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Abstract. Oscillating movements under load can cause wear in rolling bearings. Blade bearings of wind turbines
are subject to both. To know how to avoid wear in these bearings is important since they ensure the operational
safety of the turbine. Oscillations of blade bearings vary in load, speed, and amplitude. The objective of this work
is to find limits of these operating parameters with regards to wear occurrence. To this end several tests with real-
size bearings were carried out. The test parameters are based on typical operating conditions of a reference
turbine. The size of the bearings and the test parameters differ from other published tests for oscillating bearings,
where often scaled bearings are used results.

The test results show that wear occurs for every tested combination of load, speed, and amplitude of a steady
oscillating movement. Even if the wear characteristics differ between tests, each of them resulted in wear. Hence,
no wear limits can be defined with the tested grease and within typical operating conditions of a wind turbine
below which wear does not occur.

Tests with a discontinuity in the steady oscillation movement, however, did not result in wear. Such discontinu-
ities can be longer movements embedded in steady oscillations. They are characteristic to wind turbine operation,
where longer movements are a reaction to wind gusts.

1 Introduction

Blade bearings allow the rotor blades of a wind turbine to ro-
tate about their longitudinal axes, which is also called pitch-
ing. Thus, power and load control of the turbine as well as
emergency stops are possible (Hau, 2017). The blade bear-
ing reliability is important for the function and operational
safety of a wind turbine. Loads and the pitch movements
form the key operating conditions which influence the bear-
ing reliability. Typical pitch movements are oscillations with
a small amplitude. A continuous pitch control (CPC) turns
all blades simultaneously by the same angle to adapt the
power output (Burton et al., 2021). An individual pitch con-
trol (IPC) turns each blade individually to reduce turbine fa-
tigue loads (Bossanyi, 2003). Both controller types lead to
different number of oscillations with different amplitudes
and velocities (Stammler et al., 2018a). The acting forces
from the wind and the blade design are the main drivers for

the loads on a blade bearing (Harris et al., 2009). The bearing
design, like the rolling element type or the number of rolling
elements, and the raceway geometry determine the loads in
the rolling contact.

Stammler et al. considered the influence of an IPC con-
troller on blade bearings (Stammler et al., 2019). They
showed that the IPC controller leads to a higher pitch activ-
ity, which affects the damage mechanisms. One failure mode
for a bearing is wear on the raceways. In contrast to race-
way fatigue, which is inevitable after sufficient load cycles,
the development of wear depends on the operating conditions
like amplitude, cycles, speed, and load. Hence, Stammler et
al. could not draw a conclusion with respect to the influence
of an IPC on wear (Stammler et al., 2019).

Wear can lead to a significantly increased friction torque,
and it can cause a bearing failure or trigger other damage
modes like rolling contact fatigue. But wear is a damage
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that can be avoided or kept in a harmless state (Harris and
Kotzalas, 2006), if critical conditions are avoided. There are
many publications regarding wear in rolling bearings. To the
knowledge of the authors, only a few of them refer explicitly
to blade bearing application and include tests with bearings
to increase the knowledge about the relation between oper-
ation parameters of a wind turbine and wear (Becker, 2012;
Schwack et al., 2020; Wandel and Bartschat, 2021; Schwack
et al., 2021; Stammler, 2020). The authors use different bear-
ing sizes and types according to the available test infrastruc-
ture. Furthermore, they use different greases and different
test parameters. All tests were done with static axial loads.
A way to compare wear tests is the dimensionless x/2b ra-
tio. It relates the travel of the rolling element during a half
cycle (x) to the width of the Hertzian contact (2b). It is inde-
pendent of bearing sizes.

Becker developed a test method to test greases under os-
cillating conditions. He used four-point bearings with an in-
ner diameter of 60 mm and a contact pressure of 3 GPa. Dur-
ing the test he varied the temperature and added saltwater to
force corrosion, and he tested six different greases (Becker,
2012). Neither the oscillation amplitude nor the x/2b ratio
is published. Schwack et al. also tested six different greases.
They considered three different x/2b ratios (0.9, 13.3, and
29.1) with constant contact pressure of 1.9 GPa for tests with
angular contact ball bearings. The bearings have an inner di-
ameter of 40 mm. They stated that the greases must fit to
the application and that one grease could prevent wear for
some conditions but fail for others. Furthermore, they were
not able to produce wear for the highest x/2b ratio (Schwack
et al., 2020). Schwack et al. also tested two bearing types
with an outer diameter of 750 mm and a contact pressure of
2.0 GPa. They differed between two x/2b ratios (2.67 and
11.44) and were able to create wear for both bearings and for
both x/2b values (Schwack et al., 2021). So far, all test bear-
ings have a diameter lower than 1 m. Stammler was the first
who published a wear test with a real-scale blade bearing.
He compared tests of a 5 m two-row, four-point blade bear-
ing with 180 mm angular contact ball bearings. The scaled
bearings were tested with 2.5 GPa, and the blade bearing was
tested with 2.0 GPa. He was able to produce wear for both
sizes, with similar x/2b ratios (Stammler, 2020). Wandel and
Bartschat compared the wear development under oscillating
conditions with a low cycle number. They tested two bear-
ing sizes (40 and 100 mm, both inner diameter) and stated
that the development for both bearing sizes is similar (Wan-
del and Bartschat, 2021). In addition, Wandel et al. showed
that the grease parameters are a crucial factor for wear. They
considered the ability of the lubricant to release oil and the
mobility of the base oil as the main parameters (Wandel et
al., 2022).

Furthermore, Stammler showed that the sequence of a
pitch movement plays an important role and that it influences
wear occurrence. He was able to prevent wear on a scaled di-
ameter as well as on a real-size blade bearing, by adding a

movement with larger amplitude to a continuous oscillation
(Stammler, 2020). Table 1 summarizes the mentioned tests.

Blade bearings from different turbines can differ in their
size, in the rolling element type, and in their contact geome-
try. Among others these will influence wear occurrence since
they affect the oscillation parameters. Tests for any real-scale
blade bearing require significant funds and time. A blade
bearing has typically a diameter larger than 1 m and a weight
of a few tons. The handling of such components and the
assembly processes require special tools and time. Further-
more, the tests are time and energy consuming. In contrast
scaled tests are cheaper and give a good understanding of
principal wear mechanism, like Stammler showed (Stamm-
ler, 2020), but they cannot cover every aspect. One of these
aspects is the grease and its behavior in a bearing. The grease
blend and how the distribution changes when the bearing is
moving, as well as the possibility of the base oil to replen-
ish the contact, will be different with an increased bearing
diameter and contact size (Hentschke, 2011). In addition, a
common blade bearing steel type is 42CrMo4 (Chen et al.,
2014), where smaller bearings are typically made of 100Cr6
steel (Schaeffler Technologies AG & Co. KG, 2019). There-
fore, full-scale tests are mandatory to understand the influ-
ence of oscillation parameters on blade bearings.

This work covers such full-scale tests and sheds light on
wear in blade bearings. The tests from former works, sum-
marized in Table 1, will be picked up and give an input for
this work. The objective is to find limits for wear in order
to tune a blade bearing controller to avoid these conditions,
e.g., by including beneficial pitch movements. Typical wind
turbine parameters of a reference turbine are used as input
for tests with blade bearings with an outer diameter of 2.6 m.
Section 2 explains the considered parameters. Sections 3 and
4 describe the test rig and the test setup. The test results are
presented in Sect. 5 and are summarized in Sect. 6.

2 Wear and operational parameters

The term “wear” covers different types of surface-induced
damages (Tallian, 1992). Wear can occur in the contacts of
rolling bearings. If wear in a rolling bearing is induced by os-
cillating movements, possible damage modes are “standstill
marks” and “false brinelling”. Adhesion and tribo-corrosion
are the key wear mechanisms for both. Standstill marks typ-
ically have, in contrast to false brinelling, an undamaged in-
ner area and show additionally a surface disruption. They
are mainly caused by oscillations with a small amplitude
(x/2b<1), which can stem from vibrations even if the bear-
ing is not turning. False brinelling shows in an early state
a high amount of corrosion. The reaction products have
typically a brown, red, or black color. They are identified
as hematite (α-Fe2O3) or magnetite (Fe3O4) (Sommer et
al., 2010). Abrasion secondly leads to a dent with a pol-
ished surface. Wear products contaminate the grease and can
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Table 1. Overview of wear tests.

Reference x/2b Frequency Diameter Cycles Contact pressure
in Hz in m in GPa

Becker (2012) unknown unknown (i.d.) 0.060 > 500 000 3.0

Schwack (2020) 0.9, 13.3, and 29.1 2.3 and 8 (i.d.) 0.040 250 000 1.9

Schwack et al. (2021) 2.67 and 11.44 0.5 (o.d.) 0.750 up to 12 500 2.0

Wandel and Bartschat (2021) 1 to 31 0.2, 1, 3, and 5 (i.d.) 0.040 4000 1.7
2.34 0.5 (i.d.) 0.100 up to 40 000 2.5

Stammler (2020) 2.66 0.5 (o.d.) 0.180 40 000 2.5
3 0.5 (o.d.) 5.000 40 000 2.0

negatively influence its functions. Furthermore, the surface
changes lead to an increased friction torque.

The rolling element squeezes the lubricant out of the con-
tact area, if it is oscillating with a sufficiently small ampli-
tude (Grebe and Feinle, 2006; Grebe et al., 2009; Wandel et
al., 2022). Therefore, it is obvious that parameters describing
an oscillation should be considered. These are the amplitude,
the frequency, and the velocity. The following Eq. (1) shows
their correlation:

v (t)= y0 · ωcos(ω · t) . (1)

Herein, v(t) is the velocity, y0 is the amplitude, and ω =
2 ·π ·f is the frequency. In addition, the number of repeated
cycles and the load influence the wear behavior as well. It is
easy to imagine that wear increases if its trigger, the oscil-
lation movement, is repeated for several times (Tetora et al.,
2021; Wandel and Bartschat, 2021). A higher contact force
results in more pronounced wear (Sommer et al., 2010). In
addition, the ability of the lubricant itself to flow back to the
contact area, the base oil viscosity, and the temperature are
important as well (Wandel et al., 2022). But they are not part
of this investigation since all bearings were tested with the
same grease and with comparable temperature conditions.

3 Test rig

The structure and stiffness of the hub and the blade influence
the load distribution (Stammler et al., 2018b). In combination
with the applied forces and moments, they cause a complex
load distribution in the bearing. Hence, the wear characteris-
tic would be different on every position around the circum-
ference. This can cause interaction between the differently
loaded rolling bodies and makes it difficult to determine the
influence of individual oscillation parameters. Therefore, a
test rig that applies a uniform load appears to be suitable
and has the advantage of being cost-efficient due to a sim-
pler design. Although the load distribution is not realistic, the
conclusions can be transferred since the most highly loaded
rolling elements have a similar load. The weakly loaded

Table 2. Bearing dimensions.

Property Value Unit

Inner diameter 2070 mm
Outer diameter 2600 mm
Pitch diameter 2310 mm
Number of rows 2 –
Rolling elements per row 98 –
Rolling element diameter 65 –
Initial contact angle 40 ◦

Inner and outer groove conformity 0.53 –
Roughness (Ra) 0.8 µm

rolling elements would have a less severe characteristic or
would not produce wear.

The so-called BEAT2.2 (Bearing Endurance and Accep-
tance Test rig) tests two standard serial bearings with an outer
diameter of 2.6 m. The bearing type is a two-row, four-point
contact ball bearing with 196 balls. The bearings are induc-
tively hardened and have hard-turned raceways. Prior to the
assembly and filling with grease, the rings were cleaned by
mechanical means. A commercial grease with a base oil vis-
cosity at 40 ◦C of 50 cSt, an NLGI class of 2, and a lithium
thickener is used. Table 2 lists further dimensions of the test
bearing.

Figure 1 shows the test rig. An intermediate ring (4) con-
nects the rotating outer rings of the upper (1) and lower (2)
bearing. The intermediate ring gives enough space for a hy-
draulic system (3), which applies the load. It is placed be-
tween the upper and lower inner ring and consists of 50 cylin-
ders that apply a static load up to 10 MN. An electric pitch
drive controls the pitch movement with a top speed of 6◦ s−1.
A torque measurement is mounted to the pinion shaft.

The applied axial load must be transferred to a value which
allows us to evaluate test results. Hence, it must correspond
to the rolling elements. The rolling element load can be cal-
culated from the acting load and allows us to determine the
Hertzian parameters, like the contact pressure. Among oth-
ers, Houpert published a method to calculate the Hertzian

https://doi.org/10.5194/wes-8-289-2023 Wind Energ. Sci., 8, 289–301, 2023



292 K. Behnke and F. Schleich: Exploring limiting factors of wear

Figure 1. Test rig BEAT2.2 (photo by Karsten Behnke; visualiza-
tion by Filip Kovacevic).

parameters starting with the individual rolling element loads
(Houpert, 2001). The contact pressure can also be used to
compare test results to each other.

An estimation of the individual rolling element loads is
possible by neglecting elastic behavior. A more detailed look
requires a finite element (FE) calculation, where elastic ring
deformation and other effects can be considered. As a de-
tailed modeling of the contacts between rolling bodies and
the raceways would lead to a high computational effort, it is
a common approach to represent the rolling bodies with non-
linear spring elements. Daidié published an approach based
on nonlinear traction springs which connect to the raceways
by rigid beam elements (Daidié et al., 2008). Following this
approach, a global FE model of the tested bearings is devel-
oped via APDL (ANSYS Parametric Design Language) in
ANSYS Classic (Schleich, 2019). Based on this global FE
bearing model, a full test rig FE model is developed. Tol-
erances and manufacturing errors are not considered in the
bearing model as no information on these parameters is avail-
able for each individual bearing, and they are assumed to
be negligible for the analysis of the global ring deformation
behavior and the global load distribution. Figure 2 shows a
cross-sectional view of the test rig. The outer-ring and inner-
ring bolts are modeled with beam elements, and friction-
based contacts are defined between the model components.
LINK11 elements are used to model the hydraulic actuators
between the inner rings of the test bearings. These elements
connect to the surrounding components by constraint equa-
tions (RBE3) that equally distribute the load on the master
node to the slave nodes. By means of this model it is pos-
sible to analyze the resulting contact forces by considering
elastic behavior.

Simulations are performed for different load levels. For
each load level, all implemented hydraulic actuators apply
the same force to the structure. Figure 3 shows the load distri-
bution on the raceways of both test bearings for an exemplary
axial load of 8.0 MN. While in both bearings the resulting

load distribution is nearly identical, a significant difference
for the contact forces on the different rows of each bearing
can be seen.

This difference is caused by the elasticity of the bearing
rings. Furthermore, it shows that just one of the two diago-
nals of each rolling element transmits loads. With these sim-
ulations it is possible to ensure that the desired contact pres-
sure between rolling element and raceway is achieved for the
tests.

4 Databases

The range for the test parameters is based on two inputs. On
the one hand, they should fit and complement the published
tests (see Table 1), and, on the other hand, they should cover
realistic turbine operation conditions. The analysis of aeroe-
lastic simulations of a reference turbine ensures the latter.
The reference turbine is designed for wind class IA according
to International Electrotechnical Commission (IEC) 61400
(IEC, 2019) and has a rated power of 3 MW, a hub height of
85 m, and a rotor diameter of 100 m (Leupold et al., 2021).
While the test bearings are not specifically designed for this
reference turbine, their dimension can be found in similar
commercial turbine designs. The analysis is limited to de-
sign load case (DLC) 1.2, which covers the normal power
production of the turbine.

Figure 4 shows the cycle count for a CPC and IPC con-
troller of this turbine. One bar indicates the number of cy-
cles within 20 years in a double amplitude span of 0.5◦. For
the CPC, most common blade angle adjustments have less
than 0.5◦. If IPC is active, the maximum is shifted towards
movements with a few degrees. Oscillations with a double
amplitude higher than 5◦ are unlikely, especially for the CPC
controller. Hence, the test range covers double amplitudes up
to 5◦.

The second test parameter is the load. The test rig applies
an axial force, whereas a blade bearing is loaded by bending
moments, axial forces, and radial forces. In terms of wear
tests, the contact pressure in the rolling contact is sufficient to
transfer one to the other load condition. The rolling element
load, which is necessary to calculate the contact pressure,
can be calculated with an FE or with a simplified empirical
approach. The second neglects elastic behavior and gives less
accurate results.

Figure 5 introduces the classification of the reference tur-
bine blade root bending moment. It considers a lifetime of
20 years. The resulting bending moment acting at the blade
root has a major influence on the bearing loads (Stammler et
al., 2018b).

A frequently resulting moment is 2.5 MN m. With both
mentioned simplifications, it leads to the highest contact
pressure of approximately 2.0 GPa. In the same manner,
5.5 MN m results in a contact pressure of 2.5 GPa. The range
from 2.0 to 2.5 GPa represents the average values of pub-
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Figure 2. Cross-sectional view of the developed FE test rig model in an undeformed (a) and a deformed (b) state.

Figure 3. Resulting load distribution on the raceways of both test bearings for 8.0 MN total axial force.

lished research in this field (see Table 1) and defines the test
loads. The load case, shown in Fig. 3, corresponds to 2.5 GPa
contact pressure at the higher loaded row.

Beside the load and amplitude, the velocity and frequency
complete the test setup. The typical pitch speed of the ref-
erence turbine is less than 1◦ s−1. The tests comply to this
requirement. One additional test has a higher speed, which
matches to the maximum pitch speed. The speed varies in a
sinusoidal profile. The given speed corresponds to the max-
imum speed in a cycle. The frequency follows as given in
Eq. (1). The frequencies and hence the speed from the lit-
erature in Table 1 have the tendency to be higher. It could

be done to shorten test time or to keep a similar entrainment
speed as for a real blade bearing.

According to Grebe et al. (2009) or Wandel and
Bartschat (2021) even a few cycles can lead to wear. The
tests in this work have cycle numbers in the range of 1000
to 40 000. Table 3 summarizes the test parameters. The con-
tact pressure refers to the most highly loaded row at the in-
ner ring. In the following only pictures of the inner ring are
shown.
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Table 3. Test setup.

Test ID x/2b Contact size Amplitude Contact pressure Maximum speed Frequency Entrainment speed Number of
in mm in ◦ in GPa in ◦ s−1 in Hz in mm s−1 cycles

I 2.9 38.5 0.40 2.55 0.8 0.32 7.72 1000; 3000; 5000
II 3.6 25.1 0.40 2.05 0.8 0.32 7.72 1000; 3000; 5000; 20 000; 40 000
III 18.4 38.5 2.50 2.55 5.0 0.32 48.25 40 000
IV 18.4 38.5 2.50 2.55 0.8 0.05 7.72 40 000
V 8.1 29.8 1.00 2.24 0.8 0.13 7.72 5000
VI 1.0 38.5 0.15 2.55 0.3 0.32 2.89 5000

Figure 4. Cycle comparison of CPC and IPC.

Figure 5. Classification of the resulting moment.

5 Test results and discussion

5.1 Tests with steady oscillations

As described in Sect. 2 it is expected that wear damage be-
comes worse with increased load and more cycles. The test
results of Test ID I and II support this assumption. Figure 6
shows wear marks with an increased cycle number and with
two different loads. The three tests on the left side were per-
formed with 2.5 GPa contact pressure and a x/2b ratio of
2.9 (Test ID I). The cycle number is increased from left to
right (1000, 3000, and 5000 cycles). The other five have a
lower contact pressure; they were tested with 2.0 GPa and a
x/2b ratio of 3.6 (Test ID II). The cycle number grows as

well from the left to the right (1000, 3000, 5000, 20 000, and
40 000 cycles). The maximum velocity (vmax = 0.8 ◦ s−1),
the amplitude (y0 = 0.4◦), and the frequency (f = 0.32 Hz)
were kept the same for all these tests. The wear marks look
similar to the published ones mentioned in Sect. 1, especially
the results from Wandel and Bartschat, who tested smaller
bearings with a comparable number of cycles (Wandel and
Bartschat, 2021).

It is possible to see that the damage is visually more pro-
nounced at higher loads and higher cycles. The width of the
wear area at higher loads is slightly larger due to the in-
creased hertzian contact width (2b).

Furthermore, it is possible to see that fretting corrosion
occurs even at low cycles. The friction torque confirms this
visual impression. Figure 7 shows the measured torque of
both load steps for one cycle, after 1000, 3000, and 5000
repetitions. For an undamaged bearing, Dahl describes the
characteristic torque hysteresis curve for an oscillation (Dahl,
1968). The backlash between the driving pinion and the bear-
ing ring will influence the torque, and they might look differ-
ent than a theoretical curve with an ideal drive. However, in
Fig. 7 it is possible to see similar curves, but thereby the fric-
tion torque increases with more cycles, and it rises faster for
the higher load. The peak is reached in the turning points.
The raising torque is caused by the surface changes due to
wear. Higher roughness values result in a higher friction. Fur-
thermore, the wear mechanisms like abrasion dissipate en-
ergy, which in turn lead to a higher friction torque (Fouvry
et al., 2003). The trend of wear development of these tests
as shown in Figs. 6 and 7 confirms Bartschat’s and Wandel’s
conclusion that under certain circumstances wear develops
quite fast (Wandel and Bartschat, 2021). The correlation be-
tween the severity of the wear mark and the cycle number
or the load is quite simple to summarize: with an increased
cycle number the wear damage becomes worse.

When it comes to the influence of amplitude, speed, and
frequency it is not as simple. Equation (1) gives the relation
for these three parameters. When one of them changes, at
least one of the other two will change as well. These circum-
stances lead theoretically to a high number of necessary tests
to analyze the influence of every parameter individually. The
tests are reduced to a few by using parameter combinations
that are relevant for the turbine operation conditions. At first
it is worth looking at the speed and frequency. Figure 8 in-
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Figure 6. Three wear marks obtained with contact pressures of 2.5 GPa in Test ID I (a); five wear marks obtained with contact pressures of
2.0 GPa in Test ID II (b).

Figure 7. Torque development: comparison of contact pressures of 2.5 GPa (ID I) and 2.0 GPa (ID II).

Figure 8. Two wear marks with 2.5◦ amplitude (a) tested with 5◦ s−1 (ID III) and (b) tested with 0.8◦ s−1 (ID IV).

troduces Test ID III and IV, which have the same amplitude
(y0 = 2.5◦) and a x/2b ratio of 18.4 but a different velocity
and a different frequency (fleft = 0.32 Hz, fright = 0.05 Hz).
They compare the influence of the speed and frequency. The
wear mark of the faster test speed shows a higher corrosion.

Figure 9 shows the friction torque of one cycle at the be-
ginning, in the middle, and at the end of the tests. The initial
torque of the fast test is slightly higher, due to a higher inertia
force with higher velocity and acceleration. It also increases
more strongly during the test. It is possible to conclude that
speed and frequency influence wear. This hypothesis is sup-
ported by Grebe and Wandel; both state that with a lower
frequency there is more time for the grease to relubricate

the contact (Grebe et al., 2009; Wandel et al., 2022). Fur-
thermore, a rebuild of a protective layer takes time; hence,
oscillations with a lower speed have a lower risk for wear
(Hentschke, 2011).

The first three tests (Test ID I) in Fig. 6 have an amplitude
of 0.4◦ (x/2b = 2.9) and were done with the same contact
pressure. The left test in Fig. 9 (Test ID III) has the same fre-
quency, where the right one (Test ID IV) has the same max-
imum speed. The visual impression states that the damage
marks with the same frequency look more alike. This sup-
ports the earlier assumption about the importance of time for
contact replenishment and tribo-layer build-up.
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Figure 9. Torque development with increasing number of cycles: comparison of oscillation frequencies of 0.32 and 0.05 Hz.

Test ID I and III also allow us to examine the influence
of the amplitude. A significant rise in torque could be ob-
tained faster for tests with a smaller amplitude. The test with
a small amplitude (ID I) led to a 7-times-higher peak torque
after 3000 cycles (Fig. 7). The torque development of the test
with a higher amplitude (ID III) stays below that value. It was
nearly doubled after 40 000 cycles. In other words, smaller
amplitudes seem to influence the behavior of the bearing
quicker. In addition, it is worth mentioning that for the high
amplitudes of 2.5◦ the different wear marks have a less uni-
form appearance. A significant amount of them have less
severe characteristics. It supports the statement that larger
amplitudes are less critical. It was also confirmed for high
x/2b ratios by Schwack et al., who have seen similar trends
(Schwack et al., 2020).

Test ID V and VI complement the results in terms of the
amplitudes’ influence. Figure 10b presents a test with an am-
plitude of 1◦ (x/2b = 8.1) (ID V), and Fig. 10b presents a
test with a small amplitude of 0.15◦ (x/2b = 1.0) (ID VI).
Figure 11 compares the torque development of these tests
to the previous ones. Test ID V fits perfectly and supports
the statement that wear severity decreases with higher ampli-
tudes. The test with the smallest amplitude diverges. It has
less pronounced wear.

The similarity in x/2b ratios allows us to compare the
damage marks off Test ID I (x/2b = 2.9) with the published
results of Schwack (Schwack, 2020) and Stammler (Stamm-
ler, 2020); see Table 1. Figure 12 depicts wear marks for
bearings ranging from 80 to 5000 mm outer diameter. From
left to right it starts with a type 7208 bearing with 80 mm
outer diameter and a bearing with 750 mm outer diameter
(Schwack, 2020), followed by Test ID I with 2.6 m outer
diameter and finally a 5000 mm bearing (Stammler, 2020).
While different kinematics of the contacts results in different
shapes of the damages, the primary damage product hematite

and the primary mechanism fretting corrosion are the same
over the entire range.

5.2 Tests with protection runs

All tests described so far were carried out without interrup-
tions. An interruption could be a movement with a different
amplitude, which will be called a protection run. Stammler
first demonstrated the ability of longer movements to prevent
wear when embedded in oscillations with a small amplitude
which on their own would cause wear (Stammler, 2020).

Tests with one longer cycle were performed after a partic-
ular number of the base oscillations. To compare the results
with a continuous oscillation, Test ID I (x/2b ratio of 2.9) is
used as reference. The protection runs have a 10-fold-higher
amplitude (4◦) than the base oscillations (0.4◦) and seem to
be effective to avoid wear. If the protection run occurs every
10 or every 50 cycles, it is not possible to observe wear on
the raceway after a repetition of 40 000 cycles.

If the protection run frequency is reduced to every 100 cy-
cles, an initial wear mark is visible (compare Fig. 13). Never-
theless, this mark looks tremendously better than every other
shown in Fig. 1. Fretting, like in the bottom-right corner, just
occurred for some of the rolling elements. A polished race-
way surface indicates the ball movement during the protec-
tion run. There is no significant change in the torque for all
these three protections runs. In Fig. 14 the curve of the test
with a protection run every 100 cycles shows a slightly in-
creased torque, which fits to the visual impression. However,
the torque stays below 30 kN m, which is lower than for the
reference test, shown in Fig. 7.

The next test has a shorter protection run. Its amplitude
(0.8◦) is twice the regular amplitude. It was executed every
50 cycles. The test was performed with 2.0 GPa; the refer-
ence test is Test ID II.

In contrast to the other three tests with a protection run of
4◦, this test, with a smaller protection run amplitude, was not
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Figure 10. Two wear marks with different sizes: (a) 0.15◦ test amplitude (ID VI) and (b) 1◦ test amplitude (ID V).

Figure 11. Torque development: comparison of different amplitudes (ID I, III, V, VI).

Figure 12. Wear with similar x/2b on bearings ranging from 80 to 5000 mm outer diameter (Schwack, 2020; Stammler, 2020).
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Figure 13. Test with protection run every 100 cycles.

Figure 14. Torque development: comparison of protection runs with different frequencies of occurrence.

able to prevent wear. Figure 15 shows the wear mark, which
has two areas: one area based on the small cycle (right) and
the other half covering the area where the ball moved during
the protection run (left). Corrosion occurs in the entire area.
Figure 16 compares the friction torque to the reference test.
The torque of the reference test has a similar shape but a
higher peak. Nevertheless, the friction torque also shows that
this protection run was not effective. Compared to the torque
of the other three (Fig. 14), which were tested with a higher
load, the torque is higher, and it rises over time.

6 Conclusions and outlook

This work covers the test of blade bearings with an outer di-
ameter of 2.6 m on a sandwich-type test rig. The test parame-
ters are based on a 3 MW reference turbine and are compared
to values from the literature. The bearings were tested under
oscillating conditions with a steady axial load. The x/2b ra-
tios range from 1 to 18.4 with peak speeds between 0.3 and
5◦ s−1.

All wear marks show reddish, brown oxide layers. Hence,
one of the wear mechanisms is fretting corrosion. Every

Figure 15. Wear mark from a test with a failed protection run.
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Figure 16. Torque development: comparison of the protection run and reference test.

tested parameter combination of load, amplitude, frequency,
and speed with a steady oscillation shows wear and leads to
a rise in torque. That means that every considered operation
condition can potentially lead to wear in a blade bearing. It
is possible to define parameter combinations that are more or
less likely to promote wear. The test results confirm that wear
becomes more severe with higher loads and higher oscilla-
tion speeds. Furthermore, wear increases with the number of
cycles the bearing is exposed to. The influence of the ampli-
tude is not as clear as the influence of load, speed, frequency,
and number of cycles. The severity of wear has a maximum
in the middle range of tested amplitudes at 1◦ (see Table 3).
Cycles with higher or lower amplitudes are less harmful.

The initial motivation of the tests was to find thresholds
for wear occurrence within typical operational parameters of
wind turbines. With steady oscillations and loads, however,
wear cannot be prevented. On the other hand, the effective-
ness of protection runs could be confirmed with this bearing
size. Incorporating this concept, it is possible to define a limit
for wear. This limit needs to include the number of cycles be-
tween protection runs and their parameters, since not every
protection run was effective.

Bartschat and Schwack showed that the application of ad-
ditional protection runs can have a negative effect on the
turbine operation, since a changing pitch angle will influ-
ence the turbine loads as well as the energy output (Schwack
et al., 2018). Therefore, the objective of further investiga-
tions is to find a minimum frequency of protection run ex-
ecutions and to find a minimum effective amplitude. The
grease and its ability to lubricate a contact under oscillating
conditions influences wear occurrences. Tests with different
greases should also be included in further work.

Code and data availability. The underlying test results consist of
hundreds of gigabytes of data, which are not available in a public
repository. However, readers interested in specific data can request
them from the authors. The FE model is the result of a development
in several projects, which are subject to non-disclosure agreements.
Hence, the FE model is not publicly available.
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