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ABSTRACT

This work outlines a procedure for the determination of the interferences between balls and raceways in four contact
point slewing bearings due to manufacturing errors. The procedure is applied to a particular case and finite element
analyses are performed for the friction torque calculation, considering different preloads. The results are used to
evaluate the influence of manufacturing errors and the stiffness of the rings in the idling friction torque of the bearing.
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1. INTRODUCTION

Friction torque is a key parameter when designing slewing bearings. This type of bearing is used for orientation
purposes in machines like tower cranes or wind turbines, where large loads are involved (Figure 1), and also in
applications where high-precision operations are required, like robots, where loading conditions are less demanding.
An actuation system is needed to trigger the rotation, so the friction torque must be estimated in order to dimension it.
The first step to calculate the friction torque consists on determining the load distribution among the balls. This
problem was analytically solved by Zupan and Prebil [1] and Amasorrain et al. [2]; in those models the rings where
assumed to be rigid. In the same line but with a different focus, Aguirrebeitia et al. [3] [4] [5] proposed a procedure
for calculating the load combinations that result in static failure, considering both ball preload and the variation of the
ball-raceway contact angle with the external load.

Once the normal loads in balls are known, the tangential forces are required in order to calculate the friction torque.
With this aim, Leblanc et al. [6] [7] developed an analytical model which solved the ball kinematics, which was later
simplified for low-speed applications by Joshi et al. [8], and then used for the formulation of the friction torque. This
model, which is based on Jones equations [9], assumes full sliding in the ball-raceway contacts, so the effects of the
possible stick regions in the contact are not considered. Recently, a Finite Element (FE) model was developed by
Aguirrebeitia et al. [10] for the calculation of the friction torque, where those effects are taken into account.

Figure 1. Loads acting on a slewing bearing

Slewing bearings are usually preloaded by introducing slightly oversized balls, avoiding thus the possible clearances
due to manufacturing tolerances. The purpose of the preload is to improve the behaviour of the bearing, reducing the
vibratory and runout phenomena in the assembly and increasing its stiffness [11]. However, the preload also involves
an increment of the friction torque, so a balanced solution has to be found.

Manufacturing errors are also a factor to be considered. This was studied by Aithal et al. [12], who established that
manufacturing tolerances affect the load distribution among the balls in this type of bearings.

Other relevant aspect that affects significantly the load distribution is the stiffness of the rings. Olave et al. [13]
proposed and validated through FE calculations a procedure to obtain the load distribution in four contact point
slewing bearings, considering the effect of the structure’s elasticity. From the comparison with the case with rigid
rings, this study proves the need for considering the stiffness of the rings for the accurate assessment of the load
distribution problem.

The main objective of the present manuscript is to develop a procedure to calculate the interferences between the ball
and the raceways of the bearing due to manufacturing errors. These errors are obtained for a particular case and their
effect in the idling friction torque is evaluated by means of FE calculations, where both rigid and deformable rings
are used in order to quantify also the influence of the stiffness of the rings. The idling friction torque is the moment
required to rotate the bearing under no external loads. The idling friction torque is easily measurable and it is
commonly used by bearing manufacturers as a straightforward way to adjust the preload level required for a



particular application. Along with the starting and the running torque, the idling torque is usually demanded by the
customers, and thus it is a very relevant parameter.

2. INTERFERENCES CALCULATION PROCEDURE

In this section, a procedure for the determination of the interferences between the ball and the raceways due to
manufacturing errors is proposed. For this purpose, an analytical model has been developed. This model needs the
real shape of the raceways as input, so some experimental measurements must be taken as a first step (Figure 2a).

2.1. Measurement of the raceway geometry

To determine the real shape of a raceway, a minimum set of three points is required per each circumferential position
to be considered. This way, the circumference that defines the centre and the radius of the raceway can be calculated.
For a double arched ring, at least 6 points are needed per each circumferential position (see Figure 2b). To obtain the
general shape of a ring, these measurements must be taken for several circumferential positions.

Since the measurements are taken for each ring separately, the relative position between them once the bearing is
assembled is unknown. The analytical model described in the following subsection aims to determine this position,
from which the ball-raceway interferences will be calculated.

For the measurements, a coordinate-measuring machine (CMM) was used (DEA Global Silver 12.15.10). As it is
shown in Figure 2c, especial attention must be taken when measuring surfaces are neither flat nor normal to the
approximation direction of the sensor probe. For the particular case to which concerns this work, the CMM was
programmed to report the point R, according to Figure 2c. From the reported coordinates, it is straightforward to
place the location of the centre of the probe (point O), from which the coordinates of each raceway centre can be
obtained, as well as its radius.

Reported point

(©)
Figure 2. Experimental measurements: (a) coordinate-measuring machine; (b) measured points (c); graphical representation of the probe in
contact with the raceway meter [14]

The results shown in this manuscript were obtained for a bearing with nominal dimensions reported in Table 1. In
order to check for repeatability, the measures were taken twice for each ring. It was also checked that the different
measures from the same raceway were coherent between them.

Bearing mean diam. Ball diameter Raceway radius Initial contact angle

541.00 mm 25.00 mm 13.25 mm 45°
Table 1. Nominal dimensions of the measured bearing

2.2. Analytical model for interference calculation

The next step in order to calculate the ball-raceway interferences is to assess the relative position between the inner
and the outer ring once the bearing is assembled and the equilibrium is reached. In this regard, the final spatial
configuration will be the one with the minimum associated elastic deformation potential energy. Therefore, the key of
the proposed method lies on the formulation and the minimization of the energy of the system.

OUTER RING INNER RING

Figure 3. Graphical representation of the mechanism of the analytical model.



For this purpose, the ball-raceway contact model developed and validated by Daidié et al. [15] is used. Taking
advantage of this technique, the centres of the raceways from the different rings are linked each other by traction-only
springs that simulate the stiffness of the contacts, as shown in Figure 3. Moreover, the centres from the same ring are
rigidly connected, assuming rigid rings. This way, each pair of springs represents the four contacts of each ball of the
bearing, so the elastic contact problem is simplified by means of the deformable mechanism represented in the figure.
For the formulation of the potential energy, the outer ring is fixed, while the position of the inner ring will be a
function of the relative displacements and rotations between them. Hence, points O! and O* of the mechanism are
fixed, while the coordinates of points O? and O3 are a function of the parameters Xp, Yp, Zp, a and B, represented in
Figure 4, which define the position of the inner ring with respect to the outer one.
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Figure 4. Coordinate systems: (a) cartesian and cylindrical coordinates; (b) parameters for the relative position definition of the inner ring.

As a first step, the coordinates of the centres of the raceways, obtained from the experimental measurements, are
changed from the cartesian coordinate system (x, y z) to a cylindrical one (R, ¢, z). Following the nomenclature in
Figure 4:
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where i€ [1,4] (D

The outer ring is fixed and thus the position of points O* and O* remain constant. Conversely, the final coordinates of
points O? and O® will be given by the following expressions in Cartesian coordinates:

x5 = xbinicoSB + zbimising + Xp
Vb = YhiniCoSa — zb;sina + Yp where i€ [2,3] 2)
Zf = ZpiniCOSACOSP — XbiniSINP + YoimiSina + Zp

These expressions are changed into cylindrical coordinates:

Rl = Rhini(cosasin®@ly + cospeos?ph) + (Xp + zbimisinB)cosph + (Yp — zbimisina)singl 3

zb = zbpicosacosp + Rémi(sinasimpf, - sinﬂcos<p5) +7Zp
Note that all the displacements occur in the radial plane, while the angular coordinate (¢) will remain constant:

96 = Qomi Where i€ [14] )
Since manufacturing errors are being considered, the natural lengths of the springs can be different from each other.
For a given circumferential position, and according to the numbering used in Figure 3, the natural length of spring i is
given by:

{ =RL+ RS2 —D,, =RL+ R — (DIO™ + 6p) where i€ [1,2] 3)

Where D,, is the diameter of the ball, equal to the nominal diameter DI2°™ plus the preload 8p, and R% the radius of
the raceway. On the other hand, the real length (1) will be a function of the position of the inner ring:

I = \/(R(i) + R(i)+2)2 +(zh + Zé”)z where i€ [1,2] ©

Having both natural and real lengths, the summation of the interferences corresponding to each contact pair linked by
each spring will be calculated according to the next expression:

Sk =81+ 82 =11~ 1% where i€[1,2] ©



According to [15], the stiffness of each contact can be expressed as:

105283-DY/% . i
Ki =y i 8°>0 e i€[1,4] ®

0 if 68<0

Where s = DW/(ZRiC) is the osculation ratio of the contact i. It is important to point out that, as the springs are
traction-only, they do not offer any resistance for the §¢ < 0 case, which represents a gap between the contacting
bodies. In the ball-raceway hertzian-type contact, the relationship between the ball normal load (Q) and its
deformation (8) is formulated as:

Q = K532 )

This formula is valid for elastic deformations with no truncation of the contact ellipse, which is acceptable with the
load rates involved in the case under study. From this expression, the total stiffness of the spring i that links the
raceway centres i and (i + 2) is obtained:

11 1
) wes i
0

were i€ [1,2] (10)

Finally, the potential energy for the entire system formed by B balls will be given by:

5/2 5/2]

Ep = EZg:l [K%gt(‘s%gt + K%gt(a%gt (1)
Inasmuch as the interferences depend on the five parameters that define the final position of the inner ring, so will the
potential energy. The proposed formulation was implemented in Octave and the minimization of the potential energy
was performed by means of a gradient based algorithm. No convergence problems were found because potential
energy function is continuous and derivable with no local minima; when the function is null (no interferences case), it
is not derivable, but that point would directly be the solution. For the particular case studied in the present work, the
results for the interferences are shown in Figure 5.

10 T T T T T T T T T

—Contacts 1-3
--Contacts 2-4] -

B[]

1 1 1 1 1 1
180 210 240 270 300 330 360

pldeqg]
Figure 5. Interferences in the measured bearing with the nominal ball (D,, = Dj:°™, 6, = 0).
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3. FINITE ELEMENT MODEL FOR FRICTION TORQUE CALCULATION

As it has been mentioned before, the friction torque is a relevant magnitude in slewing bearings. Therefore, it is
interesting to evaluate the influence of manufacturing errors in this parameter. With this aim, different FE
calculations were performed, whose results are given and compared in the next section.

The FE model is based on the one previously developed by the authors in [10], where only the sector corresponding
to one ball is considered. Note that, for the appropriate simulation of the contact behaviour, the contact region was
carefully meshed (see Figure 6), with a smooth transition to the coarser surrounding elements. In the contact surfaces,
a typical value of 0.1 was taken for the friction coefficient, assuming grease lubrication [8].

Figure 6. FE model: mesh and applied loads



The ball-raceway interferences, calculated by the analytical model described in the previous section, are introduced in
the FE model by imposing an offset to the contacting surfaces of the raceway [12]. Additionally, the model allows
introducing a preload by applying a specific thermal condition to the ball in order to oversize it.

Both rigid and deformable rings are considered for the friction torque calculations. In both cases, the elastic
behaviour in the contact is suitably simulated, but the difference lies on the boundary conditions and the geometry of
the rings. On the one hand, for the case of rigid rings, no deformation is allowed to their external surfaces (thick lines
in Figure 7a). Hence, the geometrical parameters Di, Do, H, e and v (see Figure 8) have a negligible effect in the
elastic behaviour of the system, so they are defined only as a function of the diameter of the ball (D,,) according to
[10].

(@ | (b)

Figure 7. Boundary conditions of the FE model: (a) rigid rings; (b) deformable rings.

On the other hand, with deformable rings, only the displacements in the normal direction of the lateral faces of the
sector are restricted, allowing free sliding movement so that the rings can deform in the radial and axial directions
(see figure 7b). Moreover, as the deformation of the system will depend on the deformability of the rings, their real
geometry (Di, Do, H, e and y) must be considered. In addition, it must be pointed out that the sweep angle (y) will be
a function of the number of balls. Rolling bearings can be mounted with or without spacers, and the dimensions of
these ones can be variable, so the number of balls can change, and consequently the value of the sweep angle. As it
will be demonstrated, this fact has a relevant effect in the behaviour of the bearing.

The rotation is applied to the inner ring after applying the corresponding interferences and preload, while the outer
ring remains fixed. According to Kalker [16], the ball needs to be displaced quasi-statically at least one time an entire
contact ellipse in order to achieve the stabilization of the friction torque. Thus, the rotation angle is calculated in such
a way that this distance is fully covered.

Figure 8. Geometrical parameters of the FE model

As a result, the evolution of the friction torque over time is obtained from the FE model. In order to filter the
fluctuations due to the numerical nature of the model and thus obtain a value for the friction torque, the following
functional approximation is used [10]:

_ M (t-1)7
S pre-nm (12)




The results for a particular case are shown in Figure 9 together with its corresponding fitting curve. This figure also
shows the contact status in a case where the ball is rolling, illustrating the fact that this model considers the stick (in
black) and slip (in grey) regions in the contact ellipse.
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Figure 9. FE results: (a) evolution of the friction torque; (b) contact status.

In order to calculate the friction torque for the whole bearing, as many calculations as balls inside the bearing are
needed, introducing for each one its corresponding interferences values. For simplification purposes and to avoid high
computational costs, a Design Of Experiments (DOE) was planed considering the 3 parameters related with the
tolerances: the interferences in each contact pair (the two interferences &, and §,) and the osculation ratio (s). Taking
pick and valley values for these parameters, a full factorial DOE was performed considering different levels for the
conformity ratio and the interferences. Based on (9) and [15], the next functional approximation is proposed by the
authors:

Ci(6T+6D)+C,(8,+8)™ . .
M, = ™ if 6,-6,+#0

0 if 8,:8,=0

(13)

The values for the coefficients are different if the ball is spinning in all contacts or if it is rolling with respect to two
points (and thus sliding respect the other two). If contact only exists in two points and the interference is the order of
few microns, the friction torque is negligible. In the cases under study, only preload (and no external load) is
considered, so there will exist no case with a big interference in one contact diagonal and no contact in the other. To
know if a ball is spinning or rolling, the interference ratio (r3) is defined, which relates both interferences in each
ball:

max(64,6:

T (14)

If this ratio is lower than the transition value (r£"), the ball will be spinning; if not, the ball will be rolling. The values
for 74" were determined based on the results from the FE calculations. Table 2 compiles the values for the
coefficients from equation (13), which were obtained by the least squares fitting with the points from the DOE. Using
the values of Table 2 and introducing & in [mm] in (13), M, is obtained in [Nm]. For the model with deformable
rings, 32 balls were considered; this aspect is important because the sweep angle (y) affects the response of the
sector, as previously mentioned.

4 points spinnin 2 points rolling + 2 points slidin
Rings behaviour i P pinning £ 8P g
n m C1 C2 n m C1 C
Rigid 75 2.09 0.85 531 28.2 2.09 0.85 -1344 1376
Deformable (32 ball) 35 1.81 0.75 291 -84 8.93 1.87 0 3.08E7

Table 2. Values for the functional approximation of the friction torque.

Figure 10 compares the results from the 52 FE calculations of the DOE (markers) with the functional approximation
(13) for the case with deformable rings (lines), illustrating the excellent correlation between them (similar correlation
appears for the rigid ring case). Several detailed views of two regions of the plot are also shown for clarity. The jump
discontinuity in the curves represents the transition related to the kinematic of the ball, from rolling (5 > ") to
spinning (rs < r{").

Finally, the proposed formula (13) was used to calculate the friction torque due to each ball, so the total torque can be
calculated as the sum of all the balls in the bearing. The results are shown in the next section.

4. RESULTS AND DISCUSSION

The analytical model described in section 2.2 was used to obtain the interference values for the case of nominal ball
(Figure 5) and balls with 6 different preloads, ranging from -5um to +25um. Feeding (13) with these interference




values, the contribution of each ball to the friction torque for each case was obtained for both rigid and deformable
rings (using the coefficients in Table 2).

For the sake of completeness of the work, two additional aspects were considered when calculating the interferences.
On the one hand, the relative angular position between the rings, i.e. the rotation of the inner ring in the z axis
according to Figure 4. On the other hand, the manufacturing tolerances of the balls (not to be confused with the
manufacturing errors of the raceways); the ball quality was grade 40 in this case, which implied a variation of 2um in
the ball diameter from the same lot [17] (this information was provided by balls manufacturer). The results for the
total torque of the bearing, with the scatter due to these two factors, are given in Figure 11.
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Figure 10. Friction torque results for the DOE (markers) and calculated functional approximation (lines) for deformable rings.

In order to evaluate the effect of manufacturing errors in the friction torque, FE calculations were also performed with
the nominal geometry, i.e. with no manufacturing errors, for every preload case; these results are also shown in
Figurell. It can be observed that the effect of manufacturing errors have a great influence in the friction torque, ergo
they must be considered when accurate results are required. Moreover, the high relevance of the deformability of the
rings in the friction torque is also evinced.
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Figure 11. Friction torque VS Ball preload with (band) and without (dotted line) the effect of manufacturing errors: (a) rigid rings;
deformable rings

Additionally, the effect of the number of balls in the friction torque was studied. For this purpose, and without taking
into account manufacturing errors, FE calculations with deformable rings were performed, varying ball number and
preload. It was found that the effect of the number of balls is logarithmical, and the next functional expression proved
to properly fit FE results:

My =C8" - n (3 +1) (15)

Where 6p is the preload, N is the number of balls and n, C and N,. are coefficients to be determined for each bearing.
For this particular case, the values of the coefficients that best fit the FE calculations are 1.84, 0.15 and 8
respectively, so My will be obtained in [Nm] if &, is introduced in [um]. Figure 12 shows the results from the FE
calculations (markers) and the functional approximation in (15) (solid lines). Furthermore, the results for rigid rings
are shown for one preload case (25um, dotted line), illustrating that if the elasticity of the rings is not considered, the
influence of the ball number is linear.

200

x &=5um O &=10um
A 6=15pm O 6=20pum
150 1 O 6=25um  ----- 6= 25um (rigid)

100

M; [Nm]

50 |

ui]

—

0 10 20 30 40 50 60 70

Number of balls
Figure 12. Influence of the number of balls in the friction torque.

5. CONCLUSIONS AND FUTURE WORK

This work presents a procedure for the calculation of the ball-raceway interferences due to manufacturing errors in
four contact point slewing bearings. This procedure was applied to a particular case and the values of the
interferences were obtained. The results were used to perform Finite Element analyses for the friction torque
calculation, which proved that both manufacturing errors and rings deformability have a significant effect in the
idling friction torque. Therefore, not considering them will lead to inaccurate results.

Evenly remarkable is the effect the number of balls has in the friction torque, which was found to be logarithmical. A
new formula has been proposed and validated via Finite Element calculations, which expresses the friction torque as
a function of the number of balls and preload.



Regarding future work, the following research lines have been defined. First, the analytical model for the
interferences calculation developed in this manuscript will be generalized to estimate the load distribution among the
balls under external load (not only preload). Besides, the stiffness of the rings will also be implemented in the
analytical model via superelement techniques by reducing the elasticity of the rings to the centres of the raceways.
Thus, in contrast with the state of the art analytical formulations, this model will be able to consider analytically the
influence of manufacturing errors and the stiffness of the rings on the assessment of the load distribution in balls.
Later, the results of this model will be used as an input data for a second type of analytical model, which will deal
with the contact problem in order to calculate the friction torque of the bearing, avoiding the large computational cost
of Finite Element Analyses. Finally, some experimental tests will be carried out for correlation purposes.
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