
EVENT REPORT – GAS BEARING WORKSHOP 2021

TURBO, SPINDLE, WAFER

AUTHOR’S NOTE

Jos Gunsing is the founder/
owner of MaromeTech, 
a technology & innovation 
support provider, based 
in Nijmegen (NL),  
and a DSPE board member. 

jos.gunsing@marometech.nl

JOS GUNSING

Introduction
In 2015, the first Gas Bearing Workshop was organised as 
a collaboration between DSPE, VDE GMM and the Bond 
voor Materialenkennis, and it has been a biennial event ever 
since. This year’s workshop had to be postponed by eight 
months, but to no regret; thanks to the speakers and 
the audience, the fourth edition on 15 November 2021 
in Düsseldorf (Germany) was a success.

The boundaries of gas-bearing applications are being stretched again and again. This was 
the main message from the fourth Gas Bearing Workshop, a Dutch-German collaboration 
that was organised last month. One of the focus areas was high-speed rotational 
bearings, especially for turbomachinery, where precision is not the primary goal. 
Of course, precision applications were still a common thread in most presentations, for 
example on low-speed spindles. A solar-wafer transport application was also presented.

The chair for the day, Wolfram Runge, gave a short 
overview of what the topics had been for the previous three 
workshops. The first edition was characterised by classical 
precision engineering, with a focus on components and 
quasi-static operation. The second edition included new 
non-precision applications like web transport or floating 
parts, while standardisation was a discussion item for 
an expert panel. The third edition, and the 2021 edition 
reviewed here, established a further focus: high-speed 
rotational bearings, especially for turbomachinery. Here 
precision is not the primary goal; rather, the main drivers 
come from tribological challenges. Of course, precision 
applications have been a common thread throughout 
all the workshops. 

The presentations were roughly categorised into: applied 
research; new technologies and components; design 
guidelines, methods and pitfalls; and special applications.

Applied research
Jürg Schiffmann’s applied research at EPFL concentrates on 
small-size high-speed turbomachinery for applications such 
as heat-pump compressors, fuel-cell compressors, turbo-
expanders for waste heat recovery in trucks, and also 
for turbochargers for the automotive industry.

Due to the fact that for all these applications, the 
combination of controlled lifetime, robustness of operation 
and low product cost is important, quite some research is 
being put into further fundamental understanding and 
control of the properties of the high-speed bearings inside. 
Schiffmann also emphasised that making more efficient 
use of the current concepts has enormous energy-saving 
potential. 

Herringbone gas bearings offer good opportunities for 
application in high-speed turbomachinery, but with respect 
to shaft rigidity, the alignment sensitivity of the bearing 
bushing must be dealt with, while several aspects have 
not yet been well described in literature, such as: 

Programme
 
•   Opening words:  

Wolfram Runge, Beuth Hochschule für Technik, Berlin (DE);
•   Keynote: Gas bearing supported small-scale 

turbomachinery – recent advancements,  
Jürg Schiffmann, EPFL, Lausanne (CH); 

•   Gas bearing applications for production equipment in 
semiconductor and solar industries,  
Jaap Beijersbergen, Levitech, Almere (NL);

•    Active shape control in aerodynamic air foil bearing,  
Hossein Sadri, SADAP, formerly TU Braunschweig (DE); 

•   Experiences gained in air bearing design,  
Johan Jacobs, Simex-Technology, Eindhoven (NL); 

•   Keynote: Addressing diverse precision manufacturing 
challenges through airbearing design,  
Byron Knapp, Professional Instruments, Hopkins (MN, USA);

•   Design, manufacture and test methods of gas bearings 
for ultra-low shaft errors in motion even at higher speeds,  
Ralf Dupont, Levicron, Kaiserslautern (DE);

•   Design challenges in high-speed turbo compressors 
with herringbone gas bearings,  
Christof Zwyssig, Celeroton, Volketswil (CH);

•   Tilting pad bearings; world record high speed,  
Marius Nabuurs, NabTech, Eindhoven (NL); 

•   High speed small turbomachinery gas bearing 
performances experimental investigation,   
Kostandin Gjika, Garrett Motion, Épinal (FR); Wanhui Liu 
and Jürg Schiffmann, EPFL (CH).
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Drop in loadcarrying capacity when going from dual to singlephase 
fluid behaviour due to the disappearing condensation effect when the 
temperature rises. P5 is (indirectly) related to the loadcarrying capacity. 
(Copyright ASME, Journal of Tribology [2])

•  Optimisations of groove patterns in herringbone dynamic 
air bearings.

•  Real gas effects:
 -   Condensation; operation close to saturation depending 

on temperature, pressure and humidity:
    +   1- and 2-phase operation;
    +   effects on load-carrying capacity and friction losses.
 -  Effects of turbulence under higher pressures.
•  Effect of bushing compliance on herringbone bearing 

operation.

Schiffmann dedicates a lot of effort at EPFL to researching 
the various phenomena.

•  Optimisations of groove patterns in herringbone bearing 
grooves:

 -   Optimised patterns tested on the same rotor with 
the same bearing clearance.

 -   Enhanced groove patterns allow for increased rotor 
speed as compared to classical grooves.

 -   New patterns allow for a 50% increase in clearance.  
 
Results of modelled and tested groove patterns 
are shown in the graphs in Figure 1.

•  Real gas effects:
  Schiffmann also described extensively his investigations 

into the effects of condensation, both in single- and dual-
phase operation. There is very little to be found on this 
area in current literature; most research deals with more-
or-less ideal gas behaviour. Along with this, his modelling 
and experimental research also covers bearing behaviour 
under (partially) turbulent conditions (Figure 2).

•  Effect of bushing compliance on herringbone bearing 
operation:

  Herringbone bearings require very small clearances 
(5-10 μm for ø10 mm) to ensure stable operation and 
sufficient load capacity; hence the size and alignment 
tolerances cause high manufacturing cost. This requires 
research into the potential of flexible bushing support 
and modification of fluid-film behaviour. 

  After some research and development, the concept of 
tuneable membranes for bearing bush support came up 
(Figure 3). During experiments with four probes 
(discerning tilting and translation; Figure 4) on 
the bearing bushing, an unstable bushing tilting mode 
was identified coupled to the flexible support bushing. 
The mechanism behind this phenomenon is: 

 -   The underlying mechanism is cross-coupled fluid-film 
behaviour in tilting.

 -   Bearing bushing inertia on tilting springs experiences 
destabilising forces from fluid-film impedance.
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Measurement

Experimental results concerning the speed of instability onset (SIO) 
in relation to herringbone bearing groove patterns. (Copyright ASME, 
Journal of Tribology [1])

1

2

Tuneable flexible membrane bearing bushing. (Copyright Elsevier [3])
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Power loss in high-speed small turbomachinery 
Kostandin Gjika presented an interesting experimental 
study on the power loss of different types of bearing systems 
applied to high-speed turbochargers, such as:
• semi-floating oil-bearing system;
• herringbone aerodynamic bearing;
• ball bearing. 

All are shown in Figure 5.

The total power loss of turbochargers has been measured 
on a dedicated Garrett test bench that has been upgraded 
for the design of the herringbone gas bearing (Figure 6). 
Extensive testing was carried out under steady-state 
operating conditions with inlet fluid temperature (oil or air) 
of 40 °C and 100 °C. The inlet fluid pressure was chosen 
based on the actual operating conditions of the bearing 
designs. The herringbone gas bearing has been tested with 
a gas-bearing air-inlet pressure of 1 bar, and the oil bearing 
and ball bearing as per their extreme oil inlet pressures 
of 1 bar and 4 bar.

The power loss of the oil- and ball-bearing turbochargers 
is compared with the power loss of the herringbone gas-
bearing turbocharger at the operating speed range up to 
2000 rev/s. Figure 7 summarises the dimensionless power-
loss test data. It shows that:
•  The increase in the air inlet temperature increases 

the power loss of the herringbone gas bearing because 
the viscosity of the air increases.

•  The increase in the air inlet temperature decreases the 
power loss of the oil bearing and the ball bearing because 
the viscosity of the oil decreases.

•  For the fluid inlet temperature of 40 °C:
 -   The power loss of the herringbone gas bearing is equal 

to that of the ball bearing, but two times less than 
that of the oil bearing for an inlet pressure of 1 bar.

 -   The power loss of the herringbone gas bearing is 28% 
less than that of the ball bearing and 60% less than 
that of the oil bearing for an inlet pressure of 4 bar.

• For the fluid inlet temperature of 100 °C:
 -   The power loss of the herringbone gas bearing is 30% 

less than that of the oil bearing, but 25% greater than 
that of the ball bearing for an oil inlet pressure of 1 bar.

 -   The power loss of the herringbone gas bearing is 40% 
less than that of the oil bearing, but 9% greater than 
that of the ball bearing for an oil inlet pressure of 4 bar.

Herringbone gas-bearing technology appears to be 
a competitive design.

4

5

Dynamic translation and tilting of herringbone bearing bushing 
on a tuneable flexible membrane. (Copyright Elsevier [3])

The different bearing types applied in a small highspeed turbocharger.

6

Powerloss test rig: measurement principle and setup.
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Next step of the study: to develop and test an air-foil bearing 
turbocharger for shaft motion, power loss and lift-off speed; 
thus extending the comparison of turbocharger bearing 
types.

New technologies and components
Hossein Sadri of SADAP took us on an enthusiastic 
journey on the development of active shape control 
of the bore geometry in aerodynamic foil bearings, which 
is on the edge of applied research and new component 
development. Active foil bearings will potentially be able 
to control lift-off capacity, load capacity and hydrodynamic 
preload (thus stiffness), and thus improve static 
and dynamic properties (Figures 8 and 9).

The foil bearing will be equipped with piezo-actuated 
elements in order to control the foil shape (conformity 
with respect to the shaft radius). Flexure joints are applied 
to avoid backlash effects.
 
It can be concluded that static and dynamic properties 
can be adapted/improved by way of active shape control. 
Subsynchronous motions can be reduced heavily (Figure 
10), while increasing damping at higher rotational speeds.

Marius Nabuurs of Nabtech took another route on 
improving the aerodynamic gas-bearing properties by 
applying tilting pad bearings. He redesigned a tilting pad 
journal bearing such that it can be produced more easily 
with improved properties. His bearing consists of a bearing 
bush holding three integrated pads supported on leaf-
springs. The preload on the springs can be adjusted 
with a screw (Figures 11 and 12).

According to Nabuurs, experimental validation with the help 
of a dedicated test rig (Figure 13) showed that a number 
of properties can be influenced/improved, including load 
capacity, dynamic stability, thermal stability, position 
accuracy, power loss, imbalance response, shock impact/
acceleration, instability speed onset, and dynamic stability. 

Nabuurs claimed a world record for his off-the-shelf 
adjustable tilting pad aerodynamic bearing, with 
365,000 rpm for a 16-mm diameter journal gas bearing 
(D·n: 5.85·106), where surface speeds are over 300 m/s 
(close to the speed of sound).

Design guidelines, methods and pitfalls
Johan Jacobs of Simex-Technology started with his history 
of air-bearing design at Philips, where many gas bearings 
were developed for all sorts of applications, even for mass-
production applications such as the spiral groove bearing. 
Among other things, he worked on designs for a conical 
bearing for a particle foil trap in ASML’s EUV beam 
equipment, a contactless wafer movement for atomic layer 
deposition (SoLayTec), and spherical bearings (Kugler). 
An example of his work is shown in Figure 14, which deals 
with increased stiffness and manufacturability for a thrust 
bearing with surface restrictors. This bearing has been 
applied in a high-speed turning spindle for manufacturing 
non-spherical optical elements.
 
What was very interesting in his lecture was the description/
overview of the guidelines for design (loops) plus the pitfalls.

7 9

Dimensionless powerloss test data for turbochargers with semifloating oil bearing, ball bearing 
or herringbone gas bearing; the pressures are the gasbearing airinlet or oil pressures.

8a 8b

Piezoactivated shape control of aerodynamic foil bearing shape.
(a) Concept overview.
(b) Realised design.

Effect of shape control on load capacity as a function of speed.
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Design loop:
•  Determine load capacity, axial and tilt stiffness 

plus airflow:
 -  Firstly, an estimation with basic formulas.
 -  Secondly, optimisation with e.g. FEM/Ansys.
• Check airgap budget:
 -   Geometrical variations: manufacturing size, 

shape and roughness specifications/tolerances.
 -   Deformations: mechanical and thermal.
 -   Boundary conditions: supply pressure and preload 

variations.
• Check stability (bearings with pockets).
• Choose the right material and coatings.

Pitfalls:
• Unnecessary use of gas bearings.
• Burrs/chamfers restrictors.
•  Too-large pocket size, leading to unstable bearing 

and pneumatic hammer effect.
•  Too-high pressure drop in supply lines outside/inside 

bearing.
• Unstable pre-load.
•  Underestimation of mechanical deformation of bearing 

parts and support.
• Contamination caused by gas supply.

•  Bearing stability in vacuum differing completely 
from that in atmospheric applications.

Ralf Dupont of Levicron in his presentation discussed 
several design concepts for a high-speed spindle, 
concerning among other things thrust-bearing position 
on the spindle shaft (front, mid and rear position), and 
the effects of tool holders both from a dynamic stability 
and a thermal perspective. In this report, the focus 
is on his work on thermal aspects.

Dupont started by describing heat sources and dissipation 
(Figure 15). By way of integrating thin-film cooling, 
detached heat sources (bearings, motor), a symmetrical 
spindle shaft design and axial dilatation compensated 
by centrifugal shaft shortening, he succeeded in controlling 
the thermal aspects, including the time needed to reach 
equilibrium (‘soak time’; see Figure 16).

Effects of shape control on synchronous and subsynchronous motion of a shaft centre, with shapecontrolreduced amplitude  
for nonsynchronous movements over the whole frequency range.
(a) 50 ~ 100 Hz.
(b) 150 ~ 200 Hz.

10a

11 12

10b

Radial and pivoting compliance, from concept to bearing design. 
(Upper two rows: copyright KU Leuven)

Concept of a tilting pad journal bearing with tilting pads and radial 
and pivoting compliance. 
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Bearings under shock load
Christof Zwyssig brought an extra dimension to dynamic 
loads on gas bearings; his case dealt with up to 20-g shock 
loads in high-speed compressors in mobile and automotive 
applications, specifically in vehicle fuel cells systems 
(Figure 17).

The application of herringbone gas bearings offers 
advantages in oil- and wear-free operation, robustness, and 
energy savings, provided that shock loads (acceleration 
capability; see Figure 18) can also be absorbed under all 
combinations of conditions. For example, high shock loads 
(a typical requirement is 10 g up to 400 times during 11 ms 
at low (–20 °C at cold start) or high gas temperature 

(up to 150 °C at steady-state bearing temperatures)), 
under a variety of pressures (e.g. operation at 0.7 bara 
in high altitude). These conditions are typical for high-
speed vehicle turbo compressors. 

Based on simulation models, Zwyssig described how the 
axial and radial shock acceleration capability can be 
determined under a variety of temperature and pressure 
conditions (of both process and environment). Figure 19 
shows the combined axial and radial load acceleration 
capability, where the orange area is a region of potential 
damage due to shocks exceeding 5 g acceleration.

Special applications
Working for Professional Instruments, a company with 
a rich history in ultraprecision machining, Byron Knapp 
addressed manufacturing challenges that can be solved 
through air-bearing design. One example was diamond 
turning of, e.g., freeform optics, for which he replaced 
bronze journal bearings with porous graphite sleeves 
to overcome concerns on the durability of air bearings 
especially in frequent start-stop operation. In this report, 
a special application for metrology purposes is picked out. 

13

15

Test rig for static and dynamic measurements up to extreme high speeds.

Results (load capacity and stiffness versus bearing gap) of a redesign towards higher stiffness of a 
thrust bearing, for better bearing manufacturability (and, hence, better manufacturing performance 
of a turning machine with the bearing inside).

14

16

Heat sources in highspeed spindles.

Results (axial displacement over time, at various speeds) from 
a thermally healthy highspeed spindle design.
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17

19

20

18

Highspeed compressor for vehicle fuelcell application.

Qualitative acceleration capability (shockabsorbing capability) of a 
herringbone gas bearing under different rotational speeds.

Compressor diagram including allowed acceleration/shock 
at different operational points for defined operating conditions; 
in this case: –20 °C cold start at sea level (1 bara).

Spindle for metrology purposes with extreme demands  
on (non)synchronous errors/(non)repetitive runout  
in axial and radial direction.

A rotary metrology application required a spindle 
(Figure 20) with low error motion (both the synchronous/
repetitive error and especially the non-synchronous/non-
repetitive errors in radial as well as axial direction). 
Spindle metrology could be used for feedback to refine 
the bearing compensation. Special attention had to 
be paid to the thermal effects at the required low speeds 
of approximately 0.3 rpm.

Extensive testing showed the following results (Figure 21):
•  The standard design shows 6 nm synchronous and 1.4 nm 

asynchronous run-out at 0.35 rpm.
•  Below 500 rpm, 0.5 nm high-frequency errors 

are observed, caused by air distribution axial grooves 
on the thrust-bearing surface.

•  Axial supply grooves in the thrust bearing boost 
the stiffness and load capacity, but can be removed 
in this application to provide smooth motion.

Jaap Beijersbergen of Levitech took the opportunity to 
present two different concepts for keeping wafers floating 
in processes for semicon and solar applications. The 
semicon process is especially for heat treatment and coating 
processes, such as annealing oxidation, nitridisation and 
silicide formation. The concept of a floating wafer has been 
developed to enable rapid temperature increase and cooling 
of the wafer while keeping the temperature distribution 
even for reasons of shape control and avoiding cracks. 

A furnace containing a single wafer is applied, then 
the wafer is transferred from a hot to a cool chamber, using 
the convection (constituting the larger part of the heat flow) 
of the helium bearing gas plus the additional radiation of 
the chamber walls and the wafer itself. Heating and cooling 
to and from temperatures of up to 1,200 °C are typically 
carried out within a few seconds with an air gap of 150 μm 
(Figure 22).

Another special process is the atomic layer deposition line 
for solar applications. In this process, solar wafers are 
passivated with aluminium oxide on the backside, using 
TMA (trimethylaluminium) in combination with H2O 
(for the oxidation process) in a continuous flow. 

The oxidation process has to be repeated several times 
to obtain a sufficiently thick layer of aluminium oxide, 
and thus several identical process chambers are placed 
in a row. The contactless solar wafer transport takes place 
by keeping the wafer floating on the gas film in combination 
with the use of gravity (Figure 23).
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• Wafer supported on gas bearing
• Wafer transport by gravity
• TMA and H2O flows separated by N2 curtain
• Single side deposition
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22b

22a

Test results for a thrust bearing: grooves (left) versus no grooves (right)  
yields 1 nm instead of 1.4 nm asynchronous error/nonrepetitive runout.

Floatingwafer hot process.
(a) Principle.
(b) A hot wafer in the process.

Continuous atomic layer deposition process.

23

Wrap up
A lot of knowledge and insights were presented during 
the fourth Gas Bearing Workshop. It was obvious that the 
boundaries of gas-bearing applications are being stretched 
again and again. Along with this, potential new chapters 
(e.g. real gas behaviour such as condensation/saturation 
and also operation under shock load) are already maturing 
for the standard textbook Air Bearings, Theory, Design and 
Applications (Farid Al-Bender and co-authors, Wiley, 2021). 
In early spring 2023, the fifth edition of the Gas Bearing 
Workshop will be organised. 
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