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ABSTRACT

Due to their high availability and versatility, rolling bearings are a standard solution for mounting and support
of rotating components. The service life of an entire rotating machine is often limited by the service life of rolling
bearings. This can be shorter than expected if the rolling bearing is operated in harmful operating conditions,
e.g. in the presence of slip. Slip means that there is a deviation between the theoretical angular velocity of
the rolling element set and the actual angular velocity. In this context, slip is harmful if it leads to increased
friction and thus heating of the bearing. The occurrence and properties of slip are not completely understood
yet. Therefore, it is of interest to investigate a relationship between slip and heating of the rolling bearing in
order to better understand damages of the rolling bearing. In this work, a method is presented in which, in
addition to slip measurements with a high-speed camera, a thermal imaging camera is used to investigate the
heating of the bearing during operation. Since the rotational movement and exposure time of the camera would
cause motion blur, the thermal imaging camera is operated together with a derotator to optically eliminate
the rotational movement. The investigations of the rolling bearing are carried out under different operating
conditions (different loads and rotational speeds), which have an influence on the slip behavior of the bearing.
Thus, the potential of this investigation method for deepening the understanding of heating and friction in rolling
bearings is demonstrated.
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1. INTRODUCTION
Rolling bearings are omnipresent in modern technology: over 100 billion rolling bearings are in use worldwide.1
The vast majority of bearings in rotating machines, vehicles, plants and tools are equipped with rolling bearings.
The bearing performs two main tasks.2 The ’carrying’ function focuses on the transmission of forces and moments
between parts that move relative to each other. With the ’guiding’ function, the aim is to determine the mutual
position of the parts moving relative to each other as accurately as possible.
Optimal energy efficiency and high performance demand that the movement is as low-friction as possible. In
rolling bearings, low friction is achieved by the rolling elements (some are held at a distance by cages). The rolling
elements reduce frictional resistance since they replace pure sliding by rolling with a small sliding component.
In certain rotational speed and load ranges, the rolling component can recede and increased sliding can occur,
so that the circumferential speed of the rolling partners varies. This is known as slip.1 In the circumferential
direction deviations in the rotational speed of the rolling element set or cage are referred to as cage slip. Slip
is not always harmful.3 Cage slip, however, is usually considered critical, since it can lead to failure long before
the nominal life is reached.4 These failures can then in turn lead to machine failure which can lead to high costs
or, in the worst case, to danger for people and the environment.1
The majority of bearing failures are generally due to inadequate lubrication, since an intact lubricating film
in the rolling bearing is a basic requirement for low-wear operation of the rolling bearing.1 Slip as well as
other potentially damaging rolling bearing behavior lead to the disruption of the ideal lubrication condition.3
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An actually occurring lack of lubrication leads to increased friction, which in turn manifests itself in a rise in
temperature.1 The temperature is therefore a good indicator for monitoring the lubrication condition.
Slip-induced damage is therefore best determined by measuring the extent of slip on the one hand, and by using
the temperature of the bearing to draw conclusions about the extent of friction on the other hand. Measurement
methods that measure slip or temperature are often contact-based and sometimes require modifications to the
bearing. Examples are inductive or capacitive displacement sensors for slip and thermocouples and thermometers
for temperature.4–11 Both in turn influence the actual rolling bearing operation due to the mass or contact
introduced.
An alternative are non-contact measurement systems, such as high-speed cameras or thermal imaging cameras.
With cameras, an unfavorable combination of rotational speed of the rotating bearing and exposure time of the
camera results in motion blur, which complicates an analysis of the components. For high-speed cameras the
shutter time and thus blur can be reduced by additional illumination. However, in thermal imaging cameras, the
shutter time, also called integration time, depends on the temperature to be measured and cannot be reduced
at will. Especially at high rotational speeds this leads to a limited applicability.
In the context of this paper, a derotator will therefore be used to extend contactless measuring devices
intended for stationary objects to rotating ones.12 With this derotator it is possible to optically eliminate
rotational movements. As a result, the image displayed by the derotator appears stationary despite the existing
rotation. This phenomenon can then be exploited by various measuring devices, e.g. high-speed or thermal
imaging cameras, to prevent motion blur.12–15 Here the derotator will be combined with the thermal imaging
camera.
The functionality of the derotator is explained in the next section. This is followed in the third section by a
description of the measurement procedures for the detection of cage slip and the temperature in the bearing. In
the fourth section, the measurement results generated with the aid of these sequences are presented. The last
section provides a summary and an outlook.

2. FUNCTIONALITY OF THE DEROTATOR
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Figure 1: Optical principle of the derotator.

The optical elimination of the rotational movement of rotating measurement objects, e.g. a bearing, by means
of the derotator is made possible by the use of a rotator set in rotation. A hollow-shaft synchronous motor is
used to generate the rotary motion, whose rotation angle ϕD and angular velocity ωD can be read out by means
of a rotary encoder. In the center of the derotator and the hollow shaft motor is the rotator, which reflects light
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rays coming from the measurement object, so that the image can be captured by the different measuring devices
in the image plane (cf. Fig. 1a).
For the derotator used in the context of this work, the rotator is made of an aluminum alloy reflector system.12
It consists of a plane mirror and a double oblique plane mirror, so that light rays experience a total of three
reflections. Otherwise it is common to manufacture the rotator as a glass prism.16 The reflector system used in
this work enables both visible light and infrared radiation to be reflected and enables high mechanical strength.12
Two conditions must be fulfilled for the derotator to generate standing images: First, the axis of rotation
of the derotator and that of the inner ring of the rolling bearing must be coaxial. Second, the rotation angle
and the angular velocity of the derotator must be half the angle/angular velocity of the rolling bearing, meaning
ϕD = 0.5 · ϕB and ωD = 0.5 · ωB (cf. Fig. 1b and 1c). For this purpose, solutions were developed in earlier papers,
which are used in this work.17–19 Therefore the derotator can be used in combination with optical, contactless
measuring devices to analyze the bearing with respect to cage slip and temperature behavior.

3. MEASURING METHODS FOR ROLLING BEARING BEHAVIOR
A cylindrical roller bearing of type NU208 (cf. Fig. 2) is used as a demonstrator for the following measuring
methods and experiments. The test bearing is fixed in a bearing test chamber by means of a sleeve against a
shaft shoulder. The bearing can be loaded with different loads P by means of a force application mechanism.
The load can be quantified by a piezoelectric force sensor. The bearing is fitted so that the inner ring is pressed
onto the shaft and is driven by a synchronous motor equipped with a rotary encoder, which allows the angular
velocity of the inner ring ωi to be varied selectively and read out. The outer ring is stationary. In the following,
the aim is to apply a method for determining cage slip using the high-speed camera and a method for determining
temperature rise using the thermal imaging camera and the derotator.

Force application mechanism

Marker on the cage

Bearing

Figure 2: Rolling bearing test stand with the bearing NU208, the force application mechanism and the marker
on the cage for the angular velocity determination.
Cage slip is calculated as
Sc =

ωc − ω̃c
ωc
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(1)

from the measured angular velocity ω̃c and the kinematically ideal angular velocity ωc . The kinematically ideal
angular velocity is calculated as
1
di
ωc = · ωi ·
(2)
2
di + dr
from the inner ring diameter di and the rolling element diameter dr . The diameters specified by the manufacturer
are used, but they may vary slightly due to the deflection during installation. The inner ring’s angular velocity
ωi is known from the encoder. Therefore, the cage’s angular velocity ω̃c must be further determined.
To this end the high-speed camera is used. Since the cage is uniform in appearance and contains hardly any
natural distinctive features, a white marker is applied to the cage (cf. Fig. 2). Compared to the weight of the
bearing, the influence of the marker is negligible. Using segmentation algorithms, the marker is reduced to its
T
center point (xm , ym ) . The marker can then be detected in all subsequent images. If the center of the cage
T
T
(xc , yc ) is set to (0, 0) the angle between two images k and (k − y) can be calculated as




ym (k)
ym (k − 1)
−1
−1
− tan
.
(3)
∆ϕc = tan
xm (k − 1)
xm (k)
With a given sampling time Ts of the image processing algorithm between two images, the angular velocity yields
from Eq. 3 as
ω̃c = ∆ϕc · Ts−1 .
(4)
By inserting Eqs. 2 and 4 into Eq. 1, the cage slip of the rolling bearing is obtained.
Next, the temperature changes of different bearing components during operation are determined. The heat
flow generated through friction in a grease lubricated cylindrical roller bearing is given by
Q̇f = 1.047 · 10−4 · ni · Mf

(5)

and depends on its rotational speed ni and the frictional torque Mf . Hereby Mf is a function of the bearing’s
geometric dimensions as well as its rotational speed ni , its load P and the lubricant’s kinematic viscosity ν.20

T̄c∗

T̄i∗

T̄r∗

Figure 3: Regions of interest (ROIs) of which the averaged temperature increase T̄ ∗ based on  = 1 is calculated
(T̄c∗ : cage, T̄i∗ : inner ring, T̄r∗ : rolling element).
To measure the temperature change the thermal imaging camera is used. As described above, this is difficult
to do without a derotator, as the integration time of the camera without a derotator causes motion blur. With
a thermal imaging camera the emitted heat of a measuring object is measured. The emitted radiation
4

Q̇e =  · σ · A · (Tb − Ta )
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from surface A with emissivity  into a much larger surrounding space depends on the difference between the
temperature Tb of the bearing and the ambient temperature Ta to the power of 4, σ is the Stefan–Boltzmann
constant. The emissivity is a value between 0 and 1, where 0 is the emissivity for an ideal mirror and 1 is
the value for an ideal black body. Since the emissivity of the rolling bearing components is not known, only
temperature differences are considered in the following, whereby these are based on the assumption that the
emissivity is  = 1.
The measurements are therefore not absolute temperature differences since the individual components have
different surface finishes (cf. Fig. 2). For instance, the rolling elements have a silver mirror finish and the cage
and sleeve on the inner ring are black, so a comparison between the components is not yet possible. Since the
surface of the component itself does not change, it is still possible to draw conclusions about relative changes in
the heat radiation emitted under different operating conditions.
The temperature increase ∆T ∗ based on  = 1 is first determined by defining a region of interest (ROI) for
each component (rolling element, cage, sleeve on the inner ring: cf. Fig. 3), of which the initial mean value
∗
∗
T̄ROI,0
is calculated. This can be subtracted from the measured average temperature T̄ROI
in the following
measurements to determine the temperature increase
∗
∗
∗
∆T̄ROI
= T̄ROI
− T̄ROI,0
.

This averaging makes it possible to determine the averaged increase in temperature of the inner ring and
cage without a derotator in the case of motion blur. However, if the rolling elements or, in the future, local
temperature peaks are investigated, the use of the derotator is essential for a spatially resolved indication of the
temperature.

4. EXPERIMENTAL RESULTS

Bearing
Thermal imaging
High-speed
Derotator
camera
camera
Figure 4: Test rig with the derotator, cylindrical roller bearing and both measurement instruments (thermal
imaging camera and high-speed camera).
In this section the experimental results using both procedures described above will be discussed. To this end
the test rig as shown in Fig. 4 is used. The camera is operated with a 18 mm lens at 400 fps with 800 ms exposure
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time with the highest possible aperture (f /4) in order to prevent motion blur and to obtain an image as bright
as possible. The thermal imaging camera is operated with a 25 mm lens at 1 fps with 3200 ms exposure time.
As the load P and the rotational speed ni have an influence on the generated heat flow through friction (cf.
Eq. 5)) as well as on slip, both are varied in the experiments. The load P is varied between 0 N, 150 N and 350 N
(minimum load). The rotational speed of the inner ring is varied between 148 rpm, 444 rpm, and 740 rpm (which
corresponds to cage’s rotational speeds of 60 rpm, 180 rpm and 300 rpm if no slip is present). The bearing is
operated for 600 s for each of the nine load/speed-combinations. A cooling period of 24 hours is allowed between
each measurement. The results from the measurements are given in Tab. 1 and 2.

Table 1: Mean cage slip S̄c , empirical standard deviation sS̄c
describing the scattering of the mean value and the slope mS̄c
of the regression line of the averaged cage slip curve.
Fr
S̄c
sS̄c
mS̄c
ni
in rpm in N ·10−3 ·10−3 ·10−7
0
4.358 0.259 -3.324
150
6.547 0.246 5.316
148
350
7.69
0.259 -2.325
0
4.982 0.160 -1.255
444
150
8.211 0.196 6.951
350
8.779 0.164 1.287
0
6.255 0.129 -2.769
740
150
8.411 0.165 1.776
350
8.737 0.177 -1.572

∗
Table 2: Temperature difference ∆T600s
after 600
s for the different loads and rotational speeds.
∗
Fr
Compo- ∆T600s
ni
◦
in rpm in N nent
in C
0
sleeve
0.581
0
cage
0.498
0
roller
0.333
150
sleeve
0.722
150
cage
0.613
148
150
roller
0.276
350
sleeve
0.658
350
cage
0.574
350
roller
0.467
0
sleeve
1.418
0
cage
0.879
0
roller
0.451
150
sleeve
1.477
444
150
cage
0.989
150
roller
0.425
350
sleeve
1.821
350
cage
1.665
350
roller
0.927
0
sleeve
1.864
0
cage
1.256
0
roller
0.512
150
sleeve
2.201
740
150
cage
1.349
150
roller
0.427
350
sleeve
3.213
350
cage
3.103
350
roller
0.507

In the case of cage slip, it is noticeable that the overall cage slip S̄c is always negligibly small, because
compared to Eq. 1 cage slip is a value between 0 (no slip) and 1 (maximum slip). Furthermore, it can be seen
that the slip increases slightly with increasing rotational speed and load. Related to the rotational speed this
confirms the results from the literature, related to the load it contradicts the literature. However, the slip can
be influenced by other factors, e.g. the deviation of the installation diameters or a progressive lack of lubrication
due to the use of the same test bearing for all experiments. The empirical standard deviation sS̄c describing the
scattering of the mean value as well as the slope of a regression line of the averaged cage slip indicate that the
cage slip is constant over the 600 s.
Generally speaking, investigations of the temperature difference show an increase in temperature rise with
increasing rotational speed and load. With increasing rotational speed, a clear increase in temperature rise can
be seen. With increasing load this is also visible, but with much less influence. Deviations from this trend
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can be seen in individual cases. Since no cage slip could be determined, this increase results either from the
expected heating of the bearing according to Eq. 5 or from other harmful rolling bearing conditions. As already
mentioned, a comparison of the components is not useful due to the lack of emissivity correction.

5. SUMMARY AND OUTLOOK
In summary, it can be said that the derotator enables rotating components to be examined with different
measuring instruments. In this case, this was used to measure the temperature increase of a rolling bearing
during operation by means of a contactless thermal imaging camera. Furthermore, cage slip was measured
simultaneously with the help of a high-speed camera. The goal was to investigate a potential correlation between
an increase in heating and cage slip. For this reason, series of measurements were carried out under different
load and rotational speed conditions. Under all conditions, however, only negligibly small slip occurred, so that
such a correlation could not yet be measured. Overall, the temperature increase is largely as expected.
In the future, it is reasonable to operate the rolling bearing under further operating conditions in which cage
slip occurs. Thus it can be analyzed whether a stronger increase of the bearing temperature occurs in these
operating modes. Furthermore, with the derotator it is not only possible to determine an average temperature
rise, but also to examine the temperature distribution of individual components. In addition with a precise
determination of the emissivity, this can increase the knowledge gained about harmful slip. Since cage slip is not
the only potentially damaging rolling bearing behavior that can lead to increased friction and temperature, it is
desirable to measure and differentiate other behavior such as cage whirl or rolling element slip simultaneously.
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