fuels can be produced using Fischer Tropsch 
synthesis and consist of different shares of n-alcohols and n-alkanes. HyFit1 and 
HyFit2 differ primarily in their accumulated alcohol content of 15 and 40 % 
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respectively [10]. The third bio-hybrid diesel fuel is a mixture of different methyl ke- 
tones which is derived from a microbiological process [2]. Representatives of bio- 
hybrid Otto fuels are KEAA and EBCC blends which are mixtures of different ke- 
tones, esters, alcohols, and alkanes [11]. 

Most of the fuel candidates mentioned above are mixtures of pure liquids. Some pure 
liquids have already been tested by the FSC for their material compatibility and are 
therefore included in this study [2, 12]. This has two advantages. Firstly, the experi- 
mental database is expanded, making predictions by ML regression models more 
significant. Secondly, the foundation is provided to further investigate the material 
compatibility of mixtures or fuel blends and to understand the underlying patterns. 

 
2.2 Regression models 

The field of machine learning focuses on finding patterns in data using computer 
algorithms. Its main purpose is to utilize these patterns to perform various tasks, 
such as data classification or estimation of continuous values based on the given 
data [13]. Since the aim of this study is to predict numerical values based on a da- 
taset that consists of both input and their corresponding target (output) variables, a 
supervised learning (SL) approach is selected. In the case of SL, the output is the 
true value, called a label, and the model should be tuned in such a way that it predicts 
the particular label for the provided input set. The inputs of the ML models are the 
fuel properties, which are listed in Table 1. Their selection process is elaborated 
further in section 3.2. The provided labels are the volume amount and hardness 
change of the elastomer specimen. This setup represents a multi-output regression 
problem, which can be solved by a variety of SL algorithms, listed in Table 2. This 
work aims to implement a framework, which integrates these algorithms and could 
be extended and validated with currently available and further collected data. 

Table 1: Overview of selected describing parameters 
 

Descriptor: Source: Refer- 
ence: 

Data type and unit: 

Density Measured and from 
literature 

[23, 24] Numerical value kg/m³ 

Molar mass From literature [23, 24] Numerical value g/mol 

Molar volume Engineered from 
density and molar 
mass 

- Numerical value m3/ 
mol 

Boiling point From literature [23, 24] Numerical value °C 

Enthalpy of vapori- 
zation 

From literature (at 
standard conditions) 

[23, 24] Numerical value kJ/ 
mol 
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Vapor pressure From literature (at 
20°C) 

[23, 24] Numerical value kPa 

Oxygen content Calculated from mo- 
lar structure 

[23, 24] Numerical value % 

Ring structure From molecular 
structure 

[23, 24] Either 1 or 0 - 

logPow From literature [25] Numerical value - 

 
Table 2: Comparison of the investigated regression models [14] 

 
Regression model: Working principle: 

Linear 
Model 

Linear Regression 
(polynomial 
Regression) 

Fits a linear (polynomial) function to the data 
by minimizing the difference between the true 
and predicted values, adjusting coefficients 
to find the best-fitting line (or curve) 

Lasso Regression Additional to linear regression, the absolute 
size of coefficients is penalized using L1 reg- 
ularization 

Stochastic 
gradient decent 

Minimizes the loss function iteratively by ran- 
domly selecting mini batches of data and up- 
dating model parameters in the direction op- 
posite to the computed gradient 

Nonlinear 
Models 

Multi-layer Percep- 
tron 

Data is propagated through (multiple) layers 
of neurons, with each layer performing trans- 
formations on the input, ultimately predicting 
the output by minimizing the loss function 

SVR Aims to find the hyperplane that best fits the 
data by maximizing the margin between the 
data points and the hyperplane and minimiz- 
ing the loss function 

Decision Tree Re- 
gressor 

Constructs a tree-like structure where data is 
split into feature subsets, optimizing splits to 
minimize the variance of predicted values 
within each subset, resulting in a piecewise 
constant approximation of the output variable 
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Figure 1: General process of regression tasks 

The general process for solving regression tasks consists of three steps that are 
denoted from a) to c) in Figure 1. The first step is splitting up the dataset (a). In a 
second step, the model is trained (b) and lastly, the performance of the model is 
evaluated (c). 

Splitting the dataset into a training and a test subset ensures that the subsequent 
training of the model is not performed on the entire dataset. The withheld test dataset 
is later used to evaluate the performance of the model. This also allows to assess 
the model’s ability to generalize, which is defined as the ability to perform well on 
previously unseen data. 

Subsequently only the training subset is considered for the fitting of the model. Based 
on the training input and output values, underlying patterns in the relationship be- 
tween input and output are learned by the model. During this process different pa- 
rameters of the models, such as weights and biases, are adjusted iteratively. If the 
model describes the training data well enough or if a maximum number of iterations 
is reached, the training process is finished, and the model can be applied to the 
unseen testing subset to evaluate its performance. 

Based only on the testing input data, the trained model applies the learned patterns 
and predicts new output data. To evaluate the accuracy of this predictions, the actual 
testing output data are compared to the predicted values. A score is calculated using 
metrics, which allows the model’s performance to be compared. Two commonly 
used metrics are introduced in Equation (2) and (3). For calculating the mean 
squared error (𝑀𝑀𝑀𝑀𝑀𝑀), first the difference between an actual output value 𝑌𝑌 and the 
predicted output value 𝑌𝑌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is computed. The difference is then squared and aver- 
aged over all 𝑛𝑛 samples. A better performance is represented by a lower 𝑀𝑀𝑀𝑀𝑀𝑀. The 
coefficient of determination 𝑅𝑅² provides a measure of how well the regression model 
fits the actual data. It quantifies the proportion of the variance in the predicted values 
to a scale from 0 to 1, with larger values representing a better model fit. 

The main benefit of observing training and testing performance is the detection of 
overfitting and underfitting. The former is a common weakness of SL models, where 
parameters are customized too specifically to a particular problem rather than learn- 
ing the underlying patterns. The latter occurs when a model is insufficiently trained, 
often due to a lack of quality or quantity of data. 

 Training set 

 c   rediction 
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 ctual alues 
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𝑀𝑀𝑀𝑀𝑀𝑀 = 1 ∑𝑛𝑛  (𝑌𝑌 − 𝑌𝑌 )2
 

𝑛𝑛  𝑖𝑖=1  𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖 (2) 
∑𝑛𝑛 (𝑌𝑌 −𝑌𝑌 )

2 
MSE 

𝑅𝑅2 = 1 −  𝑖𝑖=1  𝑖𝑖  𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖  = 1 − 
 

∑𝑛𝑛 (𝑌𝑌𝑖𝑖−𝑌𝑌𝑚𝑚𝑝𝑝𝑚𝑚𝑛𝑛)2 var(Y) 𝑖𝑖=1 
(3) 

 
3 Structure and Approach 

In the following section, the underlying experimental investigation as well as the pre- 
selection process of suitable parameters and machine learning methods are pre- 
sented. 

 
3.1 Immersion tests 

The application of machine learning methods for predicting material compatibility in 
this study is founded upon experimental immersion tests conducted in accordance 
with ISO 1817 [15]. Standard reference elastomers (SRE) according to DIN ISO 
13226 (SRE-NBR 28/SX and SRE-FKM/2X) were used as sealing materials and im- 
mersed into the fuels [16]. The size of the specimen is 25x25x2 mm3. It was ensured 
that the specimen was always covered with sufficient fuel in the vessels during in- 
vestigation. 

The specimens are removed from the vessels filled with the investigated fuel after 
defined intervals to evaluate the change of seal properties. The time intervals for 
evaluation were chosen in accordance with standard DIN 53521 [17]. For this study, 
only the measurements of the specimen volume and hardness at the final time inter- 
val after 672 h in relation to its initial state are considered. In the work of Hofmeister 
et al. the measurement techniques and devices are presented in detail. It was espe- 
cially paid attention to the fact, that most investigated liquids have a high vapor pres- 
sure at standard conditions and therefore significant evaporation rates are pre- 
sent. [1] 

In the following, the focus solely is on SRE-NBR 28/SX, since in comparison to FKM 
a higher number of fluids are investigated. The composition of SRE-NBR 28/SX is 
shown in Table 3. Figure 2 lists the change of volume and hardness of SRE-NBR for 
all investigated fuels and fluids. 

Table 3: Composition of SRE-NBR 28/SX according to ISO 13226 
 

Formulation of the rubber mixture Parts by mass 

NBR with 28 % by mass of acrylonitrile (Perbunan NT 2845) 100,0 

Antidegradant TMQ (Vulkanox HS) 2,0 

Zinc oxide (Zinkoxyd aktiv) 5,0 

Stearic acid 1,0 
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Carbon black N 550 (Corax N 550) 65,0 

Accelerator TBzTD 2,5 

Accelerator CBS (Vulkacit CZ) 1,5 

Sulphur 0,2 

2-Chlorophenol 
1,3-Dioxolan 

Cyclopentanon 
Acetophenone 
Brombenzene 
Cyclohexanon 

Butanol 
E-Caprolactone 

Diisopropylketone 
Benzylalkohol 

2-Methyltetrahydrofuran 
Butyllevulinate 

Benzol 
Ethylacetat 

Diethylketon (DEK) 
Ethylbenzene 

Toluol 
Methylisobutylketon 

Isopropylmethylketon 
2-Methylfuran 

Dimethoxymethan 
Aceton 

Methylketone 
EN 228 
EBCC 

Butanal 
KEAA 

Pentanal 
2-Methoxyethanol 
Propylencarbonat 

Cyclohexanol 
Diethoxymethan 

Cyclohexan 
Di-n-butyl ether 

2-Methylpropan-2-ol 
Hexanal 

1-Octanol 
Diesel 

2-Propanol 
1-Decanol 

Ethanol 
n-Heptan 

HyFit40 

Dodecane 
Hexadecane 
Cyclopentan 

Methanol 
-100% -50% 0% 50% 100% 150% 200% 250% 

Figure 2: Results of immersion tests for SRE-NBR 28/SX 

Change of hardness 
Change of volume 

HyFit15 
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3.2 Choosing relevant parameters 

The tendency of a fluid to cause polymer swelling depends largely on two factors: 
the polarity of the fluid and the elastomer as well as the size of the fluid molecules. 
According to the chemical principle “like dissolves like”, polar fluid molecules prefer 
to penetrate polar elastomers while nonpolar fluid molecules lead to an increased 
swelling of nonpolar elastomers. In terms of the steric requirement of the fluid mole- 
cules, larger molecules are more hindered to penetrate the elastomer crosslinked 
network. Besides fluid properties, properties of the elastomer such as the degree of 
crosslinking, the bulk modulus or the type and amount of additives play an important 
role when investigation property changes of the elastomer. Since standard reference 
elastomers are considered in this work, the influence of these parameters is not con- 
sidered. Elastomer properties might be included as parameters in further investiga- 
tions regarding technical seals. 

The quantification of the polarity of molecules is the subject of numerous research 
projects. Kier suggests the use of a structure-based numerical index to quantify po- 
larity [18]. Palomar et al. introduce a quantum chemical parameter for this applica- 
tion [19]. Furthermore, the polarity of molecules is considered in the Hansen solubil- 
ity parameters to predict compatibility between different compounds [20]. Having 
said that, those theoretical descriptors are not commonly available and can be com- 
plex to determine especially for compound mixtures. Additionally, the weaknesses 
of such parameters have already been demonstrated in various studies. For exam- 
ple, the work of Heitzig et al. concludes that the Hansen parameters are not suitable 
to predict polymer swelling. One reason for this is the copolymer structure of widely 
used sealing materials like NBR, whose solubility would presumably have to be 
quantified using more than one Hansen sphere. Additionally chemical reactions, that 
might occur during immersion, are not considered in the theory of Hansen. [12] 

For this reason, the approach presented here uses familiar physical and chemical 
parameters that can be found in common databases and handbooks for a wide va- 
riety of compounds. The aim was to find parameters that are both easily accessible 
as well as a good representation of the polarity and/or the steric requirement of the 
fluid-molecule. Eventually, a set of nine parameters was defined, which are pre- 
sented in Table 1. The values of these parameters were taken from several open 
access databases and the own database of the FSC. For reasons of complexity, the 
focus is initially placed on the properties of the fluids while the polarity and properties 
of the elastomer is not taken into consideration. 

The molar volume of a compound, being the ratio of the molar mass and the density, 
is an indicator of the steric requirement of the fluid molecule. The reason for that 
becomes apparent when comparing molar volumes of different C6 organic com- 
pounds. Comparing the molar volumes of cyclohexane to hexane demonstrates the 
lower steric requirement of cyclic compounds compared to linear and branched mol- 
ecules. Likewise, the comparison of cyclohexane to benzene shows the lower steric 
requirements of aromatic compounds due to their inherent planarity. This is im- 
portant since compounds with a lower steric requirement show lower activation 
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energies for diffusion and thus show a higher tendency to penetrate the elastomer 
network [21]. 

The boiling point, the molar enthalpy of vaporization, and the vapor pressure repre- 
sent the magnitude of the occurring intermolecular interactions [22]. This is closely 
related to the polarity of the molecule due to the ability of polar substances to form 
stronger intermolecular interactions such as hydrogen bonds and 𝜋𝜋-𝜋𝜋 interactions in 
comparison to nonpolar substances. 

Oxygen content can be easily determined using molecular formula and can be an 
indicator for bond polarization due to the strong electronegativity of oxygen. Whether 
the compound is cyclic derives from the molecular structure and indicates a lower 
steric hindrance compared to the acyclic analogue. 

The decadic logarithm of the partition coefficient in octanol/water logPOW is a meas- 
ure of the hydrophobicity of a substance. Since hydrophilicity correlates to a certain 
extent with the polarity of a substance, this parameter also provides an indication of 
polarity. 

 
3.3 Application of Regression Models 

The general process of application is stated above in Section 2.2. In this section, the 
focus is set on preprocessing the data and the framework in which the different ML 
models are set up, tuned, and subsequently evaluated. As mentioned before the aim 
of this work is to implement a framework with all necessary modules for further vali- 
dation land investigation. 

The framework consists of several components in order to tackle common draw- 
backs in data-driven algorithms. Starting with the feature scaling of the input data. 
This results in an equalization of the features in a common band, resolving the issue 
of different units and magnitudes in the input data. The scaling can be done by ap- 
plying min-max normalization, converting all input data to the range 0 to 1. Another 
method for scaling input data is by using a standard scaler, which normalizes each 
feature by subtracting its mean and dividing by its standard deviation. This transfor- 
mation ensures that each feature has a mean of 0 and a standard deviation of 1. [14] 

In a first step, a general baseline for the prediction performance is obtained by con- 
sidering all nine features introduced in the previous section. One main enhancement 
to ML algorithms is the reduction of the input vector to the most crucial features, 
resulting in faster computation and less data requirement. This is achieved by com- 
paring correlation scores between features and only considering uncorrelated fea- 
tures for further use (features with a correlation score lower than a set limit). Principal 
component analysis (PCA) further facilitates this process by transforming the original 
features into a new set of orthogonal (uncorrelated) variables, thereby enabling ef- 
fective dimensionality reduction. [14] 

Finding the best parameter of a given model requires hyperparameter tuning, since 
for example the optimal parameters of a neural network can be suboptimal if the 
network is not deep/wide enough. This hyperparameter tuning is labor-intensive and 
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therefore is achieved by automated/heuristic/model-based algorithms. These ensure 
that not only the best parameter, furthermore the best hyperparameter are used. 

The framework combines the above-mentioned steps to investigate the elastomer 
specimen volume change for a given liquid/seal combination. For an exemplary re- 
gression model and a scaled dataset, the framework is visualized in Figure 3. Since 
the number of samples in the entire dataset of this work is small (𝑛𝑛 = 48), statistical 
uncertainties are introduced during evaluation, making it difficult to compare different 
models. For this reason, the training and testing process is repeated on different 
randomly selected subsets, which is known as k-fold cross-validation [14]. This ap- 
proach is visualized in section (a) in Figure 3. In this case, the dataset is divided into 
𝑘𝑘 = 3 separate subsets that do not overlap. For each fold the best performing model 
is determined using hyperparameter tuning (see (b)) in Figure 3. For this the Halv- 
ingGridSearchCV module is employed [14]. Given the best model and the testing set 
the model is then evaluated by applying the 𝑀𝑀𝑀𝑀𝑀𝑀 and 𝑅𝑅² metric (see (c)). This is 
repeated for every fold and average scores are calculated for each model, enabling 
comparison between models. 

 

Figure 3: 3-fold cross validation and hyperparameter tuning. Redrawn from [26] 

 
4 Results 

In this section, the presented framework is evaluated by applying the 𝑀𝑀𝑀𝑀𝑀𝑀 and 𝑅𝑅2 
score to the predictions made by the investigated models. As the data set contains 
only 48 samples, no statement is made about the actual performance of the investi- 
gated models. The focus of the results is on validating the hands-on approach of the 
framework itself. It must be noted that with each addition of new samples, the data- 
base expands, leading to more significant results. 
The baseline score is obtained by utilising 5-fold cross-validation, hyperparameter 
tuning by HalvingGridSearchCV and normalizing all nine input parameters using the 
min-max scaler of the scikit learn toolbox [14]. The averaged baseline scores for the 
investigated models are shown in Table 4. It becomes apparent that for all models, 
the 𝑀𝑀𝑀𝑀𝑀𝑀 of the training process is always lower than the prediction (testing) process. 
The discrepancy in 𝑅𝑅2 values between the training and testing phases, coupled with 
the overall low or even negative testing 𝑅𝑅2 values, leads to the conclusion that the 
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models exhibit a high degree of overfitting, failing to adequately represent the under- 
lying patterns. 

Table 4: Baseline results of normalized data using all input parameters 
 

Model 𝑀𝑀𝑀𝑀𝑀𝑀  𝑅𝑅2  

 Training Testing Training Testing 

linear 0.17 0.48 58.52% -23.13% 
poly 0.00 220.01 100.00% -52886.43% 
lasso 0.31 0.36 23.97% 7.54% 
mlp 0.24 0.33 39.24% 13.11% 
svr 0.13 0.32 66.71% 13.57% 
tree 0.13 0.35 68.90% 13.80% 

 

Figure 4: Correlation matrix of input parameters 

When investigating the correlation matrix of the input parameters, it becomes appar- 
ent that several parameters show a high correlation score (see Figure 4). Applying 
the same models only on selected parameters with a correlation score lower than 
0.80, leads to a small decrease in training accuracy (increase of MSE) while 
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positively affecting the testing accuracy to a greater degree, and thus decreasing the 
overfitting effect. This is also apparent in the increase in 𝑅𝑅2 score during the testing 
process (see Table 5). Another benefit of reducing the number of input parameters 
is the accelerated computation time. 
Table 5: Results of normalized input data using selected input parameters. With absolute dif- 

ference to baseline 𝛥𝛥BL 
 

Model  𝑀𝑀 𝑀𝑀𝑀𝑀    𝑅𝑅2  

 Train ΔBL Test ΔBL Train ΔBL Test ΔBL 

linear 0.19 0.02 0.33 -0.15 52.58% -6% 13.06% 36% 
poly 0.09 0.09 0.59 -219.42 76.99% -23% -51.02% 52835% 
lasso 0.32 0.01 0.33 -0.03 20.83% -3% 16.84% 9% 
mlp 0.20 -0.05 0.30 -0.03 51.49% 12% 21.23% 8% 
svr 0.23 0.10 0.32 -0.01 42.50% -24% 19.53% 6% 
tree 0.13 0.01 0.39 0.04 67.58% -1% -6.27% -20% 

 
5 Discussion 

Although the overall performance of the single methods cannot be evaluated at this 
time due to the limited number of data samples, the results indicate the potential for 
a promising framework that addresses common drawbacks in data-based regression 
tasks and predicts the elastomers volume change based on known fluid parameters. 
The initial setup of the framework yields baseline performance scores, to which all 
future investigations and additions can be compared. It is expected that with more 
data samples the results become more evident. Those data samples are constantly 
being generated by conducting more experimental immersion tests. 

It is shown that the reduction of dimensionality by only selecting uncorrelated input 
parameters, the effect of overfitting was reduced. Although a loss of input information 
was introduced, the overall performance was not affected. Since at this point only a 
first selection of parameters is chosen to indirectly describe the polarity and steric 
requirement, further, more substantial, parameters could be introduced to describe 
the underlying effects of elastomer swelling more accurately. 

It must be noted that at this stage of development, no special attention was paid to 
preselecting the most suitable hyperparameter-grid for each model on which the 
method “hal ing grid search” was applied to determine the best hyperparameters for 
the given model and data. It is evident, that providing at least a preliminary selection 
of suitable hyperparameters would enhance each model’s performance. 
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6 Summary and outlook 

In this work, a hands-on application of ML regression models was developed to pre- 
cisely plan the further experimental investigation of the material compatibility of bio- 
hybrid fuels and elastomer sealing materials. Based on the results of previously con- 
ducted immersion tests and physics related fluid properties as input parameters the 
elastomers volume change is predicted with several regression models. Within the 
developed framework common drawbacks of data-based ML methods were ad- 
dressed. 

Due to the limited number of samples available at this stage of development, a base- 
line score of the different models was computed which builds the foundation in the 
ongoing development process. The framework allows to be easily extended by 
means of addition of new samples or input parameters. Therefore, further immersion 
tests are currently being conducted, firstly focusing solely on SRE-NBR 28/SX and 
different fuels or liquids. Based on the expanded database the actual performance 
of the models can be tuned and evaluated. Simultaneously additional fluid properties 
are considered as input parameters allowing for the use of an iterative selection pro- 
cess of few parameters that describe the underlying physics most accurately. This 
way, the best performing model and input parameters are selected for SRE- 
NBR 28/SX, enabling the extension of the investigation to other (standard-reference) 
elastomeric materials. Given the selected model and understanding of how fluid 
properties affect the material compatibility, also the influence of additives in technical 
seals can be investigated in the future. 
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Poetry and truth, how does the hydrolysis-resistant structure 
come into the polyurethane ? - New, soft, chemical-resistant 
TPU for pneumatics with a proportion of biogenic raw materials 

Joachim Möschel, Dipl. Ing (FH), Konzelmann GmbH, Löchgau 

Pneumatic cylinders convert the compressed air generated by compressors into mechanical 
energy. The piston rod in the cylinder is moved using compressed air, which means that power 
is usually transmitted in a linear direction. The elastic seals on the piston and rod play a central 
role here when it comes to function, tightness, energy efficiency and service life in the case of 
pneumatic cylinders and valves. 

Traditionally, TPUs compete with soft rubber materials, especially when it comes to 
covering high-quality chemical resistance in this genre. Rubber materials have so far 
been the first choice when it comes to higher temperature requirements and 
chemical resistance. 

Konzelmann (KKI) is currently working on bringing a platform of high-performance 
TPU materials for pneumatics, among other things, to market maturity. These should 
not only have high chemical resistance, but also meet all standard market 
requirements for cylinders and valves. 

 

In the usual structure of TPU, urethane hard phases are used, which are homogen-
iously distributed as domains in an ester or ether soft phase. Their characteristics 
and frequency are the reason for the high-quality physical properties.  

The predominantly amorphous soft segment consists of special macrodiols, which 
are potentially at risk of degradation due to their polar structure. The ester groups 
present in the soft segment can be attacked by various application-relevant media: 
e.g. 

• Lubricating greases with alkaline soaps 
• External cleaners 
• Diluted acids, alkalis 
• Food media 
• CIP media 
• Bio-oils 
• Tropical humidity in combination with bio-oils or lubricating greases 
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Objective: 

The starting point was the requirement to develop a tailor-made sealing lip material 
for a pneumatically operated pulse generator piston used in a truck brake. This was 
to be manufactured as a complete piston using a 2K process, with the hard core 
made of aliphatic polyketone being overmolded with the new polyurethane material. 

In the previous generation, the complete piston was made of aromatic polyamide 
paired with a soft NBR. The problem arose on the one hand from a certain influence 
of moisture, which caused the piston based on aromatic polyamide to swell, the seal-
ing lip was pressed too tightly and as a result there was severe abrasion. The NBR, 
which was trimmed to meet the demanding cold requirement of -40°, was initially 
able to meet this high requirement. After heat exposure at 85°C, the flexibility in the 
cold area deteriorated significantly, with the piston allowing very high leaks at low 
temperatures. The analysis showed cold hardening, which was noticeable due to 
plasticizer migration and increasing post-crosslinking on the butadiene groups of the 
NBR. This meant that the cold tightness requirement of -40°C could no longer be 
met. 

The PUR development department at KKI therefore considered developing a suita-
ble TPU as a replacement for this NBR material that would fully meet the customer's 
specifications: 

• approx. 80-84 Shore A 
• smooth seal with good response, low relaxation and high 

robustness 
• Good and broad-band resistance to lubricating greases 
• Good property claims after artificial weathering 
• High resistance to hydrolytic degradation 
• Permanent lower temperature limit < -40°C 
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• No cold hardening permitted 
• High abrasion resistance and therefore long service life 
• Sustainable character 

 

 
TPU as a high-performance elastomer with a two-phase structure: Atomical force micros-

copy / submicrometer structure / Picture: Currenta 

The protruding areas visualize the hard segment, the valleys the soft segment 

Due to the bivalent structure of the TPU chains, the crystallization-capable areas can 
separate from the amorphous areas. This means that the phase-separated polymer 
can form ordered areas in the form of hard and soft segments. 

Regularly structured, aromatic urethane hard phases are usually used, which are 
distributed as clusters in a non-crystalline ester or ether soft phase. They cause 
physical cross-linking points by means of hydrogen bonds on the negatively charged 
electron pairs of the carbonyl groups (in the urethane functions) and thus ensure 
high cohesive forces (tear propagation energies). The predominantly amorphous soft 
segment consists of special macrodiols, which, as mentioned, are based on ester 
and ether functions. Due to its polarity, it mainly contributes to the material swelling 
in polar media and the TPU breaking down over time under the influence of temper-
ature. 

Based on new modified biogenic raw materials, innovative TPU materials have been 
developed. Their soft segments also enable significantly lower glass transition 
ranges and, due to their more hydrophobic nature, higher chemical stability (1). 



352     22nd ISC 
______________________________________________________________________________________________________________ 

The following table shows the physical property profiles of the new TPU materials, 
VP 020 and VP 026, in comparison to a commodity TPU and a low temperature 
NBR: 

These are consistently at a high level: Compared to the referenced NBR material, 
3.6 times the tensile strength and 5.8 times the tear resistance as well as 80% lower 
abrasion values according to DIN ISO 4649. 

For the newly developed materials there could be found a much higher level of phys-
ical properties in comparison to the C-TPU and the NBR-material. 

The values for permanent deformation at higher temperatures are only slightly higher 
than for NBR. In contrast, C-TPU 85 A falls significantly in this comparison. At a 
short-term elevated temperature (3h/130°C), relatively low CS values are deter-
mined for VP 020 and VP 026. 

Eqo r ctkuqp"qh"r tqr gtv{"r tqɗngu<"J ki j "r gthqto cpeg"VRW
xu0"eqo o qf kv{"xu0"P DT
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DIN ISO 4649DIN 53517DIN ISO 34-1DIN 53504DIN 53504Tangenten -modulDIN ISO 7619-1Norm

26%21,62,947>500%51,21284,9VP 020

45%21,658,553>500%51,51284,5VP 026
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The artificial weathering cycle specified by the customer is defined as follows: 

1. 400 hours at 85°C at 93% relative humidity 

2. Subsequently, 100 hours in 85°C hot air 

It was found that the prescribed weathering cycle does not lead to degradation of the 
materials VP 020 and VP 026. No significant changes are evident in any of the rele-
vant parameters. 

The following table shows the long-term hydrolysis behavior at 85°C in hot water: 
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The course of the tensile strength can be linked to the degradation of the average 
molecular weight (2). 

Ultimately, the ester-based commodity TPU is no longer usable after two weeks. In 
contrast, the two newly developed TPU materials show slight degradation with a loss 
of tensile strength of around 22% and continue to perform their function without im-
pairment after 1000 hours. 

In practice, there are many influences that require stability against hydrolyzing me-
dia. Many lubricants, additives or thickeners can generate degradation, especially in 
conjunction with tropical humidity. Acidic or alkaline cleaning fluids can also break 
down polyurethanes after a short time. For this reason Hydrolysis-resistant materials 
can be seen as a high priority in food applications in conjunction with CIP media. 

To determine their general suitability for pneumatics, some commercially available 
types of grease were tested for resistance. Ultimately, the newly developed materials 
show a very broad range of resistance in commercially available pneumatic greases: 

Initial Value 1 Week 6 Weeks
C-TPU 85 A 0 -42 -100
VP 020 0 -26,2 -23,2
VP 026 0 -20,9 -21,4
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 Onset of the E‘-Curve  Turning Point of   the E‘-Curve 

  VP 020            -51,7             -44,8 

  VP 026            -44,7            - 34,9 

Change in Hardness(ShoreA)Volumen Change(%)Change in Tensile
Strength(MPa)

-2,6+5,4+ 22,3Autol Top 2000 SLVP 020

-2,3+3,2+6,6Autol Top
2000 SL

VP 026

-1,7-0,3+5,9ElkalubGLS 993 H1VP 020

-1,2-0,7+5,3ElkalubGLS 993 H1VP 026

-2,5+2,8+2,0Mobilux EP 2
NLG2

VP 020

-1,9+1,4-1,9Mobilux EP 2 NLG2VP 026

ImmersionTesting of VP 020and VP 026
Testing Conditions: 85°C 168h

DMA-Low Temperature Analysisof VP 020
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The low temperature properties of the new TPUs are of crucial importance for the 
function of the pulse generator piston. The cold behavior of the weathered samples 
was determined on the basis of a DMA measurement. The heating rate selected was 
1K/min at 1 Hz in tension mode. The E' values (red curve) resulting from the DMA 
measurement describe the elastic behavior of the material.  

 

A turning point of -44.8°C for VP 020 ultimately provides evidence of sufficiently good 
cold flexibility for the intended application on the pulse generator piston. The soft 
segment, which is chemically firmly integrated into the PUR matrix, does not allow 
any negative changes here. Likewise, no post-crosslinking has taken place, trig-
gered by the artificial weathering. 

It was therefore obvious that VP 020 would be the preferred choice for the pulse 
generator piston in the intended series application.  

Other target applications for VP 020/VP 026 can be found in pneumatics piston and 
valve seals as well as flange seals and O-rings (2). 

In particular, when standard TPU grades lead to rapid degradation due to chemical 
influences, these newly developed TPU materials can lead to reliable problem solu-
tions. 

The structure of these materials contains relevant proportions of renewable raw ma-
terials, which means that with 26% for VP 020 and 45% for VP 026, it has been 
possible to establish a sustainable sealing product portfolio. 

Sources:   
[1] “Oleochemical products as building blocks for polymers” 

Andreas Heidbreder, Rainer Höfer, Roland Grützmacher, Alfred Westfechtel, C.   
William Blewett Veröffentlichung:  Wiley- VCH Verlag GmbH, Weinheim, 1999 

[2] „Thermoplastische Polyurethan-Werkstoffe für anspruchsvolle O-Ring Anwen-
dungen in der Fluid-Industrie“ Joachim Möschel Vortrag ISGATEC-Forum 
17./18. 11. 2020 
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µ-Mechanical characterization of tribologically stressed 
elastomer surfaces with respect to radial shaft sealing systems 

Christian Wilbs, Matthias Adler, Daniel Frölich, Alisa Bellon, Nicole Schuster, 
Jasmin Menzel, Emely Bopp 

This paper introduces the new µ-mechanical characterization method and its application for 
the post-test analysis of radial shaft seals (RSS) used for dynamic lubricant-elastomer com-
patibility tests. Therefore, the measurement procedure and accuracy will be discussed as well 
as the features which can be drawn from the measured force-displacement curve. Further-
more, it will be shown, how these features allow a precise evaluation of the seal material 
condition regarding hard deposits, hardening and softening. This will be summarized by show-
ing the correlation of the visual-haptic elastomer assessment and the results of the newly 
developed characterization method which will increase the significance of dynamic lubricant-
elastomer tests. 

1 Introduction 

The radial shaft seal (RSS) is a widely used machine element, e.g. in gearboxes to 
seal lubricants against the environment. For this purpose, the RSS, the shaft surface, 
and the sealed fluid as well as the operation conditions (sliding speed, temperature, 
pressure, etc.) form a tribological system - the radial shaft sealing system (Figure 2). 
In terms of sustainability and cost efficiency, high expectations are set on the relia-
bility and service life of such radial shaft sealing systems. 

 
Figure 1 Worm-gearbox with leakage due to lubricant-elastomer incompatibility 

Therefore, downtimes due to maintenance or even leakages (Figure 1) must be 
avoided. In particular, the complex interactions between the sealed lubricant and the 
radial shaft seal have a major influence on the long-term reliability and lifetime of a 
radial shaft sealing system. It is therefore essential to ensure lubricant-elastomer 
compatibility under dynamic tribological stress. 
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Figure 2 Radial-shaft-sealing System [1] (left side) and reverse pumping effect according to 

Kammüller [2] (right side) 

The lubricant elastomer compatibility can be verified by dynamic tests in accordance 
with established industry test standards. Due to the tribological stress of the lubricant 
and seal material within the sealing gap, physical and chemical interactions between 
lubricant and elastomer take place (see Figure 3) [5]. 

 
Figure 3 Lubricant-elastomer interaction 

Depending on whether the compatibility between lubricant and elastomer is given or 
not the intensity of interactions is different and has impact on the properties of the 
lubricant and elastomer. Especially the near surface material properties (µ-mechan-
ical material properties) within the first 60 µm of the sealing edge are crucial for a 
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well performing reverse pumping effect (see Figure 2, right side) and therefore the 
performance of the radial shaft sealing system. 

2 RSS Analysis and Characteristics 

The post-test analysis of the RSS is an essential process to determine the material 
condition and how the lubricant affects the seal under tribological stress. Besides 
leakage, seal wear width, shaft wear depth, radial load- and interference change it 
is of great importance to consider the near surface material condition of the sealing 
edge. While the seal and shaft wear, the radial load and interference are measurable 
continuous values the seal material condition, is rated based on visual-haptic feed-
back of the material by seal experts with years of practical experience. The material 
condition rating scale is not a continuous value but a categorial with five levels: with-
out (= 1), little (= 2), moderate (= 3), heavy (= 4) and severe (= 5). This scale is 
applied to nine post-test seal characteristics to determine the intensity of the seal 
condition change, see Table 1. 

Table 1 Post-test seal condition characteristics 
Characteristic  Method 
Grooving  Visual 
Hollow wear  Visual 
Contact discoloration  Visual 
Cracking  Visual* 
Blistering  Visual* 
Soft deposits  Visual-haptic 
Hard deposits  Visual-haptic 
Hardening  Visual-haptic 
Softening  Visual-haptic 
*) in some cases, also haptic feedback 

While grooving, hollow wear and the wear band width, are describing the geometrical 
change of the sealing lip, the other characteristics, such as deposits (soft and hard), 
cracking, blistering, hardening, and softening allow a conclusion regarding the phys-
ical and chemical interaction influencing the seal material properties [4]. 

Even though that all characteristics are important to be considered, hard deposits, 
hardening and softening are essential for the dynamic sealing function and at the 
same time the most difficult to rate. Because all three characteristics are evaluated 
not only through visual inspection, but also by haptic feedback, which indicates 
whether the sealing edge is harder or softer than before the test or if there is a hard, 
brittle layer covering the sealing edge. 
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Figure 4 NBR seal after 768h dynamic test showing no damage (test no. 3, left side) and 

hard deposits covering the sealing edge due to incompatibility (test no. 2, right side) 

The left side of Figure 4 shows a post-test sealing edge of a NBR seal without any 
sign of a significant change of the material property, indicating a good lubricant elas-
tomer compatibility. All other results of the dynamic test have been within the limits 
too. In comparison, the sealing edge in Figure 4 on the right side is covered by a 
dark, brittle, hard layer – hard deposits – indication a lubricant incompatibility. The 
corresponding dynamic test results show that 3 out of 3 seals leaked after only 120 
h and the shaft wear is above 10 µm.  

This comparison uses two extreme examples – highly compatible (Figure 4, left side) 
vs. highly incompatible (Figure 4, right side) lubricants which makes it easy to differ-
entiate one from the other. However, for the purpose of development and approval 
tests, it is crucial to distinguish the condition of the seal material across a range of 
possibilities, ensuring repeatability and reproducibility even within these extreme var-
iations. Therefore, it is necessary to move from a visual-haptic feedback rating with 
a categorial scale to an objective measurement method of continuous values. 

3 µ-Mechanical Material Characterization of RSS 

The new tactile seal characterization method – “µ-mechanical seal characterization” 
– is realized by using a micro indentation tester named “LNP® nano touch” with a 
high precision force-displacement sensor (force resolution: 0.6 mN). Due to the very 
small probe tip radius of 𝑅𝑅 = 40 µm it is possible to measure directly on the wear 
band, even of narrow wear band widths of 100 - 150 µm (see Figure 5, detailed 
view). 
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Figure 5 µ-Mechanical measurement setup and force-displacement curve 

In Figure 5 (left side) is shown the measurement setup with the mounted seal and a 
detailed view of the probe tip positioned on top of the wear band. The measurement 
results in a force-displacement curve (Figure 5, right side) showing the force 𝐹𝐹 on 
the vertical axis in mN and the penetration depth 𝑠𝑠 on the horizontal axis in µm. The 
colour differentiates the force when the probe is penetrating the seal 𝐹𝐹𝑖𝑖𝑖𝑖 (black line) 
and reversing 𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟 (red line). To ensure comparability of the results it is necessary to 
use the same measurement parameters (see Table 2). 

Table 2 Measurement parameters 
Measurement Value Unit 
Probe-tip type Sphere (Radius) - 
Probe-tip radius 40 µm 
𝑠𝑠𝑀𝑀 60 µm 
𝑣𝑣𝑀𝑀 5 µm/s 
𝑡𝑡𝑀𝑀 0 s 
𝑠𝑠𝐿𝐿 0 s 
𝑣𝑣𝐿𝐿 5 µm/s 
𝑡𝑡𝐿𝐿 0 s 
Type v-Control Linear - 

 

However, with the force-displacement curve alone it is not possible to characterize 
a seal properly. Thus, features need to be calculated from the curve which then allow 
the characterization of the seal material properties, in particular: hard deposits, hard-
ening and softening. 
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Figure 6 µ-Mechanical characteristics calculated from the force-displacement curve 

Figure 6 shows qualitatively the calculated features from the force-displacement 
curve in blue. 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum measured force at the maximum penetration 
depth 𝑠𝑠𝑀𝑀. The Hysteresis 𝐻𝐻 is the relative area enclosed by the 𝐹𝐹𝑖𝑖𝑖𝑖- and 𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟-curve 
related to the area under the 𝐹𝐹𝑖𝑖𝑖𝑖-curve. The slope derived from a linear regression 
of the force-displacement curve at a discretization length of 5 µm corresponds to the 
stiffness 𝑆𝑆 of the seal material. Another interesting feature is the homogeneity 𝑏𝑏 
which describes the rate between the surface stiffness and the bulk stiffness. The 
surface stiffness is considered as the mean stiffness of the penetration depth range 
from 0 to 15 µm and the bulk stiffness as the mean stiffness from 50 to 60 µm. Table 
3 summarizes the most important features calculated from the force-displacement 
curve for a proper post-test µ-mechanical seal material characterization. 

Table 3 µ-Mechanical features for seal characterization 
Characteristic Unit 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 Maximum force mN 
𝐻𝐻 Hysteresis - 
𝑆𝑆 Stiffness mN/µm 
𝑏𝑏 Homogeneity - 

 



A22     363 
______________________________________________________________________________________________________________ 

4 RSS Characterization Map and Interpretation 

Finally, Figure 7 shows the RSS Characterization Map including the maximum force 
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚  in mN on the horizontal axis, the hysteresis 𝐻𝐻 in % on the vertical axis and the 
homogeneity 𝑏𝑏 as colour code. 

 
Figure 7 RSS Characterization Map 

The Characterization Map includes only results from dynamic tests with seals out of 
72 NBR 902, but with different test conditions (e.g. fluid, pressure, duration, sliding 
speed, etc.). The two examples, test no. 2 and 3, were tested at the same test con-
ditions but with different fluids and test no. 1 additionally at a higher duration time 
and pressurization. The general trend in data shows with increasing maximal force 
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 a fast rise of the hysteresis 𝐻𝐻 and the homogeneity 𝑏𝑏 (green to red) before it is 
levelling out at high 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 values. This curve progression correlates with the seal ma-
terial degradation intensity due to lubricant elastomer incompatibility. 

Table 4 shows the post-test material condition rating results of the visual-haptic feed-
back method and the corresponding results from the micro mechanical characteri-
zation. 

Table 4 Post-test material condition rating results 
No Damage Rating 

(-) 
Fmax 
(mN) 

Hysteresis 
(%) 

Stiffness bulk 
(mN/µm) 

Homogeneity 
(-) 

1 Hardening 5 280 54 3.0 1.7 

2 
Hard deposits 
Softening 

5 
4 

99 78 1.6 1.3 

3 none 1 61 38 0.9 0.7 
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The test results clearly show the difference between hardening and hard deposits. 
Since hardening is mainly correlated to high 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚  values and a bulk stiffness 𝑆𝑆 
greater than approx. 1.8 mN/µm while hard deposits correlate with a high hysteresis 
𝐻𝐻, homogeneity 𝑏𝑏 greater than 1.1 and relatively small 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 values. Often the seal 
material underneath hard deposits is softened as well. In Figure 8 the seal condition 
and stiffness curves of test 1 to 3 are shown. 

 
Figure 8 Seal wear band and stiffness curve 

Seal 2 and 3 of test 1 show a typical stiffness curve for hardened seals, a constant 
progression at a high stiffness level (bulk stiffness approx. 3 mN/µm). Sometimes 
the material at the surface is even more hardened as the stiffness curve of seal 1 
reveals. However, the stiffness curve of seals with hard deposits show a significant 
drop to a lower level of stiffness (bulk stiffness approx. 1.6 mN/µm) after the first 15-
20 µm. The penetration depth range where the stiffness is degreasing until it is lev-
elling out corresponds to the layer thickness of the hard deposits. In contrast the 
stiffness curves of test 3 are slowly rising with increasing penetration depth 𝑠𝑠 and 
levelling out at a bulk stiffness of approximately 1 mN/µm indicating that no material 
degradation took place and therefore a good lubricant elastomer compatibility. 

5 Summary and Conclusion 

The new µ-mechanical seal characterization method realized by using the micro in-
dentation tester from LNP® and the here presented features drawn from the force-
displacement curve, are the basis to successively update the state-of-the-art visual-
haptic seal assessment method. Features such as the maximum force 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚, hyste-
resis 𝐻𝐻, homogeneity 𝑏𝑏 and the stiffness curve 𝑆𝑆 allow a characterization of the seal 
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material properties change and thus an evaluation of the lubricant elastomer com-
patibility. This characterization and evaluation are based on highly precise measure-
ments which will increase the significance of dynamic lubricant elastomer compati-
bility tests even more. Other interesting outcomes of this analysis are, that it shows: 

1. The new µ-mechanical characterization method accurately reflects the re-
sults from the visual-haptic feedback method and the dynamic test results. 

2. With increasing seal material degradation due to incompatibility, the precise 
µ-mechanical measurement shows an increased, up to 4 times higher, vari-
ation of the results. This suggests that the variation is mainly caused by un-
stable tribological conditions within the contact due to an incompatibility. 

Increasing the experience with the new µ-mechanical characterization method will 
allow to narrow down the exact feature combinations and limits for a complete char-
acterization. Also, the development of further features [3] will provide the possibility 
to characterize additional characteristics e.g. in terms of seal wear or permanent 
deformation. Furthermore, it is necessary to extend the analysis to other elastomer 
compounds such as FKM’s, ACM’s and HNBR’s. 

6 Nomenclature 

Variable Description Unit 
𝐹𝐹 Measured force [mN] 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 Maximum force [mN] 
𝐻𝐻 Hysteresis [-] 
𝑆𝑆 Stiffness [mN/µm] 
𝑏𝑏 Homogeneity [-] 
𝑠𝑠 Penetration depth [µm] 
𝑠𝑠𝑀𝑀 Maximum penetration depth [µm] 
𝑣𝑣𝑀𝑀  Penetration velocity [µm/s] 
𝑡𝑡𝑀𝑀 Holding time at maximum penetration depth [s] 
𝑠𝑠𝐿𝐿 End of test penetration depth [µm] 
𝑣𝑣𝐿𝐿 Reverse velocity [µm/s] 
𝑡𝑡𝐿𝐿 Holding time at end of test penetration depth [s] 
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Friction and wear properties of several rubber materials for high 
pressure O-ring 

 
Hiroyoshi Tanaka, Ayako Aoyagi, Hikaru Hashimoto, Yoshinori Sawae, 
Joichi Sugimura 

Friction and wear characteristics of rubber materials were investigated to look for the suitable 
candidates for O-ring using in hydrogen energy system for renewable energy society. In this 
study, reciprocating sliding test of rubbers were conducted under hydrogen environment. To 
understand the sealing performance and durability of rubber O-rings, friction and wear char- 
acteristics of hemispherical rubber specimens sliding against stainless steel disk were evalu- 
ated. Several rubber materials including silicone rubber, EPDM rubber, fluorinated rubber and 
natural rubber based elastomer were selected to identify the best fit for the hydrogen facility. 
Each rubber material exhibited unique friction and wear performance depending on its nature 
(mechanical properties, chemical composition, type of filler), environment gases and operat- 
ing conditions. A silicone rubber demonstrated that low wear and high and stable coefficient 
of friction in hydrogen compare with that in Air. A fluorinated rubber with carbon black filler 
showed low coefficient of friction in hydrogen. In order to understand the wear process of each 
rubber, topography measurement and surface analysis were conducted after the sliding test. 

 
 
1 Introduction 

Hydrogen energy system for renewable energy society that handles high pressure 
hydrogen gas requires high safety performance and high environmental compatibility. 
Rubber O-ring is usually used in many components as simple, reliable sealing ele- 
ment. Further efforts are requested to improve durability which directly connected to 
the lifecycle and/or maintenance period of component[1,2,3]. Friction and wear prop- 
erties of rubber materials were investigated to look for the suitable candidates for O- 
ring in hydrogen energy system. 

In this study, reciprocating rotational sliding test of rubbers are conducted under hy- 
drogen and the other gas environments. Friction and wear properties of rubber spec- 
imens slide against stainless steel are evaluated to understand the seal performance 
and durability of rubber O-ring. 

 
2 Tests and results 

A reciprocating sliding tests were carried out using tribo tester with environment con- 
trol chamber. Hemispherical rubber specimen and stainless steel disk specimens 
were used as a tribo-pair. Several rubber materials were selected to identify the most 
suitable materials for hydrogen facilities. In order to understand the progress of wear 
on each rubber specimen, surface observation and chemical analysis were per- 
formed after the sliding test. 
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2.1 Experimental 

In order to obtain the useful information for hydrogen facilities, it is necessary to 
carefully design the experimental set up[4,5,6]. 
 
2.1.1 Test rig 

Pin-on-disk sliding tests were conducted in a chamber equipped with a turbo 
molecular pump and gas impurity control system [7] because impurities such as 
oxygen and water must be avoided from hydrogen gas environment. Also 
reciprocating sliding was selected to evaluate the wear on elastomer surface in the 
compression decompression process of high pressure vessel in hydrogen facilities. 
 
2.1.2 Specimens 

The dimensions of the pin and disk specimens are shown in Fig. 1. The disk was 
made of JIS SUS316L stainless steel. The pin specimens were moulded with 
hemispherical shape with 5mm diameter as shown in Fig. 1. The pin specimens 
were wiped with ethanol just before the sliding tests. 
 
2.1.3Test conditions 

The disk specimen was mounted on a rotating shaft, while the pin was pressed 
against the disk specimen by a loading lever in the sealed chamber. After the 
specimens were set up, the chamber was evacuated to a pressure level of 1x10-4 
Pa, and then the test gas was introduced into the chamber at a flow rate of 1.0 
L/min. Impurities in the supplied gas were measured at the exhaust line with a 
moisture sensor and an oxygen sensor. Experiments started after trace water and 
oxygen in hydrogen were stabilized at 3 ppm and 0.5 ppm, respectively. All the 
sliding tests were conducted at 296 K in dry contact condition. Test load was 5 N. 
Test conditions are summarized in Table 1. 

 
 
 

 
 

Figure 1: Test rig (a) and specimens (b, c) Roughness of disk surface: Rz=0.045 
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Table 1: Test conditions 
 

Description Values Unit 
Load 5 [N] 
Stroke 1, 2, 3 [mm] 
Sliding velocity 6 [mm/s] 
Temperature 23 (R.T.) [C] 
Environmental gas Hydrogen, Atmospheric air [-] 

 
2.2 Materials 

In order to find a best candidate for hydrogen energy system, six elastomers were 
selected as shown below. NR means a natural rubber based material. 

 
Table 2: Rubber test specimens 

 

 A B C D E F 
 VMQ1 VMQ2 EPDM FKM1 FKM2 NR 

Hardness(IRHD) 81 81 82 93 82 74 
Tensile 

strength(Mpa) 11 6.32 20.4 15.7 17.9 21.4 

Elongation(%) 310 170 210 140 290 436 

 
2.3 Surface analyses 

During the sliding tests, friction force and normal force were measured. After the 
tests, the pin specimens were observed with an optical microscope and a confocal 
laser microscope, and analysed with Raman microscopy. 

 
2.4 Test results 

The typical results of reciprocating sliding test were summarized in Fig. 2 to Fig. 5. 
Basically, COF increased with increasing reciprocating stroke in all rubber samples. 
Rubber materials exhibited individual friction and wear performance depending on 
each environment and operating condition. VMQ rubbers showed lower COF than 
others in both hydrogen and air. VMQ rubbers showed a sharp drop in COF in air at 
stroke of 2mm and 3mm. In contrast, FKM showed a sharp drop in COF in hydrogen 
regardless of stroke distances. There were little differences in the changes in COF 
due to the difference in environmental gas with EPDM and Natural rubber. As the 
stroke distance increased, the COF also steadily increased. Natural rubber showed 
stable performance against friction and wear due to its soft and stable mechanical 
properties at room temperature. In summary, friction and wear properties strongly 
depended on the type of rubber base resin. On the other hand, rubber materials 
contained multiple elements included fillers besides of base resin, and the following 
surface analyses and detailed surface observation were carried out to know the ef- 
fects of these functions. 
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Figure 2: Changes in COF tested with VMQ1 and Photos after the sliding test (a) in hydrogen 

(b) in air 

 

Figure 3: Changes in COF tested with EPDM and Photos after the sliding test (a) in hydrogen 
(b) in air 



B01     373 
______________________________________________________________________________________________________________ 

 

 
Figure 4: Changes in COF tested with FKM1 and Photos after the sliding test (a) in hydrogen 

(b) in air 

 

Figure 5: Changes in COF tested with NR and Photos after the sliding test (a) in hydrogen (b) 
in air 
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 COF and mechanical properties 
As the results above, friction and wear properties varied with type of rubbers. Figure 
6 showed the changes in COF for each rubber material as a function of reciprocating 
stroke. Roughly the greater tensile strength exhibited higher COF in reciprocating 
sliding test. The greater tensile strength maintained the adhesion between the rubber 
and steel surface even at larger displacements, avoiding local slip and abrasion of 
rubber surface. Note that FKM1 had the highest hardness and NR the lowest in this 
series of tests. The softest NR showed elastic behaviour and hardly be worn even 
with a 3mm stroke. On the other hand, the hardest FKM1 rubber tended to slip and 
abraded easily in hydrogen. Except for these two cases, the COFs were in the order 
of tensile strength. 

 
 Running in process 

When slip started, running-in process also started. Running in process included tear- 
ing of rubber, abrasion, transfer of substance and surface film formation. FKM1 had 
a harder matrix and slip at a small displacement. Slip, both local and entire slip, 
promoted local wear, which exposed carbon black filler particles. Figure 7 showed 
the Raman analysis results of rubber surfaces and disk surfaces after the sliding test 
in hydrogen and air respectively. The Raman results for FKM1 showed the surface 
film contains a large amount of carbon black in hydrogen, but in the atmosphere, the 
rubber base resin itself was the main component. The facts suggested that transfer 
of filler material tended to occur selectively in hydrogen, while transfer of rubber itself 
tended to occur in air. Initial transfer process as mentioned above drastically 
changed the following frictional process. 

 
 Effects of filler type and content 

FKM1 rubber contains a larger amount of carbon black, which tends to transfer to 
the stainless steel surface and forms a carbon film on the stainless steel surface 
under hydrogen environment. Amorphous carbon film often reduces friction under 
hydrogen environment[8]. This may be the reason why FKM1 rubber had lower fric- 
tion after running-in in hydrogen. 

VMQ showed completely opposite trend. A large amount of silica filler was observed 
on the disk after the test in hydrogen especially with VMQ2, but COF remained high. 
Detached silica filler was pushed out from the contact area and didn’t involve in fric- 
tion. Raman analysis supported this hypothesis. Silica was hardly observed in any 
cases on the contact area of the disk surface slide against VMQ1 and 2, whereas 
silicone rubber base resin itself was observed in both rubber samples tested in air. 
This meant that silica couldn’t absorbed effectively on the stainless surface under 
hydrogen environment. VMQ rubber also degraded in air, making VMQ's friction in 
air lower than hydrogen. 

As mentioned above, it was found that the friction and wear characteristics were 
complexly and strongly influenced by the type of rubber, the type of filler, and the 
environmental conditions. 



B01     375 
______________________________________________________________________________________________________________ 

 

 
1 

0.8 

0.6 

0.4 

0.2 

in H2 
 

Tensile strength 

 

 
1 

0.8 

0.6 

0.4 

0.2 

in Air 
 

Tensile strength 

0 
1 2 3 

Stroke, mm 

0 
1 2 3 

Stroke, mm 
 

VMQ!  VMQ2  EPDM  FKM1  FKM2  NR  VMQ!  VMQ2  EPDM  FKM1  FKM2  NR 
 

Figure 6: Changes in COF depending on rubber type under different environments 
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Figure 7: Variety of Raman spectrum for rubber and disk surface after the sliding test 

 
3 Summary and Conclusion 

A reciprocating sliding tests were carried out using hemispherical rubber specimen. 
Friction and wear characteristics were complexly and strongly influenced by the type 
of rubber, the type of filler, and the environmental conditions. Greater tensile strength 
of rubber exhibited higher COF in reciprocating sliding test if rubber sample had sim- 
ilar hardness. VMQ showed lower COF than others in hydrogen and air. VMQ 
showed a sharp drop of COF in air. In contrast, FKM showed a sharp drop of COF 
in hydrogen. 
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Testing elastomeric materials in liquified gases 

Margrit Junk, Joachim Germanus 

To ensure safe and reliable products, elastomeric sealing materials in refrigeration systems 
and heat pumps have to be tested for their compatibility with refrigerants. The test method 
described in ISO 14903 and ISO 21922 covers aging in liquid refrigerant including a test in 
“wet” and “dry” condition. As part of a project to investigate the in-situ swelling behaviour of 
elastomers, the performance of elastomeric materials in liquid refrigerants was studied. The 
investigation focused on the behaviour of the materials during and after decompression in the 
autoclave. The data clearly indicate that the test description in the above-mentioned standards 
does not ensure a comparable test procedure or comparable results.  

1 Introduction 

Elastomeric materials play an important role as sealing in refrigeration systems and 
heat pumps. Knowledge of the interaction of these materials with refrigerants is 
therefore of interest. 

The swelling behaviour of elastomers in contact with liquid refrigerants (also mixed 
with lubricants) is a common indicator of their resistance to the medium and thus an 
important parameter for the applicability of the polymer seals. Until now, it has only 
been possible to evaluate changes of the materials which were aged in refrigerants 
after their removal from the medium, i.e. after the decompression phase. 
Unfortunately, the data available to date were only of limited significance for the 
relevant behaviour of the materials during media exposure. Here, a new in-situ 
measurement method is showing its advantage. The measurement method allows 
an evaluation of materials under the influence of media (in-situ) and provides a basis 
for improved test procedures in conventional testing. 

2 Compatibility testing of sealings for refrigeration systems and 
heat pumps 

Compatibility tests for sealings used in refrigeration systems and heat pumps are 
listed in two standards. While ISO 14903 [1] describes the qualification of tightness 
of components and joints, ISO 21922 [2] covers the requirements, testing and 
marking of valves.  

The general test procedure for elastomers is identical in both standards. The aging 
resp. exposure is carried out in a pressure vessel (test chamber /autoclave) suitable 
for safe handling of refrigerants under high pressure. The samples are aged 
completely submerged in the liquid phase of the refrigerant (which may contain oil). 
The aging temperature is 50 °C (ISO 14903) or 70 °C (ISO 21922) which is 
implemented by placing the autoclave in an oven or by direct heating of the 
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autoclave. The minimum duration of exposure is 14 days (two weeks) for rubber seal 
materials and 42 days (six weeks) for thermoplastic seal materials. 

After the aging, the autoclave is cooled down to ambient temperature and the test 
pieces are taken out from the autoclave. A procedure for removing the refrigerant 
from the pressure vessel (e.g. depressurization rate) is not described.  

For the further testing two material states are specified: “wet” and “dry”. The material 
is considered to be wet within 30 min of removal from the autoclave. During this time, 
the hardness, weight and volume of the test pieces are to be determined. For testing 
in dry state, the samples are subsequently degassed at 50 °C in an oven until a 
constant mass is reached, and the resulting hardness, weight and volume are 
determined. 

In both standards is noted that “elastomers tested with CO2, can accumulate 
significant amount of CO2. The CO2 cannot escape immediately when the test items 
are exposed to atmospheric pressure (de-gassing). Thus, it can create an immediate 
volume change larger than 25 %. Provided that no surface damage is made, volume 
change above 25 % is acceptable for CO2.” [1] [2] 

3 In-situ testing of elastomeric materials 

3.1 Experimental setup 

For the in-situ testing, a temperature-controlled autoclave with a sight glass was 
used, which allows testing at temperatures up to 100 °C and pressures up to 95 bar 
(Figure 1). To provide the necessary illumination for visual evaluation of the sample, 
the autoclave was equipped with a pressure-resistant interior light.  

The autoclave was heated using a connected thermostat. For measuring the 
temperature inside the autoclave, a Pt100 resistance thermometer was used. The 
pressure was monitored with both an analogue manometer and a digital pressure 
sensor. During the tests, pressure and temperature were recorded with a data 
acquisition system.  

The elastomeric materials were tested as O-rings, which were found to be the most 
suitable sample geometry for the tests. The rings were placed on an adjustable O-
ring holder which allows a defined elongation of the samples (Figure 2). This sample 
fixture can be rotated when installed in the autoclave so that exact positioning of the 
O-rings is possible.  

The time-dependent swelling behaviour of the samples was recorded with a high-
resolution camera system. Depending on the fluid density and the changing 
refractive index, the camera was focused manually. The recorded single pictures 
were analysed with image processing software. For each sample, the cross-section 
width of the O-ring cords as well as the distance between the cords were measured, 
(Figure 2). To eliminate errors due to different refractive indices of the test fluids, the 
sample holder was used as a calibration scale. 
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Figure 1: Autoclave system with camera 

 
 

Figure 2: Sample holder 
 

3.2 Samples and test conditions 

The tests were performed with 20 x 2 mm O-rings placed on the specimen holder 
with a preload corresponding to an elongation of the rings of 5 %. The preload was 
kept the same for all tests in order to guarantee secure positioning of the samples 
and prevent them from slipping off the holder. 

For the investigations, EPDM and HNBR were chosen. All elastomers tested are 
generally compatible for use with R744 (CO2) and R1234yf. For clarity, only the 
investigations of the HNBR with R744 are presented here. 

The tests in the liquid refrigerant were carried out at room temperature. The pressure 
given in the table (Table 1) is the equilibrium pressure of the refrigerant above the 
liquid phase. 

 

Table 1: Test conditions for in-situ-tests with liquid refrigerants 

 R744 R1234yf 
Temperature [°C] 25 25 
Pressure [bar] 64 7 
Fluid density [g/cm³] 0.711 0.109 

 

Cross  
section  
width 

Cord 
distance 
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3.3 Results 

In all tests, a short-term reduction in the sample volume occurred during the 
autoclave filling. This effect is related to the temperature reduction during the filling 
process.  

The pressure reduction from 65 to 1 bar at the end of the test was realized by 
evaporation of the liquid refrigerant over a period of approximately 15 min. This also 
resulted in a temperature reduction, which is compensated to a certain extent by a 
corresponding counter-heating of the autoclave (external temperature control). 

In contact with the liquid refrigerant, the samples showed an increase in volume. 
Depending on the material, a stationary state of swelling was reached after 15 min 
to 3 h when stored in liquid R744. After this exposure time, the volume of the sample 
did not increase any further (Figure 3).  

During and after removing refrigerant from the autoclave, the samples showed a 
significant volume increase. Especially in a period of several minutes after reaching 
the ambient pressure, the liquid refrigerant dissolved in the material evaporates and 
causes the material to swell (Figure 3 and Figure 4). 

The time required for the O-ring to regain a volume corresponding to that of the 
steady state during storage in liquid R744 was between 20 min and 2 h, depending 
on the material. After 1.5 to 4 hours, the samples have returned to their initial volume. 

 

 

Figure 3: Changes of HNBR O-ring during and after storage in liquid R744 
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HNBR in air (prior to the test) 

 
HNBR in R744 (l) at 65 bar  
after 4 h  

 
HNBR in R744 (g) at 7 bar;  
approx. 10 min after starting 
pressure release 
 

 
HNBR in R744 (g) at 1 bar;  
approx. 15 min after starting 
pressure release 
 

 
HNBR in R744 (g) at 1 bar;  
approx. 45 min after starting 
pressure release 

 
HNBR in R744 (g) at 1 bar;  
after 28 h 
 

Figure 4: HNBR O-ring during storage in liquid R744 and after pressure release  

4 Conventional tests and comparison with in-situ tests 

To evaluate and compare the results of the in-situ tests, conventional autoclave tests 
were performed. The samples were aged in autoclaves under the same test 
conditions than in the in-situ test (Table 1). In contrast to the in-situ tests, some of 
the samples were also tested for mechanical properties after aging.  

The mass and volume resp. cross section diameter as well as the hardness and 
tensile properties were determined in defined time intervals after removing samples 
from autoclave. The measurements were carried out every minute for the first 
10 min, then the intervals were increased. Complete depressurisation (reaching 
1 bar) in the autoclave was defined as the starting point for the time measurements. 

The results clearly show that the major changes in dimensions were found within the 
first 15 min. The time dependent behaviour of the mechanical properties was similar. 
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The comparison of the in-situ tests and the conventional autoclave tests show a good 
correlation regarding changes in cross section diameter of the O-rings (Figure 5).  

 

 

Figure 5: Changes in cross section diameter of HNBR O-rings during and after storage in 
liquid R744 

5 Consequences for compatibility testing in liquid refrigerants 

As shown in the previous sections elastomeric materials show a volume increase 
after removing from a liquid refrigerant. These changes occur with a time delay after 
the samples are taken from the autoclave and are associated with the outgassing of 
refrigerant dissolved in the elastomer. The volume change during storage in liquid 
refrigerant was found to be significantly lower. 

The procedure for compatibility testing described in ISO 14903 or ISO 21922 defines 
a testing in “wet” state within 30 min after removal from the autoclave. Assuming that 
the autoclave is opened immediately after pressure release, this is exactly the period 
in which dissolved refrigerant outgasses and the volume change is greatest (Figure 
6). For the tested HNBR it was found, that at the end of the 30 min period after 
pressure release the change in cross section diameter was still significantly higher 
than during storage in liquid R744.  

In reality, the so-called wet state corresponds to a decompression state. 
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Both the rate of pressure release and the time interval between reaching ambient 
pressure and opening the autoclave are not defined in the standards. This means 
that the 30 min time window for the measurement can start immediately after 
depressurization, but also several hours after the ambient pressure has been 
reached. Furthermore, rapid gas decompression cannot be excluded. Hence, the 
results of the measurements extremely depend on the particular timing of the tests 
in the laboratory. 

 

 
Figure 6: Changes of HNBR O-ring after storage in liquid R744 (detail from Figure 4) 

6 Summary and Conclusion 

In-situ investigations of elastomeric materials in liquid refrigerants have shown that 
the volume increase during exposure in liquid R744 is smaller than the swelling after 
pressure release. The outgassing of the dissolved refrigerant begins as soon as the 
pressure is reduced and continues even after the ambient pressure has already been 
reached. Volume changes determined after taking samples from the autoclave will 
be strongly influenced by this process.  

The so-called wet state, as described in ISO 14903 or ISO 21922, is neither a defined 
condition nor does it represent the state in the liquid refrigerant. As these standards 
for testing the compatibility of elastomeric materials with refrigerants do not specify 
an exact test procedure, it is necessary that at least the time between complete 
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depressurization and the measurement is kept the same for all tests and is 
documented in the test report.  
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8 Nomenclature 

R744 carbon dioxide (refrigerant number ac. to ANSI/ASHRAE 34-2022) 
R1234yf 2,3,3,3-tetrafluoro-1-propene (refrigerant number ac. to ANSI/ASHRAE 

34-2022) 
(l)  liquid state 
(g)  gaseous state 
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Enhancing sealing element security: Quantum dot marking 
Solutions of NBR and TPU sealing elements 
 
Tanyeri Cem1, Unlu Mine1, Caylak Baris1, Kocamaz Alper1, Devlen Ozan1 

 

This study addresses the rising need for product security against counterfeiting by utilizing lumi-
nescent labels with nanoparticles for marking. Integrating quantum dot (QD) marking solutions 
into NBR and TPU used in hydraulic and pneumatic sealing elements enhances product safety, 
traceability, and sustainability while reducing costs. The research examines the optical and me-
chanical properties of QD-infused elastomers, both post-abrasion and aging. Special sensors and 
smart algorithms convert optical readings into electronic signals for verification against reference 
data, ensuring authenticity. The study demonstrates the effectiveness of QD marking in enhanc-
ing the security of sealing elements and combating counterfeiting in critical industrial systems. 

1 INTRODUCTION 

Quantum dots (QDs) are semiconductor crystals with a nanocrystalline structure, a di-
ameter of approximately 2–10 nm, and good optical properties, such as easy wave-
length control based on the controllable size and narrow full width at half maximum 
(FWMH) of the emission wavelength. The optoelectronic properties of QDs are deter-
mined by the size of the crystal, which is described as the quantum confinement effect. 
In bulk semiconductors, the energy levels overlap because of the countless adjacent 
atoms, thereby forming an almost continuous energy band. Owing to the overlaps, the 
continuous energy band decreases gradually, and the bandgap increases with decreas-
ing size of the semiconductor material. Therefore, a discrete energy level occurs when 
the size of the semiconductor material becomes smaller than the exciton Bohr radius, 
and the electrons inside the semiconductor are confined to this energy level. As a result, 
the energy gap of QDs and the wavelength of the light emitted can be controlled by 
changing the particle size [1]. 

With the increasing development of global commerce, the dangers of counterfeit goods 
cannot be underestimated. In particular, counterfeit medicines pose a significant threat 
to patient safety and public health, and counterfeit high-tech products cause significant 
economic losses. The urgent anticounterfeiting demands in the global economy and 
human health push people to develop reliable anti-counterfeiting technologies. Cur-
rently, the graphical anti-counterfeiting labels that combine easy detection and rich anti-
counterfeiting features are one of the best answers to the problems [2]. 

Counterfeiting and forgery is a global problem that causes significant financial damage 
and poses security threats to individuals, companies, and society as a whole. Over the 
past decades, counterfeit products have spread from daily consumer goods to medi-
cines and high-tech products. Although majority of the products are protected by an 
anti-counterfeiting technique, the global economic loss of counterfeiting has been in-
creasing annually and estimated to reach 1.7 trillion US dollars in 2015 [3]. 
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Quantum dot technology has been widely used in our daily life, including energy, solar 
cells, displays, biomedical and biological applications.   
 
 

 
 
Figure 1.1: Device applications of quantum dots in photodetectors, LED, solar cell, phototransis-

tor, laser and biosensor 

Kastaş, integrated product security in mind, has aimed to adopt the Quantum nanodot 
marking solution to its products through an innovative approach. To ensure end-to-end 
product tracking and secure product authenticity, a series of R&D studies have been 
conducted. This work is expected to enable real-time verification of products through 
previously unseen technology applications, smart sensor systems, and intelligent algo-
rithms, preventing revenue losses caused by counterfeiting. Fundamentally, this study 
will guarantee product authenticity against potential problems in the field. 

To summarize QDots technology: Quantum Labels are produced using different types 
of QDots, either together or separately. These quantum labels generate a series of 
codes by utilizing the optical properties of the quantum dots, which are read and con-
verted into signals by specially manufactured sensors and intelligent algorithms. This 
signal is compared with reference data for verification. In the continuation of the study, 
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the mixing ratios of raw materials with nanoparticles and the comparison of sensor val-
ues with reference values will be conducted. 

2 MATERIAL AND METHOD  

2.1 Application of Qdots on Kastaş Raw Materials 

In this study, Qdots applications and measurements were performed on elastomer rub-
ber and thermoplastic raw materials from Kastaş. Experiments were conducted using 
five different raw materials with water-based, xylene-based, ethylbenzene-based, and 
benzyl alcohol-based Qdots. Based on the measurement results from these experi-
ments, various studies were conducted concerning the amount of marker used. Me-
chanical tests were performed on the raw materials at the concentrations where the 
marker was detected. It was demonstrated that the addition of Qdots to the raw materi-
als did not affect their mechanical properties. 

2.2 Labeling Studies 

Labeling studies were conducted with markers on rubber elastomer samples, including 
FKM, NBR, HNBR, VMQ, and thermoplastic polyurethane, which were prepared using 
Kastas’s compound mixtures. 

 
 
 
 
 
 
 
 
 
 

Figure 2.1 : Samples of Raw Materials with Qdots (as plates) 
 

 
 

Figure 2.2: Products with Qdots 
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Classification of Sealing Element Raw Materials and Added Qdots: 
 

 
•  Water-based QDots 1: 150000 ppm 
•  Water-based Qdots 2: 250,000 ppm 

 
 
  
 
 
 
 
 
 
• Xylene-based QDots: 500 ppm  
• Ethylbenzene-based QDots: 500 ppm 
• Xylene-based QDots: 6450 ppm 
• Ethylbenzene-based QDots: 12000 ppm 
• Benzyl alcohol-based QDots: 28000 ppm  

 
  

Pu 

NBR 
HNBR 
FKM 
VMQ 

Figure 2.3 Qdots 
Reading Device 
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2.3 Measurement Methods 

After preparing the mixture, it is necessary to determine the measurement method. 

 
  

Surface Measurements Liquid (Extraction) Measurements 

Advantage Quick check capability, portable 
device for fast and on-site meas-
urement 

More precise measurement capabil-
ity with lower doping amounts, inde-
pendent of sample geometry, con-

tamination, and deformation 
 

Low measurement sensitivity: 
 

• Sample geometry and 
operator effect 

• Influence of surface 
contamination and 
physical changes (de-
formation) 

• High marker concentra-
tion requirement due to 
small area reading 

Additional processing, infrastructure, 
and time requirements: 

The product with the customer com-
plaint must be sent to the laboratory 
for liquid measurements 

Disadvantage 
 

 
Sample holder requirement spe-
cific to the product 

 

 
Based on the above table, the appropriate measurement method for both the thermo-
plastic product PU and the elastomer group products (FKM, NBR, HNBR, VMQ) has 
been determined as follows: 

 
• For the PU product, it was decided to use surface measurement. 
•  
• For the elastomer product group, due to surface and color parameters, effec-

tive reading with an optical reader was not possible. Thus, it was decided to 
dissolve the samples with a suitable solvent before measurement. 

 

2.4 Results of Studies with Water-Based Particles 

• Using a special sensor for Qdots emitting in the blue region, surface measure-
ments were performed on the plates. 

• Initially, water-based Qdots 1 (150,000 ppm) were added to PU samples at a 
concentration of 2.5 ml per 1 kg of the compound. 
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• To minimize the amount of water introduced into the polymer and preserve 
material properties, a more concentrated product, water-based Qdots 2 
(250,000 ppm), was used. 

• Other particle concentrations used: 1 kg of material with 1.250 ml marker, 
0.625 ml marker, 0.250 ml marker, and 0.125 ml marker. 

• Initial quality control test results at Kastaş indicated that a concentration of 
0.125 ml marker per 1 kg of material was suitable. 

• In summary, it was found that water-based Qdots are appropriate for marking 
PU samples, and surface measurement methods are effective for their detec-
tion. 

 

 

 

 

 

 

 

 
Figure 2.4 Qdots Reading Device and PU Qdots Plate 

Due to low precision and high influence of other factors (sample geometry, contamina-
tion, etc.) in surface measurements, the labeled product must be at least 2 times the 
unlabeled reference product. 

Thus: Sproduct≥ 2 x Sref 

 

 

 

2.5 Results of Studies with Solvent-Based Particles 

• Experiments were conducted with xylene-based QDots and ethylbenzene-
based QDots on four different rubbers (FKM (Brown), NBR (Black), NBR 
(Brick), VMQ (Blue)). The doping ratio was 2.5 ml per 1 kg of compound. How-
ever, due to the active marker concentration in the sample being 500 ppm, 
readings could not be taken with either method. 

• Dosing studies were conducted with benzyl alcohol-based QDots at a ratio of 
2.5 ml Marker per 1 kg of compound. 

• Surface measurements of samples prepared with solvent-based markers at a 
ratio of 2.5 ml Marker per 1 kg of compound did not yield reliable results. 

1 kg Material - 0,125 ml Marker Trial   
SPU/Sref : 4.7 Marked Product 
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• Subsequent liquid measurements with an appropriate solvent showed that the 
samples were labeled and successfully distinguished from the reference. 

 
 

 

 

 

 

 
Figure 2.5 NBR 55 (Nitril Butadiene Rubber) and NBR 90 (Nitril Butadiene Rubber)  

  

  

                                 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.6 Detail of Solvent-Based Particles  
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3 CONCLUSION 

• Quantum Labeling is technically applicable for PU, NBR, FKM, VMQ and 
HNBR rubber structures. 

• Marker concentrations that do not affect the rubber's critical characteristics but 
are still detectable need to be determined. 

• The proof of concept is successful. 

 
After applying QDots to thermoplastic and elastomer raw materials, mechanical tests 
were carried out to determine whether there was any deterioration in their mechanical 
properties. Both the previous and next values of the test results are shared in the table. 

 
Table 3.1 PU6006 Test Results 

 

Property 
Before QDots 
Application 

PU6006 

After QDots 
Application 

PU6006 

Hardness (Shore D) 63.3 62.09 
Tensile Strength (MPa) 48.6 48.11 
Elongation at Break (%) 440 439.12 
Compression Set % (22 

hours at 100°C) 28.53 28.21 
 

Table 3.2 NB9001 Test Results 
 

Property 
  

Before QDots 
Application 

NB9001 

After QDots 
Application 

NB9001 

Hardness (Shore A) 88.13 88.02 

Tensile Strength (MPa) 20.8 21 

Elongation at Break (%) 166 165.74 

Compression Set % (22 
hours at 100°C) 19.53 19.03 
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3.1 Future Work 

• Optimization studies specific to product and color should be conducted, and 
standard methods for each product should be established. 

• Used and aged products should also be studied. The effects of deformation, 
contamination, etc., particularly on surface readings, should be evaluated on 
used samples. 
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Functional testing of additively manufactured hydraulic rod 
seals 

Thomas Ebel, Kathrin Ottink, Matthias Graf, Tobias Lankenau 

Hydraulic rod seals are crucial machine elements in a lot of applications [1]. The malfunction 
of rod seals can cause, among other things, huge economic loss by long shutdown times for 
repair. In addition, the last years have shown that geopolitical incidences, such as a war or a 
pandemic, can have a huge impact on international channels of trade. To avoid or at least 
minimize machine shutdown times, it seems desirable to have local production solutions for 
rod seals by using easy-to-handle machinery and a single, simple raw material. A possible 
solution to circumvent delivery challenges can be the use of an additive manufacturing (AM) 
method. The research question addressed in this study is whether it is possible to produce 
functional rod seals using a simple AM method. The functional tests conducted on a rod seal 
test rig showed that the research question can be answered in an affirmative way for tested 
pressures up to 15 MPa. Even in a long-term test, the function of the additively manufactured 
seals met the demands. 

1 Introduction 

The results of a method screening and the preliminary investigations were presented 
at the 21st International Sealing Conference in Stuttgart in 2022 [2]. The main results 
were the choice of Fused Filament Fabrication (FFF) as the AM method for the study, 
thermoplastic polyurethane (TPU) as the material class to be used, and a choice of 
TPU filaments for the tests. The latest results, the outcomes of two series of func-
tional tests conducted with these different filaments, will be the core of this paper. 

2 Materials and Methods 

A reference part was chosen to be able to compare the additively manufactured 
specimens with an existing conventionally made seal. The chosen seal is a U-cup 
seal [3] made from TPU as shown in Figure 1.  
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Figure 1: Cut specimen of the reference seal 

2.1 Materials 

In the preliminary studies, a variety of different commercially available TPU filaments 
was characterized with the goal of finding the most promising ones for the functional 
tests. The selection criteria were processability and comparability with the reference 
seal in terms of radial force, temperature range, friction coefficient, and shore hard-
ness. 

The following filaments were examined in the functional tests: 

• Extrudr TPU Hard D58 

• BASF Ultrafuse TPU 95A 

• Extrudr TPU Semisoft A85 

• Extrudr TPU Medium A98 

• Polymaker Polyflex TPU 95A 

• TreeD Flexmark 9 

2.2 Production of the test parts 

The test parts were produced on a standard FFF 3D printer with a 0.4 mm nozzle. 
The printing speed was set to a low value of 20 mm/s, which worked with every fila-
ment. The other start parameters, bed temperature and nozzle temperature, were 
set to the values suggested by the filament manufacturer for the first test phase. 



B04     401 
______________________________________________________________________________________________________________ 

2.3 Test rig 

The test rig that was used for the functional tests was originally designed for optical 
investigations and therefore did not comply with the specifications of the ISO 
7986:1997 [4] standard, which defines test methods to assess the performance of 
rod seals. The maximum speed achievable is 0.25 m/s, and the maximum pressure 
is 15 MPa. The traveling distance is 150 mm. Nevertheless, the functionality of the 
additively manufactured seals can be assessed with the test rig up to the aforemen-
tioned parameters. 

Figures 2 and 3 show the test rig. 

 
Figure 2: Rod seal test rig 

 
Figure 3: Rod seal test rig — Schematic view 

On the left side of the pressure chamber (toward the actuator), a test seal was 
mounted. On the other side, there was always a reference part. To have force values 
to compare with, three reference seals were also tested. For these reference tests, 
reference parts were mounted on both sides of the chamber. The fluid used for the 
tests was a mineral oil (ISO 32 HLP). 
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2.4 Test procedures 

Before the functional tests were conducted, some preliminary examinations took 
place. The following functional tests were conducted in two phases. The first one 
was supposed to determine whether the additively manufactured parts are likely to 
fulfill the main function: to avoid fluid leakage. The maximum pressure applied and 
the number of test cycles were moderate in that phase. 

In the second phase, tests were conducted up to the maximum pressure the test rig 
was designed for. The parts tested were manufactured with optimized parameters 
regarding the outcomes of the first test phase. Also, a long-term test with a total 
sliding distance of 5,320 m was performed with one test part. 

 Preliminary examinations 
Before and after the tests, the following values were measured and documented: the 
mass, the inner diameter, and the radial force. The measurement method for the 
radial force was first described by Debler in [5]. Because of the different mounting 
methods (no compression of outer diameter), the measured radial force is not the 
force in the application. Nevertheless, it allows the comparison with reference parts, 
and it shows possible deviation after the functional tests. 

 First test phase 
In the first phase, ten cycles were performed with an acceleration of 0.8 m/s² and a 
maximum speed of 0.05 m/s. The stroke length was 100 mm. 

This was done with the following system pressures: 0, 1, 2, 3, 4, and 5 MPa. After 
every pressure change, there was a waiting time of 10 minutes. 

Since the test rig does not allow leakage measurement so far, the following distinc-
tion was defined to evaluate the tests: 

• no visible leakage; 

• slight leakage, like single drops on the adapter plate or a fluid film on the rod 
(as in Figure 4); or 

• severe leakage, leading to an abortion of the test—this was done in case 
fluid dropped down the adapter plate (see Figure 5). 

The main goal of the first test phase was to see whether the additively manufactured 
test parts had the potential to fulfill their main purpose: to avoid leakage. 

The tests were performed with three test parts per filament, as listed in Section 2.1. 
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Figure 4: Slight leakage with the assembled test seal 10 at 0 MPa 

 
Figure 5: Severe leakage at 5 MPa with the assembled test seal 36 
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 Second test phase 
Based on the findings of the first test phase, the manufacturing parameters were 
optimized to achieve denser parts. The goal was to achieve a theoretical filling de-
gree of 100 %. Therefore, the actual mass of the parts was compared to the theoret-
ical density based on the CAD file and the measured density of the filaments. 

Also, one filament (Extrudr Hard D58) was excluded from the second test phase 
because in the first phase, the parts made from that filament turned out to be too 
hard, leading to very high radial forces, and in case of different seal references, they 
were not mountable. 

In the second phase, the goal was to test up to the maximum pressure of 15 MPa, 
which is achievable with the test rig. Also, the number of cycles was changed to 100. 
The pressure stages were: 2.5, 5, 7.5, 10, 12.5, and 15 MPa. The values for accel-
eration, speed, and stroke length remained the same. A waiting time of 8 hours after 
mounting the test parts was implemented to achieve material relaxation before the 
tests started. 

After these tests, a longer test at a pressure of 6.3 MPa was conducted with 1,000 
strokes. With one test part, a test with a sliding distance of 5,000 m (25,000 cycles) 
was added. 

3 Summary and Conclusion 

The following sections show the general qualitative results of the test phases, the 
long-term test, and comparisons of axial force measurements with reference parts. 

3.1 First test phase 

The following list shows the assignment of the test part numbers to the filaments, 
while Table 1 shows the qualitative results of this first phase: 

• TreeD Flexmark 9: 01, 15, 16 

• BASF Ultrafuse TPU95: 02, 03, 04 

• Extruder Hard D58: 05, 06, 22 

• Polymaker TPU95: 07, 08, 17 

• Extrudr Semisoft: 09, 10, 18 

• Extrudr Medium: 19, 20, 21 

Theoretical filling degrees beyond 100 %, as seen in Table 1, can have two reasons. 

The actual dimensions can differ from the nominal size because of over-extraction, 
and the actual density can differ from the one listed in the datasheet. To avoid the 
latter, the actual density of the filaments was measured before the second test 
phase. 
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Table 1: Results of the first test phase 

Nr. Mass before 

test in g 

Mass after 

test in g 

Δm 

in % 

Filling degree 

in % 

Result 

01 8.938 9.195 2.88 91.14 Aborted at 1 MPa 

02 9.280 9.363 0.89 103.02 Successful 

03 9.161 9.220 0.64 101.70 Successful 

04 9.214 9.277 0.68 102.29 Successful 

05 8.946 9.069 1.37 94.26 Successful 

06 8.964 9.156 2.14 94.45 Successful 

07 9.034 9.184 1.66 92.12 Successful 

08 8.991 9.217 2.51 91.68 Successful 

09 8.571 8.808 2.77 91.84 Aborted at 1 MPa 

10 8.519 8.846 3.84 91.29 Aborted at 1 MPa 

15 9.087 9.366 3.07 92.66 Successful 

16 8.936 9.204 3.00 91.12 Aborted at 1 MPa 

17 8.948 9.144 2.19 91.24 Successful 

18 8.036 8.604 7.07 86.11 Aborted at 1 MPa 

19 8.785 8.933 1.68 93.35 Successful 

20 8.437 8.933 5.88 89.65 Aborted at 2 MPa 

21 8.408 8.920 6.06 89.34 Aborted at 2 MPa 

22 8.224 8.920 8.46 86.66 Aborted at ambient 
pressure 

The results of the first phase showed the importance of a high filling degree. There-
fore, the manufacturing parameters were optimized to achieve a filling degree near 
100%, although given the manufacturing method, there will remain a certain porosity 
in any case. Figure 1 shows the axial forces of three test parts made from the BASF 
filament compared to three reference seals. “Left” and “right” refer to the mounting 
position, as explained in Section 2.3. 
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Figure 6: Axial forces (Outstroke) — Reference parts and BASF TPU95 (Phase 1) [6] 

The axial forces tend to be lower than with the reference seals, although in various 
cases, the radial forces were higher. This is due to a higher compressibility of the 
additively manufactured parts because of their porosity, compared to the conven-
tionally made reference parts. 

3.2 Second test phase 

The following list shows the assignment of the test part numbers to the filaments for 
the second phase, while Table 2 shows the qualitative results of the second phase: 

• TreeD Flexmark 9: 44, 45, 46 

• BASF Ultrafuse TPU95: 32, 33, 34 

• Polymaker TPU95: 38, 39, 40 

• Extrudr Semisoft: 35, 36, 37 

• Extrudr Medium: 29, 30, 31 
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Table 2: Results of the second test phase [6] 

Nr. Δm 

in % 

Filling degree 

in % 

Result 

29 1.00 98.11 Successful, slight leakage 

30 0.92 98.97 Successful, slight leakage 

31 0.54 98.37 Successful, slight leakage 

32 0.69 98.65 Successful, slight leakage 

33 0.68 98.73 Successful, no leakage 

34 0.68 99.05 Successful, slight leakage 

35 1.40 98.86 Successful, slight leakage 

36 1.33 99.41 Aborted at 5 MPa 

37 1.36 99.94 Successful, slight leakage 

38 0.46 102.27 Successful, slight leakage 

39 0.34 101.95 Successful, slight leakage 

40 0.40 101.62 Successful, slight leakage 

44 0.46 99.79 Successful, slight leakage 

45 0.62 100.68 Successful, slight leakage 

46 0.64 100.67 Aborted at 10 MPa 

The axial forces still tend to be lower than with the reference seals. Parameter opti-
mization in the forefront of the second test phase led to a higher filling degree; thus, 
less porosity decreased that gap. 
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Figure 7: Axial forces (Outstroke) — BASF TPU95 (Phase 2) 

It is noticeable that in some cases, the force increase stagnates from 10 MPa on. 
This can be seen, for example, in Figure 7 with the test part 34. This is supposedly 
a sign of a forthcoming failure with pressures beyond 15 MPa. Parts made from other 
filaments such as Extrudr Semisoft or Polymaker showed less tendency of stagna-
tion. Such tendency was more distinctive with the parts made from Extrudr Medium 
and TreeD Flexmark 9. 
The long-term test with one of the BASF parts (33) showed no visible sign of wear 
after a total sliding distance of 5,320 m.  

 
Figure 8: Microscope pictures of part 33 before (left) and after (right) the long-term test 

Figure 8 shows pictures of the inside of the seal, taken using a prism. The circles 
indicate the sealing edge. Apart from discoloration caused by the fluid, no signs of 
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abrasion or surface breakdown are noticeable. Although the loads act normally to 
the layers, which often leads to delamination, there are no signs of this being visible. 
The polished cut images in Figure 9 also do not indicate visible signs of wear. 

 
Figure 9: Polished cut images of part 33 (right) and an untested part made from the same 
material (left) 

3.3 Conclusion 

The functional tests have shown that at least within the conditions used for the tests, 
additively manufactured seals can be successfully used. Numerous seal types have 
delivery times of up to three months, and in recent years, it has become especially 
evident that supply chains can be vulnerable for geopolitical reasons such as wars 
or pandemics. This makes it desirable to enable distributors to locally produce spare 
parts so as to avoid or reduce costly machine shutdown times. The functional tests 
described in this paper show that such a local production using inexpensive machin-
ery and a single raw material can be a realistic option. 

Similar results were achieved by investigating two-component rod seals, consisting 
of a TPU component and an NBR (acrylonitrile butadiene rubber) component, both 
additively manufactured [7][8]. 

In the future, these tests will be continued with higher pressures and sliding distances 
after a redesign of the test rig. It also seems advantageous to conduct further func-
tional tests with parts made from materials optimized for the application that are al-
ready used for the conventional production of rod seals. 
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Additive Manufacturing of Sealing rings: Material Selection and  
Application Development  

Jacqueline Gerhard, Lothar Hörl, Frank Bauer 

The use of additive manufacturing, particularly 3D printing, for the production of seal rings is 
a promising way to speed up the development cycle of new products. In addition, this tech-
nology enables the rapid optimization and investigation of seal profiles. In order to guarantee 
the required sealing function, the sealing material must meet specific requirements. In this 
study, a comprehensive analysis is performed focusing on the evaluation of elastic 3D printa-
ble materials to gain an understanding of the general properties and behaviour of these ma-
terials. A liquid crystal display printer was used for all tests. The first prototypes of additive 
manufactured rod seals for a pneumatic application were tested. 

1 Introduction 

The use of additive manufacturing in the sealing technology allows for the rapid ex-
ploration and implementation of geometric variations in sealing profiles, enabling 
rapid optimization for individual applications. However, this manufacturing process 
presents new challenges. In order to guarantee the required sealing function, the 
sealing material must meet specific requirements and therefore it is important to fully 
understand the material behaviour.  

In the following, the most common 3D printing techniques and the objective of this 
work will be explained. Chapter 2 will present the most significant results of the ma-
terial tests, followed by the results of pneumatic rod seals on the test rig in chapter 3. 

1.1 3D Printing Technologies 

In the Fused Deposition Modeling (FDM) process, the material, a solid thermo-
plastic in the form of filaments, is melted in the extruder and applied through a nozzle 
onto the printing platform. After printing, the thermoplastic cools and hardens again.  

In addition to the FDM process, there are processes in which liquid photosensitive 
resins are cured using some form of light energy, in the following called “resin 
printer”. These processes use a resin tank with a transparent film on the bottom and 
a non-stick surface. The resin tank contains the liquid resin. During the printing pro-
cess, the printing platform is lowered into the resin tank. Some space is left between 
the bottom of the printing platform and the non-adhesive surface of the tank bottom. 
This space corresponds to the layer height. The liquid resin in the gap between the 
printing platform and the tank bottom is selectively exposed to light through the trans-
parent film to cure the desired areas, leaving the remaining areas liquid. By moving 
the platform up, the hardened layer is separated from the tank bottom and new resin 
flows into the gap between the printing platform and the tank bottom. This process 



412     22nd ISC 
______________________________________________________________________________________________________________ 

is repeated until printing is complete. The most common techniques that utilize UV 
light to cure photosensitive polymers are presented below. 

In the Stereolithography (SLA) technique, a laser is used to selectively cure the 
resin by punctually laser scanning the surface. The Masked Stereolithography 
(mSLA) technique uses LEDs which are projected through a masking screen. The 
mask prevents light from passing through to create the curing pattern. Because the 
LCD (Liquid Crystal Display), i.e. the mask, absorbs most of the energy of the LEDs, 
the mSLA technology has a lower amount of energy per unit area but is generally a 
faster printing technique than SLA because the projector can expose the entire layer 
at once rather than curing point by point. Digital Light Processing (DLP) is a tech-
nique that uses a digital light projector as a light source to cure the resin. The pro-
jector shines its light onto the DMD (Digital Micromirror Device), which consists of 
thousands of small mirrors, each of which is capable of deflecting the light from the 
projector in a different direction. For each layer, these mirrors are arranged in a spe-
cific orientation that reflects the digital light beam from the projector onto the bottom 
of the tank in the shape of the layer to be printed.  

Photopolymers for resin printers are UV-activated synthetic resins. During photopol-
ymerization, the resin consisting of monomers and photo initiators is exposed to UV 
rays. The initiators are split into free radicals by the exposure. The free radicals 
cause the monomers to crosslink to form polymer chains. Components produced by 
photopolymerization exhibit anisotropic behavior, primarily due to inadequate cross-
linking during layer formation. 

Another process is Selective Laser Sintering (SLS), in which small polymer powder 
particles are sintered into a solid structure.  For this process, powder is applied to 
the printing platform in a thin layer. The printer heats the powder to a temperature 
slightly below the melting point. The laser then scans the areas, which should be 
printed, and heats the powder which mechanically fuses the particles and creates a 
solid part.  

In all additive manufacturing processes, layers are added sequentially, resulting in 
stepped structures on rounded or angled edges of the component. These are gen-
erally more pronounced when using FDM printers than when using resin printers. As 
example, an O-ring with a round cross-sectional geometry was printed with the 
mSLA printer Mono M5s from Anycubic and then measured with the IMA seal scan-
ner [1]. For comparison, the same O-ring was printed using the FDM printer Sovol 
S06 with a layer height of 0.1 mm. The contour of the printed O-ring using FDM is 
shown in Figure 1 (left) and the contour of the printed O-ring using mSLA in Figure 
1 (middle). For comparison, an injection-molded O-ring was measured, Figure 1 
(right). The contours of the FDM printed O-ring are significantly more stepped than 
those of the mSLA printed O-ring. An injection-molded O-ring with smooth contours 
is more similar to an mSLA printed O-ring and the mSLA technique is therefore more 
suitable for printing seal rings. 
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Figure 1: Geometry of printed O-rings: FDM (left), mSLA (middle) and of an injection-molded 

O-ring (right) 

1.2 Objective 

There have already been a few attempts to realize the additive manufacture of seal 
rings [2-7]. One approach is to print injection moulds and use them to produce seals 
in an injection moulding machine. There are various materials that are advertised for 
this purpose, for example the ultracure 3D RG 3280 from BASF or the Somos Per-
FORM material from Stratasys. However, this requires an injection moulding ma-
chine to be available. In addition, there exist different modifications of the standard 
printing processes presented in chapter 1.1. As example, Cubicure developed the 
Hot Lithography technique which can be used to print temperature-resistant and 
long-term stable moulds for an injection moulding machine. ViscoTec focuses on 
cross-linked chemistry and developed an extruder to print cross-linked 2-component 
materials. The acquisition costs for these systems are higher than those for standard 
resin printers, but they have already been used to successfully print seals [8]. 

In this study, the objective is to analyse the most straightforward approach and there-
fore the direct printing of seal rings. In order to achieve this, the first goal is to under-
stand photopolymers for 3D printing and study how they behave under different con-
ditions. Based on this, it will be possible to determine which type of seal they are 
suitable for. In the scope of this work, the focus was on one mSLA 3D printing tech-
nique and four pre-selected materials from two manufacturers. These materials will 
be used to investigate the behaviour and possibilities of the materials. A resin printer 
was chosen as this has significantly better printing accuracy than FDM printers. 

2 Material property studies 

Two Anycubic models were used as mSLA printers (Mono M5s and M3 Max). Ten-
sile and compression set tests were performed on samples from both printers and 
no difference was found between the two mSLA printers when using the same resin. 
The printing parameters were initially set to achieve the most accurate printing of a 
test geometry. For example, the exposure time, the length of time each layer is ex-
posed, depends on the material and must be adjusted for each material. If the expo-
sure time is too short, either the desired area will not be fully cured, resulting in ge-
ometric deviations, or the layers will not adhere to each other and the part will fall off 
during the printing process. If the exposure time is too long, light scattering will cause 
areas outside the exposed area to cure. As a result, the parts are usually larger than 
defined in the Computer Aided Design (CAD) software. 
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The materials analysed are listed in Table 1. The Shore A hardness of the materials 
was measured according to DIN ISO 48-4 [10] on the day of printing (𝑡𝑡storage = 0 h) 
and 4 weeks later (𝑡𝑡storage = 4 w). These measurements are compared with the hard-
ness specified in the manufacturer's data sheet. In the following, only the abbrevia-
tion in the second column is mentioned instead of the entire name of the materials. 

Table 1: Materials and their Shore A hardness 
 Shore A hardness 
Material Abbreviation 𝑡𝑡storage = 0 h 𝑡𝑡storage = 4 w Data sheet 
Loctite 3D 8195 L 8195 59 60 58 
Loctite 3D IND475 IND475 60 70 60 
Resione F69 F69 73 95 60-75 
Resione F80 F80 56 78 50-60 

 
Based on the measured hardness listed in Table 1, changes in the materials over 
time were determined. Throughout the storage period, the specimens were stored at 
room temperature and protected from light. Ideally, the sealing material and there-
fore the sealing function of a seal should not change significantly over time. There-
fore, a change of more than 20 Shore A in a 4-week period could render a material 
unsuitable as sealing material. After a further 4-weeks (𝑡𝑡storage= 8 w), this change in 
hardness was no longer detectable, indicating that the material could still be used as 
sealing material. Tensile tests were carried out for further analysis and the results 
are presented below. 

2.1 Tensile Tests 

As the materials cure under UV light, the ma-
terial properties can still change after printing 
if the printed parts are exposed to sunlight. To 
analyse these material changes due to post-
curing, tensile tests according to DIN 53504 [9] 
were performed. Figure 2 shows the geometry 
of the S2 test specimen with a thickness of 
2 mm. Firstly, it was investigated how the stress-strain curve changes after the sam-
ples have been stored for a certain time at room temperature and protected from 
light. These changes were then tried to be reproduced by a longer exposure time or 
curing time. The samples were tested at a speed of 100 mm/min.  Each variant was 
measured five times and then a representative curve, the most central, was selected 
from the five resulting measurements for further analysis. The technical strain and 
the technical stress are shown in the following.  

To analyse the material changes due to post-curing, specimens made of IND475 
were tested after different time intervals. The specimens were all printed at the same 
time and then stored for the time 𝑡𝑡storage until they were tested. Figure 3 shows the 

 
Figure 2: S2 Test specimen 
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measured stress-strain curves for different storage times 𝑡𝑡storage between printing 
and testing. The stress-strain curve shifts upwards and the material becomes stiffer 
due to post-curing. 

 

Figure 3: Tensile tests, IND475 Material, varying 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

In a further test, the curing time 𝑡𝑡cure was increased to achieve a more cured state. 
The curing time defines how long the specimen is exposed to UV light in the curing 
station after printing in order to fully cure. The samples were all printed at the same 
time and then placed in the curing station for different lengths of time. In the curing 
station, the specimens are placed on a rotating plate and are exposed to UV light at 
a uniform wavelength of 405 nm from two angles. Afterwards they were immediately 
tested, the resulting stress-strain curves are presented in Figure 4. The upwards shift 
of the curve can also be observed with increasing 𝑡𝑡cure, but is less significant than 
with increasing 𝑡𝑡storage. After a longer curing time than 120 min, the samples became 
too brittle and broke between 80 % and 100 % strain. Therefore, longer times in the 
curing station were not further analyzed. 

 

Figure 4: Tensile tests, IND475 Material, varying 𝑡𝑡𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 

As a third approach, the exposure time 𝑡𝑡exposure with which each layer is exposed 
during printing was increased. Increasing the exposure time means that the geome-
try can no longer be reproduced well. Therefore, a sheet was printed and the sam-
ples were cut out of the printed sheet material. When increasing the exposure time, 
the effect of the upward shifted curve could not be observed for the material IND475. 
The differences in the stress-strain curves were too small to be recognized in the 
general scattering. The material behavior of F69 changes much faster with the stor-
age time 𝑡𝑡storage between printing and measurement, Figure 5. The upwards shift of 
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the stress-strain curve is in the case of the F69 material also visible by increasing 
the exposure time 𝑡𝑡exposure, Figure 6. 

 

Figure 5: Tensile tests, F69 Material, varying 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  

An increase in tensile strength of approximately 35 % was detected after only one 
week of storage for the F69 material, for which the greatest change over time was 
observed. For the IND475, the increase in tensile strength of approximately 20 % 
was measured after one week storage time and about 60 % after 20 weeks. For all 
tested materials from the resin printer, the change in material behaviour due to the 
storage time between printing and measurement was noticeable, but to different ex-
tents. For example, the upward shift in the stress-strain curve for the IND475 only 
became apparent after several days or weeks. In the case of the F69, the upward 
shift of the stress-strain curve was already visible after hours. This upward shift of 
the curve could also be caused by increasing the curing time. For some of the ma-
terials, the upwards shift could be reproduced by increasing the exposure time, but 
by a much smaller amount than by increasing the curing time. It was therefore not 
possible to prove that the change in material behaviour over time is only due to post-
curing by UV light. Before testing, the tensile samples were weighed. A reduction in 
weight over time was observed for all materials. This indicates that the change over 
time is not only due to post-curing by UV light, but due to another effect. 

 

Figure 6: Tensile tests, F69 Material, varying 𝑡𝑡𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠 

An upward shift of the stress-strain curve of elastomers, and thus a higher stiffness, 
can be achieved by a higher loading speed [11]. A downwards shift can be achieved 
by higher temperatures [11]. At faster loading speeds, the stress-strain curve of the 
photopolymers is shifted upwards, meaning the behavior of the photopolymers is 
thus similar to that of elastomers. However, no reduced material stiffness was ob-
served at higher temperatures. 
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2.2 Compression Set 

The compression set (CS) was measured according to DIN 815 [12] at room tem-
perature (RT), 55 °C and 85 °C. Cylindrical specimens with a diameter of 13 mm and 
a height of 6.3 mm were compressed by 25% for a period of 24 hours or 72 hours. 
For each variant five specimens were tested, the results shown hereafter are the 
average of the five measurements. For each material, the curing time  𝑡𝑡cure was 
varied to reproduce different curing states. However, no correlation was found be-
tween the compression set and the curing times of  𝑡𝑡cure = {10, 20, 30, 40} minutes. 
The first significant changes in the CS could only be determined for curing times of 
60 minutes or more. In the following only the results of the materials IND475 and 
F69 are shown, as the CS for the two materials F80 and L 8195 ranged between 0 
% and 2 % for all measurements and is therefore insignificantly small. For the F69 
material, the CS ranged between 25 % and 30 % for the 24 h and 72 h tests at room 
temperature. For all tests at higher temperatures, the CS was less than 2 %. 

For elastomers, the CS increases at higher temperatures [13]. This was not the case 
with the printed materials. Figure 7 shows the measured CS for samples cured after 
printing for curing times  𝑡𝑡cure = {10, 60, 120} minutes. In each case, one day was 
waited between printing and measurement (𝑡𝑡storage = 1 day). The results of the meas-
urements after  𝑡𝑡storage = 20 weeks are also shown, in this case the curing time was 
set to  𝑡𝑡cure = 10 minutes. 

 

 

Figure 7: Compression set, IND 475 

The CS increases for longer post-curing times  𝑡𝑡cure. However, it decreases as the 
storage time  𝑡𝑡storage between printing and testing increases. These results therefore 
indicate that the change in material behaviour over time is not just due to post-curing 
with UV light.  

It could be that the materials are not yet fully cross-linked after printing. Testing at 
higher temperatures could accelerate the cross-linking, which is why the CS is lower 
at higher temperatures. At room temperature, the material does not fully cross-link 
during the test. Furthermore, the material behavior is different when it is cross-linked 
in a compressed state than when it is cross-linked in a relaxed state, which would 
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explain the difference between the CS after longer curing times and after the storage 
time of 20 weeks.  

The compression set at higher temperatures is generally lower for the IND475 ma-
terial than at room temperature. Figure 8 shows the results for the F69 material at 
room temperature. At 55°C and 85°C, the CS ranged between 0 % and 2 %. As with 
the IND475 material, the CS of the F69 material decreases as the storage time 
𝑡𝑡storage increases. However, as the curing time 𝑡𝑡cure increases, the CS increases. 

 

 

Figure 8: Compression set, F69 

After the storage time of 20 weeks, the CS of the IND material decreases by 25 % 
in the 24-hour tests and by 60 % in the 72-hour tests at room temperature. In the 
case of the F69 material, the CS decreases about 15 % in both the 24-hour tests 
and the 72-hour tests at room temperature. In the tensile tests, the change in material 
behaviour over time was much more apparent for the F69 material than for the 
IND475 material. In the case of compression set the change over time is greater for 
the F69 material. 

As defined in DIN 815, the CS was measured after 30 minutes. Figure 9 shows the 
results of the measurement in 5-minute steps from the time the samples were taken 
out of the steel plates for the 72-hour test at room temperature. The results of two 
polyurethane compounds from Parker Hannifin GmbH are shown for comparison.   
 

 
Figure 9: Compression set (72 h, room temperature) over time 
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The two polyurethane P5008 and P5001 from Parker Hannifin GmbH behave almost 
ideally. The CS is generally low and does not change much over time.  The F69 
material changes about 40 % in the first 40 minutes after removing the samples. The 
CS of the IND475 material decreases almost linearly and therefore similar to the 
Parker polyurethane. The samples made of IND475 and the samples made of poly-
urethane have probably deformed significantly within the first few seconds. This de-
crease within a few seconds was not measured. Thus, the material F69 takes longer 
to deform back, as the strong decrease of the CS occurs only after minutes. This 
indicates that the F69 specimens have not yet fully recovered after the 30-minute 
waiting time specified in DIN 815, which is a disadvantageous characteristic for a 
sealing material. 

3 Additive Manufactured Rod Seals 

A pneumatic rod seal design was printed from the four materials and analyzed. The 
test rig and the results of the reference seal are introduced below. This is followed 
by an explanation of the challenges encountered when printing the seal and the ge-
ometric optimization of the CAD file. The geometric optimization is then validated 
using the Finite Element Method (FEM). 

3.1 Translational Test Rig 

The frictional force between a seal ring and rod was measured at ambient pressure 
during horizontal movement of the rod on the translational test rig at the IMA. For 
this purpose, the ARUP seal ring [14] from Trelleborg Sealing Solutions for a rod 
diameter of 20 mm was printed. To obtain the CAD geometry the ARUP seal ring 
was cast in epoxy resin and the geometry measured. For all of the printed seal rings 
the same geometry file was used first, but had to be adapted later. 

 Reference Seal  
The original ARUP seal ring from Trelleborg Sealing Solutions (TSS) made from a 
Polyurethan with 90 Shore A (WU9E1) was tested as reference. The seal rings were 
installed in a seal ring carrier first and then mounted on the rod. Next to the seal ring 
0.1 ml of grease (Klübertemp GR M07 N) was then applied around the circumference 
of the rod. In a grease distribution run, the seal spreads the grease over the entire 
rod, after which the measurement was started. The frictional forces measured while 
moving the seal ring on the rod are shown in Figure 10 (left). For each variant, five 
seal rings have been tested. The frictional forces from the different seal rings are 
shown in different colors. During each measurement, the seal ring is moved 10 times 
with 𝑣𝑣max = 200 mm/s from position 𝑥𝑥start= 5 mm to position 𝑥𝑥end= 70 mm which is 
why there are 10 curves for each tested seal ring. As the scatter between the five 
seal rings tested is very small and they all behave very similarly, the curves overlap. 
Figure 10 (right) shows the average frictional force and the scatter of the five seal 
rings. This was done by averaging the amount of the measurements taken at 
𝑥𝑥 = 35 mm. The minimum and maximum values of the measured force are marked 
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by the grey bar. To analyze the force required at the beginning of the measurement 
and during the change of direction, the average of the amount of frictional force 
measured between 𝑥𝑥 = 5 mm and 𝑥𝑥 = 7 mm was calculated. The maximum value of 
the measured force in the range 𝑥𝑥 = [5,7] mm is marked by the grey bar.   

   
Figure 10: Measured frictional force (left) and average frictional force (right), seal rings from 

Trelleborg Sealing Solutions 

 Geometric Optimizations 
When using an mSLA printer without optimizing the CAD geometry, printed parts 
tend to be oversized. In general, the first layers are exposed longer to ensure the 
components adhere to the printing plate. As a result, the first layers are printed 
larger, which can be corrected by a respective change in the CAD file. In addition to 
the oversize of these first layers, it was noted that the inner diameters of the printed 
seals were too small and the outer diameters too large. Therefore, these had to be 
adjusted as well. The printed seal rings were measured to determine the true inner 
diameter and the inner diameter in the CAD file was then adjusted. Figure 11 shows 
the sectional geometry of the seal ring. As an example, three dimensions are illus-
trated, which were adjusted in the CAD file in order to print the original geometry as 
accurately as possible. Using the diameters 𝑑𝑑1CAD and 𝑑𝑑2CAD listed in Table 2, an 
inner diameter of 𝑑𝑑1printed = 19.5 mm ± 0.05 mm and an outer diameter of 
𝑑𝑑2printed = 29.5 mm ± 0.1 mm could be achieved for the printed seals. The width 𝑏𝑏 
of 3.6 mm could be achieved for all printed seals. 

Table 2: Dimensions defined in the CAD file and actual measured dimensions [mm] 
 𝑑𝑑1CAD 𝑑𝑑1printed 𝑑𝑑2CAD 𝑑𝑑2printed 𝑏𝑏CAD 𝑏𝑏printed 
IND475 20.4  19.45 28.9  29.6 3.2 3.6 
L 8195 19.3  19.5 29.4  29.5 3.6 3.6 
F69 19.4  19.45 29.4  29.5 3.45 3.6 
F80 19.6  19.5 29.3  29.5 3.5 3.6 
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Figure 11: Sectional view of the seal ring 

Despite the adjustment of the geometry according to Table 2, the shape of the seal-
ing lip still deviates from the actual shape in the CAD file. Thus, the geometry of the 
seal ring made of IND475 was further optimized, as this was the geometry that de-
viated the most from the original geometry. Figure 12 (left) shows the measured 
frictional forces for the first printed seals with an inner diameter of  
𝑑𝑑1CAD = 19.5 mm in the CAD file and an average inner diameter of 
𝑑𝑑1printed = 18.5 mm measured on the printed seals. After adapting the geometry in 
the CAD file according to Table 2, an average inner diameter of 𝑑𝑑1printed = 19.45 mm 
was measured, which significantly reduced the frictional force, Figure 12 (middle). 
Casting the printed seal rings in epoxy resin and measuring the printed geometry 
showed that the printed sealing lip was still too wide. The design of the sealing lip 
was then adjusted in the CAD file, which led to the frictional forces shown in Figure 
12 (right). 
 

   
Figure 12: Frictional force, IND475, first printed seal (left), optimization of the diameters 

(middle) and adjustment of the sealing lip (right) 

Thus, depending on the material, the geometry defined in the CAD file must first be 
adapted before a seal ring can be printed accurately using an mSLA printer.  

Figure 12 also shows how quickly a seal geometry can be modified to achieve spe-
cific characteristics, such as lower friction. With a 3D printer, these geometry 
changes can be made fast and without much effort.  
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 Material Comparison 
For the 3D-printed seal rings, the printing parameters were selected for which the 
best accuracy could be achieved in printing tests. In order to test all seals under the 
same conditions, exactly seven days were waited between printing and testing. Fig-
ure 13 compares the frictional forces of the seals made of L 8195, F69 and F80. The 
diameters of the seal geometries have been adjusted to match the inner diameter of 
the original ARUP seal. 

The individual seal rings made from L 8195 behave very differently, but the meas-
urement results of a single seal ring vary only slightly. In the case of F69, it is the 
opposite: The five seal rings made of F69 all behave in a similar way, but the disper-
sion of one seal ring is greater. 

 

   
Figure 13: Frictional force, L 8195 (left), F69 (middle) and F80 (right) 

In Figure 14, the average frictional force and the scatter is shown for the 

• reference seal ring from Trelleborg (TSS), 

• seal rings made of Loctite 8195, Resione F69 and Resione F80,  

• Loctite IND475 seal rings, without geometric optimizations (IND475_1), 

• Loctite IND475 seal rings with the optimization of the diameter (IND475_2), 

• Loctite IND475 seal rings with the adjustment of the sealing lip (IND475_3). 

The average of the five measurements at position 𝑥𝑥 = 35 mm is displayed by the 
darker color. The average of the amount of frictional force measured between the 
positions 𝑥𝑥 = 5 mm and 𝑥𝑥 = 7 mm is displayed in a lighter color. The scattering, 
marked by the gray bar, is greatest for Loctite 8195. The Loctite IND 475 seals 
showed the lowest scatter, even without adjusting the geometry. In addition, the dif-
ference between the frictional force during movement (at position 𝑥𝑥 = 35 mm) and 
the frictional force required to change direction (in the range 𝑥𝑥 = [5,7] mm) is lowest 
for the seal rings made of Loctite IND 475. 
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Figure 14: Average frictional force 

In order to analyse the impact of the storage time on the frictional force, experiments 
were run with seal rings after 𝑡𝑡storage = {0, 1, 4, 16} weeks. No trend in any direction 
could be recognized for the materials IND475, F69 and F80. The measured frictional 
forces of the seals made of L 8195 were generally so scattered that no trend could 
be identified either. The longest test run lasted 24 hours. The only seals that could 
not withstand this test run were made of the L 8195 material. These have torn after 
18-21 hours. None of the other seals broke or showed signs of wear. In addition to 
the results shown in this chapter, measurements were performed under pressure. 
With the exception of the seals made of L 8195 material, all seals were able to with-
stand a pressure of 6 bar. 

3.2 Assembly Simulation 

The geometric optimizations of the seals made from IND475 were evaluated using 
the Finite Element Method (FEM). The actual printed geometries were measured 
and used. The measured frictional forces for these geometries are shown in Figure 
12. The frictional force measured on the test rig can be calculated by 
𝐹𝐹fric =  µ  𝐹𝐹N (1) 

with the coefficient of friction µ and the contact normal force 𝐹𝐹N. In an FEM simulation 
in the software MSC Marc Mentat, the assembly of the 2-dimensional cross-sectional 
geometry of the seal ring was simulated to get the contact normal force between seal 
ring and rod. To do so, the printed geometry was measured in order to ensure the 
same conditions as in the experiments. The seal ring carrier, in which the seals are 
installed before they are mounted on the rod, was also measured. In the FEM simu-
lation, as in the experiments, the seal ring was first pushed into the groove, i.e. the 
seal ring carrier. The installed seal ring is then mounted on the shaft. The used Og-
den material model is based on the tensile tests of the IND475 material at room 
temperature after 𝑡𝑡storage = 1 week. Relaxation was not considered. The simulation 
results of the seal rings  

• TSS: Reference seal ring, measurements shown in Figure 10 
• IND475_1: First printed seal, measurements shown in Figure 12 (left) 
• IND475_2: Optimization of the diameters, measurements Figure 12 (middle) 
• IND475_3: Adjustment of the sealing lip, measurements Figure 12 (right) 

are discussed in the following. Figure 15 shows the simulated installed seal ring 
IND475_3. The colors represent the first component of stress. Figure 16 shows the 
simulated contact forces between the sealing lip and shaft. The position x = 0 is 
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defined by the node located left of the first node in contact with the shaft. The maxi-
mum values of the simulated normal force  𝐹𝐹N,max are listed in Table 3. In addition, 
the frictional forces 𝐹𝐹fric measured on the test rig are given. These are the average 
of all frictional forces measured between the two positions 20 mm and 40 mm. 
 

 
Figure 15: Simulation result, mounted seal IND475_3, 1st Component of Stress [𝑁𝑁/𝑚𝑚𝑚𝑚2] 

The radial force, i.e. the force with which a seal ring is pressed against the shaft over 
the entire circumference, was measured using a radial force gauge [15] according to 
DIN 3761-9. Five seal rings were measured in each case, the average radial forces 
are given in in Table 3. When measuring the radial force, a higher value is measured 
at the beginning. Due to relaxation, the radial force decreases after only a few sec-
onds. The values given in in Table 3 are the radial forces measured at the beginning, 
as no relaxation was considered in the simulation. 
 

 
Figure 16: Simulation result, Contact Normal Forces of the sealing lip 

Table 3: Frictional Forces measured on the test rig, Contact Normal Force obtained from the 
simulations and measured radial force  

IND475_1 IND475_2 IND475_3 TSS 
𝐹𝐹fric = 19 N 𝐹𝐹fric = 12 N 𝐹𝐹fric = 9 N 𝐹𝐹fric = 8 N 
 𝐹𝐹N,max = 251 N  𝐹𝐹N,max = 146 N  𝐹𝐹N,max = 108 N  𝐹𝐹N,max = 96 N 
 𝐹𝐹radial = 241 N  𝐹𝐹radial = 138 N  𝐹𝐹radial = 102 N  𝐹𝐹radial = 94 N 

 

x = 0 8.0 6.6 5.2 3.8 2.4 1.0 ‑0.4 ‑1.8 ‑3.2 ‑4.6
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The measured radial forces agree well with the simulation results. Both the radial 
force and the frictional force could be significantly reduced by adjusting the inside 
diameter and optimizing the geometry of the sealing lip. Calculating the coefficient 
of friction from either the measured radial force  𝐹𝐹radial or the simulated contact force 
 𝐹𝐹N,max according to equation (1), results in a coefficient of friction between 0.076 and 
0.088. These values are reasonable for a fully lubricated steel rod. On the test rig 
the same rod was used for all tests and the same amount of grease was applied. In 
the simulations, the same conditions were defined, the only change was the geom-
etry of the seal. Therefore, the coefficient should be exactly the same. Small differ-
ences may be due to inaccurate measurement of the geometry.  

4 Conclusion 

The potential of additive manufacturing of seal rings using an mSLA printer was in-
vestigated. Additive manufacturing opens up many new possibilities in sealing tech-
nology. New and complex geometries can be produced and different geometric var-
iations can be realized quickly. However, in order to fully exploit the potential, some 
preliminary work must be done first. This includes finding the right material, as there 
are many different photopolymers for mSLA printers available on the market. 
The 3D-printed materials analyzed in this study have a lower elongation at break and 
a much lower tensile strength than conventional sealing materials. Nevertheless, the 
elongation at break of the printed materials is still sufficient for seals. In addition, very 
good Compression Set values were measured for the printed materials. One disad-
vantage is the change of the material behavior over time. All tested materials show 
a stiffer behavior in tensile tests after a longer period of time between printing and 
testing. The compression set is reduced by a longer waiting time, which is generally 
beneficial, but this still makes the material difficult to evaluate. The material change 
could not be reproduced by increasing the curing time or the exposure time, indicat-
ing that the change in material behavior was not due to post-curing with UV light. 
Before the materials can be used reliably, it is important to gain an understanding of 
the reason for their behavior. The change in material behavior could be due to reac-
tions with the surrounding environment. Further tests need to be carried out, for ex-
ample after storage times in a vacuum chamber, in order to detect evaporation of 
solvents out of the printed material. 
The advantage, on the other hand, is the geometrical flexibility. For example, the 
sealing lip width can be changed very quickly to achieve the desired contact pressure 
between the sealing lip and the rod. In order to be able to do this, it is necessary to 
know how the geometry will be printed. Due to geometric deviations, the geometry 
file must be adapted depending on the printer and the material. If this is neglected, 
the geometry of the printed seal will not match the desired geometry which can lead 
to a poorer sealing performance. The impact of the geometric deviations on the fric-
tional force between the seal and the rod was proven within the scope of this study. 
It should be noted that the samples for all material tests were manufactured using 
an mSLA printer with a 405 nm light source. Printing on a different printer with a 
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different light source may result in different material properties depending on the 
wavelength for which the material has been optimized by the manufacturer. 
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6 Nomenclature 

Variable Description Unit 
𝑏𝑏CAD Width defined in the CAD file [mm] 
𝑏𝑏printed Width measured on the printed seal [mm] 
𝑑𝑑1CAD Inner diameter defined in the CAD file [mm] 
𝑑𝑑1printed Inner diameter measured on the printed seal [mm] 
𝑑𝑑2CAD Outer diameter defined in the CAD file [mm] 
𝑑𝑑2printed Outer diameter measured on the printed seal [mm] 
𝐹𝐹fric Frictional force [N] 
 𝐹𝐹N Contact normal force [N] 
𝑡𝑡cure Curing time [s] 

𝑡𝑡exposure Exposure time [s] 
𝑡𝑡storage Storage time [s] 
𝑣𝑣max Maximum velocity [mm/s] 
𝑥𝑥start Start position of measurement [mm] 
𝑥𝑥end End position of measurement [mm] 
µ Coefficient of friction [-] 
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Innovation in Seal Production: Novel Additive Manufacturing for 
High-Performance PU Seals 

Ozan Devlen, Cem Tanyeri, Alper Kocamaz, Barthel Engendahl 

Our study unveils a groundbreaking additive manufacturing (AM) technology poised to rede-
fine the standards of polyurethane seal production. By meticulously merging the precision of 
AM with the robustness of injection-molded TPU, this technology not only promises to bridge 
existing manufacturing gaps but also to set new benchmarks for seal performance and dura-
bility. Our rigorous evaluation underscores the technology's superior design flexibility, ena-
bling the creation of custom, high-performance seals that surpass traditional capabilities in 
both efficiency and environmental sustainability. The results of our comprehensive testing and 
validation process reveal a significant leap forward, offering not just an alternative but a supe-
rior solution in seal manufacturing. We propose this AM technology as a transformative force 
capable of revolutionizing industry standards and paving the way for innovative applications 
across sectors. This is not just an advancement; it's a call to reimagine what's possible in seal 
manufacturing.  

1 Introduction 

The sealing industry continually seeks advancements to improve the performance 
and longevity of seals used in diverse applications. This paper explores the utilization 
of additive manufacturing (AM) techniques for producing high-performance PU 
seals, offering a detailed analysis of the benefits and challenges associated with this 
innovative approach.  

1.1 Background  

Polyurethane seals are widely recognized for their exceptional mechanical proper-
ties and resistance to wear and chemicals. Traditional manufacturing processes for 
PU seals typically involve molding techniques, which may limit design flexibility and 
increase costs for small series. Additive manufacturing, also known as 3D printing, 
offers a transformative alternative that can overcome these limitations by enabling 
complex geometries and material customization. [1] 

This paper focuses on polyurethane technology by comparing traditionally produced 
polyurethane seals with their additively manufactured counterparts. Additive technol-
ogies available to produce polyurethane parts include solid extrusion or selective 
laser sintering (SLS) of TPU resins, utilizing filament extrusion (FDM), pellet extru-
sion, or SLS processes involving TPU powders. Additionally, reactive extrusion tech-
nology is highlighted, where a reactive liquid two-component system consisting of 
an isocyanate and a polyol component reacts during the printing process to form 
crosslinked polyurethane resin. 
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In this paper, we will exclude comparisons to other additive manufacturing technol-
ogies that cannot process pure polyurethane materials. Examples include solid ex-
trusion-based methods, where a solid plastic or thermoplastic elastomer is pro-
cessed into a filament. These filaments are often composed of the same plastic for-
mulations as those used in traditional injection molding processes. The idea behind 
this process is that using similar polymers with a novel method to build the structure 
would result in a part with comparable mechanical properties. Unfortunately, while 
operating at similar temperatures to traditional injection molding, solid extrusion-
based processes lack the pressures needed to entangle polymer chains. This results 
in lower material strength in the build direction of the production process, often up to 
50% less, making them unsuitable for high-performance applications. 

Even if this drawback can be overcome, solid extrusion-based processes involve 
placing a heated, flowable, but highly viscous polymer bead on top of an already 
cooled and solid polymer. Due to the high viscosity of the flowable bead, the contact 
areas between beads always contain voids, forming channels in the movement di-
rection of the printhead. These voids create two problems: they are starting points 
for mechanical failure and contribute to crack propagation, and they allow fluids in 
the form of gases or liquids to travel through the part. 

In powder processing technologies similar to solid extrusion, there is no applied pres-
sure to ensure polymer chains entangle to achieve the same tensile strength as tra-
ditionally manufactured parts. Additionally, these processes depend on applying 
melted material onto solidified polymer resin, creating similar channels. While there 
are methods to post-process or soak surfaces to close voids or channels, these often 
involve coating with a different material that might not be compatible with the sealing 
application. 

In conclusion, solid extrusion and powder melting processes have the drawbacks of 
non-isotropic material properties, as well as voids and channels that allow fluids to 
pass through, which is a significant issue for sealing applications. Reactive extrusion 
technology, though similar in processing to solid extrusion methods, distinguishes 
itself by combining the two components needed to make polyurethane during the 
form-giving process. No heat is applied, and no pre-reacted polymer is melted in the 
process. The closest comparison to traditional production processes is casting, 
where polyurethane is made by mixing an isocyanate and a polyol component in 
liquid form before filling the liquid into a mold. Chemically, the only difference be-
tween PU casting and PU reactive extrusion processes is the absence of a mold. 

If the reactivity and print parameters are chosen carefully, the material will flow as a 
liquid bead onto the solidified layer below. The solidified layer and the new bead will 
have unreacted isocyanate and polyol groups on the surface, allowing for interlayer 
and interbead adhesion to provide isotropic material properties. High-performance 
PU materials tailored to the reactive extrusion process will enable the production of 
high-performance seals.  
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1.2 Objectives 

The primary objective of this study is to evaluate the feasibility and performance of 
PU seals produced using AM techniques. Specific goals include: 

• Assessing the mechanical properties and durability of AM-produced 
PU seals. 

• Comparing the performance of AM seals with traditionally manufac-
tured seals. 

• Identifying potential applications and industry benefits 

2 Methodology 

2.1 Materials and Equipment 

Material Development and Selection: Reactive extrusion technology cannot uti-
lized by traditional 2K PU cast systems. These systems are designed to have very 
low viscosity, fill all mold cavities, and be processable within minutes. However, the 
material requires a higher viscosity to build structure for reactive extrusion. There-
fore, a completely new type of 2K PU system needed to be developed. 

 
Figure 1: RX-AM 3500 printer from Chromatic 3D Material 

This new system had to be created using only commercially available and registered 
chemicals, as this is a prerequisite for large-scale industrial applications, which are 
the only type of applications that will provide a payback for such material develop-
ment endeavors. Several 2K PU systems are commercially available, and for these 



432     22nd ISC 
______________________________________________________________________________________________________________ 

trials, ChromaLast 90 was chosen. It was developed to have a high tensile strength 
at a Shore A Hardness of 90, with a compression set below 30% at a temperature 
of 100˚C 

Additive Manufacturing Software and Equipment: To create a shape using addi-
tive manufacturing, a design in the form of a CAD file has to be transformed into a 
machine path for the 3D printer to follow. In solid extrusion technology, commercially 
available slicing software such as Simplfy3D or Cura will create the tool path with 
the click of a button. The machine path created does not take into account the 
changes in viscosity and flow behavior of printing with a liquid 2-component system. 
Thus, next to standard slicing software, a post-processor, in this case, ChromaWare, 
was used to alter the tool path so that the deposited liquid could solidify into the 
desired shape during the printing process.  

• The gaskets were printed on a 1st generation RX-AM 3500 printer from 
Chromatic 3D Materials equipped with a ViproDuo 5/5 printhead by 
Viscotec. A Sulzer Mixpac MKH 02-16S was used to combine the liq-
uids.  

• During the printing process, the print parameters were chosen, and the 
mixing of the two components was done within a window to allow for 
optimal material properties as well as inter-layer and inter-bead times 
that create a solid part with uniform material properties.  

2.2 Experimental Setup 

A series of tests were conducted to evaluate the performance of the AM-produced 
PU seals. These tests included: 

• Tensile Strength Test: To measure the material's resistance to tension. 
• Compression Set Test: To assess the seal's ability to return to its original 

thickness after compression. 

Table 1: Mechanical Properties of ChromaLast 90 
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2.3 Additive Manufacturing Strategies 

Alternative trials were conducted to explore the novel additive manufacturing 
method, testing different printing strategies and employing both 2K and 4K options. 
In this context, 2K refers to a single material produced by combining two compo-
nents, while 4K involves using two different materials in one print, each created from 
two components.  
 
Below is the list of Printing Strategies employed:  

• 2 Walls: 2K Material of 90 Shore A PU  
• 2 Walls + Base: 2K Material of 90 Shore A PU  
• 2 Walls + Base: 4K Material of 90 Shore A Walls and 65 Shore D Base 
• 1 Wall + Base: 4K Material of 90 Shore A Walls and 65 Shore D Base 
• 1 Wall: 2K Material of 90 Shore A PU – Solid billet 

 2 Walls Strategy: 2K Material of 90 Shore A PU 
The strategy involved printing two walls close to each other and allowing the beads 
to mix. However, the cross-section of the initial iterations revealed that the walls were 
not melding together properly. To address this, a filling extrusion (indicated by the 
red marker) was introduced to ensure the binding of the two walls. 
The main challenge with this strategy was printing with over-dimensions to allow for 
machining afterward. Printing with over-dimensions required the print motions to be 
further apart, which meant that the beads needed to be thicker to merge properly. 
Increasing extrusion and speed helped with bead size, but higher speeds resulted in 
a less viscous extruded mixture that also did not hold its shape. 

 
Figure 2: Cross-Section of First Iteration 

To ensure the best concentricity, the print had to be done in a vase mode. Finding 
the optimal parameters required numerous iterations, balancing extrusion, speed, 
and bead thickness to achieve the desired results. 
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Figure 3: Printing path for 2 Wall strategy 

 
Figure 4: Injection molded XT200 vs 2 Wall Print 
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 2 Walls + Base Strategy: 2K Material of 90 Shore A PU 
 
Printing a base increases the spread of the bead, as the surface properties of the 
material cause a stronger attraction to itself than to other materials. With a base, the 
aim is to print thicker and more homogeneous walls. 

 
Figure 5: Printing path for 2 Walls + Base 

 
A disc was printed to ensure a good merge at the Base of the print. Printing with 
more material per mm and at a faster rate increased the bead width. However, this 
also resulted in decreased stiffness and predictability of the material. 

 
Figure 6: Comparison of Printed seal vs Injection Molded seal 
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Proper positioning of the walls, along with appropriate extrusion and speed settings, 
allowed for near-voidness printing. However, as the bead became saggy and easily 
disturbed, the shape of the cross-sections began to worsen. A suitable combination 
of parameters was achieved, resulting in a print with machining allowance but an 
irregular shape for work holding. 

 2 Walls + Base Strategy: 4K Material of 90 Shore A Walls and 65 
Shore D Base 

 
The objective of this project was to print a gasket using two different materials. Ini-
tially, the strategy involved printing the Base and the first three layers of inner and 
outer walls with D65 material, followed by switching to Shore A90 for the remaining 
walls. However, this approach resulted in a significant cavity between the walls due 
to the material transition. A second strategy was implemented to address this, which 
involved a billet-like print method. This method printed consecutive concentric circles 
with a smaller bead width than the wall thickness, resulting in better control and re-
duced voids. 

 
Figure 7: Cavity in the base plate of 65 Shore D material  

The billet-like print method improved printing by eliminating voids and providing bet-
ter dimensional control. However, printing numerous layers created a rough axial 
surface texture, so the Base was printed oversized to compensate. Additionally, the 
viscous nature of the material caused the corners of the printed parts to round, re-
quiring the Base to be printed oversized for a flatter surface. Despite these adjust-
ments, cross-sections of the prints showed inconsistencies, with varying degrees of 
sagging and voids. However, samples for testing were created successfully despite 
the difficulties. 
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Figure 8: Printing path for 4K material  

Using a base material with a Shore D hardness of 65 enabled further machining 
without the need for clamping rings, thanks to the high hardness of the base material. 
Additionally, this choice improved the extrusion resistance of the seal during high-
pressure testing. 
 

 1 Wall + Base: 4K Material of 90 Shore A Walls and 65 Shore D Base 
The strategy involved laying concentric beads from the outside to the inside to create 
a disc of 65 Shore D, then repeating this process to stack discs on top of each other. 
At a height of 3mm, the Shore A90 material was primed, and the printing continued. 
This method produced a raw material that could be fully machined to shape the gas-
ket. 

 
Figure 9: 4K material into near-net-shape billet 

 
Cutting the billet revealed a print without voids. However, different materials have 
different printing properties, so using the same print parameters resulted in varying 
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dimensions. Print speed and extrusion were adjusted for each material section to 
achieve the desired dimensions. To facilitate further tests of entirely shaped gaskets 
before developing a near net shape multi-material print and sent for machining. 

 1 Wall: 2K Material of 90 Shore A PU – Solid Billet 
Another strategy we tested involved printing long billets directly to machine seals. 
This approach allowed us to prepare billets without the need for molds, streamlining 
the production process. By continuously extruding material to form elongated billets, 
we were able to produce a uniform and consistent raw material. This method pro-
vided greater flexibility in manufacturing and reduced the time and costs associated 
with mold preparation. The long billets could then be machined to the precise spec-
ifications required for high-performance seals, ensuring both efficiency and quality 
in the final product. 

 
Figure 10: 2K 90 Shore A Billet 

3 Results 

All the samples were tested on the test rigs of Kastas Sealing Technologies R&D 
Test Center. Two sets of test runs will be presented on paper from the seals acquired 
with different print strategies. 
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3.1 Results of Test Group I 

The first group of seals was tested for 10 km at a pressure of 50 bar, followed by 
another 10 km at 240 bar. The seals failed before completing the second 10 km at 
the higher pressure due to significant leakage. Upon disassembly, the seals exhib-
ited excessive extrusion and a high level of deformation. These results indicate that 
the 90 Shore A 2K PU material, combined with the initial set of strategies, was insuf-
ficient to meet the demands of standard hydraulic applications. 
 
Tested seals are listed below: 
 

• Sample 1B: 2 Walls: 2K Material of 90 Shore A PU  
• Sample 1A: 2 Walls + Base: 2K Material of 90 Shore A PU  
• Sample 2A: 2 Walls + Base: 2K Material of 90 Shore A PU 

 
Three samples were tested using the test parameters below in the first test group. 

Table 2: Test Group I - Test Parameters 

 

 
Figure 11: Abrasion loss results for Test Group 1 
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Figure 12: Leakage results for Test Group 1 

 
Sample 1A: 2 Walls + Base: 2K Material of 90 Shore A PU 

 
Figure 13: Sample 1A After testing 

 
Sample 1B: 2 Walls: 2K Material of 90 Shore A PU 

 
Figure 14: Sample 1B After Testing 
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Sample 2A: 2 Walls + Base: 2K Material of 90 Shore A PU 

 
Figure 15: Sample 2A After testing 

3.2 Results of Test Group II 

Improved printing strategies were employed for the second set of tests, enabling 
higher pressure testing over a longer duration of 80 km or 220,000 cycles. The seals 
withstood the testing, although they exhibited higher-than-usual levels of leakage 
and visible extrusion, except for the 4K material with a 65 Shore D base, which per-
formed more reliably. 
Tested seals are listed below: 
 

• Sample 2A: 2 Walls + Base: 2K Material of 90 Shore A PU  
• Sample 2B: 2 Walls + Base: 4K Material of 90 Shore A and 65 Shore D PU 
• Sample 3A: 1 Wall: 2K Material of 90 Shore A PU – Solid billet 

 

Table 3: Test Group II - Test Parameters 
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Figure 16: Test Group II – Abrasion Loss 

 
Figure 17: Test Group II – Leakage 

 
 

Sample 2A: 2 Walls + Base: 2K Material of 90 Shore A PU 

 
Figure 18: Sample 2A After testing 
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Sample 2B: 2 Walls + Base: 4K Material of 90 Shore A and 65 Shore D PU 

 
Figure 19: Sample 2B After Testing 

 
Sample 3A: 1 Wall: 2K Material of 90 Shore A PU – Solid billet 

 
Figure 20: Sample 3A After testing 

 

4 Summary and Conclusion 

This study explores the innovative use of additive manufacturing (AM) technologies 
to produce high-performance polyurethane (PU) seals. By merging the precision of 
AM with the robustness of injection-molded TPU, the research aims to bridge exist-
ing manufacturing gaps and set new benchmarks for seal performance and durabil-
ity. The comprehensive testing and validation results indicate that while the initial 
strategies using 90 Shore A 2K PU material were insufficient for standard hydraulic 
applications, subsequent strategies demonstrated improved outcomes. 

Introducing a billet-like print method and using 4K materials with a 65 Shore D base 
showed significant improvements in extrusion resistance and overall seal integrity 
under high pressure. Despite some challenges with leakage and dimensional con-
sistency, the refined strategies allowed for better control over the final dimensions 
and reduced void formation. 
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In conclusion, the novel AM technology presents a transformative solution for the 
seal manufacturing industry, offering enhanced design flexibility, material customi-
zation, and environmental sustainability. The findings underscore the potential for 
AM technologies to revolutionize industry standards and pave the way for innovative 
applications across various sectors. Further research and optimization of print pa-
rameters and material combinations are recommended to fully realize the benefits of 
this approach in large-scale industrial applications.  

Further printing strategies should be explored to fully exploit the design freedom pro-
vided by the AM method, maximizing the potential of this technology. Future trials 
will include such design instances to bring additional value to the finished seals. By 
continuously refining and expanding these strategies, we can enhance AM-produced 
seals' performance, durability, and applicability, ensuring they meet and exceed in-
dustry demands. 
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Performance of the radial shaft sealing system under the 
influence of shaft lead 

Adrian Heinl, Christian Wilbs, Daniel Frölich 

1 Introduction 

A tribological system fundamentally consists out of the main components: base 
body, counter body, intermediate substance, and surrounding medium. The applied 
load spectrum as well as disturbances form the input variables of the tribological 
system influence the tribological processes and interactions. Applied to the tribolog-
ical system of a radial shaft seal (Figure 1) the following system components can be 
derived: 

• Base body     →   Radial shaft seal 
• Counter body    →   Shaft surface as counter surface 
• Intermediate substance  →   Lubricant to be sealed 

The radial shaft sealing system for example is used in gearboxes, wind turbines or 
robots to seal rotating components. It prevents the leakage of lubricant or the ex-
change of two media. During use, the operating conditions such as speed, pressure, 
temperature of the fluid etc. as well as the geometric installation situation influence 
the system components. The latter and the operating conditions are in constant in-
teraction with each other and determine the performance and lifetime of the radial 
shaft sealing system. The occurrence of disturbances, such as damage or faulty 
system components, can lead to unfavorable operating conditions of the system, 
which in turn can result in poor lubrication, thermal or chemical damage to the com-
ponents, high wear and ultimately leakage. 

 
Figure 1: Radial shaft seal (left), complete tribological radial shaft sealing system (right) 
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In an optimally functioning system, a hydrodynamic fluid film forms between the seal-
ing edge and the shaft surface, i.e. in the sealing gap, under dynamic load. Radial 
shaft seals (RSS) have a dynamic sealing mechanism that causes the sealed lubri-
cant to be actively pumped in the axial direction, from the air side to the fluid side. 
This effect is partly responsible for the sealing performance of the radial shaft sealing 
system. The fluid pumping effect of the sealing system is not only depending on the 
radial shaft seal but is also significantly influenced by the shaft surface topography. 
Therefore, the shaft surface roughness parameters must be in an acceptable range. 
To ensure the performance of the sealing system, in addition to the known rough-
ness parameters, the shaft must be free of fluid pumping structures, so-called shaft 
lead. Depending on the shaft lead characteristics, lead structures can create an axial 
pumping effect of the fluid which can lead to either in leakage or poor lubrication 
conditions and therefore to an increased wear of the sealing system. The effect of 
shaft lead on the radial shaft sealing system is shown in Figure 2. 

 
Figure 2: Influence of lead structures on the radial shaft sealing system. 

Figure 2 shows how the fluid is pumped in an axial direction depending on orientation 
of the lead structures and the rotation direction of the shaft, and how this is superim-
posed on the axial pumping effect of the radial shaft seal, the fluid pumping effect of 
the radial shaft seal is always from the air side to the fluid side. Regarding to the 
superimposed fluid pumping effects, two different operating states of the sealing sys-
tem can be set: 
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1. The pumping effect of the lead structure is from the fluid side to the air side 
and thus counteracts the pumping effect of the radial shaft seal. If the shaft 
pumping effect exceeds that of the radial shaft seal, a net pumping effect 
towards the air side results, which is expressed in leakage. 
 

2. The pumping effect of the lead structure is from the air side to the fluid side 
and thus in the same direction as the pumping effect of the radial shaft 
seal. As a result, the system is subject to poor lubrication, which in turn 
causes increased wear of the components and increased temperature 
within the sealing gap. 

Both operation conditions can lead to an earlier failure of the sealing system, which 
in turn can result in significant repair costs and extensive environmental damage.  

Due to the variety of manufacturing processes and parameters to produce counter 
surfaces, shaft lead with different characteristics and scaling can be generated. Shaft 
lead can be classified into three categories [1], see Figure 3. 

 
Figure 3: Shaft Lead classification [1] 

The longest known characterization method is the CARMEN method according to 
the Daimler standard MBN31007-7 [2]. This method describes axially and circumfer-
entially periodic lead structures in a scale range of 20 μm to 0.8 mm. The frequency-
based analysis method can be used to determine characteristic macrolead parame-
ters such as depth, angle, and period length.  

Structures in the same scale range but with an aperiodic and stochastic distribution 
in axial and circumferential direction, are referred to as aperiodic macrolead or mi-
cro waviness [1]. The analysis and evaluation of this shaft lead is not yet available 
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and is part of a research project of the FVA 876 I Research Association for Drive 
Technology [3].  
Individual grooves within the scale range of < 20 μm and are distributed stochasti-
cally and anisotropic on the counter surface are referred to as microlead. The IMA-
Microlead® Analysis [4] defines the measurement and evaluation of the individual 
grooves using an optical measurement system and a structure-based algorithm. The 
algorithm extracts and analysis the geometry characteristics such as angular orien-
tation, length, depth etc. of the grooves.  

These different shaft lead categories can be measured and quantified with state-of-
the-art measuring and analyzing methods. Using these methods, the correlation be-
tween lead parameters and leakage resp. seal wear can be shown. The insights 
drawn from that analysis, will be applied to unpressurized and pressurized radial 
shaft sealing systems. Based on the results, limits for an acceptable shaft lead can 
be set to ensure a reliable sealing system. 

2 Measurement methods and test conditions 

Chapter 2 describes the used measurement methods and test conditions. 

2.1 Shaft lead measurement 

To study the performance of the radial shaft sealing system under the influence of 
shaft lead, plunge ground shafts with different characteristics of microlead and peri-
odic macrolead were examined. The measurement and analysis methods will be 
explained in more detail in the next chapters. 

 Microlead measurement acc. IMA-Mikrodrall® Analyse 
The microlead measurement uses optical surface measurement instruments to 
measure the surface topography. The measurement grid consists out of three axial 
areas and 18 areas in circumferential direction, with a step size of 20 °, around the 
entire circumference. The measured surface topographies are segmented and the 
microlead structures are extracted. The corresponding geometric characteristics 
such as depth, width, length, angle, and volume are then determined for each ex-
tracted structure (groove). The determined parameters are evaluated using statisti-
cal methods and characteristic distribution curves. The number of all structures and 
structure volumes with the same angular orientation are added and plotted against 
the angular orientation. If the median angle of the distribution curve deviates signifi-
cantly from zero, this means that an increasing number of structures or volumes 
have an orientation that deviates from the circumferential direction. Figure 4 shows 
the measurement grid, the geometric groove characteristics, and the distribution 
curve.  
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Figure 4: Microlead measurement acc. IMA-Mikrodrall® Analyse [4] 

Quantitative microlead parameters can be drawn from the distribution curves by cal-
culating the median angle of the structures 𝑆𝑆𝑆𝑆median,S and the median volumes 
𝑆𝑆𝑆𝑆median,V. 

 Macrolead measurement acc. MBN31007-7 
For the analyze of periodic macrolead structures on the counter surface, 72 axial 
profiles are measured at equal intervals over two measuring grids. Measuring grid 1 
extends over a circumferential range of 36 °, with an axial profile spacing of 0.5 °, 
and measuring grid 2 covers the entire shaft circumference of 360 °, with an axial 
profile spacing of 5 °. The individual axial profile plots are aligned in the circumfer-
ential and axial direction and merge to a 3D pseudo topography. This is followed by 
a frequency analysis to identify the dominant, periodic macrolead structure. This re-
sults in a mathematically approximated lead profile, which is used to determine the 
macrolead parameters lead depth 𝐷𝐷𝐷𝐷, lead angle 𝐷𝐷𝐷𝐷 and period length 𝐷𝐷𝐷𝐷 of the 
counter surface. 
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Figure 5: Macrolead measurement acc. MBN31007-7 [2] 

2.2 Experimental Test conditions 

Certain test conditions were defined and described in the following chapters to meas-
ure the shaft pumping rate and to investigate leakage and wear. 

 Shaft pumping rate measurement 
The pumping rate of the sealing system results from the pumping rate of the radial 
shaft seal and the shaft surface. The pumping rate of the radial shaft seals in usually 
independent of the shaft rotation direction whereas the pumping rate of the shaft 
surface can depend on the rotation direction if a shaft lead is present. Depending on 
the shaft lead orientation and the shaft rotation direction the sealing system pumping 
rate can be higher or lower compared to a sealing system without shaft lead.  
Based on this effect RAAB [5] developed a pumping rate test which make it possible 
to measure the pumping rate of the counter surface due to shaft lead. The test con-
ditions to carry out the shaft pumping rate measurement are shown in Table 1. 

Table 1: Test conditions for shaft pumping rate measurement 

Radial Shaft Seal BAUM3X2, 75 FKM 585 
Dimension 35-52-7 

Fluid  Mineral gear oil ISO VG 220 
Fluid Temperature 80 °C 
Shaft sliding speed 5,5 m/s 

Test Cycle 1h, 1h, 2h, 2h 
Rotation direction cw, ccw, cw, ccw 

Test duration 6 h 
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 Leakage and seal wear tests 
The determination of radial shaft sealing system failure due to shaft lead is con-
ducted through a leakage and seal wear tests. Therefore, shafts with and without 
lead were used. The leakage test was performed by selecting the rotation direction 
to induce a shaft fluid pumping from the oil to the air side, forcing leakage of the 
system. The rotation direction for the seal wear tests was selected to induce a fluid 
pumping from the air to the fluid side, causing poor lubrication conditions and there-
fore increased wear. Two different sealing system were tested, which are unpres-
surized, see Table 2, and pressurized, see Table 3. 

Table 2: Test conditions for unpressurized sealing system 

Investigation Leakage Seal wear 
Radial Shaft Seal BAUM3X2 

Dimension 35-52-7 

Material 
72 NBR 902 
75 FKM 585 

Fluid Mineral gear oil ISO VG 220 
Fluid Temperature 80 °C 
Shaft sliding speed 5.5 m/s 

Test duration 96 h 504 h 
Rotation direction cw or ccw 

 

Table 3: Test conditions for pressurized sealing system 

Investigation Leakage Seal wear 
Radial Shaft Seal BAB, PPS 

Dimension 60-80-7 
Material 75 FKM 595 

Fluid Hydraulic oil ISO VG 68 
Fluid Temperature 80 °C 
Shaft sliding speed 5.5 m/s 

Pressure 0 bar, 1.5 bar 
Test duration 96 h 240 h 

Rotation direction cw or ccw 
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3 Experimental results 

The experimental results of the shaft pumping rate measurements as well as the 
leakage and seal wear tests are shown in the following chapter. 

3.1 Results of the shaft pumping rate measurement 

In [6] SCHIEFER showed that the influence of periodic macrolead on the fluid pump-
ing rate can be predominantly characterized by the parameters lead depth 𝐷𝐷𝐷𝐷, lead 
angle 𝐷𝐷𝐷𝐷 and period length 𝐷𝐷𝐷𝐷. The hypothesis which has been formulated is sup-
ported by the experimental results of this investigation and state: 

1. With an increasing lead depth, the shaft pumping rate increases as well, 
due to a higher possible pumping volume (Figure 6, A). 

2. With an increasing lead angle, the fluid pumping rate increases too, as 
there are steeper threads for redirecting the fluid below the sealing edge 
(Figure 6, B).  

3. The shaft pumping rate is increasing with decreasing periodic length be-
cause there are more lead threads within the sealing contact (Figure 6, C).   

The results of the shaft pumping rate measurement are shown in Figure 6. In dia-
grams the x-axis shows the macrolead parameters and the y-axis the shaft pumping 
rate 𝐷𝐷𝑃𝑃𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎. Even though, the results show a certain variation the overall trend as 
described before is obvious.   

 
Figure 6: Shaft pumping rate depending on the periodic macrolead parameters 
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Based on the hypothesis and empirical results, a combination parameter was de-
fined from the three parameters [6]. The combination parameter 𝐾𝐾𝐾𝐾 is defined by 
the following equation: 

𝐾𝐾𝐾𝐾 = �
𝐷𝐷𝐷𝐷 ∙ 𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

� (1) 

Finally, the shaft pumping rate 𝐷𝐷𝑃𝑃𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎 shows a significant linear correlation with the 
combination parameter 𝐾𝐾𝐾𝐾, see Figure 7. 

 
Figure 7: Shaft pumping rate depending on the macrolead combination parameter Km 

Microlead shows the same linear correlation as periodic macrolead, but it depends 
mainly on the microlead parameter 𝑆𝑆𝑆𝑆median,S, see Figure 8. 

 
Figure 8: Shaft pumping rate depending on median angle of microlead structures  

The shaft pumping rate analysis shows that the lead parameters 𝐾𝐾𝐾𝐾, for periodic 
macrolead, and 𝑆𝑆𝑆𝑆median,S, for microlead, provide significant information to charac-
terize and evaluate shaft lead.  
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3.2 Leakage and seal wear results of the unpressurized sealing system 

The following chapter investigates the influence of shaft lead on an unpressurized 
sealing system. Figure 9 shows the observed leakage rate 𝐿𝐿𝑃𝑃 in diagram A and the 
seal wear band width in diagram B depending on the periodic macrolead character-
istics in form of the combination parameter 𝐾𝐾𝐾𝐾. The leakage rate shows an expo-
nential increase with increasing lead characteristic. Concurrently, a noticeable linear 
increase in the seal wear band width is observed with the increase in macrolead 
characteristic. The results indicate that periodic macrolead with a 𝐾𝐾𝐾𝐾  value greater 
than 10 affect the analyzed sealing system. 

 
Figure 9: Influence of periodic macrolead structures on unpressurized sealing system 

Figure 10 shows the influence of microlead structures on the unpressurized sealing 
system. Diagram A and B illustrate the relationship between the median angle of the 
structure distribution 𝑆𝑆𝑆𝑆median,S and the leakage rate as well as the seal wear band 
width. Notably, a median angle of 𝑆𝑆𝑆𝑆median,S  > 0.1 ° results in a significant increase 
in the seal wear band width. Leakage becomes evident only at a median angle of 
approximately 𝑆𝑆𝑆𝑆median,S  ≈ 0.3 °. 

 
Figure 10: Influence of microlead structures on unpressurized sealing system 
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3.3 Leakage and seal wear results of the pressurized sealing system  

The effects of shaft lead on a pressurized sealing system are shown in the following 
chapter. Figure 11 shows the correlation between the median angle 𝑆𝑆𝑆𝑆median,S and 
the seal wear as well as the leakage rate of the pressure seals, BAB and PPS, under 
varying pressure conditions of 0 𝑏𝑏𝑏𝑏𝑏𝑏 and 1.5 𝑏𝑏𝑏𝑏𝑏𝑏. The correlation between the me-
dian angle (x-axis) and the leakage rate (y-axis) are shown in diagram A. The data 
indicates that the leakage rate increases exponential with the median angle and el-
evated pressure levels. Specifically, the unpressurized PPS leaked at a microlead of 
𝑆𝑆𝑆𝑆median,S ≈ 0.04 °. When pressurized, the PPS started leaking at median angle of 
𝑆𝑆𝑆𝑆median,S ≈ 0.06 °. The PPS shows under pressurized operation conditions a higher 
performance then unpressurized. 
Figure 11, diagram A, shows the relationship between the microlead characteristic 
and seal wear band width. The data show a consistent linear increase in seal wear 
corresponding to increasing median angles across all tested systems. 

 
Figure 11: Influence of microlead on a pressurized sealing system 

The influence of periodic macrolead on the pressurized sealing system is shown in 
Figure 12. The leakage test results show slight variations compared to test results 
with microlead shafts. An increase in the leakage rate with increasing macrolead 
characteristics is evident for both pressure seals, but this effect is only observable 
under pressurized conditions. This effect may be attributed to the wider sealing con-
tact induced by pressurize, which increases the number of lead threads within seal-
ing contact and thus can caused a higher fluid pumping of the shaft than that of the 
seal. The PPS seals leaked at a macrolead characteristic of 𝐾𝐾𝐾𝐾 ≈ 2, whereas the 
sealing system with the BAB failed at 𝐾𝐾𝐾𝐾 ≈ 6.  

Both pressurized and non-pressurized seals show a linear increase in seal wear 
band width with an increasing macrolead characteristic, shown in diagram B of Fig-
ure 12. 
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Figure 12: Influence of periodic macrolead on a pressurized sealing system 

4 Summary and Conclusion 

The performance of a radial shaft sealing system is dependent on the shaft surface. 
In particular, the sealing system can be disturbed by shaft lead due to the fluid pump-
ing effect. This paper examines the fluid pumping effect of period macrolead as well 
as microlead, measuring their influence on an unpressurized and pressurized seal-
ing system.  

The shaft pumping rate measurement for periodic macrolead indicates that the pa-
rameters lead depth 𝐷𝐷𝐷𝐷, lead angle 𝐷𝐷𝐷𝐷 and period length 𝐷𝐷𝐷𝐷 significantly influence 
the shaft pumping effect. This is further corroborated by the combination parameter 
𝐾𝐾𝐾𝐾, which shows a significant linear correlation with the shaft pumping rate. Com-
parable linear relationship was shown by the median angle of microlead structures 
𝑆𝑆𝑆𝑆median,S. These results suggest that both macrolead and microlead parameters can 
be used to predict shaft pumping rates and assess the performance of radial shaft 
sealing systems. 

Additionally, leakage and seal wear tests in both unpressurized and pressurized 
sealing systems show a consistent increase in leakage rate and seal wear band 
width as a function of periodic macrolead and microlead. Microlead with a median 
angular distribution of approximately 𝑆𝑆𝑆𝑆median,S  ≈ 0.04 ° have been shown to signifi-
cantly impact on the analyzed radial shaft sealing systems. Regarding to the periodic 
macrolead, a combination parameter of 𝐾𝐾𝐾𝐾 ≈ 2 has already been shown to be an 
unsuitable value for a sealing system. 

The test results indicates that the influence of the shaft lead depends on the respec-
tive radial shaft sealing system with its components and the operating conditions. 
Further research is needed to determine how variables such as rotation speed, lub-
ricant viscosity or shaft diameter impact the shaft pumping effect thus and, conse-
quently, the overall performance of the sealing system. 
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5 Nomenclature 

Variable Description Unit 
𝜆𝜆𝑐𝑐 Gaussian filter [μm] 
𝐷𝐷𝐷𝐷 Lead depth [μm] 
𝐷𝐷𝐷𝐷 Period length [mm] 
𝐷𝐷𝐷𝐷 Lead angle [°] 
𝐷𝐷𝐷𝐷 Number of threads [-] 
𝐷𝐷𝐷𝐷 Pumping cross-section [μm²] 
𝐾𝐾𝐾𝐾 Combination parameter [-] 

𝑆𝑆𝑆𝑆median,S Median angle of the angular structure distribution [°] 
𝑆𝑆𝑆𝑆median,v Median angle of the angular volume distribution [°] 
𝑆𝑆𝑆𝑆Sdt Standard deviation of the angular orientations [°] 
𝑆𝑆𝑆𝑆t Arithmetically averaged structure depths [μm] 

𝐷𝐷𝑃𝑃𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎 Fluid pumping rate of the shaft [μg/U] 
𝐿𝐿𝑃𝑃 Leakage rate [g/h] 
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From Tactile to Optical - Advancements in Shaft Lead Analysis 

Maximilian Engelfried, Matthias Baumann, Frank Bauer 

Tactile measuring instruments were used for a long time to measure surface characteristics 
of sealing counterfaces and are still state of the art today throughout the industry. The data 
measured are roughness profiles mostly in the axial direction of the shaft. Rapid developments 
in computer hardware and software have improved optical measurement technology, advanc-
ing its application in the analysis of sealing counterfaces. The measurement data are topog-
raphies that represent partial areas of the shaft with high resolution in both the axial and cir-
cumferential direction. These characteristics are especially useful for the analysis of shaft 
lead. Lead describes all types of structural features on the shaft surface that axially pump oil 
in sealing contact during operation. Their pumping effect influences the sealing mechanism 
depending on the direction of rotation of the shaft and can result in leakage. Lead structures 
appear in various forms and sizes – micro and macro lead, which are superimposed on the 
shaft surface. Optical measurements enable the detection of the superimposed structures with 
a single measurement run. Specially developed segmentation algorithms can be used to sep-
arate micro and macro lead and then identify flow channel-like structures as individual ele-
ments in surface topographies. The statistical analysis of the segmentation results offers an 
objective characterization of the sealing counterface. This article presents the benefits of uti-
lizing optical measurement techniques in conjunction with innovative structure-based analysis 
approaches for lead on shaft counterfaces. The outcome can improve the reliability of sealing 
systems and associated products. 

1 Introduction 

Rotary shaft seals, as outlined in [1, 2], prevent fluid leakage from openings in hous-
ings through which rotating shafts emerge. Figure 1 illustrates the tribological system 
“rotary shaft sealing”, consisting of the three main components: the rotary shaft seal 
(green), the shaft with the sealing counterface (red) and the fluid to be sealed (yel-
low). Special feature of rotary shaft sealings is the formation of an active sealing 
mechanism of the rotary shaft seal during operation. In a properly functioning sealing 
system, the sealing edge floats on a film of fluid, usually an oil for lubricating the 
machine components in the housing. However, the fluid does not leak through the 
sealing gap because the rotary shaft seal pumps it back [3]. This phenomenon is 
based on several operation principles, primarily explained by the distortion principle 
of the sealing edge. In this context, wear structures on the sealing edge deflect tan-
gentially dragged fluid in the axial direction from its side with the smaller flank angle 
β to the side with the larger flank angle α [4]. On the one hand, the formation of these 
hydrodynamically active wear structures is based on the asymmetrical pressure dis-
tribution in the sealing contact between the sealing edge and the shaft surface, cou-
pled with the properties of its elastomeric material. On the other hand, the surface 
properties of the shaft, which is the sealing counterface, are of particular importance 
in this context.  
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In literature [5] and standards [6, 7], plunge grinding is typically regarded as the op-
timal manufacturing method for imparting the desired surface properties to the seal-
ing counterface. However, the grinding process is very complex and requires very 
precisely set parameters, which are often difficult to monitor. This may result in the 
unintentional manufacture of sealing counterfaces with surface properties that impair 
the functionality of the sealing mechanism [8, 9]. Therefore, the surface properties 
of sealing counterfaces must be measured, tolerated and controlled. 

 
Figure 1: Rotary shaft sealing system 

Surface roughness affects the wear of the elastomer sealing edge and the friction in 
the sealing contact, which in turn affects the sealing gap temperature [10, 11]. But, 
a certain roughness of the sealing surface is necessary to create the hydrodynami-
cally active wear structures on the sealing edge. Without their formation, there is no 
lubricating film build-up and no back-pumping effect [12, 13]. Empirical experience 
led to the specification of a tolerance range of 2D roughness in axial direction of the 
shaft with lower and upper limit, specified in various standards [1, 2, 6, 7]. The 2D 
roughness is measured with a tactile measuring device using the profile method ac-
cording to DIN EN ISO 4287 [14]. The DIN EN ISO 25178 [15] series of standards 
introduced 3D parameters to describe surface roughness, based on optically meas-
ured high-resolution topography measurement data. However, their use in the indus-
try is not yet widespread and tactile measurement technology is still the established 
method for the measurement of surface roughness. The reasons are the lack of ex-
perience in the evaluation of optical measurement data and the lack of availability of 
the measurement technology in companies. The assessment of surface roughness 
alone, regardless of whether it is measured and determined in two or three dimen-
sions, is not sufficient to provide a comprehensive description and evaluation of the 
sealing counterface.  

In the early history of the rotary shaft seal, it was already observed that structures 
can be present on ground shaft surfaces that create themselves an axial pumping 
effect in the sealing gap during operation [16].The structures are depressions in the 
shaft surface that deviate in their orientations from the circumferential direction. They 
act as flow channels when the shaft rotates. In simple terms, the mechanism works 
like a screw pump, as shown in Figure 2. The term "shaft lead" is established in 
sealing technology to describe this type of structural elements. Leakage and dry run 
caused by insufficient lubrication may occur depending on the orientation of lead in 
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combination with the direction of shaft rotation. A distinction of lead is drawn between 
the coarse and fine structures of lead, which can be superimposed on the ground 
shaft surface. The Mercedes-Benz Standard (MBN) 31007-7 [17] establishes the 
terms micro lead and macro lead for these structures on different geometric size 
levels.  

 
Figure 2: Influence of shaft lead 

Micro lead comprises stochastically distributed grinding grooves, which are formed 
by the engagement of individual abrasive grains on the grinding wheel. These 
grooves are anisotropic and show a preferred orientation. If this preferred orientation 
deviates from the circumferential direction of the shaft, axial pumping of fluid is per-
formed. Due to their small size, with widths of approximately 15 µm, micro lead struc-
tures can only be detected geometrically using high-resolution optical topography 
metrology. A structure-based approach for the evaluation of micro lead was devel-
oped within the scope of the research of various individuals and research projects 
[18–23]. In this context, grinding grooves are localized as individual structural ele-
ments and statistically evaluated as a whole. 

The manufacturing process of macro lead differs from that of micro lead. Grinding 
wheels are dressed before use and have a helix on the surface. The macroscopic 
structure of the sealing counterface results from the repetitive transfer of this grinding 
wheel contour onto the shaft surface. An unfavorable combination of certain grinding 
and dressing parameters can result in the formation of periodic structures circulating 
around the shaft, known as macro lead [24]. MBN 31007-7 [17] presents a measure-
ment and evaluation method for the evaluation of macro lead. The measurement 
strategy provides for several axial profile measurements to be measured at equidis-
tant intervals in the circumferential direction on the shaft. The evaluation process 
approximates the shaft surface as a kind of screw thread, based on the dominant 
frequencies as a result of frequency analysis [25]. The lead parameters according to 
MBN 31007-7 include, among others, the period length DP, the lead angle Dγ and 
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the lead depth Dt to describe macro lead. Its functional principle limits the MBN 
method to strongly periodic and circumferential structures. 

However, research over the past decade has shown that aperiodic structures on 
ground sealing counterface with structure widths in the order of the periodic lengths 
of macro lead also have a fluid pumping effect [20, 21]. As part of the FVA funded 
project “3D Makrodrall” [26], a methodology for measuring and analyzing periodic 
and aperiodic macro lead structures was developed. It uses a different strategy than 
the structure-based micro lead analysis, but also follows the approach of separating 
relevant structures on the surface topography as individual elements. The ability to 
detect structures with a variety of geometries places higher demands on the lateral 
resolution and quantity of measurement data than the MBN method. Therefore, only 
area-measuring optical measuring methods are suitable. 

In summary, lead on sealing counterfaces for rotary shaft seals can be classified 
according to Figure 3. Surface imperfections are included for the comprehensive 
lead categorization, as e.g. scratches or rust can pump fluid in axis direction. Struc-
tures of this type of lead are usually caused by incorrect handling and occur individ-
ually on the surface. It is possible to metrologically detect surface imperfections ran-
domly, specifically, or by measuring the entire surface. However, as they are mainly 
visible to the unaided eye, a visual inspection is more efficient and recommended. 

 
Figure 3: Classification of lead on sealing counterfaces for rotary shaft seals 

The focus of metrological detection is therefore on the manufacturing-related lead 
categories “micro lead”, “periodic macro lead” and “aperiodic macro lead”. The 
measurement of all three lead categories represents an effort, as they are currently 
measured in different measurement sequences, even on different measuring de-
vices. This is time-consuming and not economical in industrial applications. Never-
theless, the use of optical measurement data provides the basis for a comprehensive 
evaluation of all the aforementioned lead categories. In addition, the surface rough-
ness can also be determined on the basis of the topographical data provided. The 
3D parameters provide a variety of options here. This article presents a novel ap-
proach for measuring sealing counterfaces with respect to lead. The methodology 
presented comprises a single measurement run and thus enables the data to be 
analyzed in a single pass. The resulting time advantage and simplified handling rep-
resent a significant step towards the industrial applicability of lead measurement. 
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2 Methods 

The following methods are applied to the optical measurement data to analyze micro 
lead and periodic and aperiodic macro lead of the sealing counter face.  

2.1 IMA-Micro Lead Analysis 

The IMA micro lead analysis as a measurement and evaluation method for micro 
lead was developed through the work of several researchers and as part of several 
funded projects [18–23]. This has led to the development of a commercially available 
method [27]. The localization of micro lead as individual grinding grooves on high-
resolution optically measured topography and their description proceed as illustrated 
in Figure 4. After the form removal of the cylindrical shaft shape, the high-frequency 
structural elements of the topography are separated and localized using segmenta-
tion algorithms. The segmentation produces a binary image where micro lead struc-
tures are distinguished from the background as individual elements. This information 
is then used to determine lateral and volumetric geometric properties of each indi-
vidual structural element based on the topographical data. 

 

Figure 4: Schematic sequence of the micro lead analysis 

The preferred orientation of the abrasive grooves is of particular importance, which 
is determined by a statistical evaluation of the individual structure orientations. The 
angular positions of the grinding grooves are normally distributed due to the nature 
of their formation. This is shown by angular distribution curves, which represent the 
number of all grinding grooves oriented in a certain angular position. The preferred 
orientation of the grinding grooves is indicated by the median value Sdmedian,S of the 
angular distribution. The distribution width is described by the standard deviation 
Sdstd. Even a slight deviation of the median value Sdmedian,S from the circumferential 
direction (0° position) results in a pumping effect of the grinding grooves. In this case, 
the sealing counterface is micro lead affected. 

In order to obtain reliable results, it is necessary to capture a sufficient number of 
grinding grooves and to examine different positions on the shaft surface. The high 
level of precision required for the calculation of the angle Sdmedian,S also requires a 
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precise and user-independent alignment of the shaft within the measuring device. A 
clamping error of the shaft in the jaw chuck can result in a wobbling movement while 
rotating. This phenomenon causes circumference-dependent angular misalignments 
of the shaft axis, which are transferred to the measured grinding groove angles at 
the respective circumferential position. Incorrectly calculated values of Sdmedian,S are 
the result. However, the wobble of the shaft can be identified, quantified, and com-
pensated for with the use of a specific measuring grid and a cylinder-fitting algorithm 
developed for this purpose. The measuring grid comprises several measurements 
on the shaft circumference and along the axis. 

2.2 3D Macro Lead Analysis 

A methodology for the measurement and analysis of macro lead using optical meas-
urement instruments was developed within the FVA-funded project "3D-Makrodrall” 
[26]. The methodology follows a structure-based approach, with the sequence of 
operations shown in Figure 5. 

 

Figure 5: Schematic sequence of the 3D macro lead analysis 

In the first step after measurement, the segmentation method "Watershed Transfor-
mation" according to DIN EN ISO 25178-2 [15] is applied to the form-removed, low-
pass filtered surface topography. In this application, the watershed transformation 
segments the surface topography into dale-like features. However, the segmentation 
result is initially over-segmented. Over-segmentation means that the result includes 
many insignificant features that are only part of relevant structures. Therefore, the 
over-segmented features must be subsequently merged into evaluation-relevant 
structures. The merging procedure involves tracing the flow paths of an imaginary 
fluid that passes through the topography in the circumferential direction. Subse-
quently, the neighboring over-segmented features are iteratively merged along the 
flow paths into superior structures. 

In order to determine certain structural features, such as the characteristic of a cir-
cumferential continuous course or the angular position of the structure, sufficiently 
large measuring field sizes in the circumferential direction are required. This is 
achieved by measuring overlapping measuring fields on the shaft surface, whereby 
the overlapping area is achieved by rotating the shaft. The individual topographies 
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are circumferentially stitched to a large topography based on overlapping structural 
courses. The stitching itself is also included in the evaluation algorithms.  

Subsequently, the shapes of the structures are described in terms of geometric prop-
erty classes, such as the structure width, depth, and angle with respect to the cir-
cumferential direction. This is followed by a statistical evaluation of the values of all 
structures detected for each geometric property class. The mean value and standard 
deviation are representative parameters for describing the average structure and 
dispersion. Furthermore, distribution curves can be derived to illustrate certain char-
acteristics. 

It is necessary to examine a number of positions on the shaft surface to obtain sta-
tistically reliable results. By distributing the measurement fields around the circum-
ference and in the direction of the shaft, it is possible to compensate for wobble. A 
special feature of the measurement grid of the 3D macro lead analysis is that over-
lapping measurement fields must be recorded for each measurement position. 

3 Results 

A novel procedure for the measurement of all manufacturing-related categories of 
lead on the sealing counterface was developed with the objective of eliminating the 
need for multiple measurement sequences or even device changes. First, the com-
bined lead measurement procedure is explained through the use of a special meas-
uring grid on the shaft surface. Subsequently, exemplary results from the combined 
lead measurement of two different shafts are presented. A confocal measurement 
instrument and a white light interferometer were used for the measurements. Finally, 
the suitability of both measurement methods is demonstrated by comparing the re-
sults of one of the shafts measured on both devices.  

3.1 Procedure for Combined Lead Measurement 

The measurement of the combined lead analysis requires an optical topography 
measurement instrument with a motorized axis of rotation and a motorized axis in 
the direction of the shaft axis, enabling it to move at various shaft positions. The 
following presented measurement grid is the result of a systematic measurement 
grid analysis. A comprehensive measurement grid comprising 180 individual meas-
uring fields at various positions on the shaft surface was subjected to a continuous 
reduction process. The resulting impacts of measurement field reductions on the 
accuracy of the lead analysis results were evaluated. Detailed excerpts of this study 
can be found in [26]. Figure 6 shows a schematic illustration of the final measuring 
grid, comprising 54 individual measuring fields. 
The grid consists of two axial measuring positions at a distance of ΔX = 4 mm each, 
which are distributed over nine positions on the shaft circumference at ΔΦ = 40° 
intervals. At each of the 18 positions, three overlapping measurements are meas-
ured by rotating the shaft by the angle Δφ. This is required for the topography stitch-
ing in the circumferential direction for the 3D macro lead analysis. The overlap angle 
Δφ is dependent on the shaft diameter and measuring field size. The area of the 
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overlap should be approximately 10% of the total area of the measurement field. For 
the micro lead analysis, it is sufficient to consider one measuring field per measuring 
position. A clamping error of the shaft is compensated using all measuring fields as 
individual ones. 

The length l and width w of the measuring field may vary depending on the measur-
ing device and the lens used. However, they must have a minimum size of 1 mm. 
The minimum length of the stitched topography must be at least lstit ≥ 3 mm. 

 
Figure 6: Measuring grid for the combined optical lead measurement 

A confocal measurement instrument (CF) from Confovis [28] and a white light inter-
ferometer (WL) NPFLEX-LA from Bruker [29] were used in the following investiga-
tions. The measuring time for the measuring grid with the confocal measurement 
instrument is approximately 50 minutes. The combined lead measurement takes 
about 8 minutes with the white light interferometer. In comparison, the two previously 
required measurement sequences for the IMA micro lead analysis and the macro 
lead measurement according to MBN 31007-7 collectively averaged about 75 min 
for CF and 68 min for WL. Table 1 compares the composition of the measurement 
times. The profile measurements for the MBN method can generally be measured 
with both optical measuring instruments. However, the majority of the measurement 
data remains unused, as only one profile of a topography per circumferential position 
is evaluated. Apart from the fact that both measurement sequences can be carried 
out with a single device, there is also no advantage in terms of measurement time of 
the macro lead measurement according to MBN 31007-7 compared to tactile meas-
urement. 

Table 1: Comparison of measurement times 

 Previously: 
Sequential Measurement 

Novel Approach:  
Combined Measurement 

 IMA Micro Lead 
Analysis 

Macro Lead 
MBN 31007-7 Total IMA Micro Lead Analysis + 3D 

Macro Lead Analysis 

CF ~15 min ~60 min ~75 min ~50 min 

WL ~8 min ~60 min ~68 min ~8 min 

Tactile / ~60 min / / 
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3.2 Exemplary Results 

The following section presents results of the combined lead analysis of two investi-
gated shafts. Shaft (a) shows macro lead on the sealing counterface, while micro 
lead is not present. The sealing counterface of shaft (b) is affected by a macro lead, 
which is additionally superimposed by a micro lead. The results of the combined lead 
analysis for shaft (a) are presented in Figure 7, those for shaft (b) in Figure 8. The 
figures are structured as follows: the results of the IMA micro lead analysis are shown 
in the upper part of the figures, including the angular and volume distributions, as 
well as an exemplary binary image with segmented grinding grooves. Associated 
and relevant micro lead parameters are listed below the graphs. The lower section 
of the figures presents the results of the 3D macro lead analysis, including the struc-
ture angle distribution and the structure width distribution. The left-hand side shows 
a stitched topography overlaid with the segmented structural courses. Relevant 
structure-based macro lead parameters are also listed.  

The results of sealing counterface (a), illustrated in Figure 7, were obtained using a 
white light interferometer. 

 
Figure 7: Lead analysis results of sealing counterface (a) measured with WL 
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The angular distribution as well as the volume distribution are almost symmetrical to 
the circumferential direction with Sdmedian,S = - 0.03° or Sdmedian,V = -0.03°. No axial 
pumping effect can be predicted based on this information. With a standard deviation 
of Sdstd = 0.81, the width of the angle distribution is also above the minimum specifi-
cation of 0.3° [30]. The results are inconspicuous and indicate a micro lead-free seal-
ing counterface. 
In contrast, the results of the 3D macro lead analysis are unfavorable. The structure 
angle distribution shows a small distribution width and is almost completely located 
in the positive angle range. This phenomenon is described by the median structure 
angle SDγmed = 0.48° and the standard deviation of SDγmed = 0.29°. It is to be ex-
pected that the structures exert an axial pumping effect. The structure width distri-
bution also appears to be normally distributed, with a narrow range of values. The 
low coefficient of variation CVSDB = 0.06, which is a relative measure of scattering, 
serves to demonstrate the axial periodicity of the structures. In this context, sealing 
counterface (a) can be described as a prime example of macro lead. 
Figure 8 illustrated the results of shaft (b), measured with the confocal measurement 
instrument. 

 

Figure 8: Lead analysis results of sealing counterface (b) measurend with CF 
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Sealing counterface (b) exhibits a right-handed macro lead superimposed with a left-
handed micro lead. This is shown by the respective shifts and associated parameters 
of the angular distribution, the volume distribution and the structure angle distribu-
tion. The structure width distribution demonstrates the presence of axially recurring 
structures, which identifies a periodic macro lead on the sealing counterface. The 
average structure width of SDBmean = 53.23 µm is relativly small for macro lead and 
characterizes a very pumping-active behavior of the structures [31, 32]. The 
opposing directions of micro lead and macro lead, coupled with the associated 
opposing pumping effects, make the functional behavior of the sealing couterface 
particularly difficult to understand. In conclusion, the sealing counterface can be 
classified as highly critical. 

3.3 Comparison of the Results of Confocal Measurement Instrument and 
White Light Interferometry 

In the configurations carried out, the white light interferometer (WL) measures the 
grid for combined lead analysis over 6 times faster than the confocal measurement 
instrument (CF) and thus has a great time-advantage. However, the measurement 
with the white light interferometer is accompanied by a lower lateral measurement 
resolution (WL: 1,2 µm – CF: 0,25 µm), a generally higher measurement noise, and 
a higher number of artifacts in the data. Nevertheless, both measurement methods 
provide valid, reproducible and, with one exception, comparable results in the com-
bined lead analysis. This is shown by the results of the combined lead measurement 
of shaft (a) with the confocal measurement instrument and the white light interferom-
eter. The measurements were repeated 10 times each to additionally investigate 
repeatability. 

Table 2 shows with Sdmedian,S and Sdstd excerpts of the results of the IMA micro lead 
analysis. SDymed and SDBmean are representative of the results of the 3D macro lead 
analysis, shown in Table 3. The parameters not listed show only minor deviations 
and are inconspicuous. 

Table 2: Comparison confocal (CF) – white light (WL) and repeatability within 10 repetitions 
of the results of the combined lead measurement for micro lead  

Sdmedian,S [°] Sdstd [°]  
Mean Min Max Std Mean Min Max Std 

CF -0,03 -0,03 -0,02 0,002 0,41 0,40 0,43 0,006 
WL -0,03 -0,03 -0,02 0,003 0,83 0,81 0,84 0,011 

Table 3: Comparison confocal (CF) – white light (WL) and repeatability within 10 repetitions 
of the results of the combined lead measurement for macro lead  

SDymed [°] SDBmean [µm]  
Mean Min Max Std Mean Min Max Std 

CF 0,47 0,46 0,48 0,004 131,08 130,67 131,44 0,25 
WL 0,48 0,47 0,50 0,007 129,98 129,79 130,27 0,16 
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For both measurement methods, the minimum and maximum values of the 10 repeat 
measurements show only slight deviations. Besides, the standard deviation of the 
values over the 10 measurements is very low for all parameters. This demonstrates 
the reliability of the measurement results and ensures its repeatability on the same 
measuring device.  

The differences in the parameter values between CF and WL are also insignificant. 
An exception is the parameter Sdstd. This parameter depends on the measurement 
resolution and must therefore be considered separately depending on the measuring 
device and measuring configuration. In summary, the results of these investigations 
demonstrate the compatibility of the combined lead measurement with the confocal 
measurement technique and the white light interferometer. The most economical 
method for measurement is the use of the white light interferometer, which is capable 
of measuring a sealing counterface in less than 10 minutes.  

4 Summary and Conclusion 

Until now, the use of various sequential measurements and analysis methods was 
required to comprehensively examine the sealing counterface of rotary shaft seals 
for shaft lead. This process is time-consuming and generates data whose potential 
is not fully utilized. However, the data from optical topography measurement instru-
ments in particular offer the great potential to measure and evaluate all categories 
of lead, including micro lead, periodic macro lead, and aperiodic macro lead, in a 
single run. 

This article shows that the structure-based lead analysis methods “IMA micro lead 
analysis” [27] and “3D macro lead analysis” [26] can be applied to a common data 
set, generated from a specially developed measuring grid in a single measuring run. 
The presentation of the measurement results includes two sealing counterfaces with 
different lead characteristics, which are described through the use of clear visualiza-
tions and parameters. In addition, one of the sealing counterfaces serves to show 
the compatibility of both the confocal measurement technique and white light inter-
ferometry for the purpose of combined lead analysis.  

When measuring the shaft for combined lead, both measurement methods prove to 
be more time efficient, than the case of using several measurement methods in suc-
cession. The confocal measuring instrument is characterized by its excellent data 
quality, while the white light interferometer is particularly characterized by its rapid 
measurement capabilities. In the configurations carried out, the white light interfer-
ometer is approximately six times faster than the confocal measurement instrument, 
requiring only eight minutes to complete a combined lead measurement compared 
to 50 minutes for the confocal measurement instrument. 

Further steps include the evaluation of the surface roughness based on the topog-
raphy measurement data of the measuring grid. The 3D parameters according to 
DIN EN ISO 25178 [15] offer this potential. 
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In conclusion, the presented combined lead measurement and analysis represents 
a significant advance in terms of the quality assurance of sealing counterfaces of 
rotary shaft seals. The reasons for this are that the procedure for lead measurement 
and evaluation is more time-efficient and straightforward to use. This establishes a 
foundation for further dissemination of the lead measurement within the industry. 

5 Nomenclature 

Variable Description Unit 
α Larger flank angle of sealing edge [°] 
β Smaller flank angle of sealing edge [°] 
CVSDB Coefficient of variation of the structure widths [-] 
DP Period length [mm] 
Dt Lead depth [µm] 
Dγ Lead angle [°] 
hf Spring lever arm [µm] 
Sdmedian,S Median value of angular distribution [°] 
Sdmedian,V Median value of volume distribution [°] 
Sdstd Standard deviation of angular distribution [°] 
Sdt Micro lead depth [µm] 
SDBmean Average structure width [µm] 
SDTmean Average structure depth  [µm] 
SDγmed Median structure angle [°] 
SDγstd Standard deviation of the structure angles [°] 
   
Abbreviations  
2D Two-dimensional  
3D Three-dimensional  
CF Confocal measurement instrument  
DIN German Institute for Standardization  
EN European standard  
FVA Research Association for Drive Technology  
IMA Institute of Machine Components  
ISO International Standards Organization  
MBN Mercedes-Benz Factory Standard  
WL White light interferometer  
WST Watershed transformation  
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Insights into the pumping behaviour of sealing  
counterfaces using continuous logging 

Georg Haffner, Matthias Baumann, Frank Bauer 

Surface structures of the sealing counterface are called “lead structures” when they have the 
capability to pump oil rotation dependent through the sealing contact of a rotary shaft seal 
systems. This feature is called “pumping effect”. The structures interrupt the equilibrium state 
of the sealing system, which may cause dry run or leakage as failure result. Especially for 
higher circumferential velocities the pumping effect increases and therefore cannot be ne- 
glected. 

 
To assess the functional influence of lead structures on the sealing system, one can measure 
the pumping rate of the sealing counterface experimentally. The higher the pumping capability 
of a sealing counterface, the more likely the sealing system will fail. In this paper, the devel- 
opment a new pumping rate evaluation method with the help of a continuously measuring 
scale, which allows to visualize the course of the pumping rate over time, is described. With 
this knowledge it is possible to determine the end of the running-in phase of the rotary shaft 
seal and to determine the minimum duration of the pumping rate tests. The pumping rate 
evaluation method is demonstrated with different shaft counterfaces to validate the stability of 
the new method. 

 
 
1 Introduction 

Rotary shaft sealing systems consist of the rotary shaft seal, a fluid to be sealed and 
the sealing counterface [1]. The components - during operation - form a complex 
tribological system, which has many different external and internal influences able to 
affect the life expectancy of the system. 

External influences are e.g. temperature, pressure, humidity or the environmental 
circumstances. Internal influences, on the other hand, are based on the components 
of the sealing system itself. The material of the rotary shaft seal (e.g. FKM or NBR), 
the oil (e.g. mineral oil or synthetic oil) and its compatibility with the rotary shaft seal 
material [2] and the sealing counterface material as well as structures on the coun- 
terface are examples of internal influences. 

The sealing counterface possesses an important role in the tribological system “ro- 
tary shaft seal”. It has direct contact with the sealing lip of the rotary shaft rotary shaft 
seal, therefore it has to be matched to the rotary shaft seal in order to work properly. 
Since the sealing counterface is mostly manufactured inhouse in contrast to the ro- 
tary shaft seal which is purchase part with mostly the same tolerances and quality 
[3], there are different guidelines which assist the manufacturing process of the seal- 
ing counterface to match with the rotary shaft seal, e.g. [4, 5]. 

Those guidelines describe the material properties of the sealing counterface as well 
as the surface properties like roughness, maximum shape divergence and micro and 
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macroscopic structure properties. Micro- and macroscopic structures can apply ad- 
ditional fluid movement through the sealing contact during operation. Such structures 
are called “lead”. The fluid moving, also called “pumping effect”, is rotation direction 
and circumferential velocity dependent. 

 

Figure 1: Failure modes due to lead 

The pumping effect of the sealing counterface is mostly unwanted as it disturbs the 
equilibrium state of the rotary shaft seal system. A pumping effect of the sealing 
counterface can lead to the failure of the sealing system in two different ways, as 
shown in Figure 1. Either the fluid is pumped into the housing of the sealing system, 
so direct contact between the sealing edge and the counterface occurs with in- 
creased friction and wear which leads to thermal damage of the sealing edge and 
therefore leakage or the fluid is pumped out of the housing, which results in direct 
leakage. Both failure mechanisms result in the standstill or failure of the affected 
devices, expensive repairs and environmental damage. 

 
Table 1: Categories of lead [6] 
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As mentioned before, lead can occur in different scales. Table 1 gives an overview 
of the lead types, their respective classification and analysis method. 

Basically, lead is categorized by its scale. Measuring lead requires special hardware 
like a microscope with different magnifications. While scratches may appear in every 
scale from visible by eye to visible by microscope, the evaluation of macro- and micro 
lead is primarily carried out with the help of a topography measuring device (peri- 
odic/aperiodic macro lead and micro lead) or tactile measuring device (periodic 
macro lead). 

A lot of research has been carried out to measure and evaluate lead [4, 6, 7]; it’s 
possible to evaluate if the shaft surface should be used in a rotary shaft sealing 
system. But the decision is solely based on if lead is present in any of the mentioned 
methods. The quantitative influence of lead – e.g. how much lead is tolerable for the 
reliable usage – is mostly unknown. 

Lead is a major influence to the equilibrium state of the sealing system; therefore, its 
effect is examined in pumping rate measurement runs. There are different methods 
for evaluating the pumping rate of a sealing system, which either check a very short 
time span of the pumping rate like [8], where oil rise due to pressure difference in a 
riser pipe is evaluated or one only checks the start and the end of the run [9, 10], 
which averages out the pumping rate and describes the behaviour less detailed. 

The aim of this paper is to give insights in the behaviour of the sealing system during 
multiple runs of [10] to see the behaviour of the run-in phase of the rotary shaft seal 
and the development of the pumping rate over time using “lead free” sealing coun- 
terfaces and mostly same test circumstances. This is achieved using a continuous 
measuring scale, which is triggered using a microcontroller. 

 
2 Materials and methods 

The next section covers the used test equipment, especially the test-rig as well as 
the scale, the measurement procedure and the scope of the experiment of this pa- 
per. 

 
2.1 Research approach 

To investigate the pumping behaviour of a rotary shaft sealing system, a test-rig with 
precise geometric tolerances as well as precisely adjustable temperature and rota- 
tion speed is used. These parameters reduce the influence of clamping errors or 
errors due to material and fluid property changes. Furthermore, a precise scale 
adapted to geometric constraints of a test-rig was developed and applied, which can 
be read out automatically so the generated data can be visualized and evaluated 
algorithmically. 
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2.2 Test-rig 

For the examinations, the modular 24 chamber test-rig [11] from the institute is used. 
It offers the advantage of a directly visible sealing contact, easy adjustment of the 
running track and good clearance underneath the test chamber, as seen in Figure 2, 
where the scale and a beaker are positioned. 

 
 

 
Figure 2: Test setup 

 
Figure 3: Cross-section of a test chamber 

 
Every test chamber has multiple bores with heating elements (red) and bores for 
cooling water (blue), Figure 3. The fully assembled test setup consists of the cham- 
ber with a filtering riser pipe, so the chamber is vented and has ambience pressure, 
a mounted sealing counterface, and a holder for the rotary shaft seal. In front of the 
holder is a small outlet, which allows leakage to be collected and dropped into a 
beaker. The beaker itself is positioned on a scale. 

Velocity, temperature of the oil sump and the load collective of every module can be 
controlled individually. They can be adjusted in the graphical user interface of the 
test-rig. 

 
2.3 Pumping rate measurement 

The pumping rate measurement is carried out after the method proposed by [9], 
where the rotary shaft seal is mounted in inverse direction, so the front is constantly 
in contact with the oil. Therefore, the rotary shaft seal will pump out oil during rotation 
independently of the rotation direction and the sealing counterface depending on its 
rotation direction. 

The pumping rate of the rotary shaft seal can be calculated as followed: 
 

1  𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐 
𝑃𝑃𝑃𝑃𝑆𝑆𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿 = ∆𝑡𝑡 ∙ 2 (1) 

The pumping rate of the sealing counterface can be calculated as followed: 
 

1  𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐 − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐 
𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆𝑡𝑡𝐿𝐿𝐶𝐶𝐶𝐶𝐿𝐿𝑐𝑐𝐿𝐿 = ∆𝑡𝑡 ∙ 2 (2) 
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In this investigation, only the pumping rate of the sealing counterface is considered. 
The pumping rate is calculated for every clockwise (cw)/counter clockwise (ccw) run 
under the limitations proposed by [9]. 

 
2.4 Continuous measuring scale 

A scale was developed to continuously record the pumping behaviour of the sealing 
system, Figure 4. This was necessary due to the space restrictions under the test rig 
as well the integration into the test-rig software. The scale was extensively tested 
and problems such as temperature dependency were compensated for with mathe- 
matical models. 

 
Workflow for leakage measurement 

housing 

 

 
scale 

 

Figure 4: Schematic principle for measurement 

The scale is based on a 1kg measuring range bending beam with a strain gauge full 
bridge. Its analogue signal is interpreted by a 24-bit analogue-digital converter, re- 
sulting in approx. 0.1 mg1 resolution. The digital signal is processed by an Arduino 
alongside the signal of the device temperature, which is measured using a PT10, 
which is digitalized with 12-bit. The sensor is needed for the temperature compen- 
sation of the scale. 

 

Figure 5: Continuous weight recording (cw and ccw) of a lead-free shaft surface 

 
1 Assuming 1 bit is quantification noise 

 
 
 

 
 

 
 

  

 

 
 

 
 

 
 

 
 

PT10 
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Both signals are sent to a computer over the serial interface using Python (Version 
3.9). Every temperature and weight signal are saved in a text file with its proper 
timestamp, the measuring frequency is set to 1 s. The text file is interpreted, pro- 
cessed and visualized using MATLAB (Version R2022a), Figure 5. 

The processing includes removal of spikes, the above-mentioned temperature com- 
pensation, offset removal to compensate the beaker weight and the division into se- 
quences. The measurement in the upper example was carried out on a lead-free 
surface. The clockwise run (or odd sequence number) is coloured red, the counter 
clockwise run is coloured green. On the abscissa the time is applied, on the ordinate 
the weight. The peak weight at around the 10 h mark is also printed in the graph. 
The legend on the bottom-right tells which scale is used and which run (or sequence) 
the graph is currently displayed with its associated colour. 

 
2.5 Scope of experiment 

The test runs were carried out on two different chambers of the test-rig. Every cham- 
ber had one scale, both scales were connected to the same Arduino which received 
both weight signals at the same time. Both beakers were measured before and after 
each test-run. The measured oil was poured back into the test chamber after every 
test run. 

The test run conditions can be taken from the following table: 
Table 2: Test run conditions 

 
Rotary shaft seal Freudenberg BAUM5X7 FKM 
Oil FVA3 mineral oil [12] 
Oil amount Centre of shaft 
Oil sump temperature 80°C 
Rotational speed ±1000 1/min 
Shaft diameter 80 mm 
Run duration 10 h (single direction) 
Pressure Ambient pressure (vented test chamber) 

 
The runs were carried out on different shaft surfaces, two lead-free and two macro 
lead-afflicted shaft surfaces. In the following overview, the topography measure- 
ments of the shaft surfaces can be seen along with their macro lead parameters, 
measured and evaluated according to [4]: 
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Table 3: Overview of selected shafts surfaces 
 

Name Topography Type Dt 
[µm] 

Dy 
[°] 

DP 
[mm] 

LF01 

 

Lead- 
free 

0.18 0.00 0.209 

LF02 

 

Lead- 
free 

0.15 0.00 0.205 

LA01 

 

Lead- 
afflicted 

5.10 - 0.316 0.139 

LA02 

 

Lead- 
afflicted 

2.34 - 0.327 0.143 

The height of the topographies in Table 3 is displayed in false colour representation, 
where blue represents a low and red a high height value. The scaling of every sur- 
face is different to better visualize the different structures on the shaft counterfaces. 
Both lead-free surfaces are very similar in every mentioned macro lead parameter. 
A major difference in the lead-afflicted surfaces is the lead depth Dt, which differs 
about 2 times. The other two macro lead parameters, period length DP and lead 
angle Dy, differ significantly less. Micro lead measurement and evaluation on all shaft 
surface has also been carried out according to [13]; all surfaces are micro lead-free. 
The test runs were carried out on the same tracks, repetitions on the lead-free shaft 
surfaces were carried out on a different track. This ensures the same initial condition 
for every sealing system. 

In total, 6 runs over 180 h of test time with two lead-free and two lead afflicted sur- 
faces were carried with continuous measurement. 

 
3 Experimental results 

The experimental results are split in two parts. First, a complete test run is evaluated 
and specific features and occurrences are pointed out. In the second part, the first 
run of the same lead-free shaft surface is considered in more detail, especially at 
start and the end of a run. 
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3.1 Continuous measurements 

The continuous measurement displays the whole test period, with every clockwise 
and counter-clockwise run as well as the standstill time. An example of a continuous 
test run is seen in the following figure: 

 

Figure 6: Full test run, LF01 

Figure 6 shows 20 runs of the same sealing system using LF01 as sealing counter- 
face; the runs were carried out according to Table 2, clockwise runs are coloured 
dark green and counter clockwise runs are coloured light green. The scale is contin- 
uously acquiring weight data, after 10 hours of continuous weight rising due to rota- 
tion of the shaft, the shaft stops rotating and the weight remains at its last value since 
no more fluid is pumped. The different holding times after every weight rise are due 
to weekends or holidays. Before changing the rotational direction, the beaker is then 
emptied back into the test chamber to keep the fluid level at the centre of the shaft. 
This process is visible in the drop of the weight to below 0 g. When the beaker is put 
back onto the scale, the weight settles back at approx. 0 g. Afterwards, the test run 
is started again with the opposite rotation direction. 

A clear trend is visible since the difference between the cw weight and associated 
ccw weight is getting continuously smaller. The difference is more apparent when 
looking at the fluid pumped of each cw/ccw pair and note the resulting weights, seen 
in Figure 7: 

 
 
 
 
 
 
 
 
 
 

 
Figure 7: Weights of the full test run, LF01 

Full test run, LF01 
40 8 

30 6 
Clockwise 

20 4 

10 2 

Counter 
Clockwise 
Difference 

0 0 
1 2 3 4 5 6 7 8 9 10 

Le
ak

ag
e 

[g
] 

Δ 
[g

] 



B10     487 
______________________________________________________________________________________________________________ 

Δ 
[g

] 

Δ 
[g

] 

The maximum weight value of every run in Figure 6 was evaluated and presented 
as bars in the figure above and the difference between cw and associated ccw run 
was positioned between both runs in a diamond shape. 

The sum of the pumped fluid rises every cw/ccw run, beginning at 19 g/25 g and 
ending at about 32 g/33 g. But the difference between cw and ccw decreases from 
6.4 g to 1.10 g, Table 4. From pair 5 to pair 10, the difference settles at about 1.15 g 
± 0.35 g. 

Table 4: Leakage values full test run, LF01 
 

Pair: 1/2 3/4 5/6 7/8 9/10 11/12 13/14 15/16 17/18 19/20 

cw 
[g]: 

18,90 24,84 27,78 28,95 30,28 30,92 31,81 31,94 31,58 32,15 

ccw 
[g]: 

25,33 28,44 29,81 30,57 31,74 31,73 32,78 32,61 33,02 33,25 

Δ [g]: 6,43 3,60 2,03 1,62 1,46 0,81 0,97 0,67 1,44 1,10 

When assuming, this result is the final pumping rate of the sealing system in this 
configuration, a longer testing period for a sealing system is needed to achieve more 
stable results since the difference in the first cw/ccw run is more than 6 times larger 
compared against the last pair in the test period. The difference becomes less sig- 
nificant after the second and third test run. The most stable result can be achieved 
after the fifth cw/ccw pair, since from there on until the end of the investigation, the 
change pumping rate is less significant, seen in the next figure: 

 

Weight course - lead-free 
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Weight course - lead-afflicted 
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Figure 8: Weight courses 

The runs were split into two diagrams since the absolute pumping rate difference 
between lead-free and lead-afflicted surfaces in the observation is up 60 times. All 
lead-free surfaces settle at about -4 g to 2 g, where the lead-afflicted surfaces spread 
between -120 g to -20 g. The drop in LF01(rep) during the 4th cw/ccw run occurred 
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LF01 LF02 

LF01 (rep) LF02 (rep) 

when not keeping the minimum of 10h resting time. Interestingly, the sealing system 
slowly rises back to about 0 g pumping rate difference, which was the last pumping 
rate difference seen at the 3rd cw/ccw pair. 

 
3.2 Detailed view of a cw/ccw pair 

The overview in Figure 6 gives a good insight into the pumping behaviour of a sealing 
system over time. The change in the difference in the pumped fluid can be observed 
with lead-free and lead-afflicted shaft surfaces. Next, it is interesting to see, how the 
sealing system itself behaves in one cw/ccw pair. Therefore, the first pair is observed 
in more detail since this pair showed the greatest change over the time. The cw/ccw 
pair is visualized in Figure 9. Both runs were put in the same diagram, with the same 
time scaling and the same height scaling. 

 

Figure 9: First run LF01, detailed view 

The figure shows a section from the test-run LF01, the cw run is coloured red and 
ccw run is coloured green. The first run appears to have an elevation, highlighted in 
the grey box which disappears after about 1h of test run time. At similar position, an 
elevation has appeared on four of the other detailed measurement runs, but the 
shape of the elevation differs, Figure 10. The exceptions are LF02 and LA01, which 
do not appear to have an elevation in their first run. 
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Σ = 12 droplets 
Δt ~ 30 min 

Δm = 1 g 

 

 
 

Figure 10: Initial elevation during first run 

In the ccw run, an elevation cannot be seen. This might be due to the run-in behav- 
iour of the rotary shaft seal. Based on the test-rig design, in the first minutes of the 
test run, no leakage is detected because the fluid first collects at the sealing lip before 
it combines to a droplet and falls into the beaker. The next droplets are more uniform 
and easier to discover as seen in the magnification view of hour 2 and hour 4. 

 

Figure 11: Weight course LF01, 2h-4h 

The resolution of the scale is sufficient enough to represent a droplet and approxi- 
mate weight and the duration between every droplet, which then can be evaluated. 
In Figure 11, a droplet has the approximate weight of 0.083 g and appears every 2.5 
minutes. Accumulated over the test duration, the final weight of the pumped oil is 
19.92 g, which matches well with the measured leakage (18.90 g) when not consid- 
ering the run-in phase. This means after the run-in phase. the pumping rate behav- 
iour remains mostly linear over the testing time of the run. 

At the end of each run, no more fluid is pumped and the fluid around the sealing 
edge is no longer dragged along the circumference of the sealing edge. 

LA01  
 

 
 
  

 

LA02 
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Figure 12: Detailed view of the end of a run, LF01 

The fluid collects at the lowest point of the sealing edge, forms into a droplet and 
runs down into the beaker. This behaviour can be seen in Figure 12. The offset of 
0.1 hours to the 10 h mark is the result of the scale being switched on first before the 
test run is started. At the 10.1 h mark, a bigger than usual droplet with about 0.25 g 
(compared to ~0.09 g) was formed and dropped into the beaker. Afterwards, at 
standstill of the test-rig, near 10.2 h and near 10.4 h, a small droplet can also be 
seen. 

 
3.3 Visual examination of components 

A change in the rate of pumped fluid of every sealing system has been determined, 
Figure 8. Such an effect can appear due to changes in the sealing system compo- 
nents like the rotary shaft seal or the sealing counterface. Both components are vis- 
ually examined using a digital microscope. 

 
 Visual examination of rotary shaft seal 

The sealing edge is a highly stressed part of the rotary shaft seal. Wear as well as 
thermal damage may appear when the sealing system isn’t proper designed. To as- 
sess the condition of the sealing edge, direct view onto the sealing edge is needed. 
It was achieved using [14]; the condition of rotary shaft seal of LF01 compared to a 
new rotary shaft seal is displayed in Figure 13: 

 

Sealing edge 

Figure 13: Comparison of used vs. new sealing edge 
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The sealing edge is not discoloured, so no thermal damage occurred on the sealing 
edge. The sealing contact was continuously supplied with fresh oil. Compared to a 
new sealing edge of the same batch (Figure 13, image on the right), wear can defi- 
nitely be seen. The sealing edge, even though constantly supplied with oil, still wears 
out, meaning, the contact is not constantly fully lubricated. It has an approximate 
wear width of about 0.14 mm where the new sealing edge is still “sharp”. 

The wear width of the sealing edges of the other (lead-free surface) rotary shaft seals 
also settle around 0.14 mm to 0.18 mm. Since all rotary shaft seals appear to have 
wear on the sealing edges, which is similar over the test runs, the formation of wear 
during the runs can explain the behaviour of the pumped fluid, determined in 3.1. 
Starting with the first run pair, the difference between cw and ccw run is 6.43 g, the 
absolute fluid pumped is around 19 g (cw) and 25 g (ccw). The difference in the 
following run pair (3/4) in fluid pumped is only 3.6 g, so it can be assumed, that wear 
on the sealing edge was already formed during the first run pair (1/2). With each 
successive run pair, the rate of change in the difference of the pumped fluid becomes 
smaller indicating a decrease in wear formation and a stabilisation of the tribological 
state in the sealing contact. At the fifth run pair of LF01, the change of fluid pumped 
(30 g/32 g) and the difference between the run is not changing as significantly com- 
pared to the first run pair. At this point in this investigation it can be assumed that the 
sealing edge did not wear significantly further. 

 
 Visual examination of sealing counterface 

A change in the surface of the sealing counterface can also cause the change of the 
pumping rate behaviour. In visual microscopy, the deeper a grove, the darker the 
colour gets. The surfaces do not have a groove with a high wear depth, since only 
light colour changes can be seen. On the surfaces, it’s only possible to see the run- 
ning track of the rotary shaft seal, Figure 14: 

  
Figure 14: Surface analysis LF01(left) and LF02 (right) 

The running tracks are hardly visible in the magnified view on the sealing counter- 
face. Both images were taken with 50x magnification and the same light settings. 
The peaks of the roughness of the surfaces have been smoothed out but no meas- 
urable depth has been created during the test runs. The smoothing of the peaks of 
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the roughness cannot explain the behavior seen in 3.1, since the major macroscopic 
structures would still be completely intact. 

 
4 Discussion and conclusion 

The paper presented a more detailed view into the pumping behaviour of different 
shaft surfaces with the help of continuous measuring scales during pumping rate 
measurements according to [9, 10]. The goal was to visualize the running-in phase 
of the sealing and derive a more stable duration for pumping rate measurements. 
Using a continuous measuring scale proved to be a convenient way to carry out 
pumping rate measurements since the weight difference can be calculated automat- 
ically and the beaker isn’t needed to be weighed before and after each run. 

As seen in the overview images in Figure 8, the first pumping rate differs in absolute 
value and can also differ in sign compared to the following pumping rate measure- 
ments. In the scope of this paper, it is recommended to use a at least 6 measurement 
runs, three clockwise and three counter-clockwise to achieve a more stable result 
for the pumping rate since the scattering of the leakage is smaller. Longer testing 
periods result in a more stable pumping rate. The change in pumped fluid can be 
traced back to the wear of the sealing edge although it was constantly surrounded 
by oil. A closer examination of the sealing counterfaces hasn’t given indication of the 
change of pumped fluid, since only smoothening of roughness tips was seen. 

After 180 hours of testing according to Table 2, the difference between the cw and 
corresponding ccw run settles at about 1.15 g ± 0.35 g. Since a deviation is still pre- 
sent, a much longer testing time could be used to check, where the sealing system 
with the corresponding shaft surface settles. 

When looking at the first run of a sealing system in more detail, an elevation can be 
captured, where the pumping rate deviates from a constant increase. This different 
behaviour finishes after about 2-3 h of continuous running. In two of six runs on two 
different test chambers, this effect hasn’t appeared, which argues against a system- 
wide effect. The duration and magnitude of the elevation are also not constant. 
There, more runs with continuous measuring scales could be carried out systemati- 
cally in order to understand how this elevation appears. 

The method allows further applications such as leakage detection or extensive com- 
parison of sealing systems. It’s also possible to implement the scales into an existing 
test rig software to allow more data of the test run to be collected. 

 
5 Nomenclature 

 
Variable Description Unit 

𝑐𝑐𝑐𝑐 clockwise [-] 
𝑐𝑐𝑐𝑐𝑐𝑐 counter clockwise [-] 
𝐷𝐷𝐷𝐷 Lead angle [°] 
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𝐷𝐷𝑃𝑃 Period length [mm] 
𝐷𝐷𝑡𝑡 Lead depth [µm] 
Δ𝑡𝑡 Run duration [h] 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐 Mass of pumped fluid during cw operation [g] 
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐 Mass of pumped fluid during ccw operation [g] 
𝑃𝑃𝑃𝑃𝑆𝑆𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿 Pumping Rate of a radial shaft seal {g/h] 

𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆𝑡𝑡𝐿𝐿𝐶𝐶𝐶𝐶𝐿𝐿𝑐𝑐𝐿𝐿 Pumping Rate of a sealing counterface [g/h] 
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In Situ Observation of a Grease Lubricant Film on a Radial Seal 
by Fluorescence Induced Microscopy 

Takao Horiuchi, Yohei Sakai, Ayako Aoyagi 

Reduction gears are installed inside the joints of industrial robots and lubricated with grease. 
In this study, the sealing surfaces of radial seals were observed in grease lubrication with 
fluorescence microscopy. The sealing performance was tested with oscillating operation. The 
pump rate tends to increase and sealing performance improves in proportion to the oscillation 
angle. Changes in oil film thickness and amount of thickener were observed on the sealing 
surfaces. Our results suggest pumping ability of radial shaft seals in grease lubrication is re-
lated to the viscosity of the base oil. 

1 Introduction 

Industrial robots are operated by servomotors and reduction gears in their joints. 
Grease lubrication of the reduction gears is important for the delicate movements of 
the robot, and radial seals prevent grease leakage. These sealing mechanisms in oil 
lubrication have been studied by various authors and are comparatively well under-
stood [1]. However, many aspects of the sealing mechanism have not been under-
stood, with grease as the sealing target in oscillating operation. Oscillating operation 
is defined here as an operation pattern that rotates in the forward and reverse cir-
cumferential directions, the same as the joints of an industrial robot. Grease gener-
ally contains a base oil, thickener and additives. It is a non-Newtonian fluid with fre-
quency dependence. Because thickeners have the ability to retain the base oil and 
reduce friction. It is necessary to observe the base oil and thickener individually to 
understand the lubrication condition in grease lubrication. Y. Sato et al observed the 
lubrication film on the radial seal in oil using LIF (Laser Induced Fluorescence). How-
ever, the lubrication film on the radial seal in grease was not observed [2]. It is known 
that infrared spectroscopy and fluorescence induced microscopy are effective in ob-
serving grease behaviour in situ. These methods were used due to their special fea-
sibility of observing film thickness and thickener individually [3,4]. Previous research 
suggest thickener particles are present in the sealing gap and influence the perfor-
mance of the sealing system [5]. However, there are no results of individual obser-
vations of the film thickness and thickener in the grease lubrication film on the radial 
seals. In this study, the sealing surfaces of radial seals in grease lubrication were 
observed individually for film thickness and thickener using a fluorescence induced 
microscopy. 
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2 Amount of leakage and pump rate 

First, the seal surfaces were observed in grease and oil lubrication to measure the 
amount of leakage and pump rate. To replicate the motion of an industrial robot joint, 
a servo motor was used. Three different operations were tested. A hollow glass shaft 
was used for the shaft and the sealing surface was observed in-situ using a mirror 
from inside the shaft. 

2.1 Sample and test rig 

A schematic diagram of the test rig is shown in Figure 1. A hollow glass shaft was 
used for the shaft. The sealing surface and amount of leakage was observed from 
the inside of the shaft using a mirror. An observed image is shown in Figure 2. The 
test conditions and operations are shown in Table 1, movement of the shaft in each 
operation is shown in Figure 3, and the test program under each operation is shown 
in Figure 4. To investigate the effects of the oscillating operation, we tested three 
operations: one with a small oscillation angle (A), one with a one-way rotation stop 
(B) to investigate the effects of the pause that occurs during the oscillating operation, 
and one with a large oscillation angle (C). FKM radial seals were used for the test 
sample. The lubricants used were lithium soap grease, often used to lubricate re-
duction gears for industrial robots, and PAO (Poly-Alpha-Olefin), which is a base oil 
component of lithium soap grease. Sample details are shown in Table 2. 

 

 

 

 

 

 
Figure 1 : Schematic diagram of test rig 

 
 
 
 
 
 
 
 
 
 

Figure 2 : Observation imager 
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Table 1 : Test condition 

 (A) (B) (C) 
Shaft eccentricity T.I.R. aiming for 0mm  
Rotation speed Max 42mm/s 

Operation Oscillation One-way rotary stop  Oscillation 
Oscillation angle 17°  45° 90° 

Test time 24~48h 
 

Table 2 : Sample details  

Test radial seal 
Material FKM 
Remarks Dust lip cut out 

Lubricant  
Li soap grease1 Li soap grease2 oil 

Base oil PAO 
Base oil viscosity, cSt@40℃ 30,191 30,191,400 

Thickener 12-Hydroxystearic acid lithium salt - 
Thickener shape Long fiber Short fiber - 

Penetration 285 - 
 

 

 

 

 

 

 

 
Figure 3: Movement of the axis in each operation 
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Figure 4: Program of each operation 

 

2.2 Results and discussion 

The results of leakage measurements using oil with a viscosity of 30 cSt under (A) 
operating conditions are shown in Figure 5. These tests were conducted four times 
with new radial seals under the same conditions and changes in leakage were ob-
served. The amount of leakage increased linearly with the sliding distance. Also, the 
amount of leakage was different in all four cases despite the same test operations. 
This is probably due to some other factor than insufficient pump rate during oscillat-
ing operation. The results of the seal test for each lubricant under operations (A) and 
(B) are shown in Table 3. Test results are indicated only as leak or seal. This was 
because the amount of leakage was different for each test. From those results, the 
higher the viscosity of the base oil, the less tendency to leak during oscillating oper-
ation. In test operation (B), any lubricant would seal. Pump rates were also measured 
in each operation. Pump rate was calculated from the amount of leakage caused by 
installing the seals backwards. When measuring with this method, it was necessary 
to determine whether the leakage volume is due to gap leakage or leakage due to 
pump effect. Therefore, only the sealed condition of PAO and 400cSt was consid-
ered. The results are shown in Table 4. It was found that the pump rate tends to 
increase in proportion to the oscillation angle. This seemed to show that the pump 
rate is related to the sliding distance, even during oscillating operation. When the 
sealing target is oil, the pump rate related to the viscosity, the lubricant with higher 
viscosity seemed to seal better. When the sealing target is grease, the pump rate is 
also related to the base oil viscosity and showed a tendency to increase the sealing 
performance. 
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Figure 5: Visualization test result (about leakage amount) 
 

Table 3: Seal test result 
Operation Oscillating One-way rotary 

Lubricant PAO Li soap grease PAO Li soap 
grease 

Thickener 
shape - Long fiber Short fiber - Long 

fiber 
Short 
fiber 

Base oil 
Viscos-
ity(cSt) 

30 191 400 30 191 30 191 30 30 30 

Condition Leak Leak Seal Leak Seal Leak Seal Seal Seal Seal 
 

Table 4: Pump rate at each oscillation angle 
Operating conditions Pump rate (mm3 min⁄ ) 

Oscillating operation at 17° 0.25 
One-way rotary stop operation at 45° 1.07 

Oscillating operation at 90° 1.29 
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3 Fluorescence observation 

From the measured leakage and pump rate, it was found that the base oil viscosity 
of the grease is related to the sealing property. To find out how the thickener affects 
pump rates and leakage, the sealing surfaces of the radial seal were observed indi-
vidually for film thickness and amount of thickener using the fluorescent method.  

 

3.1 Sample and test rig 

A schematic diagram of the test apparatus is shown in Figure 6. A mercury xenon 
lamp and a line laser were used as light sources. An excitation filter was used to 
extract light of the wavelength that excites the fluorescent agent from the light 
source, and an emission filter was used so that only the light that fluoresces can be 
observed. For the test sample, a FKM radial seal was used, and for the lubricant, 
fluorescent agents were dissolved in the Li soap grease1 in Table 2. Pyrene was 
used as the fluorescent agent to observe the film thickness, and Coumarin 6 to ob-
serve the amount of thickener. 1 wt.% of Pyrene and 500 ppm of Coumarin6 was 
dissolved in Li soap grease1. To observe the behaviour of thickener and film thick-
ness of grease during pumping, the lip was pushed with a spatula to make it leak to 
the air side. 
 

3.2 Results and discussion 

Figures 7 and 8 show the distribution of luminance on the sliding surface. Because 
the luminance is proportional to the film thickness and thickener amount, Figures 7 
and 8 represent their respective distribution [4]. The film thickness distribution of the 
radial seal for grease lubrication was found to be thinner toward the air side. This 
result is similar to the film thickness distribution during oil lubrication of radial seals 
[2]. The distribution of thickener was different from that of the film thickness distribu-
tion, and the amount of thickener seemed to be almost constant in the contact area. 
From the results, the base oil in the grease appeared to flow along the contact pres-
sure distribution in the contact area. The thickener remained trapped in the contact 
area as in the start of the test. It was observed that occasionally agglomerates of the 
thickener would enter the contact area. However, the base oil basically flowed within 
the contact area while most of the thickener did not. 
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Figure 6: Schematic of Fluorescence observation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Distribution of film thickness on sealing surface 
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Figure 8: Distribution of thickener amount on sealing surface 

4 Summary 

To investigate the lubrication and sealing mechanism of radial seals in industrial ro-
bots, seal performance tests and sealing surface observation using a fluorescence 
method in grease lubrication were conducted. The pump rate in grease lubrication 
seemed to be related to the viscosity of the base oil. The pump rate tends to increase 
and sealing performance improves in proportion to the oscillation angle. This sug-
gests pump rate required for sealing could differ depending on the oscillation oper-
ating conditions. Fluorescence observation might be useful to investigate the state 
of the lubricant seal in more detail. 
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Study of the non-contact seals influence on the centrifugal 
machine’s dynamic characteristics 

Serhii Shevchenko 

As the parameters of centrifugal machines increase, it becomes more and more difficult to 
ensure the effectiveness of sealing. Non-contact seals, in addition to sealing, perform an 
equally important function – to improve the vibration state of the centrifugal machine.   Models 
of systems "rotor-gap seals", impulse seals, "rotor-hydraulic face" and seals-supports of a 
shaftless pump have been studied to assess the effect of seal systems on the oscillatory char-
acteristics of the rotor. Analytical dependencies are obtained for calculating the dynamic char-
acteristics and stability limits of seals as hydromechanical systems. The proposed general 
technique makes it possible to purposefully select the design parameters of seals to adjust 
work in vibration-safe modes. 

Introduction 

The rotor sealing system of a high-speed centrifugal machine is one of the most 
complex and critical units that determine the reliability of the entire unit. This is due 
to the harsh operating conditions of the seals, combined with high tightness require-
ments in all operating modes [1, 2]. 

Non-contact seals, in addition to the function of sealing, perform no less important - 
they improve the vibration state of the centrifugal machine [3, 4, 5]. Structural 
measures aimed at increasing the hydraulic resistance of seals, as a rule, increase 
their hydrostatic stiffness and damping, and thereby improve their dynamic qualities 
[6, 7]. Dynamic performance is especially important for seals in high-speed rotary 
machines. 

Another important indicator is the resource of the assembly, which is determined by 
the wear of the sealing surfaces. When designing sealing systems, it is necessary to 
coordinate their tightness and reliability, on the one hand, and resource indicators, 
on the other [8, 9]. 

The creation of highly loaded equipment with sealing systems for non-standard op-
erating conditions is impossible without taking into account the above factors [10]. 
Examples of such non-standard products are pumping units for nuclear power plants 
[11] and turbopump units for rocket engines [12]. 

Pumps for the power industry need an increased resource of sealing units. To do 
this, it is necessary to use sealing systems with guaranteed controlled leakage in 
order to provide lubrication and cooling, and, consequently, the required service life 
[13]. 



506     22nd ISC 
______________________________________________________________________________________________________________ 

The seals of LRE turbopump units operate under extreme conditions, for which vi-
bration reliability and tightness are the most important requirements [14]. The re-
quirement for a low mass of equipment leads to the creation of units with flexible 
rotors, which can have significant deflections during transient conditions. 

In connection with the transition of aerospace technology to reusable systems, their 
engines are designed for repeated activation, so the required resources reach tens 
of hours. All these new increased requirements for engine operation complicate the 
already difficult work of sealing assemblies. 

Modern approaches to the creation of mathematical models of oscillatory systems 
based on experimental data are presented in [15, 16]. Monograph [17] evaluates the 
coefficients of mathematical models of oscillatory systems, including rotor systems 
for multistage centrifugal machines. In works [18, 19] the phenomena of loss of sta-
bility of rotation of the rotor in rolling bearings are considered. 

Modern approaches in the field of linear and nonlinear dynamics of rotors and their 
practical applications are presented in the monograph [20]. The works [21, 22] gives 
an estimate of the rigidity of segment bearings during balancing of flexible rotors of 
turbine. Modern methods for determining the stiffness of active magnetic bearings 
and identifying damping from the frequency responses of control systems are pre-
sented in [23, 24]. The application of the finite element method for calculating the 
stiffness and critical speed of the magnetic bearing-rotor system for electrical ma-
chines is described in the article [25]. The article [26] presents an analysis of the 
stability and vibration of a complex flexible rotor-bearing system. In [27], the phe-
nomenon of subharmonic resonance of a symmetric ball-bearing-rotor system was 
studied. In [28], models are proposed for studying the critical frequencies of the rotor 
of a centrifugal compressor, taking into account the nonlinear stiffness characteris-
tics of bearings and seals. 

As indicated in [29], the energy of volume losses can be converted into useful energy 
if slot seals are used simultaneously as hydrostatic supports, capable of not only 
having high radial rigidity, but also effectively damping rotor vibrations to acceptable 
values, even in the presence of a significant imbalance. This effect is especially sig-
nificant in the presence of steep velocity and pressure gradients inherent in the small 
gaps of slotted seals, on which high pressure drops are throttled and one of the 
surfaces belongs to the rotor, which simultaneously rotates and vibrates [30, 31]. In 
[32], the dynamic characteristics of slotted seals as intermediate supports were stud-
ied. 

The hydrodynamic characteristics of slotted seals, taking into account the flow of the 
sealed liquid in the annular channels, the surfaces of which rotate and simultane-
ously perform radial-angular oscillations, are considered in [33]. The results of the 
conducted studies show that when creating sealing systems of modern centrifugal 
machines, it is necessary to take into account the effect of non-contact seals on the 
dynamic characteristics of the rotor [34, 35, 36]. 
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Thus, it became necessary to create a methodology for the design and calculation 
of sealing systems based on the configuration of seal components in order to achieve 
harmonization between sealing and vibration reliability. 

1. Algorithm for constructing dynamic characteristics of non-con-
tact seals 

For an analytical description of the processes occurring in sealing units, we will con-
sider them as automatic control systems. 
The model of the hydromechanical system "rotor - slotted seals", presented in the 
paper [29], is shown in fig. 1. 

Seals and their 
stiffness Flow in the gap

Throttle

Bearing

Rotor

H, ϑ2 

x, y, ϑx, ϑy, Δp(ω) 

w

p(z, φ) 

Q

F, M

a
γ 

ω  
Fig. 1. Hydromechanical system rotor-slotted seals 

Hydrodynamic forces and moments arise in the sealing gaps, which depend on the 
nature of the rotor movement. At the same time, these forces and moments affect 
the radial and angular oscillations of the rotor. 

On the other hand, the pressure distribution in the gap depends on the shape of the 
gap, and the deformations of the gap walls are determined by the pressure distribu-
tion in this gap. 

Thus, due to the occurrence of feedbacks, a hydromechanical system is formed. 

The model of a non-contact mechanical seal, as a system for automatic control of 
the mechanical clearance and leakage, on the example of impulse compaction [14] 
is shown in fig. 2. 

Loading area Ае + Object of regulation— 
an axially movable ring

Automatic regulator

Fe

-Fs

p1-p3

Fk ω 

z

 
Fig. 2. Impulse seal as the automatic control system 



508     22nd ISC 
______________________________________________________________________________________________________________ 

At present, for large high-pressure multistage pumps, the most effective way to bal-
ance axial forces is to use automatic balancing devices that simultaneously perform 
the functions of a radial-face non-contact seal and a journal-thrust hydrostatic bear-
ing. 

Automatic balancing devices, despite the many designs, are built according to the 
general principle: negative feedback is created between the balancing force and the 
axial position of the rotor, providing only small deviations of the axial position of the 
rotor from some predetermined position [37]. 

The model of the automatic balancing device is shown in fig. 3 

Object of regulation

Automatic regulator

—T

Fz

z
kΔ 

Δp
 

Fig. 3. The balancing device 

Non-contact rotor seals have gaps of the same order as in journal bearings. There-
fore, the seal is a full-circle bearing, the bearing capacity of which is ensured not only 
by the rotation of the eccentrically located shaft, but also, first of all, by a significant 
axial pressure drop throttled on the seal. 

An example of the use of non-contact seals as supports is the so-called shaftless 
pumps [38] (Fig. 4), in the design of which the functions of the supports are already 
deliberately shifted to the seals. 

 
Fig. 4. Scheme of a shaftless pump 

The non-contact mode of operation of the impeller of such a pump is determined by 
the hydrodynamic characteristics of the system of automatic offloading of axial forces 
and slotted seals. 
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The impeller of a shaftless pump with a support-seal assembly is a system of auto-
matic control of a variable end clearance, which creates negative feedback [39]. 
Therefore, for its study, one can jointly use the above models of slotted seals and 
automatic balancing device. 

2. Frequency characteristics and evaluation of dynamic stability 

Forced joint radial-angular oscillations of the rotor at a constant pressure drop across 
slotted seals are described by the equations [31] 
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Substituting the solution of equations (1) in the form 
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From the system of inhomogeneous algebraic equations (2), after a series of trans-
formations, we obtain the amplitudes and phases expressed in terms of external 
perturbations: 
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Using a similar algorithm, it is possible to obtain expressions for amplitudes and 
phases for other types of non-contact seals. 
For impulse seals [14]: 
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The amplitude and phase frequency characteristics of the auto-balancing system 
according to the corresponding external influences have the form:
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and for shaftless pumps [39]: 
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As can be seen, expressions (3-6) for the amplitudes and phases of various non-
contact sealing systems have a similar form. 
The stability is determined using the Routh-Hurwitz criterion for a system of 4th order 
[40] 
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It can be seen from inequality (7) that the main destabilizing factor is the circulation 
force characterized by the coefficient 5а . Damping 21а , gyroscopic force 4a  and 
shaft flexural stiffness 0иΩ  stabilize the rotor in seals. 

For impulse seals, the stability criterion is reduced to the inequality [2]:
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It can be seen from inequality (8) that the stability region of the seal expands due to 
a decrease in the volume of the chambers and in the coefficient of hydrostatic stiff-
ness. 
For a balancing device 
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Inequality (9) limits the volume of the balancing face chamber, at which the stability 
of independent axial oscillations of the rotor is maintained. 
For the seals-bearings, the axial stability condition is reduced to the inequality 
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Since the chamber depth h is an independent parameter that can be easily modified 
by design, condition (10) can be used when designing a pump to ensure its stability. 

As can be seen from inequalities (7-10), the dynamic stability conditions for various 
types of non-contact seals also have a similar form. By adjusting the design param-
eters of the seals, which are included in these inequalities, it is possible to expand 
the boundaries of stable operation. 

 

3. Results 

On fig. 5 shows the frequency responses built for three values of the taper parame-
ter. For a diffuser channel ( )3.00 −=θ , the total resistance is negative. For cylindrical 
( )00 =θ  and confusor ( )3.00 =θ  channels, the stability condition is satisfied at all 
speeds. 

 

 

 
Fig. 5 – Amplitude frequency characteristics as a response to statistic unbalance: 
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a – constМPа5.1 ==∆ 0p , b – constМPa4 ==∆ 0p , c – 
constМPа13.3 ==∆ 0p  

3.03;02;3.01 000 =θ−=θ−−=θ−  

In seals with a diffuser gap ( )3.00 −=θ , the rotor is unstable even in the absence of 
rotation. The research results showed that the critical value of the diffuser is 

27.0*0 −=θ . In a cylindrical gap at 5.10 =∆p  MPa, the limiting stability dimensionless 
speed is 5.6* ≈ω . With an increase in the pressure drop to 4 MPa, an instability 
region appears in the range 43 −≈ω . Confusor seals ensure the stability of the rotor 
at all investigated speeds. 

4. Discussion 

An analysis of the gap seals’ dynamic characteristics showed that the force coeffi-
cients of slotted seals are determined by geometric (clearance, radius, length, taper, 
shape of the leading edges) and operational (pressure drop, operating speed range, 
physical properties of the pumped medium) parameters. With a purposeful choice of 
these parameters, it is possible to influence the vibrational state of the rotor and the 
machine itself. 

An important feature of centrifugal machines is that the pressure drops throttled at 
the gap seals are proportional to the rotor speed. This is due to the self-tightening 
effect of the rotor, which leads to a positive shift of the critical frequencies. 

The operation of non-contact mechanical seals is accompanied by complex non-
stationary, high-frequency hydrodynamic processes determined by micron end gaps. 
For the analytical description of the processes, a model for a sealing in the form of 
an automatic control system is proposed. 

Automatic compensation systems for axial forces acting on the rotor of a multistage 
centrifugal pump simultaneously perform the functions of a self-adjusting non-con-
tact mechanical seal and a heavily loaded radial-axial hydrostatic bearing. Such sys-
tems largely determine the oscillatory state of the rotor. 

Axial and radial hydrodynamic forces arising in the throttling gaps of the balancing 
device are interconnected. As a result, the “rotor-auto-offloading” system, under the 
influence of the inevitable radial static imbalance, discharge pressure pulsations and 
harmonic changes in the axial force acting on the rotor perform interconnected forced 
radial-axial oscillations. At rotational frequencies coinciding with any natural fre-
quency, the resonant amplitudes of these oscillations can exceed the permissible 
limits, therefore, the determination of resonant rotational frequencies and detuning 
from them is of great practical importance. 

The wheel of a shaftless pump performs independent axial oscillations under the 
action of kinematic excitation in the form of given radial oscillations due to the static 
imbalance of the impeller. In this case, the adjustable end throttle creates negative 



B12     513 
______________________________________________________________________________________________________________ 
  

feedback, so the impeller with the support-seal assembly is an automatic control of 
the end clearance system. 

When designing a shaftless pump, it is necessary to compute the axial and angular 
vibrations of the impeller freely floating in the slotted seals. This will allow to ensure 
self-tightening of the rotor relative to its oscillations and avoid destabilizing factors 
by selection of design parameters. 

Similar support-balancing devices can also be successfully used in multistage cen-
trifugal pumps. 

Using the proposed general approach to the analysis of non-contact seals as auto-
matic control systems, and the algorithm for constructing their dynamic characteris-
tics at the design stage, it is possible, by changing the geometric parameters of the 
seals, to ensure their vibration resistance margin. 

5. Examples of building a complex sealing system 

Fig. 6 shows the sealing system of the Nuclear Power Plant (NPP) main circulation 
pump [6]. The operating pressure and water temperature in the primary circuit are 
12.5 MPa and 270°C, respectively. The seal operates on blocking water, which is 
taken from the primary circuit, cooled to 40°C and cleaned by passing through the 
cooler and ion-exchange filter. Automatic regulators maintain a predetermined 
(0.5–0.6 MPa) excess of the blocking water pressure over the pressure in the 
pump cavity, as a result of which about 50% of the input water (0.3–0.5 m3/h) en-
ters the pump, excluding the exit from it of a hot radioactive coolant. 
 

 
Fig. 6. Diagram of RCP shaft seal [6] 
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On fig. 7 shows [41] a design diagram of the separation unit of the TPU seals be-
tween the oxygen pump and the TPU turbine of the Space Shuttle engine, driven by 
hot gas with excess hydrogen (“sweet” gas). With an “acidic” fuel environment in the 
pump and “sweet” gas in the turbine adjacent to the pump, leakage from the pump 
to the turbine and mixing of these leaks with turbine gas is unacceptable, since this 
mixture is explosive. 

The separating block of the sealing system in this case is a very important element 
of the pump and consists of several sealing units: a bellows mechanical seal with a 
friction pair 1, 2 on the side of the cavity 3 with liquid oxygen, a block of floating rings 
4, 5 and a block of floating rings 6, 7 with sides of the cavity 8 with gaseous hydrogen, 
between which there is a chamber for supplying 9 helium barrier gas. Spiral grooves 
are made on the contact surface of the rotating ring 1. Drainage channels 10 serve 
to drain the helium mixture and oxygen leaks, and channels 11, 12 - to drain the 
helium mixture and the hydrogen-enriched gas mixture overboard the engine. 

Compressed helium on board the ship is stored in a cylinder, and its consumption 
can determine the number of engines starts and the total duration of the ship's flight. 

 
Fig. 7. Sealing system between oxygen pump and turbine with reducing media: 

1, 2 - rotating and non-rotating rings of a friction pair; 3 - cavity of liquid oxygen; 4, 5 
- block of floating rings from the side of the oxygen cavity; 6, 7 - a block of floating 
rings from the side of the cavity with gaseous hydrogen; 8 - cavity with gaseous 
hydrogen; 9 - chamber for supplying helium barrier gas; 10 - drainage channels for 
removing helium mixture and oxygen leaks; 11, 12 - drainage channels for removing 
a mixture of helium and gas enriched with hydrogen 

The operating parameters of such a mechanical parking seal TPU LRE: sealing pres-
sure drop 3.1 MPa, sliding speed 180 m/s; the required resource is 10 h with the 
number of inclusions of TPU on the order of 300. 
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Summary and Conclusion 

The development of complex sealing systems must be carried out based on the con-
figuration of the constituent seals in order to achieve harmonization between sealing 
and vibration reliability, taking into account oscillatory processes due to hydrody-
namic sealing characteristics. 

The studies carried out have shown that all sealing units with throttling gaps or seal-
ing paths filled with a high-pressure medium to be sealed should be considered as 
dynamic systems. The medium to be sealed, acting on the walls of the sealing paths, 
affects the dynamic state of the rotor. 

It is shown that the purposeful choice of the design parameters of the seals makes 
it possible to improve the vibrational state of the rotor. In this case, the initially "flex-
ible" dynamically rotor, in combination with properly designed seals, becomes "rigid". 
The proposed general technique makes it possible to evaluate this effect depending 
on the design characteristics of the seals and, by changing them at the design stage, 
to rebuild the “rotor-seals-auto-unloading” system from resonant operating modes. 

Nomenclature 

LRE  Liquid Rocket Engine 
MPC  Main circulation pump 
NPP  Nuclear power plant 
TPU  Turbo pump unit 

Variable Description Unit 
a eccentricity of mass center m 

aij the coefficients of the equations of motion, which de-
pend on the parameters of the gap seals - 

Ae the effective area of the balancing face disk m2 

As is the area of the end surface of the impulse seal cham-
ber sector m2 

E isothermal volumetric module of the sealed medium 
elasticity Pa, N/m2 

F hydrodynamic forces arising in sealing gap N 
Fe external force (regulating influence) of the impulse seal N 
Fk force of elastic elements of the impulse seal N 
Fs pressure force opening the butt joint of the impulse seal N 
Fz pressure force in the end gap of the impulse seal N 

g10, g30 
conductivities of the corresponding end throttles for a 
steady value of the impulse seal gap z0 (m7/kg)0.5 

gi conductivity of the impulse seal feeders (m7/kg)0.5 
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gs 
the total conductivity of the radial and end chokes of the 
unloading device (m7/kg)0.5 

h is the chamber depth of the unloading device m 
Н mean radial clearance of gap seal m 
k compression ratio of the pressing device - 
M hydrodynamic moments arising in sealing gap Nm 
ni number of feeders for impulse seal - 
p(z, φ) gap pressure Pa, N/m2 
p1 sealing pressure of the impulse seal Pa, N/m2 
p3 back pressure of the impulse seal Pa, N/m2 

p10, p30 
sealing pressure and counterpressure for a steady 
value of the impulse seal gap z0 Pa, N/m2 

pn nominal discharge pressure Pa, N/m2 
Q seal leakage m3/h 
Q0 seal leakage in steady state m3/h 
T axial force N 
V volume of balancing face chamber m3 
V0 volume of impulse seal chamber m3 
w gap fluid flow rate m/s 
х, у radial vibrations of the rotor m 
z end gap (adjustable) m 
z0 clearance in steady state of the unloading device m 
γ angle of deviation of the inertia axis rad 
Δ deformation of the pressing device m 
Δp sealing pressure Pa, N/m2 
Δψs0, 
Δψ20, 
Δψc0 

dimensionless pressure drops in the chambers of the 
shaftless pump - 

ϑ2 mean radial taper rad 
ϑx, ϑy rotor angular oscillations rad 
ω rotor speed s-1 
Ωu0 the bending stiffness of a shaft N/m 
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Thermal Behaviour of Marine Lip Seals: A Pathway Towards 
Condition Monitoring 

Thomas White, Omar Morad, Vesa Saikko, Raine Viitala 

This paper examines the behaviour of marine thruster lip seals in a full-scale, fully flooded 
environment with a view to developing a condition monitoring system. Lip contact temperature 
was identified as a suitable variable to characterise the condition of the seal. A custom test 
device was built to measure the sub-surface contact temperature of a commercial thruster 
seal package operating fully submerged. The seal package consisted of three seals of 300 
mm nominal diameter. A tungsten carbide coated stainless steel shaft liner was used as the 
counter-face. Results validated the viability of the proposed concept and highlighted the inter-
dependent nature of seal thermal behaviour in a package configuration. 

1 Introduction 

Marine propulsion is the mainstay of modern maritime transport, which has been 
estimated to account for over 80 percent of all global goods transportation by volume 
[1] and is essential to many facets of modern industry. It is known, however, that oil 
leakage to the oceans because of sub-optimal sealing in marine propulsion systems 
is significant; some estimates suggest upwards of 75 million litres per year [2]. Leak-
age is, therefore of great concern, and many jurisdictions have moved to limit the 
environmental impact of the marine sector in terms of operational oil spillage to the 
oceans [3]. Radial lip seals are commonly used in a variety of marine propulsion 
systems and are responsible for preventing the discharge of lubricating oils into the 
marine environment: a well-designed lip seal should not leak [4]. Predicting their be-
haviour, however, is difficult: the harsh conditions in which the seals operate greatly 
increase the likelihood of malfunction, increased wear and/or failure. Factors such 
as exposure to sea water and its contaminants, variations in pressure and water 
temperature, as well as large sliding speeds precipitated by the large seal diameters 
can all severely compromise sealing performance [5]. Moreover, literature pertaining 
to the matter is exceedingly scarce [5]. 

Condition monitoring provides a pathway to addressing the main shortcomings as-
sociated with the use of marine lip seals:  

• Lip seals can perform almost flawlessly; however, they are known to also 
leak, sometimes significantly [2, 4, 6]. 
• Leakage impacts the marine environment detrimentally. 
• Unnecessary seal maintenance can be very costly, as it can often require 
the use of a dry dock [7]. 

Published literature pertaining to lip seals operating in non-submerged conditions 
has identified three main mechanisms that govern lip seal functions: lubrication, seal-
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ing and pumping [8]. Also, it has been identified that temperature can have an influ-
ence on all three of these mechanisms [9]. According to Salant [9], elastomer aging, 
swelling and lubricant coking are all failure modes that are linked to lip temperature. 
Furthermore, temperature strongly influences the characteristics of the lubricating oil 
that forms the basis of the film responsible for the dynamic sealing ability of the lip 
seal-shaft tribological system, in particular the viscosity of said fluid [6]. 

The main research problems that were addressed in the present work are: 

1)  How temperature at the contact between a large diameter marine lip seal 
and its counter-face can be measured more optimally during all phases of 
operation. 

2) How lip contact temperature influences the wear characteristics of large di-
ameter marine lip seals. 

3) How contact temperature can be applied to develop a condition monitoring 
system for marine lip seals. 

The main aim of the present work is to broaden the foundation of empirical 
knowledge regarding the influence of lip contact temperature on the behaviour of 
large diameter marine lip seals. The secondary aim is to apply the knowledge ob-
tained from this study with a view to identifying a viable mechanism upon which a 
condition monitoring system for thruster lip seal packages could be based. To these 
ends, the behaviour of the sub-surface contact temperatures of the three rotary lip 
seals contained within a commercial lip seal package designed for azimuth thrusters 
was investigated and analysed. This seal package can be seen in figure 1. Seals 
within a seal package are typically denoted in ascending order from the propeller 
side to the gearbox side. Sub-surface temperature measurements were performed 
during multi-stage experiments using a custom, full-scale test apparatus designed 
and manufactured to operate fully submerged and in conjunction with the industrial 
partner’s test apparatus. Temperatures were measured during a series of tests de-
signed to simulate normal running, and during a series of destructive tests. The anal-
ysis of experimental results was performed with respect to published literature on 
the matter, in particular, the work of Morad et. al. [5] and Borras et. al. [3, 7, 10-12], 
in addition to assessing the applicability of the observed behaviour to a condition 
monitoring system. An attempt was made to identify any relationships between lip 
seal sub-surface contact temperature and wear. To the author’s best knowledge, no 
published material specific to investigating the role temperature plays in the opera-
tion of a full-scale marine lip seal package designed for use in azimuth thrusters 
exists. 
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Figure 1: Commercial lip seal package for marine thrusters used for the present study. 

2 Materials and Methods 

2.1 Test Apparatus Design 

An experimental device was built to measure the sub-surface contact temperature 
of the three lip seals contained within the commercial thruster lip seal package. The 
device was designed to operate in conjunction with the industrial partner’s test rig, 
pictured below in figure 2. The primary function of the test rig is to facilitate the testing 
of full-scale, large diameter lip and face seal packages. 

 
Figure 2: Sectioned and simplified schematic of industrial partner’s test apparatus. Scale is 

not accurate, and some components have been omitted for clarity. 

The main features of the test rig are as follows: 
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• Two main chambers: a water chamber and a main oil chamber. 
o The water chamber replicates the water side of the thruster when 

in operation. 
o The main oil chamber replicates the oil filled pod used to house the 

mechanical drive of a typical azimuth thruster. It serves to lubricate 
the main shaft bearings, the bearings of the hydraulic motor, and 
the back side of seal 3. 

• A hydraulic motor acting as the prime mover for the rotation of the shaft. 
• A two-piece hollow shaft. 

The thruster seal package in the configuration tested consisted of a tungsten-carbide 
coated stainless-steel liner, three lip seals and a modular housing. The nominal outer 
diameter of the liner was 300 mm, while its surface roughness was determined using 
a Mahr MarSurf PS 10 portable surface roughness measurement device. Roughness 
measurements were taken at 6 different locations on the liner surface in the axial 
direction. The shaft liner is designed to be fitted to the shaft by the propeller of the 
thruster, or, in the case of the industrial partner’s test apparatus, an end flange, as 
pictured in figure 2. 

All lip seals tested were manufactured from 80 NBR 94207, with a nominal inner 
diameter of 300 mm, an interference fit of 4.5 mm, and a hardness of 80 Shore A. 
The four-piece seal housing was made from bronze. The three oil chambers formed 
by the fully assembled seal housing were between seals 1 and 2, named the back-
to-back oil chamber, between seals 2 and 3, named the gravity oil chamber, and on 
the back side of seal 3, named the gearbox oil chamber. These are pictured in figure 
1.1. The capacity of the back-to-back oil chamber was 0.25 l, while the capacity of 
the gravity oil chamber was 0.5 l. Mobil MOBILGEAR 600 XP ISO grade 150 gear 
oil was used as the lubricating oil for this study. It has a kinematic viscosity of 150 
mm2/s at 40 °C and 14.7 mm2/s at 100 °C. 

The back-to-back and gravity oil chambers were filled with lubricating oil before the 
commencement of tests. They were then resupplied oil lost to operational discharges 
with remotely located, pneumatically pressurised reservoirs. The gearbox oil cham-
ber was supplied oil directly from the gearbox oil chamber of the test rig via its main 
shaft bearing. Back-to-back and gravity oil chamber pressures were regulated pneu-
matically with manually adjustable pneumatic pressure regulators. The gearbox oil 
chamber was pressurised by the oil pressure of the main oil chamber of the test rig. 
Its pressure was regulated by manually adjusting the pressure control valve of the 
main oil chamber. Measurement of the oil pressure and temperature of both the 
back-to-back and gravity oil chambers was realised by mounting pressure transduc-
ers and K-type thermocouples to the respective oil supply ports. This can be seen in 
figure 3.  

The measurement apparatus constructed for this study was designed to be compat-
ible with and fitted to the industrial partner’s test rig. A novel method previously em-
ployed by Morad et. al. [5] and Saikko et. al. [13] was adapted to estimate the contact 
temperature of the lip seals of the studied seal package. The contact temperature 
was measured at five points across each seal by fitting K-type thermocouple probes 
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1.5 mm in diameter 0.5 mm beneath the contact surface. This can be seen in figure 
3. The thermocouple probes were calibrated by the manufacturer and their accuracy 
was ± 0.5 °C. Five measurement points spaced 1 mm apart axially were allocated to 
each seal. Such axial spacing was chosen to minimise information loss by overlap-
ping measurement points (owing to the 1.5 mm probe diameter vs 1 mm axial spac-
ing) and ensure the actual contact location of the measured seal was captured. In 
total, 81 holes were drilled for the fitment of thermocouple probes. Hole locations 
were designed to follow a helical path around the inner surface of the shaft liner 
included with the seal package. Compression fitting fasteners were used to securely 
mount the thermocouple probes to the shaft liner via the inner surface of the hollow 
shaft. Here, threaded through holes in the shaft following the same pattern used to 
locate the probes were designed to make provision for the attachment of the fasten-
ers. 

The 15 thermocouple probes were powered by four Nokeval FTR 264 wireless 4 
channel thermocouple transmitters. The FTR 264 was chosen based on its trans-
mission frequency, 433.92 MHz. According to the results of Maher et. al. [14], at 
distances of 40 cm, data transmission through water at radio frequency signals of 
433 MHz produces less end-to-end delay, is more reliable, and is less susceptible to 
signal attenuation than at signals of 2.4 GHz. Thermoplastic housings were designed 
and manufactured for the wireless transmitters and receiver to minimise the effect of 
a Faraday’s cage created by the steel water chamber of the test rig. Water chamber 
pressure and temperature, gearbox oil chamber pressure and shaft rotational speed 
were measured using sensors integrated into the test rig. The main features of the 
water side of the test rig with the custom measurement apparatus fitted can be seen 
in figure 3. 

 
Figure 3: Schematic of the complete water side of the test apparatus used for the present 

study, with main features labelled. 
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2.2 Experimental Procedure 

Before the commencement of sub-surface temperature measurements under test 
conditions, the optimal thermocouple locations relative to the actual axial contact 
locations of the seals on the shaft liner were first calibrated. This was achieved by 
installing the thermocouples according to the expected axial contact locations of the 
seals and running the test apparatus without the water chamber fitted. The meas-
urement point exhibiting the highest sub-surface temperature of the five allocated to 
each seal during running was deemed to be closest to the actual contact location of 
the respective seal. Thermocouples were relocated as necessary to fit the actual 
contact location of each seal. Seals were concurrently run in during this process, 
which was carried out in three stages. The stages were run at shaft rotational speeds 
of 100 rpm for the first two stages, and 200 rpm for the final stage. The pressure 
differential set point across all seals was 0.1 bar for the first and last stages and 0.3 
bar for the second stage. The stages were run for 46.3, 49.6 and 92.2 hours, respec-
tively. The seal housing shaft-to-bore misalignment was found to be only 0.08 mm; 
thus, it was not altered.  

Measurements were performed according to a test program consisting of six tests. 
The first three tests were designed to simulate normal running, while the last three 
were designed to simulate extreme conditions that bring about a loss of seal function 
and likely seal destruction. Shaft speed was controlled. For the three tests simulating 
normal running, shaft speed was varied in 100 rpm increments from 100–300 rpm 
from the first test to the last. During these tests, pressure differentials across all seals 
were designed to be set to 0.3 bar, however, after an initial running of the second 
test they were reduced to 0.1 bar due to excessively high sub-surface temperatures 
observed at seals 2 and 3. The second and third tests were then performed with 
pressure differentials of 0.1 bar across all seals. For the three tests simulating ex-
treme conditions, the pressure differentials across seals 1 and 2 were varied in 0.2 
bar increments from 0.6–1 bar from the first test to the last. The pressure differential 
across seal 3 was fixed at 0.5 bar during the destructive tests. These pressure dif-
ferentials were chosen based on previous observations made by the industrial part-
ner. Pressure differentials were always applied from the spring side to the back side 
of the seal. Pressure differentials were set before each test but not controlled during 
the tests. 

Test durations were not controlled. Where possible, they were determined based on 
the test system obtaining a steady state. The steady state condition definitions were 
adapted from the work of Borras et. al. [7]. The sub-surface temperature of all seals, 
in addition to the oil temperatures of the back-to-back and gravity chambers, had to 
show variation of less than 5 % for at least 2 h. The steady state condition of the 
water chamber was defined as a variation of not less or more than ± 3 °C for at least 
2 h. For the system to achieve a steady state, both the seal package system and 
water chamber had to concurrently fulfil their respective steady state condition crite-
ria. The test program can be seen in table 1. 
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Table 1: Sub-surface temperature measurement test program. Variable names are based on 
the names of the inputs, e.g., Pgo = Pressure, gearbox oil. All given pressures are absolute. 

The ‘Range’ column pertains to the maximum range of the input, abbreviation ‘unt. s.s.’ = 
until steady state. 

INPUTS Variable Unit Range Test 
1.1 

Test 
1.2 

Test 
1.3 

Test 
2.1 D 

Test 
2.2 D 

Test 
2.3 D 

Gearbox oil 
chamber pres-

sure 

Pgo bar 1.4…1.9 1.9 2.1 2.1 1.7 1.7 1.7 

Gravity cham-
ber pressure 

Pg bar Pb-b<Pg>Po 2.2 2.2 2.2 2.2 2.2 2.2 

Back-to-back 
chamber pres-

sure 

Pb-b bar 1.1…Pws 1.9 2.1 2.1 1.6 1.4 1.2 

Water static 
pressure 

Pws bar 1.25…2.25 2.2 2.2 2.2 2.2 2.2 2.2 

Shaft rota-
tional speed 

n rpm 0…300 100 200 300 200 200 200 

Test phase 
duration 

t h 1…250 ≥30 
(unt. 
s.s.) 

≥30 
(unt. 
s.s.) 

≥30 
(unt. 
s.s) 

≥30 
(unt. 
s.s.) 

≥30 
(unt. 
s.s.) 

≥30 
(unt. 
s.s.) 

3 Results 

For all test program tests (section 3.1–3.6), the sub-surface temperatures of all seals 
and the oil temperatures of all oil chambers are presented together on the same plot 
(plot (a)). This is to highlight any observable relationships between the sub-surface 
and oil chamber temperatures. Also, the pressure differentials across all seals are 
presented together on a secondary plot (plot (b)). 

3.1 Test 1.1  

Shaft rotational speed was set to 100 rpm and pressure differentials across all seals 
were set to 0.3 bar. No steady state condition was observed. The test was run for a 
duration of 73.2 hours. Test results are presented in figure 4. 

 
Figure 4: (a) sub surface temperature of lip seals 1, 2, 3, and oil temperature of gravity and 
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back-to-back chambers; (b) pressure differentials across seals 1, 2, and 3. Shaft rotational 
speed was 100 rpm. 

3.2 Test 1.2  

Shaft rotational speed was set to 200 rpm and pressure differentials across all seals 
were set to 0.1 bar. No steady state condition was observed. The test was run for a 
duration of 89.2 hours. The results are presented in figure 5. 

 
Figure 5: (a) sub surface temperature of lip seals 1, 2, 3, and oil temperature of gravity and 
back-to-back chambers; (b) pressure differentials across seals 1, 2, and 3. Shaft rotational 

speed was 200 rpm. 

3.3 Test 1.3 

The shaft rotational speed was set to 300 rpm, while pressure differentials across all 
seals remained set at 0.1 bar. No steady state condition for the system was ob-
served. The test was run for a duration of 94.8 hours. 

 
Figure 6: (a) sub surface temperature of lip seals 1, 2, 3, and oil temperature of gravity and 
back-to-back chambers; (b) pressure differentials across seals 1, 2, and 3. Shaft rotational 

speed was 300 rpm. 
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3.4 Test 2.1 D 

For the first destructive test, the shaft rotational speed was set to 200 rpm, while the 
pressure differentials across seals 1 and 2 were set to 0.6 bar. The pressure differ-
ential across seal 3 was set to 0.5 bar. No steady state condition was observed. The 
test was run for a duration of 73.9 hours. The results are presented in figure 7. 

 
Figure 7: (a) sub surface temperature of lip seals 1, 2, 3, and oil temperature of gravity and 
back-to-back chambers; (b) pressure differentials across seals 1, 2, and 3. Shaft rotational 

speed was 200 rpm. 

3.5 Test 2.2 D 

The shaft rotational speed remained unchanged at 200 rpm, while the pressure dif-
ferentials across seals 1 and 2 were set to 0.8 bar. The pressure differential across 
seal 3 remained set at 0.5 bar. No steady state condition was observed. The test 
was run for a duration of 38.6 hours. The results are presented in figure 8. 

 
Figure 8: (a) sub surface temperature of lip seals 1, 2, 3, and oil temperature of gravity and 
back-to-back chambers; (b) pressure differentials across seals 1, 2, and 3. Shaft rotational 

speed was 200 rpm. 
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3.6 Test 2.3 D 

The shaft rotational speed remained set at 200 rpm, while the pressure differentials 
across seals 1 and 2 were set to 0.8 bar. The pressure differential across seal 3 
remained set at 0.5 bar. No steady state condition was observed. The test was run 
for a duration of 76.3 hours. 

 
Figure 9: (a) sub surface temperature of lip seals 1, 2, 3, and oil temperature of gravity and 
back-to-back chambers; (b) pressure differentials across seals 1, 2, and 3. Shaft rotational 

speed was 200 rpm. 

4 Discussion 

Throughout the test program, the sub-surface temperature of seal 2 was consistently 
the highest, whilst the sub-surface temperature of seal 1 was consistently the lowest, 
likely owing in part to the influence of the water as a heatsink on the spring side of 
seal 1. During the first destructive test, 2.1 D, seal 2 operated for the whole test 
above 100 °C, while seal 3 ran above 100 °C for over 5 hours. Furthermore, during 
the second destructive test both seals 2 and 3 ran at over 100 °C for the entirety of 
the test, while seal 2 ran at over 120 °C for more than 7 hours of the test. Finally, 
during the third and final destructive test, seal 2 ran at over 120 °C for more than 70 
% of the test duration, while seal 3 ran at over 120 °C for more than 40 % of the test 
duration. According to Flitney [15], seals made from nitrile butadiene rubber (NBR) 
can operate at a maximum temperature of 100 °C and as much as 120 °C for short 
periods, thus seals 2 and 3 exceeded both maximum temperatures for NBR for long 
periods of the test program. 

The subsurface temperature appeared to be sensitive to changes in shaft rotational 
speed. The average sub-surface temperature of all seals increased significantly from 
the first to last test simulating normal running, tests 1.1 to 1.3. This was despite the 
change in pressure differentials across all seals, from 0.3 to 0.1 bar, implemented 
after the first attempt at completing test 1.2 was unsuccessful. This is illustrated in 
figures 4, 5, and 6. Here, the average sub-surface temperature of seals 1, 2 and 3 
increased by 3.5 °C, 21.8 °C and 21.8 °C respectively. These limited results agree 
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with the experimental findings of Morad et. al. [5] and Borras et. al. [7]. Also, larger 
pressure differentials across the seals precipitated higher sub-surface temperatures. 
This is evident in figures 7–9. Moreover, all maximum sub-surface temperatures 
were recorded at the maximum, uncontrolled pressure differential set points for seals 
1–3 during the test program: 1.0 bar, 1.0 bar and 0.5 bar respectively. These results 
are thus consistent with the work of Morad et. al. [5]. Ultimately, as only the shaft 
rotational speed of the test apparatus was controlled in the present study, the influ-
ence of pressure cannot be ascertained based on the obtained experimental results. 
Hence, further investigation is required. 

The results demonstrate the sensitivity and interdependence of the system. As can 
be seen in figures 4–9, any significant changes in the sub-surface temperature of a 
seal were reflected almost simultaneously in the sub-surface temperature of another 
seal or seals and usually also the oil temperature of the back-to-back chamber and 
the gravity chamber. Variation in the rotational speed of the shaft and pressure dif-
ferentials across the seals did not appear to influence the phenomenon. It is likely 
the insignificant capacity of both the back-to-back and the gravity oil chambers (ap-
proximately 0.25 and 0.5 L respectively), the lack of active oil circulation in the oil 
chambers, the material construction of the seal package, and particularly the prox-
imity of the contacts of seals 2 and 3 to each other (approximately 17.13 mm) facili-
tate the rapid transfer of heat within the system. In general, some uncertainty in the 
absolute values of the sub-surface temperature measurements existed. The results, 
however, remain valid, as fundamentally we are interested in the changes of the sub-
surface temperatures measured under different operating conditions, not the abso-
lute values. 

Inspection of the seal package after the conclusion of the test program revealed 
significant damage to seal 1. The wear track present on the seal was very wide and 
the seal showed signs of extreme wear. Significant material build-up was visible on 
the seal and on both edges of the wear track of the seal, and throughout the back-
to-back chamber. Furthermore, deposits were found bordering the running track 
made by the seal on the shaft liner. Similarly, deposits were also found on the shaft 
liner bordering the running tracks made by seals 2 and 3. The deposits suggest that 
some adhesive wear may have taken place and thus the lubrication regimes were 
likely starved, boundary, or mixed at some point during the test program. The cause 
of the extreme wear to seal 1 was determined to be oil starvation resulting from a 
faulty oil reservoir supplying the gravity oil chamber. The cause, therefore, of the 
sudden, approximately 30 °C change in the sub-surface temperature of lip seal 1 
recorded during destructive test 2 and presented in figure 8 is likely a very significant 
wear event, in this case indicating starved lubrication. The initiator of the relatively 
large and rapid sub-surface and chamber oil temperature changes reflected through-
out the seal package system appeared to be the sudden and very significant change 
in the sub-surface temperature of seal 1. Hence, in general, the cause of sudden 
and significant sub-surface temperature changes could be seal wear. Depending on 
the magnitude of the change in sub-surface contact temperature resulting from wear, 
therefore, a heat transfer process may bring about observable temperature changes 
to other areas of the seal package. This hypothesis can be correlated with results 
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from all tests, but particularly with the results from the destructive tests, as can be 
seen in figures 6–8. 

If a very significant wear event occurred as described during test 2.2 D, the recorded 
sub-surface temperature of lip seal 1 during test 2.3 D indicates the precipitation of 
increased wear. The results from test 2.3 D, however, highlight again the interde-
pendence of the system, where sudden changes in temperature are quickly reflected 
throughout the system, as can be seen in figure 9. Here, further investigation is re-
quired to determine which sub-surface temperature peaks may be directly associ-
ated with wear events and which are induced. 

5 Summary and Conclusions 

The sub-surface temperature of the studied thruster lip seals contained within the 
investigated commercial seal package appeared to be sensitive to changes in shaft 
rotational speed and large changes in the pressure differentials across the seals. 
Moreover, the sub-surface temperature of each of the seals and the oil temperature 
of two of the oil chambers, the back-to-back and gravity oil chambers, appeared to 
be interdependent. Also, large, and comparatively sudden changes in the sub-sur-
face temperature appeared to signify the incidence of wear events. The exact mech-
anism or mechanisms precipitating the wear and thus sudden changes in sub-sur-
face temperature are unknown and must be investigated further.  

The sub-surface temperature measurement method investigated herewith could be 
used in a condition monitoring implementation for large diameter marine lip seal 
packages. Sub-surface temperature can be measured without interfering with the 
tribological interactions taking place at the sealing interface. Furthermore, the sub-
surface temperature of the seal was shown to have great promise as an indicator of 
seal condition. If it is assumed that sudden sub-surface temperature changes greater 
than a certain magnitude represent wear events based on the results obtained from 
the present study, then the magnitude, number, and frequency of such events could 
be used to evaluate seal condition using a statistical model. Such a model could be 
derived from larger datasets obtained from tests designed to measure the wear rate 
of the seal and the magnitude, number, and frequency of wear events attributed to 
the described sub-surface temperature changes under different operating condi-
tions. 
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Frictional behaviour of marine lip seals: Sensitivity to 
operational parameters 

Omar Morad, Raine Viitala, Vesa Saikko 

Marine lip seals are a seldom studied topic in published literature. They are unique in their 
harder material compound, large diameters, and higher sealed pressures. This paper evalu-
ated the behaviour of a 300 mm NBR marine lip seal (n = 3) under typical operating conditions. 
The lip seals were tested under three oil pressures, three oil temperatures, and three rotational 
speeds, for a total of 27 combinations. The frictional torque and subsurface temperature were 
measured at each operating point. The frictional torque increased significantly with increasing 
oil pressure. The subsurface temperature increased significantly with increasing speed. The 
subsurface temperature increased and the frictional torque decreased with increasing oil tem-
perature.  

1 Introduction 

Lip seals are a commonly used type of seals in many fields, one of which is the 
marine field. It is typically placed on the propeller shaft, which is either connected to 
an azimuth thruster or a stern tube. The former is a thruster which has the gearbox 
outside the ship body, fully immersed in seawater, while the latter is a tube that con-
nects the propeller to the gearbox which is placed inside the ship body. In both sce-
narios, it is imperative to keep the lubricating oil and seawater separate. This is typ-
ically done by placing three or more lip seals on the propeller shaft in varying orien-
tations, such as the example shown in Figure 1. The lip seals are separated by pres-
surized chambers, where each chamber has a designated pressure. The chambers 
are pressurized in a way that allows for the middle chamber to collect any leaks, so 
it has the lowest pressure. The chamber closest to the gearbox typically has the 
highest pressure to prevent seawater ingress in case of leakage. The seawater fac-
ing chamber typically has a lower pressure, but not the lowest. While conventionally, 
the spring side of lip seals is usually pressurized higher, some systems are designed 
so that the backside of the lip seal has higher pressure. While many other systems 
exist to address the issue of sealing a marine thruster, the overall leakage rate is 
quite high, since it can be 1–10 Liters per day for one thruster, which totals more 
than 20 million Liters per year from operational marine vessels [1].  

Besides leakage, premature failure can also occur. A sudden and premature failure 
can cause mechanical damage to the gearbox of the thruster and typically necessi-
tates a dry docking to change the seals. This has both a negative impact on the 
operator, in terms of increased cost, and on the environment since synthetic gear 
oils negatively affect marine microorganisms. While Environmentally Acceptable 
Lubricants (EAL) are available and can be used with no issues, they are avoided due 
to their lower lubricating performance and higher cost. They can also have a negative 
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effect on NBR lip seals, which may necessitate a change to FKM lip seals, which are 
more expensive but have better chemical and thermal resistance.  

 
Figure 1: Schematic of typical marine lip seal package. 

The sealing mechanism of elastomeric lip seals is best explained by the theory of 
reverse pumping, introduced by Müller [2] and Qian [3]. Under static conditions, the 
seal prevents leakage due to its interference fit with the shaft. When the shaft rotates, 
the seal deforms tangentially due to this rotation. The tangential deformation of the 
lip seals distorts the asperities at the contact area to resemble an uneven V-shape. 
This causes the lip seal to act as two helical or vane pumps, where the net flow of 
the oil goes towards the spring side of the seal, in a successful seal. Concurrently, 
the shaft drags oil within the cavities of the rough contact area, and as it approaches 
an asperity peak, a hydrodynamic pressure is generated within the oil due to the 
forming wedge. This causes the oil to go between the lip seal and the shaft, lubri-
cates the contact, and results in an oil film between the lip seal and the oil. The 
presence of the oil film was discovered by Jagger [4], but the theory that explained 
the presence of a film and the lack of leakage was presented almost 30 years later. 

Many numerical models have been published, which predict the behaviour of lip 
seals. The models combine fluid dynamics, solid mechanics, and contact theory. 
They are typically solved iteratively since the physics is coupled and for instance, 
solving for the fluid film thickness requires calculation of the deformation, and vice 
versa. Some models make simplifications, such as assuming constant film thickness, 
constant lip seal deformation, smooth counterface, axisymmetric conditions, and uni-
formly distributed asperities. From those assumptions, the one that has the most 
significant effect on the outcome is the distribution of the asperities [5, 6]. While the 
numerical models are powerful, they typically require experimental verification, and 
their applicability is typically limited to the studied seal. There is yet to be an analyt-
ical model of lip seal behaviour. Therefore, an experimental approach was chosen 
to study the behaviour of marine lip seals.  
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A thruster lip seal package has many interconnected variables that affect its perfor-
mance, so it is difficult to study them in a scientific manner. Borras et. al. [7-10] stud-
ied marine lip seals of 200 mm diameter, made from FKM, and the tests ran with 
EAL lubricants. Apart from their research, little has been published on marine lip 
seals. In this paper, individual thruster lip seals were studied in a single-station test 
device. The tested lip seals are part of a commonly used thruster lip seal system. 
They were tested under various typical operating conditions. 

2 Methods 

 

 
Figure 2: Cross section and picture of the test device. 

To test the large diameter lip seals, a test device was constructed, which was intro-
duced in [11]. A cross-section of the test device is shown in Figure 2. It is explained 
here for convenience. The basis of the test device was a lathe with sufficiently large 
dimensions to fit the seal, the liner, the seal housing, and the bearings. The lathe 
was aligned to be horizontal within ±0.05°. The lathe had a 5.6 kW motor connected 
to a gearbox with various speeds. The lathe was connected to a Variable Frequency 
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Drive (VFD), which controlled the rotating speed of the motor, and allowed for pre-
cise speed control. The rotational speed was measured using a laser tachometer. A 
solid shaft, made from Fe60, was fixed to the chuck. The shaft had a diameter of 
280 mm and resembled the propeller shaft section where the seals are fixed. A shaft 
liner was placed onto the shaft, which was made from AISI 316 stainless steel and 
hard coated with tungsten carbide. The liner was aligned to the rotation axis within 
±0.06 mm. All seals ran at the same axial location on the liner, and the measurement 
of the surface roughness Ra showed no change before, during, and after the tests. 
At the other end of the shaft, the lip seal and its housing were assembled and fixed 
to the tool carriage. The tool carriage was used to support and align a static shaft 
that carried the seal and its housing. The static shaft had a diameter of 50 mm and 
was radially supported by two radial air bearings. A ground disk was placed at one 
end of the static shaft, which was the counterface for a thrust air bearing that coun-
tered the axial load from the oil pressure. The axial bearing was locked in place by 
the tailstock. The air bearings had minimal friction which ensured precise measure-
ment of the frictional torque. At the other end of the shaft, the seal housing, the 
housing rings, and the lip seal were fixed. The seal housing resembled an empty 
bucket, which mainly contained the circulated lubricant. The housing rings were used 
to fix the lip seal to the seal housing. The housing rings had grooves that provided a 
preload for the seal and allowed for static sealing. The housing rings were assem-
bled by 12 bolts, which allowed for fine alignment. The seal was aligned from the 
metal edge of seal housing ring 1, and the axial and radial alignments were within 
±0.2 mm. Three samples of an NBR seal were tested, which had a hardness of 80 
Shore A, and a garter spring. The rotation of the seal housing was prevented by a 
load cell with a 200 N maximum load. The frictional torque was calculated by multi-
plying the measured load by the lever arm (0.19 m). The load cell was vertical within 
±0.15°, as shown in Figure 2. 
The lubricant was an ISO VG 100 grade synthetic oil that is commonly used in azi-
muth thrusters and contained some additives for this specific usage, such as anti-
foam additives. The oil had a viscosity of 100 mm2/s at 40 °C and 11.2 mm2/s at 
100 °C. The oil was filled to the main reservoir, a vertical tank, using a diaphragm 
pump without any filters. The tank was filled with approximately 80 Liters of oil. The 
oil was circulated through the system via two helical gear pumps. One pump circu-
lated the oil within the tank itself to maintain a uniform oil temperature, while the other 
pump circulated the oil through the seal housing to maintain the oil temperature. The 
seal housing was fully flooded with oil. The oil was circulated from the bottom of the 
housing to the top to remove any air bubbles. The seal housing was placed on the 
discharge side of the pump to prevent cavitation pressure development in case of 
pneumatic pressure failure. The oil was circulated through filters with a mesh size of 
10 µm on both pump lines, to filter out any contamination. The pumping rates were 
10–20 Liters per minute. The oil was heated by adhesive heating pads which were 
placed on the outer wall of the tank. The heaters had a power of 2.1 kW and were 
controlled via a PID controller, which took the temperature measurement from the oil 
near the lip seal. The oil was pressurized via a pneumatic regulator connected to the 
oil tank, which was controlled by a PID controller that took the oil pressure measure-
ment at the seal housing.  
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The subsurface temperature was measured by a thermocouple that was embedded 
into the shaft liner, 0.5 mm beneath the liner surface. The thermocouple was con-
nected to a wireless transmitter that rotated with the shaft, and transmitted to a re-
ceiver every 5 seconds. To ensure that the lip seal was located at the location of the 
thermocouple, it was moved forwards and backwards on the liner by the tailstock 
while the shaft rotated, until the subsurface temperature reached a maximum value. 
The location of the maximum temperature was fixed for the entirety of the test. The 
load cell was realigned after this step. 
The test sequence started by running-in. In the running-in process, the seals ran for 
at least 100 hours at a rotation speed of 200 RPM, an oil temperature of 40 °C, and 
an oil pressure of 0.03–0.08 bar. The test started with room temperature oil, which 
reached a temperature of 40 °C within 2–3 hours due to the frictional heating of the 
seal and the electric heater. After the running-in was completed, the test sequence 
started. At each test point, the oil temperature was 40, 50, or 60 °C, the oil pressure 
was 0.1, 0.2, or 0.3 bar, and the rotational speed was 100, 200, or 300 RPM, which 
correspond to sliding speeds of 1.57, 3.14, and 4.71 m/s, respectively. At each point, 
the parameters were allowed to settle to a steady state, then the measurements 
were taken for at least one hour of steady state running. 

3 Results and Discussion 

In this section, the performance results are shown as average values for all three 
seals. The surface roughness of the shaft liner was 0.41 µm Ra and remained un-
changed throughout the tests. The standard deviations of the mean of the steady 
state measurements seldom exceeded 1%, which demonstrates the stability at 
steady state conditions.  

The results of the tests are shown in Figure 3. From the figure, it can be seen that 
an increase in the rotating speed increases the subsurface temperature significantly. 
This can be explained by the increased frictional heating generated due to the in-
crease in speed. The higher contact temperature indicates that asperity contact may 
be higher. This was not always accompanied by an increase in frictional torque. An 
increase in frictional torque would indicate that the lubrication regime is hydrody-
namic. In this case, however, it is most likely that the lip seals operated in the mixed  
lubrication regime. An increase in rotational speed did not produce a clear effect on 
the frictional torque; while it decreased in some cases, it remained constant or in-
creased slightly in others.  

In contrast, an increase in oil pressure significantly increased the frictional torque, 
while it caused a less significant increase in the subsurface temperature. As known 
from the literature [12], an increase in oil pressure, or rather the pressure differential 
over the seal, leads to an increase in contact width and an increase in contact pres-
sure. The magnitude of increase can be different for either and depends on the seal 
geometry, material, and pressure level. In this case, the increase in pressure can be 
considered moderate. Therefore, the increase in contact width can be assumed 
small relative to the increase in contact pressure [10, 12]. The combined effect is an 
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increase in contact pressure with a minor increase in contact width, which results in 
an increase in radial load, which leads to an increase in frictional torque. The minor 
increase in the contact width may explain the minor increase in subsurface temper-
ature, since the frictional heating is distributed over a larger contact area, so the heat 
generation does not significantly increase.  

 
Figure 3: Average performance results of all three seals under various conditions. The solid 

splines separate the points by oil pressure. 

An increase in the oil temperature increased the subsurface temperature and de-
creased the frictional torque. The increase in the subsurface temperature can be 
explained by the lower film thickness, which occurs due to the decrease in oil vis-
cosity at higher temperatures [13]. A thinner oil film may increase the asperity con-
tact, which can increase the frictional heating. While an increase in asperity contact 
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should increase the frictional torque, a higher oil temperature may result in a de-
crease in the elastic modulus of the elastomer [13], which results in a lower contact 
pressure and a lower frictional torque. Furthermore, the frictional torque is a combi-
nation of the dry friction resulting from the asperity contact and the viscous friction 
from the viscous shear of the oil film. The latter part decreases with increasing tem-
perature due to the lower viscous shear resulting from a lower oil viscosity.  

The subsurface temperature reached its highest values in the tests with an oil tem-
perature of 60 °C and a rotation speed of 300 RPM. The highest temperature oc-
curred at a pressure of 0.3 bar and reached an average of 97.4 °C. While this is the 
measured temperature 0.5 mm beneath the contact, it is also the average tempera-
ture on the surface of the probe, which is a circle with a diameter of 1.5 mm. Thus, 
it is certain that the contact temperature is higher than this value, and may be higher 
than 100 °C. If an NBR lip seal is exposed to such high temperatures for a prolonged 
period, glazing may occur at the contact surface. A glazed surface usually results in 
a smooth wear surface and increases the contact temperature, which in turn results 
in more glazing, an increase in the smooth worn surface, and a higher contact tem-
perature again. A seal that undergoes this cycle usually fails, prematurely in many 
cases. The current tests were conducted in a lab environment, under conditions that 
may be considered favourable for the seals relative to the conditions in a marine 
thruster. Therefore, lip seals in thrusters may be exposed to consistently high contact 
temperatures due to the harsher operating conditions, thus they require careful de-
sign to avoid unfavourable conditions, especially with NBR seals. 

4 Summary and Conclusion 

In this paper, the performance of three samples of a large diameter lip seal was 
evaluated using measurements of frictional torque and subsurface temperature at 
27 combinations of typical operating conditions, consisting of oil pressure, oil tem-
perature, and rotational speed. The results shed light on the behaviour of marine lip 
seals. The results showed that the subsurface temperature increased with increasing 
oil temperature and rotational speed, and that the frictional torque increased with 
increasing oil pressure and decreased with increasing oil temperature. The relation 
between frictional torque and subsurface temperature was not clear in the present 
study.  
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A method of direct thermal conditioning of mechanical seal faces: CFD, 
analytical analysis and testing 

Joseph Kaleshian, Ray Clark, Henri Azibert, and Michael Grimanis 

Direct and indirect cooling of contacting mechanical seals are fundamentally known practices 
to enhance durability and improve machinery performance. A new alternate stationary seal 
face design with a modified seal gland provides direct thermal conditioning of the mechanical 
seal face by circulating cooling or heating fluid directly through an isolated flow channel. The 
pressure-velocity capability increased significantly as a result of highly effective heat removal 
ability and the utilization of a wider face materials range. Simulation showed the generation of 
turbulence in the circumferential flow direction significantly improving heat transfer in agree-
ment with the experimental and analytical results. In addition dry nitrogen gas was investi-
gated for the dry running condition.  

1 Introduction 

Mechanical seals are used to contain fluid where a rotating shaft enters a housing 
as in pumps, mixers, compressors, and other equipment. They prevent leakage of 
high-pressure fluid into the environment. In many applications the heat soak and or 
heat generation must be mitigated to obtain extended seal life. In standard practice 
mechanical seals are cooled using heat exchangers, flush plans and quenching 
methods. These methods require extensive hardware set up and associated periodic 
maintenance. Localized thermal conditioning of the mechanical seal faces allow for 
cooling or heating of the faces independent from the process fluid based on process 
requirements.   

2 Mechanical Seals  

2.1 Overview 

In general, contacting mechanical seals have a set of primary seal faces, rotary and 
stationary, and a set of secondary static or semi-dynamic seals such as o-rings and 
gaskets. Both primary seal faces are pushed against each other using a combination 
of spring force and hydraulic force from the sealed fluid. The primary sealing inter-
face is between the rotary and the stationary, where the rotary face is rotating with 
the shaft and the stationary face is secured inside the equipment housing. In opera-
tion, mechanical seal faces are designed to utilize lubrication from the sealed fluid 
and the seal face material combination to minimize frictional heat generation and 
prevent damage. Common mechanical seal design types are pressure balanced and 
unbalanced, pusher and non-pusher, single spring and multi-spring configurations 
[25]. 
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2.2 Mechanical Seal Failure Causes 

Several factors can contribute to mechanical seal inadequate life and/or failure; the 
most common causes of failure [25] can be divided into two groups: 

 Mechanical or Material Issues 
There can be a number of mechanical failure considerations with mechanical seals 
such as improper installation, misalignment, excessive vibration, and process fluid 
contamination. Material related failures can stem from improper material selection to 
resist corrosion or temperature conditions. Seals can also be subject to abrasive 
wear eroding and damaging components, and clogging that can restrict necessary 
components motion and proper seal face tracking. Furthermore, excessive heat from 
high fluid temperatures can cause elastomers to swell or age restricting their effec-
tiveness leading to leakage [25]. 

 Lack of Adequate Lubrication  
Process liquid can vaporize within the seal interface due to localized heat generation 
caused by heat soak or frictional heat. The combination of pressure and velocity may 
exceed the seal design or face material capabilities. Insufficient pressure margin 
above the liquid flash temperature can also lead to vaporization. The process liquid 
can solidify due to low temperature (freezing), or too high a temperature (crystalliza-
tion). Dry running conditions, where the sealed process is a gas, either incidental or 
intentional can also lead to seal failure. Some unloader pumps are sometimes oper-
ated after the feed tank has been emptied; some vertical multistage pumps can be 
started without liquid in the seal chamber. Top entry mixers will typically have gas 
over the mixed liquids, and the pressure and velocity conditions could exceed the 
face material capabilities.  

2.3 Flush Plans and Methods of Temperature Control 

In this paper the primary focus is on the lack of lubrication at the seal faces due to 
temperature conditions, so it is useful to review the typical solutions that are routinely 
applied to prevent this problem. 

The American Petroleum Institute (API), Standard 682 4th edition [24], piping plans 
are widely used in the industry to control seal chamber fluid temperature. One strat-
egy is to introduce a flush liquid inside the seal chamber in close proximity to the 
seal faces to maintain proper lubrication, pressure, and temperature conditions. 

API Flush Plan 11 (API 682 Appendix G section G.6): Recirculation from the pump 
discharge to the seal chamber through an orifice. It provides cooling and can be used 
to increase seal chamber pressure. 

API Piping Plan 21 (API 682 Appendix G section G.10): Recirculation from the pump 
discharge to the seal chamber through a heat exchanger. It provides cooled liquid to 



B15     547 
______________________________________________________________________________________________________________ 

the seal chamber and improves fluid vapor temperature margin. However, it is ex-
tremely energy inefficient as the cooled liquid must be reheated to process temper-
ature. The heat exchanger must be able to handle pump discharge pressure. 

API Piping Plan 23 (API 682 Appendix G section G.12): Recirculation of the seal 
chamber liquid using a pumping ring through a heat exchanger and back into the 
seal.  It is energy efficient as it only cools the seal chamber fluid. The heat exchanger 
must be able to handle seal chamber pressure. 

API Piping plan 32 (API 682 Appendix G section G.14): It introduces clean cool liquid 
to the seal chamber from an external source. The purpose is to provide cooling 
and/or increase pressure. It is commonly used in the industry and is relatively simple. 
The flush fluid supply pressure must be reliable and higher than seal chamber pres-
sure. If used for cooling the flush fluid must often be reheated to process tempera-
ture. This external liquid may also need to be removed from the process at a later 
point, which can be highly energy intensive if evaporation is required. Another strat-
egy is to introduce a fluid on the outside of a primary seal. It is separated from the 
process and does not need to be pressurized above seal chamber pressure. 

API Piping Plan 55 (API 682 Appendix G section G.22): A dual seal arrangement is 
used, and an external liquid is introduced to cool or heat the primary seal. It is simple 
but requires a dual seal. 

API Piping Plan 62 (API 682 Appendix G section G.24): A quench stream is brought 
from an external source to the atmospheric side of the seal faces. The quench 
stream can be low-pressure steam or clean water to heat or cool the seal. This 
quench stream is not sealed from the environment. 

3 Direct Thermal Conditioning of Mechanical Seal Faces 

The direct thermal conditioning concept of mechanical seal faces uses a noncon-
ventional approach to cool or heat mechanical seal components without the use of 
standard piping plans. This alternate design provides a mechanical seal assembly 
which can adapt to variable process liquid temperature requirements including the 
absence of liquid process for dry running, (gas), conditions. The assembly includes 
a rotary seal face and a modified stationary face with two profiles, as shown in Figure 
1(a) for wet, (liquid), process fluid conditions, and Figure (b) for dry process condi-
tions (for example, dry nitrogen gas as the process fluid). In addition, a stationary 
seal elastomeric boot with inlet and outlet ports is used as shown in Figure 2(a) for 
wet conditions, and figure 2(b) for dry conditions. Finally, a modified seal gland with 
corresponding inlet and outlet ports completes the assembly as shown in Figure 3(a). 
Thus, an independent heat transfer flow channel isolated from the process fluid is 
radially positioned in close proximity to the rotating interface at the static seal outside 
diameter, as shown in Figure 3(b). The elastomeric boot and gland ports thereby 
allow for an independent flow of a circulating heat transfer fluid through the stationary 
seal face. As the circulating liquid flows through the isolated channel, the static and 
rotary interface temperature is altered based on the circulating fluid temperature re-
quired to thermally condition the seal assembly, shown in Figure 3(b).  
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(a)Two sided                                            (b) Three sided 

Figure 1: Modified Stationary Face (a) For wet evaluation, (b) For dry evaluation 

              
(a) Two sided flow channel (wet)   (b) Three sided flow channel (dry) 

Figure 2: Modified Stationary Seal Ring Secured Inside Elastomeric Boot 

              
        (a)                                                                        (b)                      

Figure 3: (a) Modified static housing, (b) Independent flow channel for heat transfer 

In dry running condition both mating surfaces can often retain the frictional heat gen-
erated due to limited thermal dissipation. In such cases the cooler heat transfer liquid 
is flowing through the static face channel can cool both mating surfaces and prevent 
damage to the seal assembly. In process conditions requiring elevated tempera-
tures, a warmer fluid can be introduced through the flow channel to heat the mating 
surface to a desired process temperature. In addition, the isolated heat transfer 

Isolated flow 
channel 

Inlet and 
Outlet ports 
180° appart Process side 

Atmospheric side 
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channel eliminates dilution of process fluid and the associated hardware mainte-
nance. The piping plans related to this concept are plans 11, 21, 23, 32, 55 and 62 
[24]. Thus, in comparison to conventional piping plans, direct cooling can reduce life 
cycle costs associated with external flush dilution, external flush removal, and flush 
system pressurization maintenance. Another benefit for dry operation is the dramatic 
increase in pressure-velocity (PV) limit due to improved thermal conditioning. Ther-
mal deformation of the mechanical seal faces and degradation of the secondary seal 
materials may also be reduced. Standard single cartridge mechanical seal assembly 
can be modified to fit in standard dimensional envelopes. Optional standalone mod-
ular cooling or steam generating units can be used for circulating heat transfer fluids 
depending on application requirements. This concept is a part of thermal condition-
ing of mechanical seals effort that has been investigated in earlier technical publica-
tions [10].   

4 Design Validation  

Thermally conditioned faces can fulfil various process operating temperature re-
quirements using suitable heating or cooling fluid temperatures. Effective heat re-
moval reduces the seal face temperature by dissipating frictional heat generation 
and minimizing wear. The direct thermal conditioning concept was verified for wet 
and dry process fluids. Comparative results were obtained and evaluated analyti-
cally, through Computational Fluid Dynamics (CFD) simulation, and experimentally 
through physical laboratory tests. 

4.1 Analytical                                                     

Analytical study was conducted to investigate the potential heat transfer and heat 
flow within the concept. The following correlation shown in equation (1) was used in 
developing the analytical heat transfer model [11]. The correlation for Nusselt num-
ber, Nu, is used when calculating convective heat transfer coefficients for internal 
laminar flow in channels, shown in Equation (1). The correlation was derived from 
experimental data and theoretical analysis and adjusted for a rectangular channel 
using a hydraulic diameter, Dh, relationship. 

𝑁𝑁𝑁𝑁 = 3.66 +
0.0668�𝑅𝑅𝑅𝑅∗𝑃𝑃𝑃𝑃∗(𝐷𝐷ℎ𝐿𝐿 )�

1+0.04�𝑅𝑅𝑅𝑅∗𝑃𝑃𝑃𝑃∗�𝐷𝐷ℎ𝐿𝐿 ��
2/3        (1) 

This correlation therefore represents the laminar flow conditions (Re< 2100) in non-
circular channels with constant wall temperature. The 3.66 constant represents the 
laminar flow regime (Re < 2100), and is derived from the Sieder-Tate correlation 
[23]. The additional constant in the correlation adjusts for the effects of buoyancy 
and thermal boundary layer development. The PV factor for mechanical seals [12] 
refers to the product of pressure and velocity experienced by the seal interface dur-
ing operation. It is a critical parameter in determining the suitability and face material 
combination of a mechanical seal for a specific application. The frictional heat gen-
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erated from the mechanical seal faces in the analytical heat transfer model was de-
rived from the product of PV shown in Equation (2), along with the face area, Af, and 
coefficient of friction, μ, shown in Equation (3). 

𝑃𝑃𝑃𝑃 = �𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑃𝑃𝑃𝑃(𝑏𝑏 − 𝑘𝑘)� ∗ 𝑃𝑃𝑉𝑉        (2) 
 
𝐻𝐻 = 𝑃𝑃𝑉𝑉 ∗ 𝑃𝑃𝑉𝑉 ∗ 𝐴𝐴𝐴𝐴 ∗ µ                                                                           (3) 

Results obtained from this analytical method are in close agreement with the CFD 
analysis and the experimental results that are given in detail in the Summary and 
Results section. The analytical model takes average values of parameters (e.g. ve-
locity, heat transfer coefficient, wall temperatures) through the flow channel. As indi-
cated in the CFD model, localized values are calculated, possibly accounting for 
certain minor discrepancies between the analytical and computational models. 

4.2 Computational Fluid Dynamics (CFD) Simulation Analysis  

 Analysis for Wet Condition 
Flow models consistent with laboratory test conditions were developed, meshed, and 
computationally prepared to simulate the fluid flow and conjugate heat transfer per-
formance of the direct cooling device for mechanical seals under both wet and dry 
running conditions. CFD analyses were then carried out using Ansys Fluent with a 
k-ω turbulence model [26] which included viscous heating and curvature correction.  
A cutaway view of the flow model used for wet running analysis is shown in Figure 
4(a). This model consists of a self-sintered silicon carbide (SSC) stationary seal ring 
(SSR) paired with a carbon graphite (CB) rotary seal ring (RSR) driven by an 89,0 
mm (3.5 in) shaft at 3600 rpm. The process fluid was water at gage pressure of 1.379 
MPa (200 psi) and 71 C (160 F) with zero through flow. The rectangular flow channel 
bounded by the SSR and Buna boot had an axial  width of 9,65 mm (0.380 in) and a 
radial height  of 4,29 mm (0.169 in) forming a cross-sectional flow area of 41,4 mm² 
(0.064 in²) and a hydraulic diameter of 5,94 mm (0.234 in). The coolant fluid was 
also water having an inlet temperature of 21,7 C (71 F) and flow rate of 7,51 l/min (2 
gpm), or 3,79 l/min(1 gpm) per channel side. The outlet pressure of the coolant was 
set to 0.028 MPa (4 psi) matching the experimental data. The frictional heat gener-
ation at the sliding interface of the RSR and SSR was calculated to be 0,859 kW 
(2932 Btu/h) using Equation (2) and (3) shown above. Finally, based on previous 
internal data for this seal face material combination 80% of the frictional heat gener-
ated was assumed to enter the higher thermally conductive SSR, while 20% entered 
the (RSR) material. The 80-20% proportion was determined internally in previous 
work. 
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 (a)                                                              (b) 

Figure 4: CFD Wet Model Configuration (a) Full model view, (b) Sectional view 

Figure 4(b) shows a cross-section of the flow channel region, including both solid 
and fluid material components along with associated meshing of the various zones.  
Axially thin 0,127 mm (0.005 in) by 3,175 mm (0.125 in) radial interface regions rep-
resent the heat-sources, one for each seal ring. The frictional generated heat was 
distributed uniformly within these regions. 

  

  (a)                                                                  (b) 

Figure 5: CFD Wet Flow Channel Patterns (a) Flow pathlines, (b) Dean flow vortecies 

Figure 5(a) shows a close view of temperature-colored pathlines of flow near the 
entrance region of the cooling channel. Here, the effects of abrupt change in flow 
boundary shape from the circular cross-section of the inlet port to the rectangular 
cross-sections of the channel branches is evident. The nature of the flow in the cir-
cular sections is seen to be developed and regularly organized, especially when 
compared with the more chaotic, highly turbulent regions immediately downstream 
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of the channel inlets. Note also that within a relatively small distance further down-
stream from the flow channel inlets the turbulent flow becomes more organized as it 
approaches full development. 

Figure 5 (b) shows an interesting pattern of both tangential and rotational flow within 
the flow channel. The secondary r-z flows called Dean vortex pairs [13, 14] are char-
acteristic of flow in curved rectangular channels. The Dean Number, De, is a dimen-
sionless parameter representative of the ratio of inertial and centrifugal forces to vis-
cous forces, and is defined in Equation (4) as: 

𝐷𝐷𝐷𝐷 = 𝐶𝐶𝑟𝑟
1
2 ∗ 𝑅𝑅𝐷𝐷                                                                                       (4) 

Here, the Curvature Ratio, Cr, is defined as Dh/R (hydraulic diameter/mean radius 
of flow channel). Flows with De > 400 can typically be considered fully turbulent, 
although strong curvature has been found to delay complete transition to De = 800, 
or higher. For the case described, the Reynolds Number was 9,234 corresponding 
to a Dean Number of 3,015, well within the turbulent regime. In addition, it should be 
noted that reduction of heat removal efficiency by the coolant as it travels through 
the flow channel can be attributed to warming of the wall-adjacent flow as well as 
moderation of local turbulence intensity. The Dean Number which determines the 
regime of flow does not vary with position along the channel. The presence of sec-
ondary rotational flow patterns (Dean vortices) within the curved rectangular channel 
act to promote heat transfer [13,15]. One author has reported that selective combi-
nation of channel curvature and aspect ratio can enhance heat transfer up to 2 or 3 
times that of a straight channel [16]. By contrast, the analytical model assumed a 
simplified straight channel utilizing a hydraulic diameter to compensate for the rec-
tangular geometry. 

Based on the above, the CFD analysis yielded an outlet coolant flow temperature of 
24.5 C (76.1 F), amounting to a temperature rise of 2.83 C (5.1 F). This rise in fluid 
temperature corresponds to a heat removal rate of 0.74 KW (2,539 Btu/h), or 86.6 
% of the frictional heat generated at the sliding interface of the seal rings.   

 Analysis for Dry Condition  
Figure 6 (a) shows the fluid zones used for the dry operating conditions. These zones 
consisted of the N2 process gas, ambient air, and water inside the flow channel. The 
Nitrogen gas had a gauge pressure at 0.69 MPa (100 psi), and temperature of 34,4 
C (94 F), again with zero throughflow. The total flow through the cooling channel was 
set to 1,89 l/min (0.5 gpm), or 0,95 l/min (0.25 gpm) per channel side, with inlet 
temperature of 23,6 C (74.4 F). The corresponding Reynolds Number per channel 
side was 1934, with a Dean Number of 807. The flow regime throughout the cooling 
channel was therefore considered to be turbulent. Finally, the rotational speed of the 
shaft was set to 750 rpm. For this set of operating conditions the simulated temper-
ature rise through the flow channel was found to be 2,7 C (4.5 F), corresponding to 
a heat removal rate of 0,328 KW (1119 Btu/h), amounting to 84.9% of the calculated 
generation rate of frictional heat at the seal ring interface. The temperature rise 
measured in the laboratory was found to be 1,4 C (2.5 F) corresponding to a heat 
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removal rate of 0,184 KW (624 Btu/h) amounting to 46.2% of the frictional heat gen-
eration rate based of a coeficient of friction estimate of 0,3, same as that used for 
the CFD calculations. The simulation was then repeated assuming a friction coeffi-
cient of 0.15. The new rise in predicted temperature was 1,5 C (2.7 F), and a heat 
removal rate of (669 Btu/h), both within 7% of the measured values. Figure 6(b) 
shows the evolution of temperature and turbulence colored flow vectors at various 
angular positions along the channel.  

     

(a) 

 

 (b) 

Figure 6: CFD dry running conditions (a) mesh, (b) flow patterns 
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(a) 

 

 (b) 

Figure 7: CFD dry running conditions (a) Thermal conductivity, (b) Temperature profiles 

Shown in Figure 7(a) are axial profiles of effective thermal conductivity, again at the 
same various angular positions along the flow channel. The behaviour of these 
curves is related to the local flow vorticity within the channel. Finally, Figure 7(b) 
shows axial temperature profiles near the channel inlet and outlet positions.   

It should be noted that the coefficient of friction was adjusted to the experimental 
data. The subject of friction can be expanded upon in a separate paper. Any accom-
panying non-axisymmetric face deformation is minimal due to the low temperature 
gradient across the faces < 2 C (3.6 F) and was not considered in this study. 
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4.3 Experimental Tests and Results 

The concept of direct thermal conditioning of the mechanical seal faces was tested 
under two main operating conditions; first wet running in the presence of process 
liquid city water, and second dry running with dry nitrogen gas replacing the process 
liquid. The experimental test rig, Figures 8(a,c), was designed to examine the flow 
through the process isolated channel, with focus on seal ring cooling via heat transfer 
to the coolant. In both test configurations a rotating shaft passing through a fluid 
reservoir was used and sealed by a companion seal on one end of the reservoir and 
the concept seal on the other. A thermocouple shown in Figure 8(b) was located in 
close proximity to the mating interface primarily attached to the modified stationary 
face; other thermocouples were located at the inlet and outlet of the flow channel 
ports.  A flow meter depicted in Figure 8(a) connected to the inlet port to control and 
measure the circulating water flow. In the same Figure, pressure and temperature 
gauges on both inlet and outlet ports were installed to measure the pressure and 
temperature differentials.  

             

(a)                                                                          (b) 

 
(c) 

Figure 8: (a) Test rig set up, (b) Stationary face thermocouple location (c) Test apparatus 

Stationary 
Seal Face 
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 Wet Running 
Test conditions: shaft diameter 89,0 mm (3.5 in) at 3,600 rpm, 1.379 MPa (200 psi) 
process pressure, 1,89 l/min (0.5 gpm), 3,79 l/min (1.0 gpm), 5,68 l/min (1.5 gpm), 
and 7,57 l/min (2 gpm) flow rate of city water through the stationary flow channel. 
Test duration was 10 hours. Seal assembly face combination was carbon graphite 
for the rotary against self-sintered silicon carbide for the modified stationary. Tem-
perature measurements of process, stationary face, and flow channel inlet and outlet 
were made. Inlet and outlet pressures were measured and found to be negligible. As 
mentioned, a thermocouple was attached inside the stationary face at 1,27 mm 
(0.050 in) axial proximity to the mating interface with the rotary. The heat removed 
by the flow channel was calculated in relation to various flow rates at two process 
temperatures, as shown in Figure (9). As expected, the heat removal rate rises with 
increasing rate of flow circulation through the modified stationary face. Note also that 
the heat removal for the 93 C (200 F) process case exceeds that of the 38 C (100 F) 
process, for example at 5,68 l/min (1.5 gpm) flow rate. 

 

Figure 9: Heat Removed by Flow Channel at Various Flow Rates 

 
Figure 10: Heat Transfer to the Process in Relation to Flow Rate 

The heat transfer to the process fluid is shown in Figure (10), as the flow rate in-
creases the heat removed from the mating surface increases surpassing the con-
stant heat generated by the seal. The excess heat removal is then taken out of the 
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process as an additional source of process fluid thermal conditioning. Comparison 
of wet running results obtained for the heat transfer, Q, from the analytical, CFD, and 
experimental analyses are presented in Table (1). Reasonable agreement can be 
seen between the corresponding results, thereby offering an acceptable degree of 
validation for this investigation of the direct cooling design concept. 

Table 1: Comparative Results for wet at 1.379 MPa, 3600 rpm, and 7,57 l/min 

Wear for wet running conditions was negligible. 

 Dry Running 
Additional tests were conducted using dry nitrogen gas as the process fluid and wa-
ter circulating through the flow channel to determine the effect of process pressure 
and shaft speed on the effectiveness of heat transfer in dry running conditions. first 
at 0.345 MPa (50 psi) and 500 rpm, and second at 0.689 MPa (100 psi) and 750 rpm 
respectively; in both tests the flow rate of circulating water through the stationary 
face was at 1,89 l/min (0.5 gpm). Seal assembly face combination was carbon for 
the rotary against self-sintered silicon carbide for the modified stationary. Inlet and 
outlet flow channel circulating water pressures were again found to be negligible. At 
0.345 MPa (50 psi) and 500 rpm the process temperature exceeded the face tem-
perature while at 0.689 MPa (100 psi) and 750 rpm the face temperature increased 
in relation to the process temperature, shown in Figure (11). As pressure and speed 
increase the mating interface temperature at the faces increases. As Figure (11) 
shows, due to the effectiveness of the flow channel the face temperature remains 
close to process temperature. 

 
Figure 11: Comparative Experimental Temperature Results  
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A comparable test was conducted at 0.689 MPa (100 psi) process pressure and 750 
rpm to determine the change in carbon material grade effect on the heat generation 
and removal and PV factor capability; a high graphite content carbon rotary face 
material was used to compare against carbon graphite material at the same condi-
tions. As a result the high graphite content carbon face temperature was measured 
significantly lower compared to the carbon graphite face.  
To determine comparable wear characteristics both face materials were measured 
before and after the test. The measurements were taken at six locations along the 
rotary face wear track and an average wear was calculated. As shown in Table (1), 
minimal average wear 0,023 mm (0.0009 in) for the carbon graphite and 0,021 mm 
(0.0008 in) for the high graphite content carbon were calculated.  

Table 2: Average wear measurenment for dry running at 0.689 MPa over 190 hrs 

Comparison of dry running results obtained for the heat transfer, Q, from the analyt-
ical, CFD, and experimental analyses are presented in Table (3). Reasonable agree-
ment can be seen between the corresponding results, thereby offering an acceptable 
degree of validation for this investigation of the direct cooling design concept. 

Table 3: Comparative Results for dry N2 gas at 0.689 MPa, 750 rpm, and 1.89 l/min 

Coolant Variable Experimental  Analytical Calculation CFD analysis 

InT (C) 23,5 23,8 23,6 

OutT (C) 24,9 25,2 25,1 

ΔT (C) +1,4 +1,4 +1,5 

Q (KW) 0,184 0,181 0,196 

5 Summary of Results 

The PV capability of the mechanical seal face combinations was increased nine fold. 
Figure (12) shows the heat transfer to the mechanical seal face cooling channel ver-
sus the PV factor for the experimental data and the values derived with the heat 
transfer model.   

Rotary face material 
Wear Measurement locations (mm) Average 

wear 
(mm) 1 2 3 4 5 6 

Carbon graphite at 750 
rpm 0,025 0,013 0,013 0,025 0,025 0,038 0,023 
High graphite content car-
bon at 750 rpm 0,025 0,013 0,013 0,025 0,038 0,013 0,021 
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Figure 12: Heat Transfer to Flow Channel vs. PV From Experimental and Analytical Results 

CFD model development and associated meshing involved both solid and fluid 
zones representative of the hardware used for testing. Highlights related to the CFD 
analysis: 

• In curved rectangular channels, secondary flow pairs of rotating Dean vorti-
ces are created by centrifugal forces acting on the fluid. 

• The presence of such vortices have been shown to enhance heat transfer 
in curved rectangular channels [2,6,14,15].   

• The strength and thermal effectiveness of Dean Flows are characterized by 
the Dean number, De, a modified Reynolds number based on the ratio of 
the hydraulic diameter to the mid-radius of the channel, the so-called curva-
ture ratio, Cr.    

• For the wet flow case simulated, channel conditions were found to be, Re = 
9234 and De = 3015, both considered to be well within in the turbulent flow 
regime. For the dry flow channel conditions, Re = 1934 and De = 807.   

• Due to the positioning of the heat sources (chamber fluid and sealing inter-
face) relative to the flow channel, as well as the large difference in thermal 
properties of the flow surface materials, the temperatures of SSC surfaces 
were found to be much higher and more conductive than those of the Buna 
surfaces. 

• For the cases examined, more than 99% of the total heat absorbed by the 
flow channel occurred through the (SSC) surface boundaries. 

• Thus, for purposes of heat transfer analysis, the Buna surface boundaries 
of the flow channel were treated as adiabatic. 
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• High levels of turbulence intensity within the channel were found to locally 
enhance the transfer of heat into and within the fluid by means of chaotic 
fluctuations and mixing of the wall adjacent fluid film and bulk flow stream. 

• Potential may exist for improving the heat removal capacity of rectangular 
channel designs by implementing surface features which can sustain higher 
levels of turbulence intensity throughout the flow. 

6 Conclusion  

Uncontrolled temperature variations during operation of a mechanical seal can pre-
sent grave challenges to the proper performance and life of the seal. An isolated 
thermal conditioning modification of the stationary seal ring has been shown to po-
tentially offer a valuable degree of thermal control over the performance flexibility 
and adaptability, and thus life of the seal. These advantages can be achieved using 
standard seal materials, without affecting process thermal requirements or dilution 
of the process.  

Compared to traditional thermal management piping plans, direct cooling can be sig-
nificantly more energy efficient. Several factors that often plague conventional ther-
mal management methods such as direct impact on process temperature, the need 
to remove an external fluid from the process, and the requirement to pressurize cool-
ing or heating liquids to or above process pressure can all add significant contribu-
tions to energy consumption. The isolated thermal conditioning system offers elimi-
nation or reduction of such power consuming constraints. 
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8 Nomenclature 

Nu  Nusselt number 

Re  Reynolds number 

Pr  Prandtl number  

De  Dean Number 

D  Cylindrical inner diameter        [m] 

Dh  Hydraulic diameter          [m] 

Cr  Curvature ratio, Dh/R 

SSR  Stationary Seal Ring 

RSR  Rotary Seal Ring 

SSC  Self-sintered silicon carbide 

CB   Carbon graphite 

R  Mid radius of the flow channel        [m] 

L  Cylinder length          [m] 

PV  Pressure_Velocity Factor        [Pa-m/sec] 

Psp  Spring pressure          [MPa] 

Pp  Process pressure          [MPa] 

b  Seal balance 

k  Pressure drop factor 

Vm  Velocity at mean diameter        [m/sec] 

https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Ffsaknowledgebase.org%2F&data=05%7C02%7CJoseph.Kaleshian%40chesterton.com%7Cdd226c58a0c441b88b7708dc8bdb7e0a%7C2826cf6db67d4b4f8a5fa9443cc5eca1%7C0%7C0%7C638539022044924245%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C&sdata=vmz7Wbx8UnW48aCiwYGdMGOgaIvMWUSc37VQLrQG6Jk%3D&reserved=0
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Pm  Pressure at mean diameter        [MPa] 

H  Frictional heat generation        [KW] 

Af  Seal face area           [m²] 

µ  Coefficient of friction  

Q  Heat transfer           [KW)  

Tin      Inlet port temperature         [° C]  

Tout       Outlet port temperature         [° C]  
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Figure 9: Heat Removed by Flow Channel at Various Flow Rates 

Figure 10: Heat Transfer to the Process in Relation to Flow Rate 

Figure 11: Comparative Experimental Temperature Results  

9.2 Figure 12: Heat Transfer to Flow Channel vs. PV From Experimental 
and Analytical Results List of equations: 
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Table 1: Comparative Results for wet at 1.379 MPa, 3600 rpm, and 7,57 l/min 

Table 2: Average wear measurenment for dry running at 0.689 MPa over 190 hrs 

Table 3: Comparative Results for dry N2 gas at 0.689 MPa, 750 rpm, and 1.89 l/min 
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Further Observations in Wiper design and Particle Transport 
Simulation in the Sealing Gap 

Gonzalo A. Barillas, Andreas Gropp 

In the last ISC results with several wiper designs with regards to dirt insert rate into a sealing 
system was presented. Also, the simulation of the motion of such particles in the sealing gap 
was shown. Material wear resistance and fluid streamlines before the lip seems to have an 
influence on particle’s ability to pass the gap between seal and rod.In this paper, starting from 
a standard wiper, lip design alterations were tested. By changing the wiper’s lip design a 
change in the flow lines of the fluid and therefore the particle insert was intended. Among the 
lip design changes furthermore the improvement in simulation of particle flow in the wiper-rod 
interaction area is presented. The effects of the lip variation on the particle insert test results 
will be discussed and compared with simulation results. 

1 Introduction 

Debris particles in any machine are the main source for premature wear and failure.  
The costs of damage and reduced lifetime are impressive, as 70% of industrial equip-
ment fail previously due to abrasive particles in the system [1].  Filters help strongly 
to avoid such damage, nevertheless, understanding the process of particle insert 
into systems is necessary to design elements that will avoid the contamination of 
machine systems.  In hydraulic systems, one main source of insert is the rod of cyl-
inders in motion.  And here for, the wipers are the sealing elements responsible to 
keep particles outside the system and maintaining sufficient lubrication for the whole 
rod sealing system endurance.   In past works, such particle ingress has been pre-
sented [3,4,5].  In previous studies, the mechanics of ingress mechanism based on 
friction between particle and rod and wiper material was presented [7].  Also, the 
filtering effects and change of particle size distribution of hydraulic wipers has been 
observed [5].   At the last ISC in 2022, results showing the potential lip design on 
particle ingress was presented [8].  Further studies to corroborate these first findings 
will be presented here:  Variation of lip angles on insert behaviour has been done 
experimentally and analytically with the implementation of particle flow in the Reyn-
old’s equation.  
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2 Test Set Up and Test Procedure 

2.1 Test Set Up 

In the above-mentioned studies [3,4,5,8) different testing rigs have been used.  Re-
peatability and reproducibility (R&R rate) shown that a simple test rig as shown in 
Fig. 1 offers the best rate of approx. 30% which, considering multiple effects like rod 
surface, wiper variation (tolerances on material and design), particle concentration 
and distribution, etc., is a quite acceptable value. Additionaly, this setup represents 
a quite close field application depiction compared to other test rigs. 
 

 
 

Figure 1: Wiper test arrangement with vertical rod 

In this testing set-up, a vertically driven, chrome hard plated, Ø50 mm rod was re-
ciprocating moved up and down (stroke 200 mm) through a wiper holding a defined 
amount of contaminated fluid, both part of a single fixture.  For each tests, three rods 
were used parallel to have identically motion cycles on wipers.  The chamber with 
contaminated fluid contained a mixture of 1:2 weight ratio (1 part HLP hydraulic oil 
and 2 parts Arizona sand class 2).   
To avoid effects of wiper rocking in the housing detected in previous works [5,8] and 
so allowing wiper ingress through the outer diameter of the wiper and the housing, 
TPU wipers with metal cage were chosen.  Using standard TPU wipers, the sealing 
lip was removed and the face angle towards the oil chamber was cut in different 
angles (110°, 80° and 60°), while the wiper contact zone to the rod was unchanged 
and is net-moulded with a radius (Fig.2).  Wiper material: 94 AU 30000, a high per-
formance TPU.  The wipers were produced under series conditions and the lip angle 
alteration was done by mechanical trimming without altering the wiper lip edge. 
 

Wiper 

Chamber  
(oil with 
particles) 

Rod 

Oil with 
particles 
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Figure 2: Wiper lip design variation 

 

2.2 Test Procedure 

Like previous work on wipers [5,8] three rods were used to test parallel three wipers 
of each type.   The test consisted of two following steps or phases: 
First step: 

20.000 cycles 
Stroke: 200 mm 
Upstroke speed: 0.3 m/s 
Downstroke speed: 0.3 m/s 
Medium: HLP oil and Arizona Sand class 2 mixed in a 1:2 weight ratio 
Room temperature 
Atmospheric pressure 

Second step (following to first step): 
Upstroke speed: 0.1 m/s 
Downstroke speed: 0.3 m/s 
Other conditions as in first step 

This second step with slower upstroke speed was intended to show effects of stroke 
velocity on dirt ingress. 
Rod surfaces roughness was measured before and after each test, using for every 
test new rods.  
Also, the radial load of the wiper lips was measured before and after each test.  The 
real wiper geometry was measured with a 3D microscope, these data was used to 
generate the FEM models for the FEA analysis. 
The amount of contaminated oil that passes through the wiper was weighed every 
5,000 strokes.   
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3 Test Results 

The results show a high spreading of insert rate for each wiper.  From three wipers 
of each variation, only one wiper showed insert rate, while the others showed no 
measurable insert rate. 

As expected, the ingress rate increased at higher downstroke velocities (after 20,000 
cycles).  And also as seen in [8], a sedimentation effect lead to a decrease in the 
insert rate with longer operation time. 

Wipers with 80° face angle did not show any insert at all.  But considering, that each 
two wipers with 60° and 110° did also not show any insert at all, this cannot be taken 
as a better result.  So, the data basis for a conclusion is still not sufficient at this 
point. 

 
 

Figure 3: Ingress rate for different wiper lip face angles 

It is also remarkable that only the middle rod showed ingress. 
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Looking at the rod surfaces roughness before the test, we see also some differences:  
for 60°, all three rods were very similar: 

Rod 1  60°                                    Rod 2  60°                                 Rod 3  60° 
The rods used for the 80° face angle wipers: 

Rod 1    80°                                    Rod 2     80°                                  Rod 3   80° 
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And the rods used for the 110° face angle wipers:  

Rod 1     110°                                   Rod 2       110°                            Rod 3   110° 
 
Summarizing some roughness values for all rods (Table 1), we see that the rod with 
the highest insert rate had at the beginning of the test the smoothest surface: 
 

 Ra Rmax  Rp Rv  
Rod 1 for wiper 60° 0,097 0,886 0,310 0,495 
Rod 2 for wiper 60° 0,127 1,099 0,454 0,569 
Rod 3 for wiper 60° 0,105 1,232 0,343 0,625 
Rod 1 for wiper 80° 0,144 0,972 0,429 0,418 
Rod 2 for wiper 80° 0,122 1,546 0,361 0,629 
Rod 3 for wiper 80° 0,083 1,296 0,258 0,540 

Rod 1 for wiper 110° 0,133 1,008 0,488 0,339 
Rod 2 for wiper 110° 0,040 0,356 0,123 0,132 
Rod 3 for wiper 110° 0,100 0,803 0,263 0,439 

 

Table 1: Surface roughness of tested rods before test 
 

This result leads to the need of further testing to statistically corroborate the correla-
tion between surface and particle insert.  A possible explanation for this behaviour 
could be obstacles that surface roughness represents for a particle trying to pass the 
gap between wiper lip and rod.  
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4 FEA on Particles in Sealing Gap 

The simulation of a particle in a sealing gap was presented in [8].  There, a possible 
effect of flow lines in a fluid on the particle migration through the sealing gap, was 
postulated.  To corroborate this hypothesis, a deeper understanding of the fluid flow 
in the gap and around the particles is provided. 

But here, the initial assumption, that the Reynolds differential equation would deliver 
sufficient basis for solving the problem, faces its limitations: The fluid flows around 
the -assumed as a spherical body- particle not in a 2-dimension field anymore but 
from all sides. 

Additionally, it makes a difference if the fluid is stationary flowing around a fixed par-
ticle or if the particle itself is in motion in the instationary fluid (Fig. 4) 

 

  
Figure 4: Flow lines around bodies [10]: Left: fixed spherical body being passed by a station-
ary flowing medium.  Right: a cylinder body in motion in a not stationary flowing surrounding  

 
So, the solving of this problem requires adaptions on the Reynolds differential equa-
tion which delivers a 2-dimension pressure field around the particle to be able to 
generate results. 

Having x as the rod axis, y as the circumferential axis and z as the radial axis, the 
particles will be flowing in a pressure field, which is in radial direction (z-axis) con-
stant.  Around the particle, we will have four areas in which the pressure field will be 
constant in radial direction: before, after, below and above the particle.  These need 
to be analyzed individually. 

In [8] the particle motion in the gap was described: Particles do not only move in x 
and z direction, but they also rotate in their y- axis due to different pressure distribu-
tion around the particles, especially on the upper and lower side of the particle.  

To generate the flow lines or the velocity vector field, we need to use the 2-dimen-
sional results from the Reynolds differential equation to generate a 3-dimensional 
field with the velocities u, v and w corresponding to the coordinates x, y and z.   
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The approach to gain results for the velocities u and v consists in using the pressure 
distribution in x and y direction and the velocity boundary conditions which are the 
rod velocity, the particle’s velocity and its rotation (Fig. 5 and 6). 

Furthermore, the continuity equation with the velocity boundary conditions of the par-
ticle’s velocity and rotation in the field will help us to obtain the velocity w in z direc-
tion.   

 

                          
 

Figure 5: Lip detail and pressure distribution in the x-z field around a particle in the gap  

 

               
Figure 6: velocity field around the particle in the gap in the x-z field  

 
Fig.6 shows how the strong discontinuity of the oil film thickness generated by the 
particle in the gap causes dramatical changes on velocity vector field near to the 
particle.  There is a strong influence of the numerical accuracy in the velocity vector 
field calculation results.  This leads to a quite high amount of simulation time and 
care of the numerical deviations (i.e. gradients calculation) to avoid wrong results.   
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This calculation must be done for every time step and areas around the particle to 
generate a full 3-dimensional field. 

This is quite time-consuming, and a simplification of the process is being investi-
gated.  Nevertheless, the results lead to a 3-dimensional vector field.  The effects on 
wiper lip design on particle ingress are still in the simulation works.   

5 Summary and Conclusion 

The continuation of the work regarding particle transportation in a gap between an 
hydraulic wiper lip and a rod in motion reveals still some questions regarding the 
reproducibility of results in the testing area.  Data gathered is not sufficient to postu-
late relationships between design variables and particle insert.  Further testing is still 
necessary to confirm the relationship between wiper lip geometry and flow line gen-
eration and particle insert into the hydraulic system. 

Also, the FEA of the velocity field vector around the particle has shown that numerical 
problems arise around the particle, as the pressure distribution and the particle rota-
tion during the motion in the gap deliver a highly gradient sensibility leading to nu-
merical related inaccurate results.   High awareness during the calculation is needed 
to gather useful results. 

The momentaneous 2-dimensional results are the basis to develop a 3-dimensional 
velocity field around the particle in motion. 
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Advancing Lubrication Calculation: A Physics-Informed Neural 
Network Framework for Transient Effects and Cavitation  
Phenomena in Reciprocating Seals 

Faras Brumand-Poor, Florian Barlog, Nils Plückhahn, Matteo Thebelt, 
Katharina Schmitz 

In numerous technical applications, gaining insights into the behavior of tribological systems 
is crucial for optimizing efficiency and prolonging operational lifespans. Experimentally inves-
tigating these systems, such as reciprocating seals in fluid power systems, is expensive and 
time-consuming. An alternative is using elastohydrodynamic lubrication (EHL) simulation 
models, which however require extensive computational time. Physics-informed machine 
learning (PIML), particularly physics-informed neural networks (PINNs), offers an accelerated 
solution by integrating data-driven and physics-based methods into the training process to 
solve EHL's governing equations. This study demonstrates PINNs' capability to efficiently 
model tribological systems and accurately predict pressure dynamics and cavitation, show-
casing their potential to enhance computational efficiency. 

1 Introduction 

The performance, efficiency, and durability of components in technical systems are 
significantly affected by their lubricated tribological contacts, such as those found in 
seals. Due to the complexity of the occurring phenomena in lubricated contacts, 
grasping a deeper understanding has proven to be a challenge. Especially, the dy-
namic friction, mainly described by fluid dynamics, is crucial for the accurate model-
ing of these contacts. Analytical model approaches are often not feasible without 
further simplification and neglect of certain phenomena, resulting in inaccurate mod-
els. Experimental measurements to obtain an understanding of the tribological be-
havior, are typically time-consuming and expensive. A commonly applied approach 
is modeling the system with an elastohydrodynamic lubrication (EHL) simulation, 
which employs the Reynolds equation to compute pressure distribution and the de-
formation of the contact surfaces.  

An EHL simulation model for reciprocating seals, the ifas-DDS, was developed at 
the Institute for Fluid Power Drives and Systems of the RWTH Aachen (ifas). This 
model computes the friction by solving the hydrodynamics within the sealing contact, 
described by the Reynolds equation, and considering the contact mechanics and the 
seal deformation. In prior studies, the EHL model was validated with experimental 



578     22nd ISC 
______________________________________________________________________________________________________________ 

data [1]. A major limitation of this approach is the extensive computation time nec-
essary to solve the underlying equations with numerical methods. Increasing com-
putational resources might improve this issue, but is not always viable, particularly 
as simulation complexity grows and real-time computation for applications like con-
trol systems or digital twins is required. 

Machine learning algorithms, like neural networks, represent a promising alternative 
to classical EHL simulations due to their fast computation ability after an initial train-
ing session. However, traditional neural networks are typically not implemented in 
such a manner that the underlying physical principles are integrated into the network. 
The main goal of the utilization of a neural network, typically in regression tasks, is 
to minimize the deviation of the network’s prediction to a desired value. This purely 
data-based approach might result in a good prediction for the provided data but may 
lead to overfitting, which means that new data points inside the training domain and 
especially outside of it are predicted with a high error. An advancement in the field 
of neural networks is physics-informed neural networks (PINNs) tackling this chal-
lenge by incorporating physical laws into the network’s training, thereby enhancing 
the networks' predictive accuracy and generalizability across unfamiliar data re-
gimes. PINNs are a class of machine learning solvers for partial differential equations 
(PDEs). Their main distinguishment from the traditional neural network is, that their 
training process is not purely data-driven. The optimal parameter configuration of a 
given network structure is determined by the so-called loss, which is computed by 
data in the case of a conventional neural network. In the case of PINNs, the loss also 
incorporates physical laws underlying the investigated problem. The physical laws 
are described by initial and boundary conditions and the residuals of the PDEs. Sev-
eral research has been conducted on the hydrodynamic part of EHL simulations, 
neglecting deformation and friction. Recent developments in this area like the studies 
by Almqvist [2] and others, showcase the potential of PINNs to combine the precise-
ness of distributed simulation models with the computational efficiency of neural net-
works, ensuring robust, accurate, and faster computations. 

This contribution demonstrates the capability of PINNs to solve the Reynolds equa-
tion with dynamic contact geometry changes and cavitation modeling applied to seal-
ing contact with housing. For this investigation, a hydrodynamic-PINN (HD-PINN) 
framework, which has previously been validated for stationary scenarios without cav-
itation [3], is applied. This framework is extended and applied to two scenarios. 
Firstly, a dynamic change of the investigated gap height and secondly a divergent 
gap with cavitation. Like the prior mentioned studies, this work focuses on the hy-
drodynamic part of the EHL. It focuses on computing the pressure and cavitation 
distribution while neglecting friction and contact mechanics. Deformation is artificially 
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modeled by a constant movement of the seal, neglecting any pressure dependen-
cies. The following section presents the considered model for hydrodynamic lubrica-
tion. In section 3, PINNs are described in general. The subsequent section 4 pre-
sents the HD-PINN framework, the extensions applied to it, the two investigated sce-
narios, and the physics-based losses. Subsequently, the results of the PINNs are 
shown and validated by a modified version of the ifas-DDS, referred to as the rigid 
DDS, neglecting the prior mentioned factors of the EHL. Eventually, a summary and 
conclusion are provided in section 6. 

2 Hydrodynamic Lubrication 

Modeling tribological systems by EHL simulations is a common approach to obtain-
ing a detailed description of friction, leakage, and wear within lubricated mechanical 
interfaces. EHL models assess the dynamic relationship between surfaces in contact 
with lubricants, resolving the surface deformation and the hydrodynamic pressure 
within the contact area. These simulations are essential tools for designing and op-
timizing tribological contacts in various technical applications.  

The ifas-DDS is a distributed parameter simulation model, which simulates complex 
interactions between a reciprocating seal and its mating countersurface. One essen-
tial aspect of this simulation is the consideration of a lubricant, which separates the 
sealing and the housing and allows a characterization of the sealing behavior. The 
model consists of two main parts, first the deformation determined by the finite ele-
ment software Abaqus and second the hydrodynamic part described by the Reyn-
olds equation, which is integrated into Abaqus via user subroutines.  
The focus of this research lies in solving the Reynolds equation, therefore simplifying 
the model by neglecting the deformation of the contacting surfaces, the contact me-
chanics, and the friction. Within the scope of this research, the investigation focuses 
on hydrodynamic lubrication. Therefore, the rigid DDS is employed instead of the 
ifas-DDS. 
In this study, the PINN is validated by the rigid DDS. This comparison focuses on 
the solution process of two solvers for the same set of equations, namely the Reyn-
olds equation and the Fischer-Burmeister equation. The DDS extends the Reynolds 
equation by the flow factors 𝛷𝛷𝜏𝜏 and 𝛷𝛷𝑝𝑝 as described by Patir and Cheng [4], thus 
allowing the consideration of surface topography effects on the hydrodynamic lubri-
cation. Furthermore, the cavitation is modeled by integrating the Jakobsson-Floberg-
Olsson equation, which introduces the cavitation fraction 𝜃𝜃 to consider the formation 
of the gaseous phase, e.g., due to vaporization of solved air in the lubricant due to 
localized pressure drops [5]. The cavitation fraction describes the gaseous phase’s 
local volume fraction between 0 at no cavitation to 1 for full cavitation. 



580     22nd ISC 
______________________________________________________________________________________________________________ 

The original Reynolds equation, as stated by Osborne Reynolds in 1886 is extended 
to model the cavitation. It is implemented into the DDS and is detailed as follows [6]: 
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Cavitation occurs when the pressure drops below the vaporization pressure which is 
assumably zero in this work [7]. To describe the relation between pressure and cav-
itation, the Fischer-Burmeister equation is used: 
 

𝜕𝜕 + 𝜃𝜃 − �𝜕𝜕2 + 𝜃𝜃2 = 0 (2) 

 
The Jakobsson-Floberg-Olsson cavitation model can be used to track the lubrication 
distribution in tribological contacts with a limited amount of lubrication supply 
(starved lubrication), namely grease lubricated sealing contacts in pneumatic spool 
valves. Due to this modeling, a cavity fraction unequal zero does not necessarily 
describe the occurrence of cavitation but a partial filled sealing gap at the corre-
sponding position. A better interpretation is obtained by introducing the lubricant film 
height ℎ𝑙𝑙𝑙𝑙𝑙𝑙, which is calculated from ℎ and 𝜃𝜃: 
 

ℎ𝑙𝑙𝑙𝑙𝑙𝑙 = (1 − 𝜃𝜃) ℎ (3) 

3 Physics-Informed Neural Networks 

The previously introduced Reynolds equation describes the pressure distribution in 
lubricated contacts. When an analytical solution is not available, methods such as 
finite volume, elements, or differences are often used to solve tribological problems. 
As these methods are often computationally intensive and time-consuming, machine 
learning methods have shown promise in the past and are becoming increasingly 
important in the field of tribology [8, 9].  

Machine learning models, often referred to as black-box models, are typically data-
driven and advantageous due to their simplicity and adaptability. However, since 
their inception, hybrid models, which combine ideas from physics with data-driven 
methodologies, have become increasingly important. These models benefit from the 
common lack of adequate measurement data and a thorough mathematical descrip-
tion of the system, which makes data-driven and solely physics-based (white-box) 
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modeling approaches unfeasible [10]. Over time, several different hybrid model con-
figurations have been investigated, including sequential, parallel, and structured 
forms [11–13]. 

The development of hybrid models represents a promising advancement in the field 
of tribology, which is physics-informed machine learning (PIML). PIML is employed 
in tribology for a multitude of purposes, including the estimation of wear or damage 
and the evaluation of lubrication conditions in hydrodynamic interfaces. In contrast 
to traditional machine learning techniques, which predominantly utilize data-driven 
approaches (black-box models), PIML, particularly when utilizing PINNs, integrates 
physical principles to direct the learning procedure. Consequently, the outputs gen-
erated by these models are frequently both more accurate and dependable than 
those obtained by data-driven methods [14]. A PINN can be conceptualized as a 
hybrid model in contrast to the previously discussed models. It employs a neural 
network as the prediction model and incorporates residual terms into the loss func-
tion during training to integrate information from physical laws [15]. 

Hyuk [16] and Lagaris [17] did the fundamental work in physics-based regularization 
of neural networks after Cybenko [18] and Hornik [19] provided the necessary evi-
dence that neural networks can be used as universal function approximators. Alt-
hough Hyuk and Lagaris did not specifically use the term "physics-informed" in their 
study, their goals are similar to the ideas that are now recognized as the foundation 
of PINNs. Hyuk's method laid the foundation for the later field of PINNs by extending 
the loss function of the neural network to include the governing differential equation. 
Because computer resources were limited and computational algebra techniques 
were still in their infancy, the idea of combining physical rules with neural network 
training initially received little attention. However, with the advancement in hardware 
capabilities and the emergence of effective gradient computation methodologies, 
such as automatic differentiation, this theory has experienced a resurgence. 

In 2014, Owhadi was the first to reintroduce PIML, integrating past knowledge into 
the problem-solving process. He proposed that algorithms be enhanced by incorpo-
rating prior information and formulating PDE solutions as Bayesian inference prob-
lems [20]. Building upon these premises, Raissi and colleagues employed a proba-
bilistic machine learning technique to solve general linear equations using Gaussian 
processes, tailoring it particularly for integro-differential or partial differential equa-
tions [21, 22]. To address the challenge of solving nonlinear partial differential equa-
tions, this technique was subsequently expanded [23, 24]. Moreover, a noteworthy 
development was the creation of the PINN, which are mesh-free models that restruc-
ture the solution of PDEs into a loss function optimization problem [25]. To handle 
forward and inverse problems given by PDEs, Raissi presented PINNs, a new class 
of hybrid solvers [26–28]. In Figure 1 an exemplary PINN is shown. 
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Figure 1: An exemplary PINN. 

PINNs process their inputs (such as case-dependent parameters or position 𝜕𝜕 and 
time 𝜕𝜕) the same way as traditional neural networks. The values are processed by a 
multitude of layers to get the network’s output. In each layer, multiple neurons are 
connected to the ones of the previous and next layer. Each neuron executes math-
ematical operations like multiplying its inputs by a weight, adding a bias, and passing 
the result to an activation function to calculate its individual output. The sum of all 
these operations leads to the neural network’s ability to predict complex functions as 
its total output. 

The residual losses correspond to the residuals of the governing (physic) equations 
and thus is an unsupervised loss [14]. This loss is evaluated for specific spatial and, 
depending on the problem, time points, which are the so-called collocation points in 
position 𝑛𝑛𝑥𝑥 and time 𝑛𝑛𝑡𝑡. To integrate complex differential equations, the implemen-
tation of automatic differentiation in neural networks is exploited. This method effi-
ciently computes gradients of any order [29] with machine accuracy by applying dif-
ferential rules such as chain and product rules. In traditional neural networks, auto-
matic differentiation is used to calculate gradients for the update of the parameters, 
while in PINNs it can additionally be used to calculate derivatives for differential 
equations. 

The boundary condition (BC) and initial condition (IC) losses are used to ensure that 
the boundary and initial conditions are compliant with given targets. Hence, these 
two losses are supervised losses. It can be seen in Figure 1 that additional losses 
can occur. The example in that figure is a so-called hybrid PINN, which uses existing 
data for the given equations to contribute to a faster or more accurate solution. 
Therefore, a data loss, which corresponds to the classical data-driven loss, is added.  

Before introducing the methods and loss function used in this work in detail, the next 
section gives a brief overview of the use of PINNs in hydrodynamics. 

𝜕𝜕

Boundary Conditions

Initial Conditions

Data

Governing Equation

𝜕𝜕 𝜎

𝜎

𝜎

Input

𝜎

𝜎

𝜎

𝐼

…

𝜕𝜕
𝜕𝜕𝑘𝑝𝑝
𝜕𝜕𝑥𝑥𝑘

𝜕𝜕𝑗𝑝𝑝
𝜕𝜕𝑡𝑡𝑗

�𝜆𝑟𝑟 ℓ𝑟𝑟 𝜇

Hidden Layers Output AD Losses Optimise

𝑣𝑣

𝜌𝜌

𝜂𝜂

𝜎 𝜎

𝜎 𝜎



B17     583 
______________________________________________________________________________________________________________ 

 

The first publication to use PINNs for solving a simplified Reynolds equation was 
released by Almqvist in 2021 [2]. Over the next years, these ideas were expanded 
by Zhao et al., Li et al., and Yadav et al. who further developed a method to solve 
the 2D Reynolds equation for more complex problems [30–32]. Notable further pro-
gress was made by Rom who first used PINNs for solving the stationary Reynolds 
equation with the Jakobsson-Floberg-Olsson (JFO) cavitation model. He also intro-
duced soft constraints and collocation point updates to improve cavitation distribu-
tions in general but especially in areas with high gradients [33]. 

Additional advancements were made by Cheng et al., who used PINNs to solve the 
Reynolds equation for the JFO and Swift-Stieber (SS) cavitation models [34]. Xi et 
al. further enhanced the solution of PINNs by using hard and soft constraints [35]. 

Brumand et al. established that one PINN is sufficient to learn the solution of the 
stationary Reynolds equation for a multitude of different parameters, such as bound-
ary conditions [36]. 

A step towards using PINNs for a complete EHL simulation was done by Rimon et 
al. who used a simplified Reynolds equation as well as the Lamé equation for the 
description of the seal deformation [37]. 

Although the previously mentioned contributions show immanent progress in solving 
the complete Reynolds equation, it must be noted that most of these publications 
were focused on the implementation of PINNs themselves rather than on developing 
a hydrodynamic lubrication PINN framework. Thus, a significant amount of research 
and work must be done to solve the complete Reynolds equation in a way that can 
be used for the replacement of an EHL simulation. 

4 HD-PINN Framework 

4.1 Test Cases: Physics-Informed Loss and Conditions 

In this work, two special cases are investigated. Both scenarios are listed in Table 1. 
Firstly, the sealing movement and secondly the stationary cavitation are presented, 
afterwards the training procedure and the framework are briefly described. 
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Table 1: Investigated test scenarios. 

Scenario 𝜃𝜃 ≠ 0 𝜕𝜕. .
𝜕𝜕𝜕𝜕

 𝑣𝑣 BCs Gap Geometry 

Sealing 
Movement ✘ 

𝜕𝜕𝜃𝜃
𝜕𝜕𝜕𝜕

= 0 

𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

= −0.1 
0.1 

𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 = 0.3 

𝜕𝜕𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 = 0.2 

𝜃𝜃𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 = 0 

𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 = 0 
 

Stationary 
Cavitation ✔ 

𝜕𝜕𝜃𝜃
𝜕𝜕𝜕𝜕

= 0 

𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

= 0 
1 

𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 = 0.7 

𝜕𝜕𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 = 0.2 

𝜃𝜃𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 = 0 

𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 = 0 
 

 Sealing Movement 

For the first test case, a converging gap is analyzed. The housing, as the bottom 
part, moves horizontally in a shearing motion relative to the top part which represents 
the seal. In addition, the seal is moved vertically towards the housing with the idea 
in mind to model a simple way of deformation without any interaction with the actual 
pressure distribution. In this converging setup, no cavitation is modeled. 
The Reynolds equation for this specific case is shown in Equation (4). For both sce-
narios, smooth surfaces and incompressible fluids are assumed, which leads to the 
neglection of the roughness 𝑅𝑅𝑞𝑞, the flow factors 𝛷𝛷𝜏𝜏 and 𝛷𝛷𝜏𝜏 and the density 𝜌𝜌. 
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To solve the Reynolds equation for this specific case, pressure boundary condi-
tions are required. Since the lubricant is incompressible and the seal is moved with 
a constant velocity, no transient effects are present. Hence the PINN’s losses con-
sist of the residual and boundary condition loss being implemented as Mean 
Squared Error (MSE) terms, which is a common choice for PINNs. Simulation pa-
rameters are shown in and the PINN with an exemplary network structure is de-
picted in Figure 2. 
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Table 2: Simulation parameters for the sealing movement scenario. 

Variable Value Variable Value 
𝑛𝑛𝑥𝑥 100 𝑣𝑣𝑟𝑟𝑙𝑙𝑙𝑙 0.1 
𝑛𝑛𝑡𝑡 10 𝑣𝑣ℎ -0.1 

𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 , 𝜕𝜕𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 0.3, 0.2 ℎ [1, 0.5, 0, 0] 

 
Figure 2: PINN for the sealing movement scenario. 

 Stationary Cavitation 

In the second test case, cavitation is modelled and therefore a diverging gap is cho-
sen. Similar to the first case, the housing is moved horizontally but the seal is fixed. 
Since cavitation is modelled, the losses consist of the already introduced residual 
loss and boundary conditions loss but need further extension by the Fischer-Bur-
meister loss. Rom demonstrated that the Fischer-Burmeister loss itself is insufficient 
to model transitions between cavitated and non-cavitated areas adequately and 
therefore introduced soft constraints [33]. These are implemented as a fourth condi-
tion to train the PINN. The set simulation parameters and the PINN are shown in 
Table 3 and Figure 3, respectively. 

Table 3: Simulation parameters for the stationary cavitation scenario 

Variable Value Variable  
𝑛𝑛𝑥𝑥 400 ℎ [0.5, 1, 0, 0] 
𝑛𝑛𝑡𝑡 1 𝜕𝜕𝑡𝑡ℎ𝑟𝑟𝑙𝑙𝑟𝑟ℎ 0.005 

𝜕𝜕𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 , 𝜕𝜕𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 0.7, 0.2 𝜃𝜃𝑡𝑡ℎ𝑟𝑟𝑙𝑙𝑟𝑟ℎ 0.1 

𝜃𝜃𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡 ,𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑡𝑡 0, 0 �
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Figure 3: PINN Architecture in case of Cavitation. 

Since a stationary model is built, transient effects are neglected. Therefore, the 
Reynolds equation is as follows: 
𝜕𝜕
𝜕𝜕𝜕𝜕

�(1 − 𝜃𝜃)ℎ� −
1

12𝜂𝜂
𝜕𝜕
𝜕𝜕𝜕𝜕

�ℎ3
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� = 0 (5) 

 
To enforce the Fischer-Burmeister equation being fulfilled in transition areas espe-
cially, the soft constraints loss is implemented in the following two equations: 
 
𝜃𝜃 = 0, 𝑖𝑖𝑖𝑖 𝜕𝜕 >  𝜕𝜕𝑡𝑡ℎ𝑟𝑟𝑙𝑙𝑟𝑟ℎ   (6) 

 
𝜕𝜕 = 0, 𝑖𝑖𝑖𝑖 𝜃𝜃 >  𝜃𝜃𝑡𝑡ℎ𝑙𝑙𝑟𝑟𝑟𝑟ℎ (7) 

 
Pressure and cavitation should never be non-zero at the same position. Therefore, 
thresholds are introduced: Whenever one threshold is exceeded, values of the cor-
responding pressure or cavitation are returned as a loss. Since these transition areas 
usually make up for a small portion of the whole domain, these areas are considered 
when normalizing the loss. 

4.2 Training Procedure 

The framework consists of three main parts, shown in Figure 4: The PINN itself and 
two optimizers. While the Bayesian optimizer improves the fundamental hyperpa-
rameters, initializing a new network each iteration of an outer loop, the Adam opti-
mizer updates the weights and biases of all neurons and therefore improves losses 
in an inner training loop. In each training iteration, the PINN is evaluated for returning 
pressure (and cavitation) predictions, and the corresponding losses are calculated. 
When the final epoch is finished, the Bayesian optimization computes new hyperpa-
rameters for the next trial. 
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Once promising hyperparameters are found, training without Bayesian optimization 
and a higher number of epochs is started. The final model is saved for evaluation. 

 

Figure 4: HD-PINN framework for the training procedure. Adapted from [36]. 

4.3 Adaptive Collocation Points 

Areas with high 𝜃𝜃-gradients have shown to be hard to predict and therefore need 
special refinement [33]: After training the neural network for 50000 epochs, new col-
location points 𝑛𝑛𝑥𝑥 are added in desired areas. Gradients are checked whether they 
exceed a certain threshold, and if so a predefined number of 15 collocation points is 
added to their left. This process is repeated every 5000 epochs until a total of four 
updates is reached. This ensures that a region with high gradients is sufficiently 
sampled to obtain an adequate resolution of these areas. 

5 Results 

5.1 Sealing Movement 

The pressure distribution of PINN and DDS for three different time steps,  
𝜕𝜕 = (0, 0.5, 1) of the first scenario and the initial seal geometry are shown in Figure 
5. The PINN shows good agreement with the DDS for the pressure trajectory for 
each time step. The pressure increase over time is accurately captured by the PINN. 
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Figure 5: Pressure distribution for the sealing movement scenario for a) 𝜕𝜕 = 0, b) 𝜕𝜕 = 0.5, 
c) 𝜕𝜕 = 1 and d) the sealing geometry at 𝜕𝜕 = 0. 

5.2 Stationary Cavitation 

The results of the second scenario, the stationary cavitation, are depicted in Figure 
6. The results show the pressure distribution and the cavitation fraction in one plot 
and the lubrication film height in another plot.  

  

Figure 6: Pressure distribution and cavitation for the stationary cavitation scenario and the 
lubrication height. 
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In the second scenario, the PINN also performs well for the pressure distribution and 
the cavitation area. The right transition regime shows some deviation between PINN 
and DDS. The soft constraints enhance the location of the switch between pressure 
and cavitation area. Further tuning of the constraints in combination with new hy-
perparameters could increase the accuracy even more. 

6 Summary and Conclusion 

This contribution demonstrates the capability of PINNs to solve dynamic height 
changes and cavitation modeling tasks, governed by the Reynolds equation. They 
do so, by computing the pressure distribution and cavitation fraction within sealing 
contacts in a housing. In the beginning, an introduction to hydrodynamic lubrication 
was given, followed by a description of PINNs and their application-solving variants 
of the Reynolds equation. After that, the investigated scenarios of sealing movement 
and stationary cavitation as well as the applied training procedure for the PINNs were 
presented in detail.  
Regarding the pressure, the PINN can accurately compute the distribution and the 
boundaries, validated with the DDS. The cavitation determination in the second sce-
nario demonstrates good agreement inside the cavitation region. For the regime 
where pressure and cavitation area switch, the PINN can locate them and sufficiently 
compute the desired values. The PINN showed the possibility of computing high 
gradients, and the introduced soft constraints represent a further possibility for in-
creasing accuracy in these areas. The results of this work represent an advancement 
in the domain of lubricated contact simulations, depicting a PIML approach to accel-
erate hydrodynamic lubrication computation with no to less accuracy loss.  
Further work will be done by integrating transient behavior for the cavitation fraction 
of the Reynolds equation and solving this scenario with the framework. Additionally, 
the soft constraints will be investigated to obtain more accuracy for high-gradient 
regions. 

7 Acknowledgements 

The authors thank the Research Association for Fluid Power of the German Engi-
neering Federation VDMA for its financial support. Special gratitude is expressed to 
the participating companies and their representatives in the accompanying industrial 
committee for their advisory and technical support. 



590     22nd ISC 
______________________________________________________________________________________________________________ 

8 Nomenclature 

Variable Description Unit 
ℎ  Gap height [-] 
ℎ𝑙𝑙𝑙𝑙𝑙𝑙  Lubrication height [-] 
ℎ1  Height at left end [-] 
ℎ2  Height at right end [-] 
ℎ3  Curvature of sealing [-] 
ℎ4  Position for sealing bend [-] 
𝑛𝑛𝑡𝑡  Time collocation points [-] 
𝑛𝑛𝑥𝑥  Position collocation points [-] 
𝜕𝜕  Hydrodynamic pressure [-] 
𝜕𝜕𝑙𝑙,𝑙𝑙,𝑟𝑟  Pressure boundary condition for left and right boundary [-] 
𝜕𝜕𝑙𝑙,𝑟𝑟   Pressure at the left and right boundary [-] 
𝜕𝜕𝑡𝑡ℎ𝑙𝑙𝑟𝑟𝑟𝑟ℎ Pressure threshold for soft constraints [-] 
𝑅𝑅𝑞𝑞  Root mean squared contact surface roughness [-] 
𝜕𝜕  Time [-] 
𝑣𝑣  Velocity of counter surface [-] 
𝑣𝑣ℎ  Velocity of sealing [-] 
𝜕𝜕  Axial coordinate [-] 
𝜕𝜕𝑙𝑙  Position of sealing bend [-] 
𝜕𝜕𝑙𝑙  Left end of the geometry [-] 
𝜕𝜕𝑟𝑟  Right end of the geometry [-] 
𝜂𝜂  Fluid viscosity [-] 
𝜃𝜃  Cavity friction [-] 
𝜃𝜃𝑡𝑡ℎ𝑙𝑙𝑟𝑟𝑟𝑟ℎ Cavitation threshold for soft constraints [-] 
𝜌𝜌  Fluid density [-] 
𝛷𝛷𝑝𝑝  Pressure flow factors [-] 
𝛷𝛷𝜏𝜏  Shear flow factors [-] 
𝜕𝜕..
𝜕𝜕𝑥𝑥,𝑡𝑡

  Partial differentiation regarding time and position [-] 
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Advanced characterization of sealing counter surfaces in linear 
applications 

 
Anja Dobrinsky, Boris Brodmann, Christoph Schuele, Sebastian Betz 

 
Counter surfaces are an important aspect for every sealing application and have a direct in- 
fluence on the sealing performance of the system. Historically, the counter surface is de- 
scribed with multiple roughness parameters based on 2D profile or 3D topography measure- 
ments. In addition to the standard parameters, light scattering can be used to describe the 
counter surface. Compared to the common profile roughness parameters, light scattering 
measures the angle distribution of a profile and is therefore more robust against external in- 
fluences. In addition, light scattering measurements are faster at characterizing a complete 
running surface. In this study, the effect of one rod seal geometry made from PTFE and PU 
materials on the surface characteristics of the rod is investigated. A deeper understanding of 
the tribological system is achieved by analyzing for the first time the light scattering roughness 
parameters of a tested rod surface in addition to the standard profile roughness parameters. 

 
1 Introduction 

A linear rod sealing system is a tribological system with the seal and the rod as the 
tribological surfaces and the hydraulic fluid as intermediate media. The friction and 
wear of tribological systems is greatly influenced by the surface roughness charac- 
teristics of the rod or counter surface of the seal. Classical surface roughness pa- 
rameters are determined from a surface profile or topography which is measured 
mechanically via the tactile sectioning method or optical profilometry, e.g. interfer- 
ometry or confocal microscopy as shown in Figure 1. The tactile method falls under 
the contact-based measurement techniques, while the optical measurement meth- 
ods are non-contact measurements. Roughness parameters based on the surface 
trace acquired by these types of methods are described in DIN EN ISO 21920- 
2:2022-12. 
An alternative to conventional measurement methods is the non-contact optical 
measurement methods based on scattered light described in VDA2009 [1]. In con- 
trast to classical roughness parameters, which are based on the roughness profile, 
light scattering parameters are based on the reflectance properties of the rough sur- 
face. In previous studies, light scattering has been adopted to analyze roughness 
and shaft lead effects in rotary sealing systems [2] [3]. No previous work is known on 
the influence of light scattering parameters in linear sealing systems. Especially for 
linear sealing systems, where tactile measurements are often restricted to only a 
small portion of the rod surface, light scattering measurements are hypothesized to 
offer a considerable advantage in terms of cost and efficiency of characterizing the 
complete rod surface. For the first time, this research demonstrates the use of light 
scattering methods for the characterization of the surface roughness of the rod in 
hydraulic sealing systems. 
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Table 1: Comparison of different surface measurement methods 
 

 

 

 

 

 

 

 

 
Stylus method 

 
Confocal microscopy 

Angle-resolved scattered 
light measurement 

technology 

Profile parameters: 
Ra, Rz, Rk, etc. 

Surface parameters: 
Sa, Sz, Sk, etc. 

Scattered light parameters: 
Aq, Aqm, Aqmax, etc. 

 
2 Scattered light measurement 

2.1 Roughness parameters 

The scattered light parameters capture both the roughness and the reflectance of 
finely processed surfaces by measuring the distribution curve of the scattered light. 
The following study focuses on the parameter Aq, which denotes the variance of the 
scattered light distribution. Aq describes the second statistical moment of the angular 
distribution and is an integral measure for the micro-geometry or the extent of rough- 
ness within the light spot, respectively [1]. 

 

 
Figure 1: Principle of the angle-resolved scattered light measurement 
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n 
2 

Aq = k ∑ (φi − φ̅)  p(φi) 
i=1 

 
(1) 

 
In Equation (1), k is a normalization factor, φ is the scattering angle, p(φ) is the nor- 
malized intensity distribution, n is the total number of angle classes, and the bar 
denotes an average value. 
Aq is corresponding to the second statistical moment of the surface power spectrum 
and reacts very sensitively to changes in surface properties. It is directly proportional 
to the ISO21920 parameter Rdq [4] and is traceable according to ISO17025 [5]. Its 
contact mechanical significance is emphasized by Popov [6]. 

 
2.2 Sensor principle 

In the current study, the Optosurf OS500 scattered light system was used. The 
measurement spot on the surface is generated by an illumination beam path which, 
depending on the design, projects measurement spots of various sizes onto the sur- 
face. The light scattered back from the surface is transmitted onto a linear detector 
array by means of Fourier optics. This array converts the incident intensity distribu- 
tion into electrical currents, which are then digitized and passed on to a micropro- 
cessor for further processing. For the standard sensor, the captured angular range 
is 32°. The scattered light optics are angle-corrected, achieving insensitivity to dis- 
tance variations. The measurement distance can vary by up to +/- 1 mm for flat sam- 
ples without changing the distribution curve and thus the roughness characteristic 
Aq [7]. A full description of the transfer function given by Seewig [8]. 

 
Light distribution on the 
linear detector 

 
 
 

 
Sensor optics 

 
 
 
 

 
Light spot 

 
a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

b) 

Figure 2: a) Crosswise roughness measurement per definition: diode array oriented across 
machining direction; b) Longwise roughness measurement per definition: diode array 

oriented parallel to the machining direction 
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Depending on the orientation of the sensor or the surface, the roughness is meas- 
ured transverse to the machining grooves or parallel to them, as illustrated in Fig- 
ure 2. By default, the two measurement directions are defined as follows: 

 
• Crosswise roughness measurement: diode array oriented across (perpen- 

dicular) machining direction. 
• Longwise roughness measurement: diode array oriented parallel to the 

machining direction. 

In the following study, the two sensor orientations are defined as 
 

• Crosswise roughness measurement: perpendicular to rod moving direction 
• Longwise roughness measurement: perpendicular to processing direction 

 
3 Test rig and test procedure 

The linear rod test rig is equipped with two equal test cells arranged symmetrically, 
see Figure 3. Each hydraulic cylinder is driven linearly by a drive motor via a deflec- 
tion pulley. The resulting position time signal can be approximated as a sinus. Due 
to the conversion of the circular to linear movement the speed is not constant. Due 
to inconstant speed over movement the seal experiences different friction states like 
static friction, mixed friction and hydrodynamic friction. A test chamber is installed on 
each test rod. Each test chamber is each equipped with two rod seals in a face-to- 
face arrangement. 

 

Figure 3: Linear rod test rig 
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Rz Aqm 

The tested seal configuration consists of a Stepseal® 2K with an O-Ring acting as 
an energizer. The seal materials used are PTFE (T46) and PU (Z53). T46 is a 
bronze-filled PTFE, while Z53 is a polyurethane (PU) material. The test was con- 
ducted using HLP 46 hydraulic oil as the lubricant. The operating conditions included 
a constant pressure of 400 bar, an oil temperature of 60 °C, an average rod velocity 
of 0.2 m/s, and a total number of 600,000 rod double strokes. 

 
4 Test results 

4.1 Tactile roughness measurement 

The tactile roughness measurement was carried out with the Hommel Etamic T8000 
device. The mean Rz values before and after the test are shown in Figure 4. The 
initial quality of counter surface is measured at three locations along the rod. The 
initial value in terms of Rz is around 0.6 µm. 
After the test the counter surface is measured at twelve locations. As shown in Feh- 
ler! Verweisquelle konnte nicht gefunden werden.4,Fehler! Verweisquelle 
konnte nicht gefunden werden. the mean Rz value after the test is similar to the 
value before the test. As a conclusion, the change of the widely used Rz is not indi- 
cating a change of the counter surface during the test. In addition, the Average Aq 
(Aqm) was estimated based on the running area. It already shows the bigger change 
of the Aqm. In the following chapter the Aq will be explained in detail and in addition 
the distribution over the surface. 
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Figure 4: tactile and scattered light measurement before and after test; chamber 1 and 
chamber 2 
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4.2 Scattered light analysis before test 

As stated above, Aq [1] is seen as a supplementary value to describe the surface 
roughness. For the conducted tests, new rods were used for each measurement. 
They were measured using the scattered light sensor before and after the test. Each 
measurement was performed with the sensor oriented crosswise (i.e. perpendicular 
to the rod movement) and longwise (i.e. perpendicular to the processing direction). 
Figure 5 shows a scan of the entire lateral surface of rod 1 before the test with the 
sensor oriented crosswise. Figure 5 reveals a uniform distribution of Aq. The Aq 
mean value in the crosswise direction is 5.57 and the Aqmax [1] value is 18.26. 
The measurement with the sensor orientation longwise clearly reveals the machining 
traces, Figure 6. A possible last polishing step could be feed marks of centerless 
grinding. The Aq mean value in the longwise direction is 45.75, and the Aqmax value 
is 66.20. 
Exemplary, only the scans of rod 1 were depicted, as rod 2 shows a similar image. 
For rod 2, the Aq mean (Aqm) value in the crosswise direction is 5.56, and Aqmax 
is 20.37. The Aq mean value in the longwise direction is 45.25, and Aqmax is 68.33. 

 
Table 2: statistic to chamber 1, new; sensor orientation perpendicular to rod moving 

direction 
 

Aqm 5.57 
Aqmax 18.26 
Aqs 0.76 

 
 

Aq [ °² ] 
 
 
 
 
 
 

Figure 5: Aq, chamber 1, new; sensor orientation perpendicular to rod moving direction 
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Table 3: statistics chamber 1, new; sensor orientation perpendicular to processing direction 
 

Aqm 45.75 
Aqmax 66.20 
Aqs 3.31 

 

Aq [ °² ] 
 
 
 
 
 
 
 

Figure 6: Aq, chamber 1, new; sensor orientation perpendicular to processing direction 
 

4.3 Scattered light analysis after test 

The following Figure 7 shows the Aq distribution after testing on rod 1. In the running 
areas at positions 1 and 2 marked as region 1 and region 2, the Aq values have 
partially increased from 5.57 to 9. This indicates surface roughening. The measure- 
ment with the sensor oriented crosswise (perpendicular to the machining direction) 
clearly reveals the running tracks of the seals. In the red areas equate with higher 
Aq values, grooves are visible in the running direction. 

 
Table 4: statistics chamber 1, PTFE, after test; sensor orientation perpendicular 

 

Aqm 6.35 
Aqmax 16.41 
Aqs 0.89 
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Aq [ °² ] 

 
 
 
 
 
 

 
Figure 7: Aq, chamber 1, PTFE, after test; sensor orientation perpendicular 

to rod moving direction 

 
Figure 8 illustrates the examination of the rod surface of rod 1 (PTFE) with a sensor 
alignment in the longwise direction. The figure can be divided into five regions. Re- 
gions 1 and 2 denote the section of the seal’s running surface. Here it is evident that 
the influence of the seal overlays the machining marks. The machining marks are 
visible in the unworn area (region 4) at an Aq value of approximately 40 (orange 
areas). In regions 1 and 2, significant smoothing of the rod surface is observed within 
the seal’s running areas. The Aq values decrease to between 30 and 20 in region 5. 
Further reduction in Aq values occurs in region 3. These areas correspond to the 
reversal points in the seal’s motion cycle. These regions belong to the upper and 
lower dead points, where the velocity drops to zero. Lubrication ceases, and the seal 
comes into direct contact with the opposing surface, resulting in localized surface 
smoothing. As the velocity increases, the seal enters the hydrodynamic regime and 
is well-lubricated again. Due to this lubrication state, region 5 exhibits less surface 
smoothing. 

 
Table 5: statistics chamber 1, PTFE, after test; sensor orientation perpendicular to 

processing direction 
 

Aqm 28.84 
Aqmax 59.51 
Aqs 10.43 

region 2 region 1 
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Aq [ °² ] 
 
 
 
 
 
 
 
 

Figure 8: Aq, chamber 1, PTFE, after test; sensor orientation perpendicular to processing 
direction 

 
Table 6: statistics chamber 2, PU, after test; sensor orientation perpendicular 

 

Aqm 5.66 
Aqmax 17.52 
Aqs 0.79 

 

Aq [ °² ] 
 
 
 
 
 
 
 

Figure 9: Aq, chamber 2, PU, after test; sensor orientation perpendicular 
to rod moving direction 

region 4 

region 2 region 1 

region 3 region 3 

region 5 region 5 
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Table 7: statistics chamber 2, PU, after test; sensor orientation perpendicular 
 

Aqm 44.98 
Aqmax 74.80 
Aqs 3.40 

 

Aq [ °² ] 
 
 
 
 
 

 
Figure 10: Aq, chamber 2, PU, after test; sensor orientation perpendicular 

to processing direction 

 
It should be noted that for the evaluation of chamber 1 a scaling of the Aq value over 
a larger range was used, because PTFE has a stronger impact on the rod surface 
than PU, refer to region 3 in Figure 8. Aqs corresponds to the standard deviation of 
the measured values and is 10.55 for rod 1 (PTFE) and 3.4 for rod 2. 

The PU seal has significantly less impact on the rod surface. As shown in Figure 9, 
there are minimal changes in the surface. 
The longwise measurement in Figure 10 shows as well hardly any changes in the 
surface. This confirms the previous experience that PU, when compared to PTFE 
filled with bronze, exhibits only minimal abrasiveness. 

 
4.4 Friction force analysis 

In the test, the friction of each chamber is recorded. The friction was analyzed with 
an average over 10 hours steps for each angular position. These 10-hour steps can 
be used to analyze the friction behavior over time. To ensure a good comparison 
between surface measurement and friction curve the last step was chosen and dis- 
played in Figure 11. 
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Figure 11: Friction force at end of test 

The angular position is corresponding to a speed with a maximum speed at 90° and 
270°. In this area, the friction of both materials is in a comparable range and indicat- 
ing a lubricated contact area. This is corresponding to the scattered light measure- 
ments that shows less change in Aq compared to the region 3 at the stroke end. The 
turning points with less speed and change of direction are visible at 0° and 180° in 
the friction force plot. This corresponds to the areas with most change detected by 
the optical measurement. Based on friction and surface characterization the conclu- 
sion is a minimal fluid film close to dry running when the direction of movement is 
changing. In addition, the sliding properties of the general material classes are 
shown. The PU seal tends to have a higher friction in the areas of low/zero speed. 
This explains the stick-slip tendency of this material class compared to PTFE-based 
materials. 

 
5 Summary and Conclusion 

In summary, the use of a scattered light sensor ensures a more comprehensive im- 
age of a surface structure. Unlike conventional tactile measurements, which only 
provide information about the surface texture based on a very short measurement 
distance, this method presents a detailed picture of the distribution of roughness 
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peak angles as well as the overall shape. When combined with traditional measure- 
ment techniques, it allows for a holistic view of the mating surface of a seal. The 
insights gained from these experiments are essential for making reliable statements 
about our requirements for a sealing mating surface. 
In the future, the consideration of FFT (Fast Fourier Transformation) will be another 
area of focus, which is beyond the scope of this paper. Through Fourier transfor- 
mation over the entire length of the rod, the shape and texture of the rod surface can 
be visualized. This will help exclude any unfavorable influences on the sealing func- 
tion caused by surface waves, ensuring consistent and reliable quality control of the 
surface - a critical factor for effective sealing. Therefore, the goal is to incorporate 
both conventional and scatter light measurement values into surface finish specifi- 
cations. 

 
6 Nomenclature 

 
Variable Description Unit 

α tilt angle of the light spot on the surface [°] 
φ scattering angle [°] 
k correction factor [-] 

p(φ) normalized intensity distribution [-] 
Aq variance of the scattered light distribution [°2] 
n total number of angle classes [-] 
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Optimized rubber gasket with internal force shunt 

Hariolf Kurz, Michael Hübner-Hecker 

With the introduction of TA Luft 2021, plant manufacturers and operators have to carry out 
flange connection calculations according to DIN EN 1591-1, including gasket parameters DIN 
EN 13555. This will lead to enhanced plant safety and less emissions, however, it implies the 
development of optimized gasket materials and design. According to the design rule “for every 
functionality, implement a specific feature”, a well known gasket principle is to put the sealing 
material in force shunt. This way, the load transfer element and the sealing element are in 
separate locations, leading to the possibility to optimize them independently. This works al-
ready very well for O-Ring seals, spiral-wound gaskets and as well, rubber gaskets with an 
external force shunt. Due to high manufacturing cost and high effort for assembly, these so-
lutions are not widespread in use in the field. In this paper, a new, efficiently to produce design 
is proposed, implementing a spiral wound metal spiral with indentations, that creates an inter-
nal force shunt. Gasket tests according to DIN EN 13555 show excellent behaviour in every 
relevant aspect, leading to a reduced effort for flange connection calculations, an easy and 
reliable assembly process, a high plant safety and minimized fugitive emissions. 

1 Introduction 

Of nearly every item, product or commodity in our daily life, a plurality of its raw 
materials are sourced, processed and transported via pressure vessels and pip-ings 
either in gaseous or in liquid state. Therefore, designing and maintaining a suitable 
infrastructure is key to enhance plant safety and costs as well as reduce fugitive 
emissions of environmentally hazardous substances.  

With its amended version in 2002, the German government issued TA Luft (refer-
encing to VDI 2440 [1], DIN EN 1591-1 [2], DIN EN 1591-3 [3] and DIN EN 13555 
[4]) with the incentive, to provide a comprehensive standard, that enables plant op-
erators and manufacturers to find suitable components as well as enabling gasket 
manufacturers to determine and optimize their product and also setting limits for al-
lowable emissions. Within this framework, plant operators have to conduct an ana-
lytical proof of every flange connection. In 2021, the German government replaced 
the former version of TA Luft [5] with increased requirements, leading to increasing 
effort and the need for suitable components.  

However, according to researches there are still significant fugitive emissions 
caused by diffusive leaks in pressure vessels and pipings. Overall water losses in 
Europe due to leakage ranges between 6 and 14 % and about 40% in Asia, Latin 
America and Africa [6]. An investigation in the chemical plants of BASF shows, that 
17% of the total emissions are a result of leakages, where leaking flange connections 
account for 28% [7]. These figures show that there is still need for improvements and 
a huge potential to increase plant reliability and reduce economic losses and envi-
ronmental impact. 
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2 Working principle of bolted flange connections – gasket design 

The mechanical behaviour of a bolted flange connection is a complex interaction of 
bolts, flanges and gaskets and has to meet multiple functionalities under various 
loads. Firstly, a flange connection has to bear and transfer the loads, applied from 
attached components. Usually, pipings and pressure vessels are subjected to axial 
loads as well as bending and torsion moments. Additionally, the internal pressure 
creates an axial load. These loads have to be transferred through a flange connec-
tion, resulting in stresses, strain and therefore deflections of the connections. Beside 
the load bearing capacity, a flange connection also has to prevent fugitive emissions 
due to leakage.  

2.1 Challenges for flat face gaskets 

In one of the most commonly used flange connection, flanges with flat faces and a 
gasket inside the bolt circle (ibc-type), all the requirements also have to be met by 
the gasket. Therefore, gasket materials have to be capable of transferring the exter-
nal loads but also have to be soft and flexible, in order to close microscopic gaps 
and surface irregularities to achieve a high level of leak thightness. This fact leads 
to a contradiction for the gasket material, having to be a compromise between suffi-
ciently in its load-bearing capacity and as well, it has to ensure a high level of leak 
tightness. Because of this, it is impossible, to optimize the design and material be-
haviour of flat-face gaskets for both criteria simultaneously. Typical gasket materials 
are graphite or fibre seals. 

2.2 Patented invention [8]: rubber gasket with internal force shunt 

A well-known solution to the discussed aspects is the design of a rubber gasket with 
force shunt [9]. The patented design applies this principle in a uniquely and efficiently 
to produce design as shown in figure 1 via an implemented spiral wound metal-wire 
with indentations. The metal spiral is placed inside the injection mold and during the 
injection process, the rubber material flows radially from the inside through the in-
dentations to the outside, creating a form fit. This leads to a very efficient and eco-
nomic manufacturing process, since no scrap metal is left over and no adhesive has 
to be applied.  

 
figure 1: design of rubber gasket with implemented spiral wound metal-wire with indentations 
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figure 2: cross-section of the gasket, separated area for tightening and area of load bearing 

As shown in figure 2, the cross section of the gasket consists of two different areas. 
The sealing area at the inner diameter contains two circumferential rubber rings with 
an axial elevation of 1mm with respect to the axial thickness of the metal spiral. The 
geometry of the sealing area is optimized via finite element simulation, in order to 
achieve an optimal tightness at minimal radial deflection to the inside. The thickness 
of the sealing area is compressed from 4 to 3mm during the assembly process. This 
ensures optimal sealing performance and complies with recommendations for o-ring 
applications.  

 
Figure 3: Cross section of a bolted flange connection: optimised load transfer at metal spiral 

(grey lines indicade effectiv direction of the loads - bolt load and external loads) 

At the outer diameter, the enclosed spiral wound metal wire creates a so called force-
shunt, and therefore transfers the bolt loads and the external forces. As soon as the 
gasket is mounted, the sealing area is decoupled from the load transfer, as shown 
in figure 3. Because of this, the sealing area is not influenced by external loads and 
the bolt force, the gasket material can be optimized for tightness. The metal spiral 
covers at least 20% of the overall sealing area. Therefore, it is ensured, that the 
surface pressure between at the flange faces does not exceed values, that lead to 
serious plastic deformations and thus to imprints.  
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3 Proof of concept 

Since the gasket is applied like a standard ibc-gasket between flanges with flat faces, 
it can be tested, calculated and used accordingly. Therefore, the behaviour is meas-
ured and described via the gasket parameters according to DIN EN 13555. The test 
procedure leads to the following gasket parameters [10] that allow a full description 
of the overall behaviour of gaskets during all load cases:  

3.1 Maximum gasket pressure during assembly and operation – QSmax 

In order to prevent the gasket from mechanical damage due to overloading, the load 
limit is determined in the compression test that provides the gasket parameter QSmax. 
The gasket is subjected to increasing gasket pressure and the resulting gasket thick-
ness is monitored continuously. In the case of material failure, the gasket thickness 
decreases drastically and indicates mechanical failure. The result in figure 4 shows, 
that at room temperature, even up to the maximum gasket stress up to 190 MPa, 
there is no mechanical failure detectable. The decrease in gasket thickness results 
due to plastic deformation of the metal spiral non-critical. In the typical range of use 
between 10 and 30 MPa , there is no risk of overstressing and destroying the gasket 
either during assembly or in service. In comparison, standard flat face rubber gas-
kets fail at gasket stresses as low as 20 MPa (dependent of the service temperature) 
and thus are prone to failure in typical service conditions due to overstressing. 

 
Figure 4: compression test to 190 MPa ⇒ no destruction of the gasket due to overstress-

ing possible (maximum value of test rig reached) 

usual range of use 
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3.2 Leakage test, Qmin(L) and QSmin(L) 

The leakage test according to DIN EN 13555 subjects the gasket to a specific pattern 
of gasket stress levels, that simulate the typical service conditions of flat face gas-
kets, beginning with the stress level at assembly and decreasing stress levels due 
to creep relaxation. The result of the test procedure are the values Qmin(L) and QSmin(L). 
Qmin(L) indicates, how high the stress level at assembly has to be the least, in order 
to meet the required tightness level L. According to TA Luft, the leakage level of the 
gasket has to be below 0,01 mg/sm (determined with helium and at operating pres-
sure). Figure 5 shows, that using soft rubber material leads to an leakage level below 
0,0001 mg/(sm) even at very low gasket stress levels of 2,5 MPa. This means, that 
the gasket meets the leakage requirements in all situations easily. In comparison, 
typical fibre seals or graphite gaskets need between 20 to 30 MPa gasket stress, in 
order to achieve the tightness level of 0,01 mg/(sm). This leads to the need for high 
bolt loads and stresses in the flanges and leaves very little room for errors. 

 
Figure 5: result of leakage test shows a very high level of leak tightness even at very low 

gasket stresses of 2,5 MPa  

3.3 Creep-relaxation - PQR 

In order to achieve high levels of tightness, gasket material have to be soft and flex-
ible. Especially, if rubber is part of the gasket, such as in rubber bound fibre gaskets, 
creep relaxation leads to decreasing gasket stress levels during service. As a con-
cequence, the leakage increases. This has to be adressed via higher gasket stress 
levels at assembly. To determine the relative decrease of gasket stress, the gasket 
is subjected to the desired stress at assembly and heated up to the nominal service 
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temperature. As soon as this temperature is reached, the test rig applies a typical 
stiffness of 500 kN/mm, simulating the elastic behaviour of a bolted flange connec-
tion. In figure 6, the results for the rubber gasket with internal force shunt is shown. 
Since the gasket stress is almost fully applied at the metal spiral, there is no effect 
due to creep relaxation measurable. The gasket stress level after heating up to 
150°C remains constant at 30 MPa. The value for PQR is calculated to 0,98, meaning, 
98% of the stress level at assembly remains during service. In comparison, standard 
rubber gaskets typically lose up to 50% (PQR=0,5) and fibre gasket up to 30% 
(PQR=0,7) of the gasket stress during service. This effect has to be compensated via 
higher bolt loads, further increasing stresses in the flange connection, making it dif-
ficult, to find solutions in the flange connection calculation. 

 
Figure 6: result of the creep relaxation test at 30 MPa initial gasket stress and 150 °C 

shows no significant loss of gasket stress during service 

4 Conclusions 

The design of a rubber gasket with an internal force shunt solves the problem of 
contradicting requirements of gasket materials. The solution implements a spiral 
wound metal-wire with indentations, that creates a force shunt. It lies inside the rub-
ber material and thus is enclosed, held by the rubber and is easily and efficiently to 
produce. The design leads to a unique sealing performance with a very high tight-
ness (L < 10-4 mg/(sm)) even at very low gasket pressures of 2,5 MPa, no creep 
relaxation (PQR > 0.98) and a very high load bearing capacity (Qmax > 190 MPa). This 
enables plant manufacturers and operators to effortlessly:  

  



B21     617 
______________________________________________________________________________________________________________ 

 

 

• meet the tightness-requirements according to TA-Luft 

• successfully carry out flange connection calculations for almost any 
flange type 

• find suitable torques for the assembly process  

• minimize leakage due to errors during assembly 

• choose the right gasket material (according to temperature and me-
dium specs) 

• generally enhance plant safety 

• and reduce overall in-situ emissions of the plant 
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Development of an analytical calculation method for the  
design of thermoplastic flange systems 

Finn Bartmann M.Sc., Prof. Dr. -Ing. Alexander Riedl,  
Prof. Dr. -Ing. Elmar Moritzer 

In the course of environmental protection and the amendment of TA Luft, emissions from 
flange connections must be reduced (to L0.01). The design and calculation of steel flanges is 
easy to handle with the help of EN 1591-1 [3] and EN 13555 [4]. However, the standards 
mentioned are not suitable in their current form for thermoplastic sealing joints, such as 
those used in natural gas supply. For this reason, lengthy and cost-intensive tests must 
currently be carried out to verify tightness and strength. 
The aim is therefore to develop a time-efficient and cost-effective analytical calculation 
method based on the existing standards. For this purpose, the energy-elastic material 
parameters of the steel must be replaced by viscoelastic material parameters of the 
thermoplastics and the calculation algorithm adapted accordingly. The problem is to be 
investigated with the aid of numerical structural simulations (FEM) and experimental 
investigations. This is an innovative contribution presenting a research project with high 
practical relevance for industry. 

 

 
1 Presentation of the research gap 
Protecting the environment and using fewer resources is more important than ever. 
Sealed joints in pipeline and tank construction produce relatively high emissions, 
which must be reduced as far as possible for the reasons mentioned above. These 
connections can be critical, especially in the chemical industry. Since 01.12.2021, 
for example, the new "Technical Instructions on Air Quality Control (TA Luft)" [2] 
have come into force and must be implemented. As a result, sealing connections 
made of thermoplastics, which are used in natural gas pipes, for example, are 
becoming more important, as proof of tightness must be provided. At present, it is 
only possible to verify the tightness of thermoplastic sealing joints by experimental 
means to a very limited extent, see [6]. Experimental proofs are both cost-intensive 
and can only be transferred to other sizes of sealing elements to a limited extent. 

 
 
2 Target definition 
The aim is to develop a cost-effective, quick analytical calculation method for 
verifying the tightness and strength of thermoplastic flange systems. Based on an 
existing set of rules for metallic sealing joints (EN1591-1) and taking into account the 
special viscoelastic and thermal material properties of thermoplastics, the energy- 
elastic material parameters of steel must be replaced by the viscoelastic material 
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Standard for thermo- 
plastic parameters, e.g. 
DIN EN ISO 527 

parameters of thermoplastics and the calculation algorithm adapted accordingly. In 
order to adapt the analytical calculation method to the special features of the 
mechanical and thermal behavior of thermoplastics, both extensive experimental 
investigations and FEM analyses are required for the ultimately necessary 
modification of the calculation algorithm and the validation of the algorithm. 

 
 
3 Methodological considerations 
The following diagram provides an overview of the planned methodology and the 
interrelationships between them: 

 

Figure 1: Diagram of the planned procedure 
 

This is based on the standards for the design of steel flanges, marked in gray in 
Figure 1. In addition, research work was carried out to model the demanding material 
behavior in the FEM software. An elementary component of this is to model the creep 
behavior. The phenomenon in flange-connections is usually referred to “creep- 
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Measurement of l0 

Isochronous stress-strain curves 
Test 3 Test 2 Test 1 

relaxation”. This is responsible for the decrease in surface pressure on the seal. The 
analytical calculation algorithm is to be adapted with the help of the simulation results 
and on the basis of the experimental findings. In the course of the experimental tests, 
the focus will be placed on investigating the thermoplastic material and its 
characteristic values. 

After adapting the calculation method, the investigations and simulations can be 
reused to validate the analytical approach. This allows the possibilities and limits of 
the developed method to be demonstrated and evaluated. 

In addition to the simple and cost-efficient design method, optimization potentials for 
the future can also be better identified and exploited. 

 
 
4 Current status 
For the numerical consideration of the problem, it is necessary to define the creep in 
the material properties separately using a creep model. Isochronous stress-strain 
curves can be used as a database for this purpose. Literature values can be found 
for selected materials. If this is not the case, time-consuming tensile creep tests must 
be carried out. This involves applying a constant stress to a tensile specimen and 
documenting the strain at regular intervals. By repeating the measurement at 
different loads, an isochronous stress-strain diagram can be created, just like in 
figure 2. 

 

Figure 2: Illustration of creep tensile tests to create isochronous stress-strain curves [5] 

 
As can be seen from [5], it is important to note that the test includes all strain 
components, which are composed as follows: 

 
𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔 = 𝜀𝜀𝑔𝑔𝑒𝑒 + 𝜀𝜀𝑝𝑝𝑒𝑒 + 𝜀𝜀𝑐𝑐r  (1) 

 
 

Elastic and plastic, 
time-independent strains 

Time-dependent creep 
strain 
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𝐸𝐸 𝐸𝐸 
 

 

 
 

To determine the creep strain, it is therefore necessary to subtract the elastic and 
plastic strain. The proportions can be determined experimentally using the tensile 
test in accordance with DIN EN ISO 527. 

The creep strain can now be calculated using the Norton-Bailey model, for example: 

const. Parameter A, n, m 

 
𝜀𝜀𝑐𝑐𝑐𝑐 = 𝐴𝐴 ∙ 𝜎𝜎𝑛𝑛 ∙ 𝑡𝑡𝑚𝑚 

 
Tension Load time 

(2) 

 
According to [5], the elastic and plastic components of the strain can be modeled 
using the Ramberg-Osgood model, for example: 

 
𝜀𝜀 𝜎𝜎 𝜎𝜎 𝑝𝑝 
𝑔𝑔𝑒𝑒,𝑝𝑝𝑒𝑒 = 𝐸𝐸 + 𝐾𝐾 (𝐸𝐸) (3) 

The complete mathematical description of the isochronous stress-strain curves is 
thus carried out via: 

𝜀𝜀 = 𝐴𝐴 ∙ 𝜎𝜎𝑛𝑛 ∙ 𝑡𝑡𝑚𝑚 + 
𝜎𝜎
 
𝐸𝐸 

 
𝜎𝜎 𝑝𝑝 

+ 𝐾𝐾 ( ) 
𝐸𝐸 

(4) 

  
 

ε 
cr 

 

Time-dependent 
creep strain 

ε + ε 
el pl 

 

Time-independent 
strains 

 
σ, t: freely selectable, e.g. 

σ = 10, 20, … , 60 MPa 

t = 10, 100, …, 100 000 h 
 

 
 
 
 
 

 
A, m, n: 

Unknown parameters 

𝜀𝜀 = 𝐴𝐴 ∙ 
𝜎𝜎 𝑝𝑝 

 
 
 

 
E, K, p: 

Previously calibrated (known) 
parameters 
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Figure 3 shows the von Mises comparative tension in the collar. 

Using the model calibrated in this way, the bolt force relaxation due to creep of the 
thermoplastic material could be determined as follows: 

First, the stresses in the component are determined, e.g. with the help of an FEM 
simulation. 

 

F Creep relevant square ring area 

 
 
 
 
 
 
 
 

 
h h 

 
 

σ b 
 
 
 

 

σm 

Collar width b 
Figure 3: Simulative stress distribution in the flange collar 

 

The change in length due to creep then results in: 
 

∆𝑒𝑒 = 𝜀𝜀𝑐𝑐𝑐𝑐 ∙ ℎ 

 
(5) 

Notice that the influence of the circumferential rotation of the loose flange on the 
mechanical behavior is not considered in this first calculation approach. 

The creep strain can then be determined using the Norton-Bailey model: 
 

𝜀𝜀𝑐𝑐𝑐𝑐 

 
= 𝐴𝐴 ∙ 𝜎𝜎𝑛𝑛 ∙ 𝑡𝑡𝑚𝑚 with calibration of 𝐴𝐴, 𝑛𝑛, 𝑚𝑚 via isochronus stress- strain 

diagrams (parameter fitting) 
 
 
𝜀𝜀𝑐𝑐𝑐𝑐 = 𝑓𝑓(𝜎𝜎, 𝑡𝑡, 𝑇𝑇) 
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Figure 4: Classic tensioning diagram of a bolted connection 

The resulting bolt force relaxation can then be read approximately from the tension 
diagram as shown in Figure 4, when rotation is again disregarded. 

 

 

The residual surface pressure of the gasket results in: 
 
𝑃𝑃𝑅𝑅𝑔𝑔𝑔𝑔𝑡𝑡 = 

𝐹𝐹𝐾𝐾𝑒𝑒. 
𝐴𝐴𝐺𝐺 

(6) 

 
In order to test the transferability of tensile tests (according to DIN EN ISO 527) to 
the real application in the flange, compression tests in the AMTEC test bench [1], as 
shown in Figure 6 and 7, are also planned. The schematic test setup is shown in 
figure 5. The AMTEC test bench is a leakage test rig that can usually also be used 
to determine the gasket characteristics in accordance with DIN EN 13555. In addition 
to the hydraulic cylinder and the heatable test plates, the test bench offers integrated 
force and displacement transducers as well as the option of leakage measurement 
using the pressure drop method or a helium mass spectrometer. 
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F 

𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑓𝑓 (𝑇𝑇, 𝑡𝑡, 𝜀𝜀) Equivalent stress 

𝐸𝐸𝑛𝑛 = 𝑓𝑓 (𝑇𝑇, 𝑡𝑡, 𝜀𝜀) on the flange Tensile test on specimen bar 

𝛼𝛼 = 𝑓𝑓 (𝑇𝑇) 𝜎𝜎𝐹𝐹𝑒𝑒. = 𝜎𝜎𝑃𝑃𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔𝑃𝑃𝑐𝑐𝑔𝑔,𝐹𝐹𝑒𝑒. + 𝜎𝜎𝐵𝐵𝑔𝑔𝑛𝑛𝐵𝐵𝐵𝐵𝑛𝑛𝑔𝑔,𝐹𝐹𝑒𝑒. 𝜎𝜎𝐸𝐸𝐸𝐸𝑃𝑃. = 𝜎𝜎𝑇𝑇𝑔𝑔𝑛𝑛𝑔𝑔𝐵𝐵𝑇𝑇𝑛𝑛,𝑆𝑆𝑝𝑝𝑔𝑔𝑐𝑐𝐵𝐵𝑚𝑚𝑔𝑔𝑛𝑛 = 𝜎𝜎𝐹𝐹𝑒𝑒. 
 

Figure 5: Schematic test setup for determining compressive stresses to 
check transferability to standard experiments [1] 

 
The long-term goal is to determine the required material parameters using simple 
standard tests where possible and to convert them to real-life conditions. Whether 
and how such a conversion is possible is checked with the compression test. Table 
1 below clearly shows the pairings for the first tests. 

 
 

Table 1: Test plan for the compression tests in the AMTEC test rig 
 

 Flange collar Gasket Temperature Load 

1 Polypropylen NBR 21 °C Short term 

2 Polypropylen EPDM 21 °C Short term 

3 Polypropylen NBR 80 °C Short term 

4 Polypropylen NBR 21 °C Long term (100 h) 

5 Polypropylen NBR 80 °C Long term (100 h) 

6 Polyethylen NBR 21 °C Short term 

7 Polyethylen EPDM 21 °C Short term 

8 Polyethylen NBR 60 °C Short term 

9 Polyethylen NBR 21 °C Long term (100 h) 

10 Polyethylen NBR 60 °C Long term (100 h) 
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According to the current state of knowledge, the sandwich structure can be treated 
very similarly to a test specimen in DIN EN 13555 and the results can be applied in 
DIN EN 1591-1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6: Experimental setup for carrying out the compression tests 

 
 
 

 

Screw dummies 
Loose flange (steel) 
Flange collar 
(thermoplastic) 

 
 

Heatable 
test plates 

 
 
 

 
Figure 7: Sandwich structure of the test specimens, in accordance to [7] 
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5 Summary and Conclusion 
In conclusion, it can be said that the investigation of thermoplastic flange systems is 
long overdue due to their increasing use and is now also gaining economic 
significance with the amendment of the TA Luft. The same applies to the increasing 
demands of climate protection. This conference paper is part of a larger research 
project and therefore initially reflects the current status of this project. In the long 
term, a draft standard based on EN 1591-1 and EN 13555 for the analytical 
calculation of thermoplastic flange systems is to be developed in order to reduce 
time-consuming and cost-intensive tests. The main difficulty lies in the consideration 
of the viscoelastic material behavior, which requires different material inputs than the 
implemented linear material behavior of steel materials. The creep of thermoplastic 
materials in particular ensures that the bolt forces applied are massively reduced 
and the surface pressure on the seal is significantly reduced. This effect is 
exacerbated at higher temperatures. The Norton-Bailey approach is used here to 
predict the creep strain as a function of the applied stresses and time. The model is 
based on calibration using isochronous stress-strain curves. The reduction in 
thickness of the flange collars can be calculated using the geometric variables. This 
is the reason for the bolt force relaxation. The stiffness of the structure represents 
the relationship between the two variables. The bolt forces in turn are decisive for 
the surface pressure of the gasket and this is required to determine the leakage class 
with the corresponding gasket parameters (in accordance with EN 13555). 
This promising approach is to be validated with the aid of numerical simulations and 
experimental investigations. Concrete approaches and the test plan will be 
presented. The AMTEC test rig, which can also be used to determine the gasket 
characteristics, is suitable. A sandwich structure consisting of a flange collar, loose 
flange and bolt dummies can be tested there in an upsetting test. 
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6 Nomenclature 
 

Variable Description Unit 
𝜀𝜀𝑔𝑔𝑒𝑒 Elastic strain [-] 
𝜀𝜀𝑝𝑝𝑒𝑒 Plastic strain [-] 
𝜀𝜀𝑐𝑐𝑐𝑐 Creep strain [-] 
𝜀𝜀𝑔𝑔𝑔𝑔𝑔𝑔 Total strain [-] 
𝑅𝑅𝑝𝑝0,2 Yield strength [MPa] 
𝛥𝛥𝑒𝑒 Length change [mm] 
𝑡𝑡 Time [s] 
𝜎𝜎𝑚𝑚 Medium stress [MPa] 
𝜎𝜎 Stress [MPa] 

𝐴𝐴, 𝑛𝑛, 𝑚𝑚 Norton-Bailey parameters [-] 
𝐸𝐸 E-Modulus [MPa] 
𝐾𝐾, 𝑝𝑝 Ramberg-Osgood parameters [-] 
𝐹𝐹 Force [N] 
𝐹𝐹𝐾𝐾𝑒𝑒. Remaining clamping force [N] 
𝐹𝐹𝑉𝑉 Clamping force [N] 
ℎ Flange collar thickness [mm] 
𝑏𝑏 Flange collar width [mm] 
𝑇𝑇 Temperature [°C] 

𝑃𝑃𝑅𝑅𝑔𝑔𝑔𝑔𝑡𝑡 Remaining surface pressure [MPa] 
𝐴𝐴𝐺𝐺 Gasket surface [mm2] 
𝐴𝐴𝑄𝑄 Square ring area [mm2] 
𝛿𝛿𝑆𝑆 Stiffness screw [mm/N] 
𝛿𝛿𝑇𝑇 Stiffness of thermoplast [mm/N] 
𝛼𝛼 Coefficient of thermal expansion [1/K] 
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