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Abstract

The external load of a rolling element bearing is transferred from one ring to the other through the rolling
elements, and the device’s stiffness, performance and life depend on the load distribution across the
rolling elements, which is not uniform. The load distribution depends on the rings and rolling elements’
materials, the internal geometry of the bearing, and the magnitude and direction of the external load. An
internal parameter that has a strong influence is the radial clearance. Mitrovi¢, Lasovi¢ et al., derived load
distribution factors for radial load ball bearings with positive and zero radial clearances, which are a
measure of the rolling elements participation in the external radial load distribution. However, the factors
derived by them aren't suitable for bearings with negative radial clearance (interference), since they are
based on the calculation of active rolling elements, that is only valid for zero and positive radial clearance.
In this work, the load distribution factors for the most loaded rolling element are obtained as functions of
both relative radial clearance parameters: one with respect to elastic compression at the load line,
Pd/(26max), and the other with respect to the total relative displacement between the rings, Pq/(25); for a
number of rolling elements in the bearing varying from 2 to 20 and for ball and cylindrical roller bearings,
with positive, negative and zero radial clearances.

Introduction

A rolling element bearing is a device generally consisting of two concentric steel rings, where two grooves
are machined: an inner groove is machined in the outer ring and an outer groove is machined in the inner
ring. Rolling elements are placed between the grooves: cylindrical, conical or spherical rollers, or balls. A
rolling element bearing provides load transmission between two structures, generally a shaft and housing,
maintaining the relative position between the structures, but allowing 1 or 2 rotational and/or translational
degrees of freedom. The external load of a rolling element bearing is transferred from one ring to the
other through the rolling elements, and the device's stiffness, performance and life depend on the
external load distribution across the rolling elements, which is not uniform. The load distribution depends
on the rings and rolling elements’ materials, the internal geometry of the bearing, and the magnitude and
direction of the external load. An internal parameter that has a strong influence is the radial clearance.

Stribeck [1] was the pioneer to investigate the distribution of loads on the rolling elements of a radially
loaded ball bearing and found that the maximum ball load could be derived by multiplying the medium
load by 4.37 for zero internal clearance. This result is an approximation of the value found when
considering an infinite number of balls, of infinitesimal diameter, symmetrically and evenly distributed in
relation to the load line, which passes through the most loaded ball's center. This number came to be
known as Stribeck’s Number or Constant and, to account for nonzero diametrical clearance and other
effects, Stribeck recommended rounding the Constant to 5.0.

Palmgren [2] stated that the theoretical value of Stribeck's Constant for roller bearings with zero internal
clearance is 4.08 and suggested using Stribeck's recommended value of 5.0 for the Stribeck’s Constant
for either ball or roller bearings having typical clearance.

Ricci [3] showed how the Stribeck’s Constants were found. It's also shown that the error when adopting
the value 4.08 for a roller bearing Stribeck’s Constant is 55.6 times greater than when adopting the value
4.37 for the ball bearing Stribeck’s Constant.

Sjovall [4] proposed an integral method for load distribution calculation in bearings. The relationship
between the load on the most loaded rolling element and the bearing loading was established using
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Sjovall's integrals. Houpert [5] improved Sjovall’s integrals for multi-degree-of-freedom bearing system. A
comprehensive mathematical model of bearings was developed by Harris [6]. The load zone was
described by the load distribution factor, €, and the contact stress-strain relationship between the ring and
any rolling element was achieved. The load distribution can be obtained by continuous iteration
procedure. However, studies have shown [7, 8] that the results obtained by the Harris method cannot
rigorously satisfy the static balance, once that the problem of obtaining the load distribution in bearings
with arbitrary radial clearance is to determine the number of rolling elements that participate in the
transfer of the external radial load. Tomovi¢ [7, 8] considers two boundary positions of support of the
inner ring and proposed a simple method to determine the number of rolling elements in the loading zone.

Research has shown that ball bearings should have slightly negative or zero internal clearance to
maximize bearing life and reliability. However, zero or slightly negative clearance generates high contact
stresses between raceways and balls [9, 10]. In addition, it increases bearing friction, which makes the
bearing vulnerable to temperature rise. Therefore, a bearing with positive radial clearance is generally
chosen to avoid such problems [11].

Xiaoli et al. [9] developed a mathematical model based on the Hertz elastic contact theory to determine
the radial load distribution in ball bearings with positive, negative and zero clearance. Oswald et al. [10]
investigated the effect of internal clearance on load distribution and fatigue life of radially loaded deep
groove ball bearings. They found that life gradually decreases with increasing radial clearance’s absolute
value and is maximum under small negative radial clearance.

Mitrovi¢ [12] carried out an analytical study of the influence of radial internal clearance on the static load
rating of ball bearings. To analyze the influence, a parameter was introduced: the load distribution factor,
which is the ratio between the load on the most loaded ball and the external radial load. The ratio
introduced in Eq. (3) of the Mitrovi¢’s paper is a function of the rolling elements’ azimuth angles and the
relative radial clearance parameter with respect to the total relative displacement between rings, P4/(26),
and measures the participation of the most loaded rolling element in the external radial load distribution.
Lazovi¢ et al. [13] generalized the notion of load distribution factor introducing a slightly different load
distribution factor, which is the ratio between the ball load component in the radial external load direction
and the external radial load. They also introduced the definition of the reduced load distribution factor,
which is the ratio between the ball load and the external radial load. The ratios that appear in Egs. (13)
and (16) of the Lazovi¢ et al.’s paper are functions of the rolling elements’ azimuth angles and the relative
radial clearance parameter with respect to the elastic compression in the load line, P4/(20max). They
provided an overview of the load distribution of ball bearings with zero and positive radial clearance.
However, the load distribution factors, as defined by both Mitrovi¢ and Lazovi¢ et al., aren’t suitable for
bearings with some negative radial clearance. This is because the models don't allow negative radial
clearance and also both use a parameter to define the load distribution factors, which represents the
active rolling elements number, which actively participate in the transfer of the external radial load.
However, such a parameter as defined is only valid for bearings, which have zero or positive radial
clearance.

There are in the literature two definitions for load distribution factor with respect radially loaded rolling
element bearings. One of them assumes that the load distribution can be given by a radial integral and
the load distribution factor, ¢, is defined as being the ratio between the load zone projected on the load
line and the diameter [4, 5]. The second assumes that the load distribution satisfies the static equilibrium
equation given by a sum of the discrete rolling elements' loads components in the radial external load
direction. In this case, the load distribution factor is defined as the ratio between the rolling element's load
component in the radial external load direction and the external radial load [12, 13].

In this work, the load distribution factors for the most loaded rolling element of a radial load rolling
element bearing are derived in the same way as were done by Mitrovi¢ and Lazovi¢ et al. [13]. However,
unlike Mitrovi¢ and Lazovi¢ et al., here | address the load distribution factors as functions of both relative
radial clearance parameters. One with respect to elastic compression at the load line, P4/(20max), and
other with respect to the total relative displacement between the rings, P4/(25). Here the radial clearance
sign is also considered, and load distribution factors are also obtained for cylindrical roller bearings. Since
the mechanical system can operate with positive, negative or null clearances, | presume that the
introduction of the radial clearance sign in rolling element bearing models is a measure that makes them
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improved. Recently, it has been discovered that increased life and performance without noise and
vibrations is related to a small negative radial clearance, or preload [10]. Generally, a small positive
clearance is used to avoid the effects of radial temperature gradients, which can even lock the shaft’s
motion with respect to the housing.

Radial Clearance, Maximum Hertzian Elastic Deflection and Total Relative Radial
Rings Displacement

Assuming that z rolling elements are evenly spaced about a pitch circle, symmetrically distributed with
respect to the radial load line, which passes through the center of the most loaded rolling element (j = 1),
so, the radial clearance or interference, ¢, j = 1, ..., z, at a given azimuth angle yj;, if the absolute
diametric clearance |Pq| is small compared to the radius of the tracks, can be expressed with adequate
precision by
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If Pq > 0, on the load line where w1 = 0°, the clearance is zero; and where ; = 180° the clearance is Pq. If
P4 < 0 the clearance is zero at ; = 180° and Pq (interference) at w1 = 0°.

The application of further load will cause elastic deformation of the rolling elements and elimination of
clearance along a 2y arc. If the further elastic interference or compression in the load line is dmax the
corresponding elastic compression & of the ball or cylindrical roller bearings along a radius at an angle yj
to the load line is given by
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which assumes that the rings are rigid.
Substituting (1) in (2), yields
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represents the total relative radial displacement between inner and outer rings.
Ratio Between the Maximum Rolling Element Load and the Radial External Load
If P is a radial external load, then
P = EF‘ Cos Y,
- (5)

where Pj, j = 1, ..., z, are rolling elements’ normal loads for rolling elements located at the azimuth angles
w;, with the portions of the sum referring to rolling elements, which don't participate in the load transfer,
being assumed to be null.

Assuming that
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where kn is a load-deflection proportionality constant, n = 3/2 for ball bearings [1] and n = 10/9 for
cylindrical roller bearings [2], then, dividing P1 by Eq. (5), yields
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which is a function of the rolling elements’ azimuth angles and the relative radial clearance parameter.
There are two relative radial clearance parameters. One of them is with respect to the total relative
displacement between rings, 6, and the other is with respect to the further elastic interference or
compression in the load line, dmax.

Numerical Results

Figure 1 shows the P1/P ratios for ball and cylindrical roller bearings and some z values as P4/(26) and
P4/(20max) functions. If P4/(208) or P4/(20max) increases, the P1/P ratio values tend towards 1 and reach the
value 1 sooner or later, depending on the number of rolling elements in the bearing. The greater the
number, the later P1/P ratio values reach the value 1. Note that the P4/(20) parameter never reaches or
exceeds the value 1, regardless of the number of rolling elements in the bearing. If this happened, it
would mean that the relative displacement between the rings would be less than or equal to the radial
clearance and, therefore, there would be no rolling element/race contact on any of the rolling elements.
Unlike what it's observed for the Pg/(20) parameter, there is no theoretical superior boundary for the
Pd/(26max) parameter. Each rolling element added to the bearing expands the P4/(2dmax) range, in which
P1/P is less than 1. Note also that with increasing Pq/(20) or P4/(20max), when the P1/P ratio reaches the
value 1, it is reached for both ball and roller bearings with the same number of rolling elements, for a
single P4/(20) or Pd/(20max) value. The numerous dashed vertical lines that appear in the figures, which
are functions of the relative radial clearance parameters, indicate the parameters values at which there is
a decrease, for the next odd number, in the active rolling elements number when the parameter
increases, for some z value of rolling elements.

If Pa/(20) < —0.5 or Pg/(20max) < -1 and z = 3; or Pg/(20) < -1 and z = 2 or 4, the P1/P ratio values
computed for the cylindrical roller bearing are greater than the values computed for the ball bearing and in
both cases, P1/P > 1. This means that, for these P4/(26) and Pd/(26max) parameter ranges, and for these
numbers of rolling elements in the bearing, the most loaded rolling element load is greater than the
external radial load. Besides, for the same z value, the most loaded cylindrical roller transfers a greater
portion of the external radial load than the most loaded ball. This is due to the fact that radial clearance is
negative in these ranges; therefore, all rolling elements are under preload before the external radial load
is applied. With the application of the external radial load, two rolling elements are released when Py = -6
= —20max, 0, Omax > O for the bearing with three rolling elements. For the bearing with two or four rolling
elements the release of the rolling element located at ¢ = 180° occurs when Py = -26. If z is a multiple of
four, the two rolling elements of the bearing located at w = +90° never participate in the transfer of the
external radial load. Therefore, for z = 2 and 4 the Pi1/P ratio values are equal. If P¢/(26) 2 -0.5 or
Pda/(26max) 2 -1 and z = 3; or P4/(20) = -1, Pa/(206max) any, and z = 2 or 4, P1/P = 1 for both bearings,
indicating that, as P4/(26) or P4/(26max) increases from these values, all the external radial load is being
transferred by a single rolling element, i.e., the rolling element whose number is j = 1.
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Figure 1. P1/P ratios for ball and cylindrical roller bearings and some z values as (a) P«/(26) functions and
as (b) Pd/(26max) functions

The P1/P ratio values computed for the ball bearing are greater than the values computed for the
cylindrical roller bearing, if Pd/(20max) is greater than a value, which can be between -29.5 up to -8.5,
depending on the number of rolling elements in the bearing, at least if the number of rolling elements is
greater than or equal to five. Unlike what it's observed for the Pi/P ratio values as a P4/(28) parameter
function, the P1/P ratio values as a Pd/(20max) parameter function vary little - it is almost a plateau,
denoted more for ball bearings than roller bearings - for negative values of P4/(26max) parameter and for
any number of rolling elements in the bearing. For a given z = 5, increasing the Py/(26max) parameter from
zero causes the P1/P ratio values to increase, from the characteristic plateau, for the given number of
rolling elements, to the value 1.
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Conclusion

A simple model was established to obtain the relationship between the radial clearance (which can be
positive, negative or zero), the hertzian elastic deflection in the most loaded rolling element, and the
relative displacement between the rings (considered rigid) when a radial load is applied in a rolling
element bearing. Relationships between the most loaded rolling element load and the external radial load
were obtained as functions of the P4/(26) and Pa/(26max) parameters, for the number of rolling elements in
the bearing ranging from 2 to 20 and for ball and cylindrical roller bearings. Graphs were created for the
P1/P ratios, in which it's possible to compare the external radial load distribution performance of a
cylindrical roller bearing with respect a ball bearing with the same number of rolling elements, and vice
versa. Thus, theoretically, given an application and knowing the operating range of the P4/(26) and/or
P4/(26max) parameters, the use of these graphs allows choosing the most appropriate type of bearing, that
is the type that provides the lowest P1/P ratio value, which is an indicative of better distribution of the
external radial load. Other factors, of course, must influence the choice of bearing type (ball or roller),
such as friction, for example, but our objective here is to choose a type that provides a better load
distribution.
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