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Introduction

Although the internal combustion engine 
is likely to still dominate the automotive 
landscape for the next decade or so, the 
increasing mismatch between energy 
consumption and available resources, to-
gether with tighter legal restrictions on en-
gine CO2 emissions, is creating an in-
creased demand for improvements to 
existing automotive technologies and the 
development of reduced friction, more en-
ergy efficient, ‘greener’ alternatives. At the 
same time, an increased awareness of  
air pollution has resulted in more and 
more stringent regulations on automotive  
engine emissions that drive technology 
developments.

Gasoline and diesel fuel internal com-
bustion engines are positioned com-
pletely differently with regard to the 
conflicting aims of fuel consumption and 
emissions (Figure 1).

The gasoline engine is clearly in the low 
emission category due to its very efficient 
after treatment of exhaust gases.

However, the spark ignition engine has in-
herently lower thermodynamic efficiency 
and hence has high fuel consumption.

The diesel engine, on the other hand, 
has a place in the low fuel consumption cat-
egory due to its favorable, thermodynamic 
efficiency and advantageous low end torque 
characteristics. This supports the trend to-
wards downspeeding for a further reduction 
in fuel consumption.

However, the compression ignition en-
gine suffers with high exhaust emissions, 
HC, NOX and particulates.

Forced Induction

In order to support the growing demand 
for more energy efficient, low carbon emis-
sion vehicles, manufacturers of forced in-
duction systems, particularly for passenger 
cars and commercial vehicles, are being 
asked to provide more compact, higher ef-
ficiency systems that are both durable and 
affordable.

Forced induction, achieved by both turbo-
charging and supercharging, allows an en-
gine to burn more fuel and air mixture by 
packing more oxygen molecules into the 
existing cylinders. Thus, the engine is able 
to deliver more power output per combus-
tion stroke.

 Forced induction is a key strategic tech-
nology for engine downsizing, permitting a 
small displacement engine to deliver a pow-
er output similar to larger naturally aspirated 
engines, as well as downspeeding, permit-
ting the same power output with lower en-
gine speed. Friction reduction and further 
improvement of thermodynamic efficiency 
at high specific loads are the drivers for this 
development.
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Figure 1	 Fuel consumption/emissions
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Turbocharger

A turbocharger is a device that uses the  
energy of exhaust gases emitted from an 
engine to compress the air going into the 
engine.

The core of a turbocharger is a rotating 
shaft coupling two wheels, a turbine wheel 
and a compressor wheel. The rotation of 
the shaft is supported by a bearing system. 

The turbine wheel is positioned in the 
exhaust stream of the internal combustion 
engine. The exhaust gas from the cylinders 
passes through the turbine blades, causing 
the turbine to spin. The more exhaust gas 
that goes through the blades, the faster they 
spin.

The compressor wheel is positioned  
before the air intake to the cylinders and 
through rotation of the shaft supplies  
compressed air to the combustion cycle  
by increasing the number of the oxygen  
molecules.

Conventional bearing systems associated 
with turbochargers are oil film based. The 
shaft and wheel assembly is supported by a 
controlled oil film thickness to facilitate both 
rotation and ensure dynamic stability at very 
high speeds.

Advantages of ball rolling element 
bearing turbochargers over the conven-
tional oil film turbocharger bearing systems 
originate from the fundamental change in 
the friction mechanism present in the sys-
tem. Multiple rolling elements replace a thin 
oil film under high-shear conditions, signifi-
cantly reducing system friction. This results 
in a significant improvement in system fric-
tion at operating temperature (typically up 
to 50 %) and even greater improvements 
during the first minute of an engine cold 
start (Figure 2). 

With the more conventional oil film  
turbocharger bearing systems, the oil is 
very viscous in cold conditions. At this 
time, the viscous drag of the bearing  
system prevents the effective rotation of 
the shaft and hence does not supply  
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Figure 2	 Friction loss benefits for ball bearing turbochargers
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sufficient boost air to the combustion pro-
cess. This means reduced power output 
and increased emissions. However, with 
ball bearing turbochargers the fundamen-
tal frictional change means that the flow of 
the exhaust gas, even at cold start, is suf-
ficient to provide rotation to the shaft so 
that the compressor wheel can provide 
the necessary boost air to the engine sys-
tem immediately. This results in a more 
energy efficient system with reduced 

emissions and also means that the driver 
experiences increased engine torque from 
the very beginning of the drive.

Turbocharger studies have shown that 
the ‘ball bearing effect’ is most pronounced 
at low engine speeds, just where a down-
speeding or downsizing concept needs 
the most help from the turbocharger sys-
tem. For engine operation the reduced 
bearing friction results in higher turbo-
charger speeds for the lower engine speed 
conditions mentioned above. Specifically, 
in the event of a sudden engine load re-
quest during idle or low load conditions, 
the increased turbocharger speed results 
in a significant improvement of engine re-
sponse due to the turbocharger’s instanta-
neous ability to supply compressed air. It is 
not only the ability to avoid the “turbo lag” 
that is striking but also the improvement of 
raw emission quality due to improved fresh 
air supply.

Figure 3 Schaeffler ball bearing cartridge
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Figure 4 Friction power loss at various oil flow regimes
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Schaeffler ball bearings 
for Turbocharger

Schaeffler ball bearings for turbochargers 
(Figure 3) are of the angular contact type. 
Typically, these bearings utilize ceramic 
balls, cages, anti-rotation devices, an outer 
ring, a compressor side inner ring, a tur-
bine side inner ring and a series of oil 
duct features for lubrication, cooling and 
for supplying the squeeze film damper 
areas.

Ball bearings for turbochargers rotate at 
very high rotational speeds. If the common 
characteristic speed value of bearings is 
considered, taking diameter and rotational 
speed (n · dm) into account, turbocharger 
bearings run six times faster than any other 
bearing in a vehicle. By speed value, they 
compete with the peak of jet engines and 
textile machines. For these high speed con-
ditions, requirements for lubrication are 
delicate: Sufficient lubricant must be pro-
vided at all times, but an excess of it might 

rapidly result in significant churning losses 
(Figure 4). Hence for the Schaeffler ball bear-
ing cage, consideration was given to the 
design of the internal surfaces and compo-
nent geometries. 

As the ball bearing cartridge represents 
a single component of a larger system, we 
must take a closer look at the entire system 
and mutual effects. 

The oil flow to the turbocharger (Fig-
ure 5), for both the oil film and the ball 
bearings, must also provide squeeze film 
damping. A squeeze film is a viscous flu-
id zone which provides structural isola-
tion between elements, reduces the am-
plitude of rotor response to imbalance 
and also suppresses rotor-dynamic in-
stability.

The entire fluid path, and necessary 
uses, can be simulated and fine tuned  
according to the ultimate performance  
requirements for the full range of  
temperatures.

A ball bearing can be understood as a 
series of springs of known, predictable 
stiffness. However, once coupled to the 
shaft, the wheels and the housing of the 

Oil jets into bearing

Squeeze films
Oil drain

Figure 5	 1-D CFD simulation of oil path (left); cross section of bearing with oil duct features (right)
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turbocharger and then revved at very high 
speed, the bearing must work well in the 
system.

The influence of the dynamic system 
must be considered. The radial load ap-
plied to the bearing typically comes from 
the residual imbalance. Here the interac-
tion of the various system components 
comes into play as the structural stiffness 
of the shaft wheel assembly, the bearing 
stiffness as well as the properties of  
the squeeze film surrounding the bearing  
influence the bearing loads. At very high 
rotational speeds that are known to have 
a critical effect on shaft deflection this can 
cause damage to the internal kinematics 
of the bearing design and ultimately affect 
the life of the system (Figure 6). The axial 
load component is generated from “gas” 
pressure loading forces of the compressor 
or turbine wheel.

Once we consider the rotational speeds 
and modal shapes, operational tempera-
tures and loads, we are better able to un-

Contact pressure Shaft displacement Contact angle

Figure 7	 CABA 3D bearing simulation
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Figure 6	 Bearinx model, multi-body structure, 
modal shapes
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derstand the internal kinematics of the ac-
tual bearing system. 

The motion of the balls, their interac-
tions with the raceways and the cages 
have a very complex relationship. Using 
special purpose simulation tools such as 
Schaeffler’s CABA 3D, tailored to the re-
quirements of bearing analysis, this mo-
tion can be computed and detailed re-
sults on the existence, location, extension 
and load in each individual contact be-
tween the components of the bearing 
can be obtained (Figure 7). This variety of 
results can be combined to achieve a  
detailed understanding of the bearing. 
Hence, the bearing system can be de-
signed for optimal performance, life  
expectancy, reduction of friction and  
materials sensitivity.

Turbochargers must operate in ex-
treme temperatures. We have already 
considered cold starts with regard to fric-
tion reduction and should now explore  
the hot running requirements. The turbine 
wheel is driven by the exhaust gases of 
the internal combustion engine and is 
therefore exposed to exhaust gas tem-
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Figure 8	 Combined FEM-CFD thermal analysis
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peratures. In normal operating cycles this 
high temperature ultimately flows by 
means of thermal conduction through the 
multibody system to the ball bearing 
where it is led away by oil flow. More criti-
cal are the thermal shut down conditions 
where the oil flow is stopped.

In normal operation, the bearing can 
reach temperatures of around 300 °C on 
the turbine side, whereas in thermal shut-
down conditions, these bearings can even 
reach temperatures of up to 400 °C.

Applying both CFD and FEM to the 
problem (Figure 8), we can obtain thermal 
characteristics (Figure 9) with regard to ra-
dial and axial growth parameters in addition 
to the composition or thermal conditioning 
of the material growth.

There is a significant temperature differ-
ence across the components, and the con-
sequences must be taken into account in 
the internal bearing design as well as the 
material characteristics. The bearing sys-
tem must withstand extreme temperatures 
and extreme running speeds and be dur-
able for the long term operation of the sys-

tem. It is therefore necessary to select the 
materials very carefully for the relevant ap-
plication environment.

Outlook

The year 2014 signifies a great achievement 
for turbocharger ball bearings supplied by 
Schaeffler and its group of companies.

For 10 years, Schaeffler has been leading 
the way in the development and supply of 
low-friction double row angular contact ball 
bearings for turbocharger technologies. Dur-
ing this time, we have perfected our applica-
tion analysis, design tools and manufactur-
ing methods. These precision ball bearings 
have helped set new turbocharger perfor-
mance benchmarks for the future, particu-
larly in the passenger car, light duty and 
heavy duty truck markets, and this year we 
will deliver our 1 millionth ball bearing cage 
for turbocharger applications in this sector.
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