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ABSTRACT 

Data on thermal properties of ball bearings and roller 
bearings is scarce, yet of great importance to many 
rotating machines operating in a vacuum 
environment. This paper presents simple, but reliable 
methods to determine bearing properties required for 
accurate thermal system modeling, beginning from 
theoretical calculations to empiric testing. A through 
state-of-the-art analysis gives an overview of the 
existing analytical methods to determine thermal 
conductivity, points out their shortcomings and 
stresses the necessity of empirical methods. 
Consequently, the design of a low-cost test rig to 
determine thermal properties of rolling element 
bearings in a vacuum is described in detail. The test 
rig allows the variation of different ambient 
parameters and operating conditions. Finally results 
comparing different axial loads and running speeds 
are presented. 
 
Key words: thermal conductivity, rolling bearing; 
vacuum 

1 INTRODUCTION 

Thermal properties of rolling element bearings such as 
thermal conductivity, heat generation etc. are of high 
relevance to many rotating machines or mechanical 
devices operating in a vacuum environment. This applies 
especially to optical instruments [1] and space 
mechanisms (i.e. reaction flywheels [2]), due to the fact 
that waste heat cannot be rejected through convection in 
the vacuum of space. Another application that has gained 
importance in recent years are flywheel energy storage 
systems (FESS), which can be used as uninterruptible 
power supplies (UPS) for critical loads, for load 
averaging in hybrid vehicles [3], or even to store energy 
from renewable, volatile sources [4], [5]. While the 
energy is stored in kinetic form in a rotating mass and 
may be transmitted mechanically using shafts, clutches 
and gears, electromechanical FESS, as shown in Figure 
1, are the most common and versatile solution.  
In order to keep self-discharge as low as possible, air drag 

is reduced by evacuating the flywheel housing. However, 
this measure has significant impact on the thermal 
behavior of the entire system as there is no more 
convection to cool the electric losses of the rotor [6]. 
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Figure 1: Principle of an electromechanical flywheel 
energy storage system (FESS). 
 
Housing and stator are usually water-cooled and act as 
heat sinks, meaning the waste heat of the rotor can be 
transmitted only by conductivity across the bearings. 
Figure 2 shows the thermal situation of a FESS 
(outrunner topology with carbon fiber bandage), 
revealing temperatures well above 200°C, which are 
critical for most high-speed rotating components. 
 

 
 
Figure 2: Thermal simulation of a FESS Rotor operating 
inside a 0,01 mbar vacuum.  
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It must be mentioned that the steady state temperature 
level of the FESS strongly depends on the thermal 
conductivity of the bearing. However, data on the thermal 
conductivity of rolling element bearings is scarce and not 
even available for off-the-shelf industrial bearings, which 
calls out for simple, yet reliable methods to determine the 
properties required for accurate thermal system 
modeling. 
 

2 STATE OF THE ART 

2.1 Research on rolling bearing conductivity 

Even though the ball bearing is among the oldest machine 
elements, with first historic evidence reaching back to 
many years A.D. and the first precision bearing appearing 
in the late 18th century [7], its thermal properties are a 
relatively new field of research. The earliest publications 
dedicated to the thermal conductivity of ball bearings 
were authored by Yovanovich et al. [8] in the 1970ies and 
pursued an analytical approach based on a static thermal 
model. In the meantime, methods have become more 
sophisticated and empirical approaches, such as the work 
by Takeuchi [9] have emerged as well. Table 1 gives an 
overview of the most relevant research in the field of ball 
bearing thermal conductivity. 
 
Table 1: Most relevant research establishing new 
methods and approaches in the field of thermal 
conductivity of ball bearings. 
 

Year Name Characteristics Ref. 

1970 Yovanovich static analysis based on 
analytic equations 

[8] 
[10] 
[11] 

1977 Stevens & 
Todd 

empirical approach up to 
2500 rpm [12] 

1989 Bejan dynamic analysis, moving 
boundary condition [13] 

1994 Baalmann 

estimation of stationary 
operating temperature under 
ambient pressure including 
lubrication  

[14] 

1995 Nakajima 
stationary contact resistance 
of deep groove ball bearings 
under loading 

[15] 

2004 Bairi 
three-dimensional stationary 
thermal behavior of a bearing 
ball 

[16] 

2004-
2014 Takeuchi 

definition coefficient of 
thermal conductivity and 
empirical validation 

[9] 
[17] 
[18] 

2011 Isert 

first order approximation of 
the heat transfer capabilities 
of a bearing at low Reynolds 
numbers 

[19] 

2016 Wu & Tan 

thermal model of a spindle 
bearing system and empirical 
validation up to 5000 rpm 
including lubricant film 

[20] 

2.2 Findings of literature review 

Beyond the work listed in Table 1 there are several 
publications, which present a review of the findings in 
this field, one of the most comprehensive being the work 
by NASA’s Jet Propulsion Laboratory [21]. It was 
concluded that the concept of thermal constriction was 
mainly used to develop analytical expressions for ball 
bearing conductance (e.g. [8], [15]). Furthermore, there 
are several publications describing the thermal 
conductance across a dry bearing in a vacuum based on 
experiments (e.g. the work by Takeuchi, such as [17]), 
while data related to high-speed oil and grease lubricated 
bearing is scarce. JPL also mentioned that: 
 

“All other observations regarding ball bearing 
thermal conductance tend to be more qualitative 
rather than quantitative [21].” 

 
This means that so far, some more complex influencing 
parameters (see Figure 3) such as lubrication fluid 
dynamics defy analytical description.  
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Figure 3: Influencing parameters on the thermal 
conductivity of rolling element bearings based on theory 
and the author’s experience. 
 
While the publications mentioned in section 2.1 present 
theoretical methods on how to determine heat 
conductivity of ball bearings, the information is 
insufficient to calculate explicit values for specific 
geometries and operating conditions. As a consequence, 
a test rig was designed and built to investigate the thermal 
conductivity of ball bearings (or roller bearings for that 
matter) under different operating and ambient conditions. 
 

3 PHYSICS OF HEAT TRANSFER 

The term “heat transfer” describes transfer mechanisms 
related to the transport of thermal energy beyond a 
system boundary. This transferred energy (heat flux), is 
considered as a process variable, induced by a 
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temperature difference. According to the second law of 
thermodynamics, heat can be transferred only from a 
body with higher temperature to a body with lower 
temperature. Three different heat transfer mechanisms 
are to be considered: a) heat convection, b) thermal 
radiation and c) thermal conduction. 
 
a) Heat convection 
Inside the bearings themselves convective heat transfer 
may occur and particularly oil-lubricated bearings are 
subject to convective influences in the lubricant. In the 
work by Isert [19], for example, the flow behavior in ball 
bearings is investigated. The flow between the bearing 
races is modelled as Taylor Couette Flow1, the flow in 
the ball groove as a so-called Dean Flux. These 
phenomena (although of convective nature) are part of 
the heat transfer mechanisms, that will be measured as 
“thermal conductivity across the bearing”, when the 
bearings is observed as a whole (i.e. “blackbox”). 
 

R2

R1

Shaft 
Center

Taylor-Couette Flow

Taylor-Couette Flow

Dean Flow

Race

Ring Gap

Raceway Gap

 
 
Figure 4: Flow Scenario in a ball bearing according to 
Isert [19]. 
 
However, despite the importance of convective cooling 
in most industrial applications, FESS for instance, are 
mainly operated in a vacuum to reduce the power 
dissipation caused by aerodynamic drag. Therefore, the 
influence of convective heat transport from the rotor to 
the environment can be neglected.  
 
b) Thermal radiation 
An estimation of the influence of thermal radiation in a 
FESS can be achieved with the help of the Stefan-
Boltzmann law. It describes the radiation power of an 
idealized black body as a function of its temperature. 
Since a black body emits radiation at any wavelength 
possible at a given temperature, the radiation emitted by 
a real body can then be measured with the aid of the 
emissivity constant ε as follows: 
 
𝑃 =  𝜎 ∗ 𝐴 ∗ 𝑇4     with    𝜎 = 5,67 ∗ 10−8 𝑊

𝑚2𝐾4 (1) 
 
It can be seen that the main influencing parameters are 
the surface area A and the temperature T of the bearing, 

                                                           
1 Flow of an incompressible fluid between two rotating cylinders 

which means that thermal radiation requires significant 
temperature differences in order to transfer relevant 
amounts of heat. In contrast, the bearing’s operating 
temperature must be kept below a certain limit (usually 
around  70-160 °C for “warm applications” [22]) to avoid 
fast aging of the lubricant and/or permanent damage of 
the bearing itself.  
While the internal convective mechanisms may 
contribute significantly to a bearing’s heat transfer 
capacity, radiation will be ignored in this paper, as it was 
found to have only negligible effects in FESS or similar 
applications. 
 
c) Thermal conduction 
Heat conduction describes the heat transport caused by 
atomic interactions as a consequence of a temperature 
gradient. The energy transport takes place in solid bodies 
or stationary fluids without macroscopic material flow. 
The energy transport through a heat-conducting material 
can be described by a vector field, the so-called heat flux 
density �⃗̇� = �⃗̇�(�⃗�, 𝑡). The empirical approach of Fourier 
connects the heat flux density to the temperature gradient 
ΔT via the proportionality constant λ: 
 

�⃗̇� =  −𝜆∇𝑇 (2) 
 

Thermal conductivity is a material property. Its 
dependency on pressure and temperature is often 
neglected in practice. The temperature field created in a 
thermally conductive body by a temperature difference is 
generally space- and time-dependent, meaning that �⃗⃗� =

�⃗⃗�(�⃗�, 𝑡). With the help of an energy balance at an 
infinitesimal control volume, Fourier's approach for heat 
flux density can be used to formulate the general heat 
conduction equation: 
 

𝜕𝑇(𝑥, 𝑇)

𝜕𝑡
 =

𝜆

𝜌𝑐𝑝
∆𝑇(𝑥, 𝑡) +

�̇�𝑄
𝜌𝑐𝑝

 (3) 

 
Equation (3) forms the basis for all calculations related to 
the test rig described in section 4.2. However, it must be 
mentioned that the equation can be simplified 
significantly when the following assumptions apply: 
 

 Stationary heat transfer process 
 Constant material characteristics 
 No inner heat sources 

 
There are a variety of models, which can be used to apply 
equation (3) to the geometry of ball bearings. The 
mathematical background is described in more detail in 
[23] or in the references listed in Table 1. Table 2 
summarizes the main characteristics of each analytical 
model to determine the thermal conductivity of ball 
bearings and represents a state of the art overview. 
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Table 2: Summary of analytical models for the 
determination of ball bearing thermal conductivity. 
 

Model and Formula Prerequisites

Rth

Rth

Rth Rth

Rth Rth

Baalmann

Isert

Plane Wall 
(Isert)

Yovanovich

Bejan & 
Bairi

- no rotation
- no lubrica tion
- radiation 

neglected
- Hertzian contact

- no rotation
- no lubrica tion
- radiation 

neglected
- Hertzian contact

- no rotation
- no lubrica tion
- radiation 

neglected
- Hertzian contact

- rota tion 
considered

- no lubrica tion
- radiation 

neglected
- Hertzian contact
- Peclet 

number  > 5

 

𝑅𝑡ℎ =  
ln 

𝑅𝑎

𝑅𝑖
 

2 ∗ 𝜋 ∗ 𝜆 ∗ 𝑙
   

 

𝑅𝑡ℎ =  
ln  

𝑑1
𝑑
 

2 ∗ 𝜋 ∗ 𝜆 ∗ 𝐵∗
  

 

𝐵∗ =
𝐵𝑊 + 𝐵𝐿

2
 

 
𝑅𝑡ℎ =  

𝑑𝑏𝑎𝑙𝑙

𝜆𝑠𝑡𝑒𝑒𝑙 ∗ 𝐴𝑤𝑎𝑙𝑙
   

 
𝑅𝑡ℎ =  

𝑑𝑏𝑎𝑙𝑙

𝜆𝑠𝑡𝑒𝑒𝑙 ∗ 𝐴𝑤𝑎𝑙𝑙
   

 

𝑅𝑡ℎ =  
𝜓𝑖

4 ∗ 𝜆1 ∗ 𝑎𝑖
+

𝜓𝑜

4 ∗ 𝜆3 ∗ 𝑎𝑜
+

1

4 ∗ 𝜆2
 
𝜓𝑖

𝑎𝑖
+
𝜓𝑜

𝑎𝑜
   

 

𝑅𝑡ℎ =  
1

2.789
+

(𝜌 ∗ 𝑐 ∗ 𝜆)1
1/2

+ (𝜌 ∗ 𝑐 ∗ 𝜆)2
1/2

(𝜌 ∗ 𝑐 ∗ 𝜆)2
1/2 ∗

1

𝜆1 ∗ 𝑏 ∗ 𝑃𝑒1
1/2

  

Index i -inner ring
Index o -outer ring
λ 1,2,3 -thermal conductivity: 

inner ring, rolling element, outer ring
ψ         -elliptical integral 
a           -major axis of the contact ellipse

Index 1,2 -contact inner ring, outer ring
λ 1,2        - thermal conductivity
ρ             -density 
c            -specific heat capacity
b             -semi axis of e lliptical e lastic contace a rea
Pe            -Peclet-Number

Baalmann & 
Isert

 

 

4 TEST RIG DESIGN 

4.1 Empirical determination of bearings’ thermal 
conductivity 

In the work of Takeuchi [9] the thermal resistance Rb 
across the whole bearing is determined. Consequently, 
the thermal conductivity Gb can be calculated as the 
reciprocal value of Rb. In analogy to an electrical circuit, 
the resistance can be determined when temperatures and 
heat quantities are known. A simplified thermal 
replacement model is considered for this purpose (see 
Figure 5). 
 

Outer race Inner race

Ball
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Axis of 
rotation

QinQout

TinTout Qint1Qint2

Qout QinRb

Heat flux 
of Qint2

Heat flux 
of Qint1 + Qin

 
Figure 5: Thermal model of the bearing according to 
Takeuchi. 
 
The thermal conductivity value results from the ratio of 
the heat flows transferred via the rolling bearing �̇�𝑖𝑛 and 
�̇�𝑖𝑛𝑡1 divided by the temperature difference between 
inner and outer race. The heat flux caused by friction at 
the outer bearing race �̇�𝑖𝑛𝑡2, as well as the dissipated heat 
flux �̇�𝑜𝑢𝑡 are discharged directly into the (cooled) 
housing and do not follow the path across the rolling 
bearing. These two heat flows are therefore not 
considered in equation (4) below: 

 

𝐺𝑏 = 
1

𝑅𝑏

 =  
�̇�𝑖𝑛 + �̇�𝑜𝑢𝑡

𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡
 (4) 

 
The exact measurement of the heat flux induced by 
friction inside the bearing, however, is difficult. In 
Takeuchi's work, it is assumed that an equal amount of 
frictional heat is generated at the inner and outer bearing 
race, meaning that: 

 
�̇�𝑖𝑛𝑡1 = �̇�𝑖𝑛𝑡2 =  �̇�𝑖𝑛𝑡 (5) 

 
The thermal conductance is now defined by values that 
are easily measurable. Geometry and material values of 
the shaft and the housing are known, so that �̇�𝑖𝑛 and �̇�𝑜𝑢𝑡 
can be determined by temperature measurement and 
application of Fourier's law. The bearing’s thermal 
conductivity can therefore be expressed as a function of 
the heat fluxes going into and out of the bearing: 
 

𝐺𝑏 = 
1

2
∗  
�̇�𝑖𝑛 + �̇�𝑜𝑢𝑡

𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡
 (6) 

 
These assumptions and simplifications found the basis 
for the measurement system of the test rig described 
below. (In order to account for unequal heat generation 
at the inner and outer race, an approach using a speed 
dependent correction factor was developed and is 
described in [23]. However, this publication focuses on 
test rig design, not the theory of thermal conductivity.) 
 
 
4.2 Test rig architecture 

As described in the previous section, the basic principle 
of indirectly measuring the thermal conductivity of 
bearings has been found to be most convenient and used 
by most other experimental setups found in literature, 
such as [9], [24] and [25]. 

 
Figure 6: Measurement concept of the test rig [26]. 
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In order to make use of formula (6) the geometry, thermal 
conductivity, and temperatures of the parts bordering the 
bearing must be known. Based on this approach, the 
measurement system shown in Figure 6 was developed. 
Please note that the bearing under investigation is the 
lower one.  
 
The desired heat flux �̇�𝑖𝑛 is introduced in the rotating 
shaft via an induction heater and flows across the two 
bearings (upper duplex set and bearing under 
investigation = “test bearing”) to the environment.  
Using Fourier’s Law and neglecting heat transfer via 
radiation and convection, the share of heat transferred 
across the test bearing can be determined. Therefore, the 
temperature difference TS1 – TS2 is measured along the 
shaft measurement distance lS. The heat flux entering the 
test bearing �̇�𝑖𝑛 can now be calculated as: 
 

�̇�𝑖𝑛 = 
𝜆𝑆 ∗  𝐴𝑆

𝑙𝑆
∗ (𝑇𝑆1 − 𝑇𝑆2) (7) 

 
The heat flux exiting the test bearing  �̇�𝑜𝑢𝑡   is measured 
in the same way. The seat of the test bearing (“measuring 
flange”) consists of three spokes, which transfer the heat 
radially to a water-cooled outer ring. 
By measuring the temperature difference TFl1 – TFl2 at the 
individual spokes the respective heat flow can be 
calculated: The temperature difference Tin-Tout is 
measured at the inner and outer bearing race and 
represents the temperature level of the heat entering and 
exiting the bearing. (Tin – Tout in Figure 6). 
 

�̇�𝐹𝑙 = 
𝜆𝐹𝑙 ∗  𝐴𝐹𝐿

𝑙𝐹𝐿
∗ (𝑇𝐹𝑙1 − 𝑇𝐹𝑙2) (8) 

 
The thermal properties of the test rig’s components 
relevant to calculate the heat flux across the test bearing 
are shown in Table 3. 
 
Table 3: Summary of the thermal properties of parts 
relevant for heat flux determination. 
 

 Property Symbol Value Unit 

Sh
af

t 
(S

te
el

 –
 1

6M
nC

r5
) Thermal 

conductivity λS 44 𝑊

m ∗ k
 

Area of cross 
section AS 1.26 x 

10-4 m2 

Distance between 
temperature 

sensors 
lS 0.03 m 

Be
ar

in
g 

Se
at

 
(A

lu
m

in
um

 E
N

 A
W

 
70

75
) 

Thermal 
conductivity λFl 145 𝑊

m ∗ k
 

Area of cross 
section AFl 6.4 x 

10-5 m2 

Distance between 
temperature 

sensors 
lFl 0.04 m 

Figure 7 shows the heated shaft including induction 
heater coils and the test bearing inside its cooled seat. The 
upper bearing duplex set serves only to support the 
central shaft. All these parts are located in a stainless-
steel housing, which also serves as a vacuum chamber. 
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Figure 7: Cross section of test rig. 

 
4.3 Hardware design and auxiliaries 

The torque required to turn the heated shaft is transmitted 
from the motor (a low-cost, industrial asynchronous 
machine) via magnetic coupling. This means that the 
motor can be operated outside the vacuum chamber, 
while the measurement setup remains in a vacuum tight, 
hermetically sealed containment. As mentioned 
previously, the test bearing’s seat is water-cooled and the 
heat is rejected using a radiator and a large water 
reservoir to add thermal mass. Self-made vacuum feed-
throughs are used for all electric and fluid lines.  
The induction heater is powered by a low-cost PA audio 
amplifier, which is fed by a function generator 
implemented in the NI LabVIEW environment (see 
section 4.4). The whole system is shown in Figure 8. 
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Figure 8: Schematics of the test rig including auxiliaries. 
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As explained in section 2.2 several parameters severely 
influence the bearing’s thermal conductivity, some of 
which are properties of the test rig that must be 
adjustable. While variation of ambient pressure, coolant 
temperature or rotational speed can easily be realized 
externally, axial pre-stressing of the bearing requires the 
exchange of interchangeable springs. These springs act 
on the cooled bearing seat as shown in Figure 7. In order 
to avoid direct contact of the springs with the spokes of 
the cooled bearing seat (which may act as uncontrolled 
heat sinks), the pre-stress unit was manufactured in a 
symmetric way from polyethylene (compare Figure 9). 
 

 
Figure 9: Ring for axial pre-stressing of the bearing seat. 
 
4.4 Measurement Equipment  

The core of the measurement and control system is a 
National Instruments Compact Rio Chassis 9081, with 
different plug-in modules. It performs the following tasks 
during test operation: 
- Measurement data recording 
- Temperature monitoring and emergency shutdown 
- Generation of input signal for induction heater 
- Heating capacity control 
- Spindle speed control 
 
A user interface for simple test rig operation and 
parameter variation was programmed in NI LabVIEW. 
The temperatures of the rotating shaft are measured by 
pyrometers. The evaluation is performed via the analog 
voltage input module NI 9215. Temperature 
measurement of all stationary parts is carried out with 
Pt100 temperature sensors using three-wire connection 
as shown in Figure 10. 
 

 
 

Figure 10: Three-wire-connection of Pt100 sensors. 
 

A summary of the main features of the test rig (which is 
shown in Figure 11) is given in Table 4. The final cost 

study of all relevant test rig components and auxiliaries 
is shown in Table 5. 
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Figure 11: Photograph of the test rig including 
electronics, measurement technology and auxiliaries. 

 
Table 4: Main properties of the test rig. 

 
Property Value 
Rotational Speed 0 – 22 000 rpm 
Shaft temperature 80°C default, 120 °C max 
Frequency of induction heater 313 Hz 
Amplitude of Induction heater  +/- 5 V 
Axial pre-stress 50 – 1100 N 
Measurement frequency 100 Hz 
Ambient pressure 0,01 – 1013 mbar 

 
Table 5: Cost summary of test rig. 

 
Component Model / Brand Price 
Motor + Variable 

Frequency Drive  
Motor: SDK80-48Z-1.5                     

VFD: FC300 -2.2T2 900 € 

Magnet Coupling MTD 0.3 - Mobac 130 € 
Bearing Duplex SKF 71905 CDGA/P4A 100 € 
Shaft (custom built) 370 € 
Bearing seats (custom built) 500 € 
Vacuum Chamber Pfeiffer custom built 1600 € 
Vacuum Pump Edwards E2M2 1300 € 
Pyrometers 2 x Optris CT LT 1800 € 
PT-100 Sensors RS Components, Class A 50 € 
Pirani Sensor Vacom CVM-211 485 € 
Audio Amp Behringer NU1000 PA 400 € 
DAQ NI cRio + NI 9215 2000 € 
Various parts - 500 € 

Total 9 635 € 
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4.5 Test results 

In this publication, only a brief overview over the 
conducted tests is given and some exemplary results are 
discussed. However, the high number of tests allowed 
variation of a wide field of operating and ambient 
parameters. 
 
Table 6: Summary of investigated parameters and their 
effect on the thermal conductivity of a spindle bearing. 
 

Parameter Impact Parameter Impact

Preload
very  high

Vibrations

ve ry  low

Rotational 
speed

very  high
Measurement 
accuracy

high

Rolling element 
material

very  high

Grease packing 
volume

low
Bearing 
seat

low

Grease 
distribution

high

 
 
Table 6 gives an overview of the parameters varied 
within this study and their qualitative influence on the 
bearing’s thermal conductivity. Preload, rolling element 
material and rotational speed were identified as main 
influencing factors among the varied parameters within 
the conducted investigation. 
 

 

Figure 12: Thermal conductivity of a spindle bearing: 
Comparison of analytical and empirical results. 
 
The graphs shown in Figure 12 represent the empirical 
and analytical results of the test bearings thermal 
conductivity based on the following setup: 

 Test bearing: 71908 CEGA/HCP4A 
 Speed range: 0 rpm to 18, 000 rpm  
 Axial preload: 440 N and 750 N 
 Grease packing quantity: 0,5 cm³  

 
The bearing’s thermal conductivity increases with 
rotational speed and preload, which is in accordance with 

analytical models. Further results will be discussed in 
greater detail in a separate publication. 
 
4.6 Sensitivity analysis and measurement 

uncertainty 

Since the thermal conductivity Gb cannot be measured 
directly it is derived from several measurements of 
individual quantities. In order to specify the measurement 
accuracy, it is necessary to consider the error propagation 
of the underlying measurement quantities. For the 
calculations, the measurement uncertainties of the 
temperature sensors, as well as the influence of 
inaccurate sensor positioning was considered. However, 
the dependence of the thermal conductivity on the 
temperature and the uncertainty resulting from 
manufacturing tolerances were neglected due to their 
very small influence. 
The maximum error of the thermal conductivity Gb can 
be calculated based on equation (6) by applying a Taylor 
series development and terminating after the linear term 
as follows: 
 
𝛥𝐺𝑏𝑚𝑎𝑥 = |

1

2 ∗ (𝑇𝐸 − 𝑇𝐴)
| (𝛥�̇�𝑖𝑛 + 𝛥�̇�𝑜𝑢𝑡) + 

                                                               |
𝐺𝑏

(𝑇𝐸 − 𝑇𝐴)
| (𝛥𝑇𝐸 + 𝛥𝑇𝐴) 

 

(9) 

 
The coefficients (“*“ and “**”) depend on the reciprocal 
of the temperature difference (Tin - Tout) on the bearing 
outer ring and inner ring. For a given heat flow direction, 
as shown in Figure 6 the temperatures in the test bench 
are limited by the temperature levels of the incoming and 
outgoing heat flows. All temperatures are within these 
upper and lower limits. Since both, the heating 
temperature and the temperature level of the cooling are 
constant, the difference (Tin - Tout) in the bearing becomes 
smaller and smaller with increasing frictional losses of 
the bearing. The relative measurement error can now be 
expressed as follows: 
 

𝛥𝐺𝑏 

𝐺𝑏 

=
𝛥�̇�𝑖𝑛 + 𝛥�̇�𝑜𝑢𝑡

�̇�𝑖𝑛 + �̇�𝑜𝑢𝑡

+
𝛥𝑇𝑖𝑛 + 𝛥𝑇𝑜𝑢𝑡
𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡

 (10) 

 
The error propagation for the heat flows �̇�𝑖𝑛 and �̇�𝑜𝑢𝑡 is 
calculated in the same way as for the calculation of the 
thermal conductivity Gb. The results are shown in 
equations (11) and (12). 

 
𝛥�̇�𝑖𝑛 = |

−𝜆𝑆 ∗ 𝐴𝑆

𝐿𝑆
2

(𝑇𝑆1 − 𝑇𝑆2)| 𝛥𝐿𝑆 + 

                              |
𝜆𝑆 ∗ 𝐴𝑆

𝐿𝑆
 | 𝛥𝑇𝑆1 + |

−𝜆𝑆 ∗ 𝐴𝑆

𝐿𝑆
 | 𝛥𝑇𝑆2 

 
(11) 

𝛥�̇�𝑜𝑢𝑡𝑖
= |

−𝜆𝐹𝑙 ∗ 𝐴𝐹𝑙

𝐿𝐹𝑙
2

(𝑇𝐹𝑙1 − 𝑇𝐹𝑙2)| 𝛥𝐿𝐹𝑙 + 

                            |
𝜆𝐹𝑙 ∗ 𝐴𝐹𝑙

𝐿𝐹𝑙
 | 𝛥𝑇𝐹𝑙1 + |

−𝜆𝐹𝑙 ∗ 𝐴𝐹𝑙

𝐿𝐹𝑙
 | 𝛥𝑇𝐹𝑙2 

(12) 
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Figure 13 shows an example of the error bars of the 
thermal conductance Gb. 
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Figure 13: Error bars of the thermal conductance Gb of 
a 71908 CEGA/HCP4A bearing with a grease filling of 
0,5 cm³ (SKF LGLT2) at an axial preload of Fv = 165 N. 
 

5 DISCUSSION AND OUTLOOK 

As can be concluded from section 4.5 the results 
produced by the test rig qualitatively match the analytic 
calculations as well as previous work by other 
researchers and are hence plausible. It was also possible 
to quantify the effect of various operating parameters for 
instance rotational speed axial pre-stress. Furthermore, 
the thermal conductivity of the test bearing was 
determined depending on rotor vibrations, ambient 
pressure and lubrication quantity2.  
 
5.1 Limits of the test rig 

One of the shortcomings of the test setup is, that the 
determined thermal conductivity always includes the 
thermal resistance of the bearing seat (interstice between 
outer bearing race and housing material). The thermal 
resistance of this groove/joint depends on a variety of 
parameters, e.g. surface roughness, material pairing, and 
tolerancing. Some bearings require a loose fit, in order to 
compensate for axial thermal dilation of the rotor, which 
would result in a lower thermal conductance than in the 
case of a press fit. In this context, more research is 
required. 
 
5.2 Next steps 

The next steps planned in this project are briefly 
summarized below: 

                                                           
2 Results will be presented in detail in a separate publication. 

 Investigation of the interstice issue mentioned in 
section 5.1 

 Investigation of different bearing types, sizes 
and materials 

 Validation of FEM models  
 

6 CONCLUSIONS 

With the advent of high-speed motors and machines 
operating in a vacuum environment, thermal properties 
of bearings are gaining importance. Also, the renaissance 
of flywheel energy storage systems in the context of the 
energy revolution fuel the need for data on thermal 
conductivity of ball bearings. A thorough literature study 
was conducted within this project and it can be concluded 
that several methods have been established, which may 
be useful for qualitative assessment of the bearing’s 
thermal properties, but the wide range of influencing 
parameters and complex interaction with lubrication etc. 
call out for empiric methods to specifically determine 
thermal conductance values of bearings.  
Consequently, a low-cost test rig was designed and 
presented in detail. The measurement results of the test 
rig match the analytical models fairly well, but have 
shown that axial pre-stressing, speed and lubrication are 
among the greatest variables affecting thermal 
conductivity of the bearing.  
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